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ABSTRACT
Zeolitic imidazolate framework (ZIFs) are a subclass of metal-organic frameworks
(MOFs) that are widely studied due to their high chemical and thermal stability as well as their
high porosity. These three-dimensional, crystalline materials are comprised of divalent,
tetrahedral metal ions that are linked together using an imidazole (or substituted imidazole)
ligand. They adopt network topologies analogous to those of the technologically important class
of microporous materials called zeolites. The formation of ZIFs adopting novel architectures, or
networks, is predicated upon the choice of metal, ligand(s), solvent(s), additives, etc. An infinite
number of frameworks are theoretically possible. In this dissertation, multiple routes are
explored to synthesize ZIFs, some of which are reported for the first time. The properties of these
ZIFs are also studied, particularly in the context of porosity and flexibility.
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Chapter I. Introduction
1.1. Porous Materials
Porous materials1 play a pivotal role in plenty of pertinent physicochemical processes
throughout the planet. Humans have found use of these remarkable materials in a myriad of
different ways. For example, limestone—a sedimentary, porous rock that is mainly composed of
calcium carbonate (CaCO3)—has been historically used in Kentucky to aid in the production of
America’s native sprit, bourbon.2 Limestone acts as a natural water filter; more specifically, it is
widely used to remove iron from water, a metal usually shunned by distillers in Kentucky due to
its bitterness in bourbon. In an industrial setting, microporous materials—those with moleculesized pores less than 2 nm—have been exhaustively studied and heavily employed for
applications ranging from the production of gasoline to the formation of monomers that lead to
the synthesis of important polymers, such as polystyrene, nylon, and other fibers/resins. Indeed,
porous materials constitute an important fabric for the sustainment and progress of humanity.
Before highlighting examples of certain classes of porous materials that are crystalline
and molecularly derived, it is useful to briefly establish the classical definition of a porous
material. The IUPAC definition of a porous material refers to “any solid material which contains
cavities, channels or interstices deeper than they are wide…though in a particular context a more
restrictive definition may be appropriate.” Thus, in describing a porous material, care must be
exercised in the choice of terminology in order to avoid ambiguity. The IUPAC classifies pores
in terms of their “availability to an external fluid.”3 Figure 1.1 illustrates difference classes of
pore systems.
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Figure 1.1. Schematic representation of a porous material as described by the
IUPAC (1994).3
Pore systems with labels b – f are designated as “open pores” and take on a variety of shapes,
such as an “empty pocket” pore (b), channels with a cylindrical-shaped opening (c), and/or
funnel-shaped opening (d) (Figure 1.1). The IUPAC has further categorized these materials with
open-pores in the following manner: materials with pore diameters that are i) larger than 50 nm
are defined as “macroporous”, ii) between 2-50 nm are defined as “mesoporous”, and iii) less
than 2 nm are defined as “microporous.” Micropores can further be broken down to
ultramicropores (pore diameters < 0.7 nm) and supermicropores (pore diameters in the range of
0.7 – 2 nm).4,5 Finally, pore systems can also be isolated from another pore/channel system and
are defined by the IUPAC as “closed pores” or cavities (a). “Closed pores” are purported to be
relevant to material properties such as bulk density, but are generally regarded not to be involved
in processes such as fluid flow, an issue that a portion of this dissertation addresses (Chapter V).
Finally, solids that have a rough surface (g) and are able to be easily accessed by an external
fluid are also considered to be porous if these sites are “deeper than they are wide.”3
The internal surface areas and pore sizes/volumes of (open) microporous materials,
especially those with pore systems b – g, are typically characterized via low pressure/temperature
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equilibrium gas sorption isotherms. The gas sorption experiment gives insight into the pore
volume, surface area, and pore size distribution, as well as the relative thermodynamic affinity
between the (ad)sorbent and the (ad)sorbate. The most commonly used sorbates for microporous
materials are N2 (77 K) or Ar (87 K). Historically, mercury porosimetry has often been used to
study of macroporous materials. The gas sorption technique can measure volumetric or
gravimetric gas uptake. By volumetric method, the process of determining surface area and pore
size/volume is carried out by placing a known mass of the activated material (i.e., the pores of
the solid material are void of any guests) into a chamber of known volume. While under vacuum
and constant temperature, small, measurable doses of the gas sorbate are then introduced to the
activated material; consequently, for a typical open-pore solid, the initial pressure of the sorbate
gas is expected to decrease due to the sorbate gas filling the pores of the material until an
equilibrium is reached. At that equilibrium pressure, the amount of gas absorbed by the porous
solid is simply the difference between the amount of gas absorbed and the amount of gas that
occupies the “dead space” around the porous solid (i.e., the amount of empty space inside the gas
cell of known/predetermined volume). This process of dosing the porous solid is then repeated at
different equilibrium pressures (usually at low temperature) to obtain a low pressure sorption
isotherm (Figure 1.2.), starting at low pressure and dosing up to a pressure of interest, which is
typically ~1 bar, but can extend to higher pressures with certain instruments. The isotherm can
then be plotted with the amount of gas adsorbed in the material (commonly in cm3(STP)/g or
mol/g) as a function of equilibrium/relative pressure, p/p0, where p is the equilibrium pressure
and p0 is the saturation pressure at the temperature of the experiment. Alternatively, the isotherm
can be plotted as function of the absolute pressure.
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Figure 1.2. Schematic representation of the six types of isotherms used to
categorize the attributes of porous materials.4,6,7 The asterisk (*) in the
reversible Type II isotherm denotes complete monolayer formation. Republished
with permission of the Royal Society of Chemistry, from ref. 8; permission
conveyed through Copyright Clearance Center, Inc.
The obtained isotherms and their relative shapes can then be used to determine the type of
porous material. They give insight to the material’s pore volume, surface area, and pore size
distribution. The IUPAC has classified six general shapes to characterize the uptake (sorption)
and loss (desorption) of the gas sorbate by the porous material. Type I reversible isotherms, lesscommonly known as Langmuir isotherms,9 indicate a microporous solid as a direct result of
monolayer through multilayer adsorption/desorption. These types of isotherms reveal that the
(micro)pores of the solid are open and readily accessible by the gas sorbate. These isotherms can
further be classified as Type I(a) and Type I(b) isotherms. The main difference between these
isotherms Type I(a) isotherms indicate the microporous material contains ultramicropores (i.e.,
4

possessing pore widths < 0.7 nm), whereas Type I(b) isotherms indicate the material contains
supermicropores (i.e., possessing pore widths between 0.7 nm and 2 nm). Type II reversible
isotherms indicate that the solid is either non-porous or macroporous. Type III reversible
isotherms, which are convex to the relative pressure (or p/p0) axis, indicate that sorbate-sorbate
interactions, rather than the typical sorbate-sorbent interactions, play a prominent role during the
sorption process. Examples of these isotherms can be found in water adsorption onto porous
carbons.10 Type IV isotherms indicate mesoporous materials. They are similar to Type II
isotherms as a consequence of monolayer-multilayer adsorption (i.e., the isotherm contains an
inflection point); however, at higher relative pressure, a hysteresis loop is observed as a direct
result from capillary condensation occurring in the mesopores of the solid. Type V isotherms,
albeit rare, can be thought of as a combination between Type III and IV isotherms. These types
of isotherms reveal weak sorbate-sorbent interactions, just like Type III isotherms.10 Finally,
Type VI isotherms show stepwise multilayer adsorption on a surface lacking uniformity (e.g.,
taking sorption isotherms using Ar or Kr as the complex pore geometry sorbate and graphitized
carbon—a porous material with pores lacking uniformity—as the sorbent). Generally speaking,
these isotherms have been used to determine the porosity of solids; however, there are occasional
instances when a porous material does not exhibit any of the isotherms above. Chapter V will
briefly describe an example of a porous material that does displays an isotherm resembling a
Type V isotherm.
Among other techniques (e.g., structure determination, neutron scattering, etc.), it is from
these isotherms in which porous materials are explicitly classified as porous. In addition,
parameters that are often used to characterize the porous nature of a material, such as surface
area, pore volume, and pore size distribution, can be obtained. Historically, there have been two
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main adsorption models implemented to calculate the surface area of porous solids—the
Langmuir9 adsorption model and the Brunauer-Emmett-Teller, or BET,11 adsorption model.
These models have mainly been applied to Type I isotherms. The Langmuir model assumes
formation of only one layer of the sorbent gas—a monolayer—onto the surface of the solid. One
form of the Langmuir equation is
𝑃
1
𝑃
=
+
𝑛# 𝐾𝑛' 𝑛'

(1)

where P is the adsorbate equilibrium pressure, na is the number of molecules of gas adsorbed, nm
is the number of molecules in a single monolayer, and K is the binding equilibrium constant.
This model falls short because it is only restricted to the adsorbate forming one single monolayer
on the surface of the solid and it does not take into consideration the formation of many layers
onto the surface of the solid, also referred to as multilayer formation.
The BET method has been the most widely used method to determine surface area. This
model, unlike the Langmuir model, essentially takes into account the formation of the multilayer,
making it a more accurate approach for surface area determination. To calculate the BET surface
area, two stages are required. First, the physiosorption isotherm is converted to give a BET plot.
From this plot, the value of the BET monolayer capacity (nm) can be derived. The monolayer
capacity, which is the number of adsorbate molecules required to cover the porous solid with a
single monolayer, is calculated using the BET equation in its linear form
𝑝/𝑝+
1
𝐶−1 𝑝
𝑝 = 𝑛 + 𝑛 𝐶 (𝑝 + )
'
'
𝑛(1 − + )
𝑝

(2)

where n is the adsorbed amount at the relative pressure p/p0, nm is the monolayer capacity, and C
is a constant related exponentially to the energy of the adsorbent-adsorbate interactions. After
determining nm, the BET specific surface area can then be calculated:
6

𝑆 = 𝑛' 𝐿s'

(3)

where S is the specific surface area, L is Avogadro’s constant, and sm is the molecular cross
sectional area (i.e., the average area occupied by each molecule in a completed monolayer). This
last parameter (sm), is usually predicated upon the choice of the adsorptive. Traditionally, N2 (sm
= 0.162 nm2 at 77 K) and Ar (sm = 0.142 nm2 at 87 K) have been the most commonly used
adsorptives in determining BET surface area. Of the two, N2 has been used the most due to its
wide availability.
The determination of pore volume (Vp) and pore size (i.e., pore diameter and pore size
distribution (PSD)) is much more straightforward. After monolayer coverage, the adsorptive then
begins to fill the micropores of the solid. This is usually indicated with a nearly horizontal
plateau in the isotherm. It is in this plateaued region where pore volume is determined. Vp is
usually derived at a relative pressure close to unity (typically p/p0 = 0.95) with the assumption
that the adsorptive gas behaves like a bulk liquid when filling the pores of the solid. In terms of
ascertaining pore size(s) of the microporous solid, there are numerous approaches in determining
pore diameter and pore size distribution: the Horvath-Kawazoe (HK) method,12 the Saito-Foley
(SF) method,13 and the Cheng-Yang (CY) method.14 These methods are used to assess the pore
size(s) of slit, cylindrical, and spherical pores, respectively. Again, these methods rely on the
assumption that the adsorptive is in its bulk liquid state. In the context of this dissertation, the
surface areas of the obtained porous materials will be discussed using the BET method with N2
as the adsorptive. In addition, calculations involving pore volume and pore size will be discussed
in each chapter.
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The utility and application of porous materials is often revealed through these types of
isotherms. Through the advances in areas like synthetic organic chemistry and crystal
engineering, a wide array of novel porous materials has been synthesized. The focus of this
dissertation will be on crystalline, extended, 3D molecularly-derived materials that are
microporous. Historically speaking, one of the oldest and most-studied materials that meet the
criteria above and can be found in nature are known as zeolites.
1.2. Zeolite Aluminosilicates
Zeolites, also referred to as aluminosilicates, are a class of technologically important
(usually microporous) materials used in a majority of industrial processes throughout the
world.15 Historically, zeolites have been the “go-to” porous materials particularly at the global
industrial scale. They are used in a myriad of processes that range from sorption/separations,
storage, catalysis, etc. These crystalline, inorganic materials are comprised of TO4 tetrahedra,
where tetrahedral (T+) coordination cations (T = Si4+ and Al3+) are linked together via oxygen
(O2-) anions, forming a variety of complex, three-dimensional anionic architectures. These
architectures are commonly referred to as nets and/or “frameworks”. The overall chemical
formula of a zeolite aluminosilicate is Mn+x/n[(AlO2)x(SiO2)y]x-wH2O, where Mn+ is the extraframework cation used for charge balance with valence n. Zeolites are known to crystallize and
form in nature, with the earliest discovery being reported in the mid 18th century. To date, there
are at least 40 naturally occurring zeolites15 and a large number of others have been synthetically
derived. In order to differentiate the many different network architectures/topologies that have
been found in nature or that have been synthetically derived, all known zeolites are designated
with a three-letter mnemonic code assigned by the structure commission of the International
Zeolite Association (IZA).16 These three letter codes that distinguish the many structurally

8

diverse zeolites from one another are often referred to as framework types. For example,
faujasite, which is a naturally occurring zeolite, is given the three-letter code FAU. As of 2018,
the IZA has assigned 234 framework type codes, eleven of which are partially ordered.17

Figure 1.3. Construction of a zeolite. a) Basic building unit (BBU) of a zeolite, a
TO4 tetrahedron. b) the SOD topology constructed from tetrahedral BBUs.17 c)
the natural mineral, sodalite (formula: Na8[(AlO2)6(SiO2)6]Cl8). Sodalite picture
taken from ref. 18.
Each framework type can further be broken down to its individual building units that
generate the entire network structure. The most basic building unit (BBU), also referred to as the
primary building unit (PBU) of a zeolite aluminosilicate, originates from the tetrahedral metal
center (TO4) with a fairly rigid O-T-O bond angle of ~109°. However, the flexible T-O-T angle
(~140°–165°)15 is regarded as the most influential aspect of a zeolite due to the rotational degrees
of freedom of the T-O bonds. These underlying rotational degrees of freedom are what governs
the formation of a variety of more complex oligomeric building units and ultimately give rise to
the many diverse and complex zeolite topologies that are found in nature or that are synthetically
derived. Secondary building units (SBUs) and composite building units (CBUs) are comprised
through the linking of BBUs. “Rings” are common examples of SBUs that are inherent in zeolite
topologies; they are usually defined as the number of tetrahedra, often denoted as n, that are
linked together to form a ring. For example, a 6-ring is defined as a ring consisting of 6
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tetrahedra (Figure 1.4.a). These n-rings serve as vital building units to generate other important
aspects of the topology, such as the larger, unique cages of the zeolite. These SBUs are then
linked with other BBUs to generate the larger CBUs. These CBUs are essential components of a
zeolite and consist of multiple n-rings that are connected together to build the extended 3D
framework. For example, a double 6-ring, or d6r, consists of two 6-rings (for a total of 12
tetrahedral metal centers) that are joined together (Figure 1.4.b). One can also think of this CBU
as two 6-rings that are fused or “edge-shared” with six 4-rings. Another composite building unit,
the sod cage, consists of a series of connected 4-rings and 6-rings to generate the truncated
octahedron sod cage (Figure 1.4.c).

Figure 1.4. Examples of a) a 6-ring (6r) secondary building unit (SBU) and
b,c) double 6-ring (d6r) and sodalite (sod) cage composite building units
(CBUs) that may be derived from 6-rings (green) and 4-rings(blue). The
SBUs in denoted in blue and green are designated as 4rs and 6rs, respectively.
As one would expect, the topological assortment of zeolites stems from a vast array of different
combinations of fused CBUs and SBUs.
Synthesis and Accessing Topologies via Templation
Zeolite aluminosilicates are typically synthesized under hydrothermal conditions.19
Generally speaking, they form from amorphous gels that react in basic conditions at a
temperature range between 80 and 200˚C. It is from this amorphous gel in which nucleation of
the zeolite (or zeolites) take place. A number of factors play a key role in the network formation
of a zeolite (i.e., nucleation kinetics, appearance/disappearance of meta-stable phases, pH of
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reaction media/solution, temperature, reaction time, etc.). These factors have been extensively
studied to access new types of zeolite aluminosilicates and zeolite-like materials (also known as
zeotypes). One factor that has been a major focal point in the synthesis of new topological
moieties is choice of the counter-cation(s) employed for the synthesis of zeolites. Countercations play a crucial role during the synthesis of zeolites for two main reasons. First, due to the
framework being net anionic, these counter-cations are necessary for the charge balancing of the
overall framework. Second, they often play a key role in the formation of different network
topologies: they act as structure directing agents (SDAs), or templates, to give specific
topologies. These templates often act as ideal “space-fillers” in zeolites and are observed to be
encapsulated inside the framework. Historically, the counter-cations employed include inorganic
metals and/or (often quaternary) ammonium salts. Careful manipulation of both species has led
to numerous discoveries and novel zeolite topologies.15
Applications of Zeolites
Zeolites, as synthesized, often contain guest molecules in their pores (e.g., water,
templates, etc.). The full potential of zeolites is exploited once these guests are fully removed
from the pores and/or the counter-cations are exchanged/replaced. For example, zeolite
frameworks with proton counter-cations (H+) are excellent solid-acid catalysts used in petroleum
refining. Zeolites containing copper counter-cations have a variety of uses from the
desulfurization of hydrocarbons,20 selective oxidation of methane-to-methanol processes,21 to the
generation of dinitrogen from NOx gases.22 Owing to the diversity of pore systems and channels
inherent to each topology, zeolites have been commonly applied in processes involving
adsorption (separations/storage), catalysis, and ion-exchange. The processes involving these
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materials contribute a large segment to the global economy: approximately 3.5 billion dollars per
year.23
Although there are a vast number of zeolite network topologies, there exist a select few
that have been utilized for commercial processes throughout the world. Zeolite A (which adopts
the LTA topology; LTA = Linde Type A) is perhaps one of the most industrially important
zeolites. Also known as “sodium zeolite A” or “sodium aluminosilicate,” millions of tons of this
zeolite are produced every year24 for hydrocarbon separations, gas drying, molecular sieving
(e.g., removal from water in organic solvents), and as a water-softening agent in detergents (e.g.,
metal ion exchange in powdered laundry detergents).15 Another class of technologically
important zeolites are Zeolites X, Y, and USY (USY = Ultra-Stable Y), which all adopt the
faujasite (FAU) topology. These zeolites are widely used in the petroleum industry and are
involved in the fluid catalytic cracking (FCC) of liquid hydrocarbons, also known as petroleum
naptha. The conversion of petroleum naptha into a number of aromatic hydrocarbons, often
abbreviated as BTX (i.e., benzene, toluene, ethyl benzene, and a mixture of the three xylene
isomers), is an important industrial process because these aromatic molecules serve as important
precursors that lead to the synthesis of fibers, resins, and polymers.25 Finally, akin to Zeolites X,
Y, and USY, ZSM-5 (adopting the MFI topology from Zeolite Socony Mobil-five) is also a
widely used solid-acid catalyst.26 This zeolite is often used in industry as a solid catalyst due to
its framework flexibility and its synthetic versatility. Rather than using the trivial aluminum and
silicon to synthesize this material, other metals with different valencies (e.g., B, Ga, Fe, Ti, and
Co) have also been used for the construction of the MFI framework. The flexibility in optimizing
certain catalytic reactions due to the versatility of the MFI topology has attracted many
industrials scientists.
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Figure 1.5. Examples of industrially important zeolites/aluminosilicates.
Zeolite crystal structure coordinates were obtained from the IZA Structure
Commision Database of Zeolite Structures.
These are some of the many examples of why micro/meso-porous zeolites, historically,
have been widely exploited. However, the field of micro/meso-porous materials drastically
evolved when new classes of crystalline, molecule-derived microporous materials made
headlines throughout the scientific community around the turn of the 20th century.
1.3. Coordination Polymers (a.k.a. Metal-Organic Frameworks)
Hybrid porous solids,27,28 coordination polymers (CPs),29 and metal-organic frameworks
(MOFs),30-33 are all important classes of porous, crystalline materials that have gained
widespread interest throughout the scientific community since their development in the 1990s.
Although different terminologies have been used throughout the literature to define these
materials, with “MOFs” being the most popular and widely used acronym, they are all comprised
of metal nodes that are linked together by molecular organic ligands, thereby affording extended
two or three-dimensional crystalline frameworks. Relatively “strong” metal-ligand bonding34
organic ligand rigidity is generally regarded to responsible for the maintained porosity in many
of these materials; that is, empty space sustained after the exclusion of guest solvent molecules.
Over the years, many researchers have shown interest in MOFs due to the vast combinations of
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metals, organic linkers, and reactions conditions that are possible. Indeed, this modular approach
has paved the way for the synthesis of over 60,000 MOFs as of 2017.35
Brief Historical Context of Coordination Polymers and Metal-Organic Frameworks
This ever-expanding class of organic-inorganic hybrid materials was first recognized by
Sir Richard Robson, where he conceived of the idea of using “synthetic chemistry…to construct
targeted infinite chemical networks in an analogous ‘automatic fashion’”36 in the early 1970s by
systematically connecting balls and rods to afford different coordination geometries and, in 1989,
reported the single-crystal structure of a coordination polymer with a diamondoid-type 3D
framework,

CuI[C(C6H4CN)4]BF4xC6H5NO2

(C(C6H4CN)4

=

4,4’,4’’,4’’’-

tetracyanotetraphenylmethane).27 He proposed that an effectively infinite number of ordered
frameworks are possible simply by connecting tetrahedral and octahedral metal centers with
“rod-like units.” More importantly, he played a pivotal role in suggesting that these polymers
may retain their structural integrity upon the removal of guests (i.e., solvent) inside their
apparent pores. He reasoned, therefore, that these materials may share common features found in
traditional inorganic zeolites, such as high chemical, mechanical, and thermal stabilities,
(permanent) porosity, etc., and may find utility in molecular sieving, ion-exchange, catalysis,
etc.36-38
As singled out by Robson, one of the most important potential properties of CPs/MOFs is
porosity. Generally, a material is deemed porous if it sustains empty space that can be accessed
by some sorbent; in MOFs, porosity is usually predicated on the framework’s ability to retain its
structural integrity upon the removal of the guest inside the framework. Broadly speaking, MOFs
that are porous have interesting properties. For example, MOFs exhibit the largest internal
surface areas, largest pore volumes, and the low densities of all known crystalline materials.
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These attributes can then be exploited in various areas and applications synonymous to those of
zeolites mentioned earlier.
It wasn’t until the mid-to-late 1990s in which other groups were experimenting with
different ligands to obtain different types of metal-organic materials.39,40 This time period also
saw the first reversible gas-sorption isotherm of a coordination polymer, and so the first formal
demonstration of porosity for these materials. Previously, Yaghi41 and Moore42 reported the
exchange of solvent guests, showing that their respective frameworks retained their structural
integrity. However, it was Kitagawa and coworkers who reported the first reversible, highpressure gas-sorption isotherm of a coordination polymer; the frameworks were synthesized
using a bis(monodentate) organic linker, 4,4’-bypyridine (4,4’-bpy) and any of three divalent
metals, M = Zn2+, Ni2+, and Co2+ as metal centers (formula: {[M2(4,4’-bpy)3(NO3)4](H2O)x}n).
They reported the first Type I, reversible sorption isotherm for the desolvated/guest-free
[Co2(4,4’-bpy)3(NO3)4]n coordination polymer using CH4, N2, and O2 as the gas sorbates at 298
K in the pressure range of 1 – 36 atm.43 Although Kitagawa’s work from this paper does not
receive the acclaim it deserves, in comparison to later work of porous CP/MOFs, it
unequivocally showed that these materials have the capability of being porous. Indeed, Robson’s
early hypothesis was slowly materializing. In 1997, Mori and coworkers showed the low
pressure uptake of several different gases (i.e., N2, O2, Ar, Xe) by Cu(1,4-benzenedicarboxylate),
which was presumed to adopt a square grid structure.44 Yaghi et al. later reported the first
reversible, low temperature/pressure sorption by a presumably isostructural MOF, Zn(1,4benzenedicarboxylate), of N2 and CO2.45 These discoveries led to one of the most famous papers
every published for a microporous material.
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In 1999, capitalizing on their previous work, Yaghi et al. revolutionized the coordination
polymer field when his group reported the synthesis, characterization, and permanent porosity of
the

now-famous

MOF-5

(formula:

[Zn(µ4-O)(1,4-benzenedicarboxylate)3]).46

Built

by

connecting a fairly rigid organic linker, 1,4-benzenedicarboxylate ligands, with Zn(µ4-O)
clusters, this flagship MOF exhibited a Type I N2 isotherm at 78 K with a Langmuir internal
surface area of 2,900 m2/g. At that point in time, they successfully demonstrated that the
framework maintained its single crystallinity at high temperature (i.e., 300°C for 24 hrs.) and
upon activation and adsorption/desorption. Keeping with the overall ideas of using metalcarboxylate cluster chemistry, Yaghi and coworkers then synthesized a set of isoreticular (i.e.,
having the same network topology) MOFs and demonstrated their porosities.47 They
systematically utilized different dicarboxylic acid moieties of varying lengths and functionalities
to obtain a series of MOFs that share the same topology as MOF-5, but have tunable dimensions
and pore functionality—isoreticular metal-organic frameworks (IR-MOFs). More importantly,
the elongation of the organic linkers employed gives rise to a number of these (noninterpenetrated) MOFs exhibiting lower densities and higher pore volumes in comparison to the
prototypical MOF-5. From this point forward, Yaghi and coworkers’ research in the synthesis
and applications MOFs—along with many other research groups—grew the field exponentially
to what it is today.
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Figure 1.6. Two popular examples of early coordination polymers/metalorganic frameworks. Left: CuI[C(C6H4CN)4]BF4xC6H5NO2 coordination
polymer as reported by Hoskins and Robson (H atoms and anions are omitted).27
Right: The famous MOF-5, as reported by Yaghi et al.46
There are now countless number of articles, reviews/special issues, and books on MOFs,
all of which highlight the importance of these materials. For example, MOFs are referred to as
“miracle materials” in a special issue of Chemical Reviews published in 2012.34 Indeed, this ~600
page issue details the myriad applications of MOFs. More importantly, the discovery of new
types frameworks has led to significant advances in industrial areas and applications48 that are
similar to those of zeolites: separations,49 gas storage,50-54 and heterogeneous catalysis.55-57 They
have been shown to be promising materials for water adsorption, which may have implications in
applications such as dehumidification and direct water harvesting from air.58-63 Other promising
applications for MOFs include that catalytic destruction of chemical warfare agents, the removal
of environmental contaminants, novel porous semiconductors, etc.64-67 Indeed, the variety of
applications that have been reported indicate the versatility of these “miracle materials.”
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1.4. Zeolitic Imidazolate Frameworks (ZIFs)
Zeolitic imidazolate frameworks (ZIFs)68-70 are a class of zeolite-like metal-organic
frameworks (ZMOFs)71-74 that have received widespread attention for over a decade. As a
subclass of coordination polymers/MOFs, ZIF frameworks are composed of divalent, tetrahedral
metal centers (e.g., Zn2+, Co2+, and Cd2+) that are linked together by bent anionic, organic
imidazolates (Im-, Figure 1.7.) or substituted imidazolates (RIm-); this combination of using
tetrahedral metal centers and (substituted) imidazolate ligands—which amplifies the power of
the modular synthetic aspect found in MOFs—yields extended, three dimensional crystalline
networks with the chemical composition M(RIm)2. Moreover, as the term zeolitic imidazolate
frameworks implies, the obtained frameworks emulate topologies found in zeolites.
Indeed, in comparing corresponding bond angles between ZIFs and zeolite
aluminosilicates, the Im-M-Im bond angle in ZIFs is predisposed to be roughly ~109.5°. This
angle gives rise to the tetrahedral topologies inherent in both materials. In addition, due to the
bent nature of the nitrogen lone pair vectors of the Im linkers, the M-Im-M bridging angle found
in ZIFs has been shown to be ~145°, closely matching the T-O-T bond angle of ~144° found in
zeolites. This structural relationship between these two materials stems from these metal-ligand
bond angles.
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Figure 1.7. Comparison of bond angles and metal-metal distances between
zeolites/aluminosilicates (left) and ZIFs (right). (Colors: yellow – silicon and/or
aluminum, red – oxygen, cyan – zinc, cobalt, cadmium, blue – nitrogen, grey –
imidazolate carbons).
There are, however, notable differences between the two materials. Zeolite
aluminosilicates, as anionic inorganic materials, require a counter-cationic species for chargebalancing as result of the net-anionic charge of the framework: each Al3+ requires a countercation for charge balancing. ZIFs, on the other hand, typically exist as neutral frameworks: the
framework composition, typically M2+(Im-)2, has a net-neutral charge. Another notable
difference between each material is their respective metal-to-metal atom distance. The typical Zn
– Zn atom distance in ZIFs is roughly 6.0 Å, while typical T – T atom distance in zeolites is
approximately 3.0 Å.23 As a result of having a longer, bridging ligand, ZIFs are found to have
unit cell dimensions that are approximately twice as large in each of the three dimensions
compared to their zeolite topological analogues. Due to this overlap in topological construction,
ZIFs may show structural diversity akin to zeolites.
ZIF Synthesis
Just like their MOF parents, a modular approach is used to synthesize ZIFs. Owing to the
vast number of combinations envisaged when considering all the metal(s), ligand(s), solvent(s),
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template(s), reaction condition(s), net possibilities, etc., employed to construct ZIFs, a nearinfinite number of novel MOF frameworks is theoretically possible. Two methods in
synthesizing ZIFs that have been widely cited in the literature will be briefly mentioned; they
serve as the primary pillars in creating MOFs with novel topologies and networks.
1.4.1.1. Solution Based Methods
The most common (though often the lowest yielding) method employed for synthesizing
ZIFs is the solvothermal method. A high boiling point solvent (commonly an amide, e.g., N,Ndimethylformamide (DMF), N,N-diethylformamide (DEF)) is frequently used as the reaction
solvent to dissolve the metal and ligand(s); the resulting metal/imidazole/solvent mixture is then
heated and, as a result, the crystallization of ZIFs is observed. Yaghi and coworkers have shown
that a myriad of ZIFs can be synthesized at temperatures ranging from 80-150°C and reaction
times of a few days.68 They later developed a high-throughput (solvothermal) method for
obtaining new ZIFs, thus providing a more efficient procedure. Through this method, they were
able to perform 9600 “micro” reactions to afford 25 different frameworks.75 By exploring
different combinations of metals, imidazole/substituted imidazole ligands, reaction solvents,
temperatures, reaction time length, etc., they were efficiently able to access ten ZIFs that are
heterolinked (i.e., contain a mixture of different substituted imidazolates), 16 that adopt zeolite
topologies that had not been previously reported for ZIFs, and five in which the tetrahedral
topologies have never been observed in zeolites. The high-throughput (solvothermal) method can
be extremely useful when screening a wide variety of reaction conditions, particularly if the
synthesis is carried out in solution. These are just a few caveats to consider when using a solvent
based synthetic route.
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Although the solvothermal technique has been the most widely used method in
crystallizing ZIFs, it does have a number of limitations. For example, the reported yields using
this synthetic route are often low and vary: yields of ZIFs as described by Yaghi and coworkers
range from about 17% to 47%.68 These low yields may stem from the use of the nitrate anions in
solution acting as modulating ligands. Indeed, Wiebcke and coworkers have shown that the
modulating ligands, such as nitrate and acetate anions stemming from the metal salts used in ZIF
syntheses, act as both competing ligands at the metal centers as well as bases for the
deprotonation of the imidazole ligands; moreover, the competition between modulating ligands
and bridging ligands influences the nucleation and growth of the framework.76 The presence of
modulating ligands in solution is often overlooked and should be considered, especially when the
solvothermal route is used.
1.4.1.2. Solvent-less Syntheses and Mechanochemistry
One drawback in the solvothermal synthesis of ZIFs, and MOFs in general, involves the
excess amount of the reaction solvents needed to crystallize the frameworks. Not only is the
world’s reliance on solvents unsustainable,77 but they also constitute a large amount of waste.
Therefore, new synthetic methods are constantly being explored to address the issue of (excess)
solvent waste. Within the past ten years, the concept of mechanochemistry78-81 has been
receiving widespread interest throughout the chemistry community, especially in the area of
synthetic (organic) chemistry.82 Mechanochemistry is broadly defined as chemical reactions that
occur by way of mechanical force/energy.78,81 These reactions, which typically involve the
grinding or milling of (solid) reactants, typically require little to no solvent: the mechanical
energy from the grinding/milling serves to overcome the activation energy and allow efficient
mixing for these types of reactions. Therefore, unlike traditional synthetic chemistry, the
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reactants do not need to be dissolved in solution; consequently, this forgoes the need to use
excess solvent, making mechanochemistry an attractive method, especially in the context of
green chemistry.81 It has also shown great potential in the area of supramolecular chemistry83
and, more specifically, the synthesis of metal complexes84, including MOFs and ZIFs.
Indeed, the mechanochemical synthesis of a variety of ZIFs has been demonstrated,
providing a useful alternative to the solvothermal approach. Friščić and coworkers were the first
to successfully demonstrate the mechanochemical synthesis of a few open-framework ZIFs (i.e.,
frameworks that may have the potential of being porous).85 By using miniscule amounts of
solvent, such as DMF or DEF, and sub-stoichiometric amounts of ammonium salts to catalyze
the reaction between zinc oxide and a number of (substituted) imidazole ligands, they were able
to access several ZIFs at room temperature within 30 to 60 minutes using a ball mill.85 This
method was a vast improvement in comparison to the solvothermal technique: in addition to
using barely any solvent, they were able to obtain ZIFs in under an hour rather than days, at
lower temperatures and in near quantitative yields. Later, Friščić and coworkers reported a
unique method to monitor the mechanochemical transformations of a ZIF: by using in-situ
synchrotron X-ray diffraction, they were able to monitor the topological transformations of a ZIF
synthesis inside a ball mill.86 They were not only able to monitor the formation of SODZn(mIm)2 (a.k.a. SOD-ZIF-8) in real time, but they were also able to “watch” the
transformation—as evidenced by the disappearance of peaks pertaining to one framework and
the appearance of other peaks indicating a new framework—of this topology into a new and
unique net topology—kat-Zn(mIm)2. This in-situ monitoring technique can be useful when
trying to identify and “trap” different ZIF intermediates and phases which is particularly difficult
to do in solution-based syntheses. A drawback of using mechanochemical methods lies in the
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lack of large, single crystals for single-crystal X-ray diffraction (SC-XRD) for structure
determination, although PXRD structure determination can be utilized. A number of ZIF
structures derived from PXRD structure determined has been reported.85,87
Related techniques that require little to no solvent for the synthesis of ZIFs have also
been

explored.

These

include:

accelerated

aging,88

steam-assisted

conversion,89

sonocrystallization,90,91 microwave-assisted synthesis,92-94 and electrochemical synthesis.95 These
alternative methods may be viable options to not only eliminate excess waste generated from
solvothermal methods, but also to synthesize new network topologies.
Nomenclature
There have been over 100 different ZIF structures/compositions reported, most of which
were discovered in the past eight to ten years (Table 1.1).70 In addition to different metals,
ligands, and solvents employed, a majority of these frameworks adopt topologies that emulate
natural zeolites, though several new tetrahedral topologies have also been discovered (i.e., the
topology does not exist in the current IZA database). Therefore, the nomenclature of ZIFs, their
chemical compositions, and their unique net topologies deserve some clarification. Throughout
the literature, they have been described as zeolite-like metal-organic frameworks (ZMOFs),71-73
tetrahedral imidazolate frameworks (TIFs),96-98 “SALEs” (based on solvent assisted ligandexchanged composites of ZIFs),99-101 and, to an extent, metal azolate frameworks (MAFs),102,103
though the “ZIF” acronym has been the most widely adopted term. Accompanied after each
“ZIF” acronym is a corresponding number (e.g., ZIF-n, n = 1, 2, 3, etc.). Although this
numbering system is the most widely used method of differentiating between ZIFs, it lacks any
information about the composition of the framework, its network connectivity, and the
solvents(s)/guest(s) that may or may not occupy the framework.
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In the context of this dissertation, each ZIF will be addressed by its chemical
composition, including guests (if reported), e.g., M((R)Im)2xsolvent (R = substituted
imidazolate). Evacuated/empty ZIFs are simply designated without the solvent guest. Preceding
each chemical formula will be the associated network topology. First, it is important to discuss
the naming scheme between ZIFs that emulate natural zeolites and ZIFs that adopt other
tetrahedral topologies. The IZA denotes zeolitic topologies using a capitalized, three-letter code.
If the zeolite forms in nature, this three-letter code is often based on the name given to the
zeolite, itself (e.g., the SOD zeolite topology stems from the natural zeolite, sodalite; Figure
1.3.). The advent and intellectual pursuit of novel ZIFs (and, more broadly speaking, MOFs) has
given rise to a myriad of network topologies—especially tetrahedral topologies not found in
nature—often called (crystal) networks, or nets.104 Due to the increasing discovery of novel
crystal nets, O’Keeffe and coworkers have developed an analogous system to that of the IZA for
identifying these network topologies: a bold, lowercase, three-letter code as opposed to the
conventional IZA notation of the three letter code only being capitalized (e.g., sod vs. SOD).
Moreover, an online database called the “Reticular Chemistry Structure Repository,” or RCSR,
has been established for the identification and retrieval of over 1600 nets. Herein, ZIF topologies
described in this dissertation that are analogous to those found in the IZA database will be
designated with the uppercase, three-letter code (e.g., SOD-Zn(mIm)2xsolvent). Network
topologies that are not found the IZA website, but have been reported in the RCSR database will
designated by using the RCSR notation (e.g., cag-Zn(Im)2xsolvent). Finally, for new
topologies/networks (i.e., the net does not exist in either the IZA database or the RCSR
database), the designated three-letter code will be bold and in lower-case.
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Accessing the myriad of different tetrahedral topologies has been of much interest since
inception of ZIFs in the early-to-mid 2000s. Even after almost two decades, new ZIF structures
are still being discovered and characterized. Two mutable parameters that have been commonly
utilized to access these different topologies are the choice of metal and the choice of (substituted)
imidazole ligands. As stated earlier, divalent metals are typically used; however, new types of
networks have been obtained using other metals as well (Table 1.1). Excluded from this list, but
worth mentioning, are boron imidazolate frameworks, or BIFs.105-107 These ZIF analogues are
comprised of lightweight, main group metals (e.g. Mn+ = Li+ and Cu+) that are paired with
tetrahedral borate ligands [B(Im)4]-, giving a composition of MB(Im)4. By using lightweight
main group metals as the cations rather than the heavier transition metals typically used in the
formation of ZIFs, topologies of lower density—and, as a result, higher per gram surface area—
can be accessed. As of 2016, there have been a total of 45 BIFs synthesized, with a majority of
these frameworks being imidazolate-based. Therefore, it is conceivable that new types of
tetrahedral topologies can still be accessed simply employing different types of substituted
imidazoles.107
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Table 1.1. A comprehensive list of crystallographically characterized zeolitic
and zeolite-like imidazolate frameworks (ZIFs) to date. Ligands are defined in
Figure 1.8.
Topology/
Net
ACO
AFI
AFX
ANA
ANA
ANA
bam
BCT
BCT
BCT
cag
cag
cag
cag
cag
CAN
CHA
CHA
CHA
CHA
coi
DFT
dia
dia
dia
frl
frl
gcc
GIS
GIS
GIS
GIS
GME
GME
GME
GME
GME
GME
GME
GME
GME
GME
GME
GME
GME
GME
GME
kat
KFI
KFI

Name

Metald

R-Imidazolate(s)

TIF-3
–
ZIF-386
ZIF-14
–
MAF-5
ZIF-725
ZIF-1
ZIF-2
ZIF-64
ZIF-4
ZIF-62
TIF-4
ZIF-4-I
–
–
ZIF-300
ZIF-301
ZIF-302
ZIF-303
–
ZIF-3
ZIF-23
–
MAF-31
ZIF-73
ZIF-77
ZIF-615
ZIF-6
–
ZIF-74
TIF-5Zn
–
ZIF-68
ZIF-69
SALEM-10
ZIF-70
ZIF-79
ZIF-81
ZIF-78
SALEM-10b
ZIF-80
ZIF-82
ZIF-70
PSZ-1
ZIF-486
ZIF-410
–
ZIF-360
ZIF-365

Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn

Im/5mBIm
Im
Im/nIm/5nBIm
eIm
pIm
eIm
Im/nIm/5BrBIm
Im
Im
Im
Im
Im/BIm
Im/5mBIm
Im
Im/2aBIm
Im
mIm/5BrBIm
mIm/5ClBIm
mIm/5mBIm
Im/nIm/5ClBIm
Im
Im
4azBIm
mIm
mIm
nIm/56mBIm
nIm
4nIm/5ClBIm
Im
Im
nIm/56mBIm
Im/56mBIm
Im
nIm/BIm
nIm/5ClBIm
nIm/FBIm
Im/nIm
nIm/5mBIm
nIm/5BrBIm
nIm/5nBIm
nIm/FBIm
nIm/45ClIm
nIm/4cyIm
Im/nIm
nIm/L1
Im/mIm/nBIm
5cBim/foIm
mIm
Im/nIm/BIm
Im/nIm/5ClBIm
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CCDC
Refcode
QOSXUS
IMIDZB13
NEHMIZ
MECWIB
GUPFAZ
EHETER02
NEHLIY
VEJYEP
VEJYIT
GITTEJ
VEJYUF
GIZJOP
QOSYAZ
VEJYUF07
XOXPEH
PAJRUQ
TOHDAX
TOHDEB
TOHDIF
NEHLOE
EQOCOC
VEJYOZ
MIHHOB
OFERUN01
OFERUN05
GITVOV
GITWIQ
NEHLEU
EQOCOC01
HIFVUO
GITVUB
QOSYIH
–
GITTUZ
GITVAH
–
GITVEL
YOZBOF
YOZCAS
YOZBIZ
–
YOZBUL01
YOZCEW
SEPNEJ
SEPNIN
NEHKOD
NEHMUL
OFERUN08
NEHLUK
NEHMAR

Reference
108
109
110
111
112
103
110
68
68
75
68
75
108
113
114
109
115
115
115
110
116
68
117
89
103
75
75
110
68
118
75
108
See Ch. II
75
75
101
75
119
119
119
101
119
119
120
120
110
110
86
110
110

Topology/
Net
lcs
LTA
LTA
LTA
LTA
LTA
MER
MER
MER
moc
moz
moz
nbr
neb
–a
nog
poz
qtz
qtz
RHO
RHO
RHO
RHO
RHO
RHO
RHO
SOD
SOD
SOD
SOD
SOD
SOD
SOD
SOD
SOD
SOD
SOD
SOD
SOD
SOD
ucb
ucb
ucb
ykh
ykh
zea
zeb
zec
zni
zni
zni
moc

45ClIm
Pur
5azBIm
Im/5ClBIm
Im/FBIm
Im/mIm/5nBIm
Im
Im
Im/mIm
Im/ImHe
5ClBIm
Im/5ClBIm
Im/mIm
Im
Im
Im
5ClBIm
eIm
eIm
BIm
eIm
45ClIm
nIm/Pur
pIm/mttz

CCDC
Refcode
GIZJUV
MIHHAN
MIHHIV
GITWEM
–
NEHMEV
VEJZIU
EWENUR
GITSUY
KUMXEW
NOFQEF
NEHMOF
–
KEVLEE
GOQSIQ
HIFWAV
NOFQAB
EHETER
EHETER01
VEJZOA
MECWOH
GITVIP
XEDPUT
YORCIT

75
117
117
75
101
110
68
121, See Ch. I
75
122
123
110
See Ch. III
124
125
118
123
85
103
68
111
75
126
96

Zn

Im

IDUYEO
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Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Co

Im
BIm
mIm
mIm
foIm
mIm
mIm
mIm
mIm
Im/mIm
nIm
45mnIm
eIm/mttz
vyIm
mIm/CF3Im
Im/nIm/5mBIm
Im/mIm/5nBIm
Im/nIm/BIm
mBim/5BrBIm
2mBim/mBIm
56mBIm
Im/mBIm
Im
Im
Im/mIm
Im
Im/ImHf

–
VELVIS
VELVOY
MECWEX
WOJGEI
UZEWOM
UZEWUS
KAMZUV
LENVOR
HIFVUO01
CIMFUB
CIMFOV
YORCEP
GAZBOB
DEBXUG
NEHKET
NEHKIX
NEHNAS
NEHKUJ
NEHLAQ
QOGPIM
QOSXOM
HICGEG
IMIDZB08
GITTAF
IMIDZB02
OWIGOR

See Ch. III
68
68
111
128
129
129
130
131
99
132
132
96
133
134
110
110
110
110
110
108
97
118
135
75
136
137

Name

Metald

R-Imidazolate(s)

ZIF-72
ZIF-20
ZIF-22
ZIF-76
SALEM-11
ZIF-376
ZIF-10
MeMeCH2@ZIF-10
ZIF-60
–
ZIF-100
ZIF-408
–
–
10mr
–
ZIF-95
–
MAF-32
ZIF-11
–
ZIF-71
–
–
MeMeCH2@RHOZn(Im)2
–
ZIF-7
ZIF-8
–
ZIF-90
ZIF-8
ZIF-8
ZIF-8
ZIF-8
SALEM-2
NOF-1
NOF-2
ZTIF-1
ZIF-8-V
ZIF-318
ZIF-413
ZIF-414
ZIF-412
ZIF-516
ZIF-586
ZIF-1Zn
TIF-2
–
–
ZIF-61
–
–

Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
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Reference

Topology/
Net
BCT
cag
coi
gar
GIS
GIS
GME
GME
GME
LTA
mog
neb
neb
nog
RHO
RHO
SOD
SOD
SOD
zni
ANA
ANA
ANA
dia
dia
dia
dia-cb
ict
itv
MER
qtz
RHO
RHO
RHO
SOD
SOD
tfa-cb
ygt1
lcs
sqp
dia
mog
qtz
pcl
crb/BCT
SOD
SOD
pts
hxg-db,c
–a,c
mog
SOD
mog

Name

Metald

R-Imidazolate(s)

–
–
–
–
TIF-5Co
ZIF-75
Co-ZIF-81
Co-ZIF-68
Co-ZIF-69
ZIF-21
–
–
–
–
ZIF-12
–
ZIF-9
ZIF-67
ZIF-65
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Cd
Cd
Cd
Cd
Cd
Cd
Cd
Cd
Cd
Cd
Cd
Cd
Cd
Cd
Cd
Cd
Cd
Cd
Cd/Ke
Fe
Fe
Fe
Fe
Cu(I)
Cu
Cu
Cu
Cu
Cu(I/II)
Cu(I/II)
Cu
Cu
Mn

Im
Im
Im
Im
Im/56mBIm
nIm/56mBIm
nIm/5BrBIm
nIm/BIm
nIm/5ClBIm
Pur
Im/ImHf
Im
Im
Im
BIm
nIm
BIm
mIm
nIm
Im
buIm
eIm
pIm
nIm
nIm
phIm
Im
mIm
nIm
mIm
eIm
eIm
mIm
nIm
mIm
nIm
mIm
mIm
45cyIm
mIm
4azBIm
Im/ImHe
mIm
Pyrm
2a5BrPyrm
2HPyrm
4HPyrm
Im
Im
Im
Im
Im
Im/ImHf
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CCDC
Refcode
NAFGOR01
NAFGOR
IMZYCO
OKEPUR
QOSYED
GITWAI
RIRDIH
RIRDAZ
RIRDED
MIHHER
OWIGIL
EQOBUH
EQOCES
AFIXAO
VEJZUG
REGXOS
VEJZEQ
GITTOT
GITTIN
IMZYCO01
GUPDOL
GUPCOK
GUPDIF
GUPCUQ
PUWQAA
GUPDUR
BAYQAU
GUPBOJ01
GUPCUQ02
GUPCAW
GUPCOK01
GUPCEA
GUPBOJ03
GUPDEB
GUPBUP
GUPCUQ01
GUPBOJ02
GUPBOJ
AHAMAZ
LODCUC
XASGON
IMIDFE01
CAGLIF
RIDKOE
–
QEFNAQ
ALIXAU
CUIMDZ
BETHUE
BETJAM
CUIMDZ03
CUIMDZ01
IMIDZA

Reference
138
138
139
140
97
75
141
141
141
117
137
116
116
142
68
143
68
75
75
116,139
112
112
112
112
112
112
144
112
145
112
146
112
100
112
112
112
147
112
148
149
150
151
152
153
154
155
156
157
158
158
159
159
160

Topology/
Net
SOD
SOD
ntn
thl
gar
ant
crs
crs
–a
ant
sql
crs
pcu
a

Name

Metald

R-Imidazolate(s)

–
–
–
–
ZIF-5
–
–
–
–
–
–
–
–

Mn
Co/Zne
Cu/Zne
Cu/Zne
In(III)/Zne
Sr(II)
Ce(III)
Pr(III)
Sm(III)
Eu(II)
Eu(II)
Gd(III)
Tb(III)

mIm
mIm
Im/ImHf
Im
Im
Im
Im
Im/ImH
Im
Im
Im/ImHf
Im/ImHf
Im

CCDC
Refcode
FEHHEI
OBATUJ
USOXIL
USOXEH
VEJZAM
WEXCAF
MOXKAN
LEMVOP
IGUCIY
WEXCEJ
WEXBUY
IGUCEU
XABTAY

Reference
161
162
163
163
68
164
165
166
167
164
164
167
168

A zeolite/network topology has not been assigned to this framework. bThe extension to the
basic, three letter symbol indicates a derived net. “-c” indicates a catenated net (i.e.,
interpenetrated) and “-d” indicates a dual net. For more information, refer to O’Keeffe et al.104
c
The copper nodes of the obtained coordination polymers are found to exist in different oxidation
states: BETHUE: CuICuII(Im)3 and BETJAM: (CuI)2CuII(Im)4. dThe metals listed have an
oxidation state of (II) unless otherwise specified. eA mixture of metals was incorporated in the
framework. fTerminal imidazolates (ImH) were observed to exist in the framework in their
protonated form.
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Figure 1.8. A near-comprehensive list of imidazole ligands employed in ZIFs
up to date. ImH = imidazole, mImH = 2-methylimidazole, nImH = 2nitroimidazole, foImH = 2-imidazolecarboxaldehyde, eImH = 2-ethylimidazole,
vImH = 2-vinylimidazole, 4nImH = 4-nitroimidazole, 45cyImH = 4,5dicyanoimidazole, 45ClImH = 4,5-dichloroimidazole, BimH = benzimidazole,
mBImH = 2-methylbenzimdazole, aBImH = 2-aminobenzimidazole, 5mBImH =
5-methylbenzimidazole, 56mBImH = 5,6-dimethylbenzimidazole, 5nBImH = 529

nitrobenzimidazole, 5BrBImH = 5-bromobenzimidazole, 5ClBImH = 5chloroobenzimidazole, 5FBImH = 5-(trifluoromethyl)benzimidazole, 4azBImH =
4-azabenzimidazole, 5azBImH = 5-azabenzimidazole, PurH = purine, L1 = 4,5bis(2,5-dimethyl-3-theinyl)-1H-imidazole, Pyrm = pyrimidine, 2a5BrPyrm = 2amino-5-bromopyrimidine, 2HPyrm = 2-hydroxypyrimidine, 4HPyrm = 4hydroxypyrimidine.
Another important parameter that is often explored is the choice of reaction solvent. Akin
to zeolites, which often require structure directing agents and templates to target and synthesize
specific topologies, it has been shown that solvents act as structure directing agents in the
formation of ZIFs.118 The concept of exploiting templation to access different ZIF topologies will
be expanded upon in the first three chapters of this dissertation.
Brief Historical Context
One of the first known structures of a metal-imidazolate framework reported in the
Cambridge Structural Database (CSD), a CuII(Im)2 framework adopting the pts net topology
(from the mineral cooperite, whose framework consists of platinum sulfide) was published by
Jarvis and Wells in 1960.157 Later, Sturm and coworkers published the structure of the first
tetrahedral metal-imidazolate, coi-Co(Im)2xethanol in 1975.139 This is the first report of a
tetrahedral “ZIF” reported in the literature. Five years later, Lehnert and coworkers published the
first crystal structure of a ZIF sustained by divalent, tetrahedral zinc ions (Zn2+) namely zniZn(Im)2.136,160 At the turn of the twentieth century, Masciocchi and coworkers published a
Cu(Im)2 framework adopting the SOD topology, though the specific net topology went
unmentioned.159 In 2002, a landmark paper was published by Tian and coworkers. They reported
a Co(Im)2 framework adopting the nog topology, nog-Co(Im)2xMB (MB = 3-methyl-1butanol).142 From a historical perspective, although there had been a handful of tetrahedral
framework topologies synthesized previously, this is the first report in the literature in which a
metal-imidazolate was recognized to adopt a zeolite-like topology. In addition, they made an
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important observation after combining a divalent, Td ion metal and imidazolate linkers: the bond
angle between metal centers that are connected using imidazolate linkers in ZIFs was determined
to be 145°, emulating the T–O–T bond angle found in zeolite aluminosilicates (T = Si4+ and/or
Al3+, Figure 1.7.). A year later, another paper by Tian and coworkers reported the solvothermal
synthesis of four other (new) framework topologies of Co(Im)2 (i.e., neb-Co(Im)20.5Pyr, Pyr =
pyridine; neb-Co(Im)20.5Ch, Ch = cylcohexanol; zni-Co(Im)2; and nog-Co(Im)20.4MB, MB =
3-methyl-1-hexanol) and characterized their magnetic properties.116
The field immediately received widespread attention when, in 2006, the importance and
structural diversity of ZIFs was highlighted, specifically in the context of their “high”
chemical/thermal stabilities and, more importantly, porosity.68 The Yaghi/O’Keefe groups
expanded the database of known ZIF topologies significantly by screening a couple of divalent
metals (Zn2+ and Co2+) and reacting them with a number of (substituted) imidazoles at elevated
temperatures; they identified and characterized 12 framework topologies, two of which
maintained porosity after removal of guests (solvent, starting materials, etc.). It is in this report
that SOD-Zn(mIm)2xsolvent (SOD-ZIF-8) was shown to not only have high chemical and
thermal stability in a range of different solvents under reflux (e.g., methanol, water, benzene, and
an aqueous solution of NaOH), but also high (micro)porosity after activation. A surface area of
1,630 m2/g (determined by the Brunauer-Emmett-Teller model) was measured for empty SODZn(mIm)2 (ZIF-8). It is important to note that this is the first report in which ZIFs were shown to
exhibit high porosity, in comparison to their zeolite analogues (e.g., BET surface areas range
from ~350 m2/g (MFI-ZSM-5)169 to 950 m2/g (FAU-NaY)170), while maintaining their structural
integrity. SOD-ZIF-8, unmistakably the flagship ZIF, was to become the most cited ZIF in the
literature, owing to its ease of synthesis, reproducibility, cheap starting materials/reagents, as
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well as its “high” chemical/thermal stability and relatively high porosity. The impact of this
publication (over 2,600 citations to date) alone set the stage for the discovery, importance, and
application of ZIFs. Shortly after, in 2007, Tian et al. reported the synthesis of seven
Zn(Im)2xsolvent frameworks, two of which were new to ZIFs (in order of appearance in the
paper: nog-Zn(Im)2, crb/BCT-Zn(Im)2 (a.k.a. ZIF-1), cag-Zn(Im)2 (a.k.a. ZIF-4), DFT-Zn(Im)2
(a.k.a. ZIF-3), zec-Zn(Im)2, and GIS-Zn(Im)2 (a.k.a. ZIF-6)).118 Rather than synthesizing these
ZIFs solvothermally, a room-temperature approach was employed, using an amine base as a
buffering agent/modulating ligand to deprotonate the imidazole ligands. They were able to
prepare a number of topologies both as large, single crystals and in bulk powder form, which
provided another method for synthesizing/crystallizing ZIFs.
Also around the same time when Yaghi and coworkers were experimenting primarily
with divalent, tetrahedral metal-ions and substituted imidazoles, Eddaoudi and coworkers
reported a number of zeolite-like metal organic frameworks, or ZMOFs.71 ZMOFs are
constructed using what is known as the molecular building block approach (MBB).37,71,73,171-175
In general, this approach relies on systematically identifying certain features of the targeted
framework as discrete and unique building blocks to build the overall framework (i.e., a “top
down, bottom-up approach”). In terms of constructing ZMOFs using the MBB approach, heavy
emphasis is placed on careful consideration of the coordination geometry of the metal-ions
implemented as well as the bridging, organic linkers. ZMOFs utilize organic linkers that emulate
the T-O-T angle found in zeolites (~145°); therefore, ZIFs are a class of ZMOFs due to the
imidazole ligands meeting this criterion. One of the earliest examples of a ZMOF was reported
by Keller in 1997.153 He reported a 3-perioidic net adopting the pcl (paracelsian) network—pcl[CuI(pyrimidine)2]BF4xsolvent. This was the first indication that organic linkers can be utilized
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in the formation of MOFs that adopt zeolite-like topologies. Eddaoudi and coworkers then
reported, in 2006, a cation-directing approach to form two different anionic ZMOF structures
using 4,5-imidazolecarboxylic acid (C5N2O4H4) as the linker and eight-coordinate In(III) as the
metal-ion—RHO-InIII48(C5N2O4H2)96(C7N3H15)24(DMF)36(H2O)192

(RHO-ZMOF,

SDA/counter-cation = 1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidine (C7N3H15), DMF =
N,N-dimethylformamide)

and

InIII(C5N2O4H2)2(C3N2H5)(DMF)4(CH3CN)(H2O)4,

(SOD-

ZMOF, SDA/counter-cation = imidazole (HIm)). Unlike Yaghi et al., Eddaoudi and coworkers
exploited (imidazole) ligands that not only possess N-donors for the prerequisite 145° T-O-T
angle to mimic zeolites, but also contain O-donors (i.e., carboxylates) as secondary donors.
These secondary donors, along with the ability to chelate to the metal nodes, add rigidity to the
targeted framework. More importantly, these longer, more diverse linkers give rise to large, open
pore materials. Since 2006, a myriad of ZMOFs have been constructed using this approach in
order to access novel network topologies.73
In 2008, Yaghi and coworkers reported the high throughput synthesis of ZIFs (see
Section 1.4.1.1. “Solvothermal Method” for further details).75 In addition to the method, they
explored a combination of imidazole and/or substituted imidazoles—often called a “mixed-linker
approach”—to access novel ZIF topologies with exceptional surface areas, surpassing the
previously reported surface area of SOD-ZIF-8. This “mixed-linker” approach soon paved the
way for the discovery of even more ZIF topologies. A couple of years later, the same group
published the first isoreticular series of ZIFs adopting the same topology—the GME topology
(GME: from the natural mineral, gmelinite; GME-Zn(nIm)(5nBIm), also known as GME-ZIF78; GME-Zn(nIm)(5mBIm), also known as GME-ZIF-79; GME-Zn(nIm)(45ClIm), also known
as GME-ZIF-80; GME-Zn(nIm)(5BrBIm), also known as GME-ZIF-81; and GME-
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Zn(nIm)(45cyIm), also known as GME-ZIF-82; see Figure 1.8. for terminology of ligands used).
It was observed that the pore diameters of each resulting GME-ZIF varied in direct consequence
to the bulkiness of the substituted imidazolate. In essence, they systematically manipulated the
pore apertures of the GME ZIFs using different substituted imidazole ligands. Ten years after the
high throughput method was introduced, Yaghi and coworkers reported the synthesis,
characterization, and porosity of 15 more ZIFs: ten topologies had been reported previously, but
with different chemical compositions, and the remaining five topologies were new tetrahedral
topologies not found in the IZA database.110 Moreover, they established a set of principles that
govern the crystallization of ZIFs with various ring and cage sizes: by using a combination of
different imidazolate ligands that vary in size, shape, volume, etc. (denoted as the steric index of
a imidazole ligand, 𝛿), new ZIFs can be accessed.
From the preliminary PNAS article published in 2006,68 Yaghi and coworker’s extensive
work on ZIFs—and, more broadly speaking, the entire MOF field—for the past two decades has
drastically expanded the knowledge of these materials and their potential properties. Through the
thoughtful synthesis and characterization of these materials, they have shown the utility of ZIFs,
which stems from their high chemical and thermal stabilities as well as their permanent
porosities. They and others have also demonstrated that these porous materials show promise in a
variety of applications176 that are analogous to zeolites, such as chemical separations and storage.
Indeed, they may be considered as a new class of technologically important materials with great
potential for industrial use.
Potential Applications
Due to the structural diversity, high chemical/thermal stability, and permanent porosity of
ZIF frameworks, a myriad of applications can be envisaged. Indeed, there have been numerous
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reports and reviews on the potential applications of zeolitic imidazolate frameworks.176-179 In this
section, the primary application that will be highlighted is small molecule and gas
separation/sequestration/storage. Owing to the high porosity and structural rigidity of ZIFs, a
majority of the early research focused on the sorption of gas molecules, like CO2 and CH4. Other
applications (e.g., catalysis,177,180-182 sensing,183-185 and drug delivery186-188) have been reported,
but will not be highlighted here.
The first studies on the properties and potential applications of ZIFs primarily involved
separation of gases. Prior to the 2006 PNAS article published by Yaghi and coworkers. that
highlighted important properties and potential applications of ZIFs (e.g., high chemical/thermal
stability and high porosity),68 the ZIF field was still at its infancy. Aside from studying the
magnetic properties of these frameworks,116 much of the research was still focusing on the
topological design and diversity of these frameworks.116,138,142,189 The field accelerated when the
microporosity of ZIFs, particularly SOD-Zn(mIm)2 (ZIF-8), was demonstrated.68 A year later,
Yaghi and coworkers were able to synthesize a ZIF adopting the LTA topology.117 By using
substituted imidazoles like purine and 5-azabenzimidazole, they were able to synthesize a series
of isoreticular ZIFs emulating the LTA topology (i.e., LTA-Zn(Pur)2, also known as LTA-ZIF20, LTA-Co(Pur)2, also known as LTA-ZIF-21, and LTA-Zn(5azBIm)2, also known as LTAZIF-22). More importantly, they demonstrated that these have high selectivity for CO2 absorption
when exposed to CO2/CH4 mixtures. Less than a year later, Yaghi and coworkers found that a
number of these newly found ZIF topologies were able to selectively separate CO2 from CO2/CO
mixtures. More importantly, they compared the CO2 selectivity of three ZIFs (GMEZn(bIm)(nIm), also known as GME-ZIF-68; GME-Zn(cbIm)(nIm), also known as GME-ZIF-69,
and GME-Zn(Im)1.13(nIm)0.87, also known as GME-ZIF-70) with that of BPL (Black Pearls® L
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Carbon Black) activated carbon; they determined that GME-ZIFs-69 and -70 performed better
than BPL activated carbon in selectively storing CO2 over CO.75 Also, in 2008, Wang and
coworkers synthesized two new ZIFs (poz-Zn(5ClBIm)2, also known as poz-ZIF-95, and mozZn20(5ClBIm)39(OH), also known as moz-ZIF-100) exhibiting complex and “colossal” cages in
the framework and, again, demonstrated that each new framework was selective for CO2 over
other gases.123 The separation of CO2 from other gases is an important purification process. For
example, the components of syngas (i.e., synthetic gas containing CO2, CO, and H2) serve as
intermediates for the supply and production of methanol, ammonia, and other hydrocarbon fuels.
Separating CO2 from H2 is important in order to use the valuable H2 gas for process important
industrial processes, such as the Haber-Bosch process. It is conceivable that these ZIFs may be
viable materials for the separation of CO2 from syngas and other gases (Table 1.2). When
considering ZIFs with large pore openings and cages, ucb-Zn(Im)0.25(nIm)0.62(BIm)1.15, also
known as ucb-ZIF-412, was shown to be a promising material to selectively remove octane and
p-xylene, which are both considered as volatile organic compounds (VOCs), from humid air.110
These are but a few of the many early studies in which ZIFs have been shown to be promising
materials for gas separation and storage.
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Table 1.2. Exemplary ZIFs used for CO2 uptake and selectivity over other
gases.69
Composition
Carbon
Zn(bIm)
(nIm)
Zn(cbIm)
(nIm)
Zn(Im)1.13
(nIm)0.87
Zn(nbIm)
(nIm)
Zn(mbIm)
(nIm)
Zn(bbIm)
(nIm)
Zn(cnIm)
(nIm)
Zn(5ClBIm)2
Zn20
(5ClBIm)39
(OH)

ZIF#
n/aa
ZIF68
ZIF69
ZIF70
ZIF78
ZIF79
ZIF81
ZIF82
ZIF95
ZIF100

Net
topology
n/aa

BET
(m2/g)
1150

CO2
(cm3/g)
46.8

CO2
(cm3/cm3)
22.5

GME

1090

37.6

GME

950

GME

CO2/CO

CO2/CH4

CO2/N2

CO2/O2

Ref.

7.5

3.9

17.8

18.6

119

39.9

19.2

5.0

18.7

19.1

119

40.6

49.2

20.9

5.1

19.9

18.0

119

1730

55.0

45.4

37.8

5.2

17.3

16.7

119

GME

620

51.5

60.2

–c

10.6

50.1

47.7

119

GME

810

33.5

36.1

–c

5.4

23.2

22.2

119

GME

760

38.2

49.3

–c

5.7

23.8

27.9

119

GME

1300

52.7

49.3

–c

9.6

35.3

34.1

119

poz

1050

19.7

19.2

11.4±1.1

4.3±0.4

18±1.7

–c

123

moz

595

32.6b

28.2b

17.3±1.5

5.9±0.4

25±2.4

–c

123

n/a = not applicable. aBPL carbon was used as a standard for comparison. bmeasured at 273 K.
Data was not available.

c

1.5. Hypothesis and Dissertation Overview
This dissertation outlines the synthesis, porosity, guest-inclusion properties, and
flexibility of novel zeolitic imidazolate framework materials. Owing to the modular building
approach stemming from synthesizing zeolites and MOFs, novel ZIFs can be accessed by
systematically altering the metal, ligand(s), solvent(s) utilized (in solution-phase reactions), and
the reaction conditions used. The first three chapters focus on the use of templates and structure
directing agents in the development of new zeolitic imidazolate frameworks, some of which have
been synthesized, characterized, and reported for the first time. Specifically, Chapter II discusses
accessing a known, albeit elusive, ZIF (MER-Zn(Im)2, ZIF-10) using a solute-templated
approach. To our knowledge, this solute-templated approach is the first of its kind reported in the
literature in the context of the solution-based synthesis of a ZIF. Chapter III focuses on the
synthesis and templation of a new Zn(Im)2 polymorph, GME-Zn(Im)2, by exploiting a bulky
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amide as a reaction solvent and as a structure-directing agent/template. Chapter IV expands on
the knowledge gained from Chapter III and focuses on the synthesis of the first embedded
isoreticular zeolitic imidazolate frameworks: RHO-Zn(Im)2xsolvent and nbr-Zn(Im)1.2(mIm)0.8
xsolvent.

Finally, Chapter V explores the flexibility of 0D porous cag-Zn(Im)2 in the context of

crystalline sponge chemistry and highlights the contraction and expansion of this framework.
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Chapter II. Solute-Templated Synthesis of an Elusive Zeolitic Imidazolate Framework*
2.1. Introduction
The enormous structural diversity of zeolites/aluminosilicates, each with a variety of pore
systems and channels, is often attributed to the Al/Si ratio and the cationic species used to charge
balance the net-anionic framework. These counter-cations, typically an inorganic metal and/or an
organic cation (e.g., ammonium cations), have been shown to affect the nucleation and growth
processes of zeolites, dictating their topological formation and identity.15 More importantly,
these cationic moieties also serve as templates to form the myriad of pore systems and channels
that are inherent to each zeolite. For example, Na+ cations are a prerequisite in the formation of
sodium zeolite A (formula: LTA-|Na+12(H2O)27|8[Al12Si12O48]8) as shown by Zhu and
coworkers.190 Indeed, it was shown that the zeolite could not by crystallized without the addition
of NaCl. In addition to metals, cationic organic templates have been used to form unprecedented
zeolite topologies.191 Over the years, it has been demonstrated that the use of organic ammonium
cations, in conjunction with a metal cation, promotes a diverse array of zeolite topologies.15
It is conceivable that this templation method can also be emulated in ZIF syntheses. In
this chapter, a rigid macrocycle is used to template a known ZIF whose synthesis has not been
reproducible. To our knowledge, this is the first account of a solute templated synthesis of a
zeolitic imidazolate framework.

*

Portions of this work have been published in the Journal of the American Chemical Society:
Ramirez, J. R.; Yang, H.; Kane, C. M.; Ley, A. N.; Holman, K. T. Reproducible Synthesis and
High Porosity of MER-Zn(Im)2 (ZIF-10): Exploitation of an Apparent Double-Eight Ring
Template. J. Am. Chem. Soc. 2016, 138, 12017–12020.
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2.2. ZIFs and Zn(Im)2 Polymorphs
Zeolitic imidazolate frameworks (ZIFs)68,69,75,116,189 are a class of (typically) porous
zeolite-like metal-organic frameworks (ZMOFs)71,73,153,192 that are widely studied due to their
diverse structures, high chemical and thermal stabilities, and myriad of potential applications that
stem from their high surface areas and pore volumes.176,178 In terms of structural diversity, much
interest in ZIFs is related to their being expanded analogues of the technologically essential
aluminosilicate zeolites, attributable to their construction from simple tetrahedral metal centers
(e.g., M = Zn2+, Co2+, and Cd2+) and bent imidazolate (Im-)—or functionalized imidazolate (RIm)—bridging ligands. Thus, akin to zeolites, it is understood that an enormous number of open,
porous framework topologies are in principal possible for any given M(RIm)2 composition. For
example, the most chemically trivial of ZIF compositions, Zn(Im)2, is known (at the time of this
publication) to exist in at least 12 different framework topologies104—zni,104 cag (ZIF-4),118
crb(BCT, ZIF-1,2,64),118 coi,116 GIS (ZIF-6),68 DFT (ZIF-3),118 nog,118 zec,118 neb,193 SOD,99
MER-(ZIF-10, Figure 2.1)68,75 and an unnamed topology exhibiting ten-membered rings
(10mr).125 Despite the structural diversity of Zn(Im)2, and the demonstration of high porosity in
many other ZIF compositions—e.g., SOD-Zn(MeIm)2, ZIF-8, up to 1750 m2/g;194 GMEZn(Im)1.13(NO2Im)0.87, ZIF-70, 1730 m2/g;119 RHO-Cd(EtIm)2, CdIF-4, >1630 m2/g,100,112 etc.—
the Zn(Im)2 frameworks have generally not been shown to exhibit high porosity.195 Several of
the Zn(Im)2 topologies are probably too dense to be useful, and the more open frameworks are
either susceptible to collapse upon activation (e.g. DFT-Zn(Im)2),118 or appear to only be
available in single crystal quantities.99 Thus, only two Zn(Im)2 frameworks exhibit modest
porosity. The unnamed, 10mr Zn(Im)2 framework, which was crystallized from N,Ndibutylformamide, has a reported BET surface area of 319 m2g-1). SOD-Zn(Im)1.7(MeIm)0.3
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(SALEM-2), prepared by (incomplete) solvent-assisted linker exchange (SALE) on SODZn(MeIm)2 (ZIF-8),

99

exhibits high surface area (830 m2g-1), but the reported value falls well

below the theoretical limit for the SOD-Zn(Im)2 framework.
Importance of the MER Topology
Unfortunately, reproducible synthetic procedures that give phase-pure material are
lacking for many potentially useful ZIFs, including some key Zn(Im)2 structures. For instance,
the MER topology of Zn(Im)2—first reported by Yaghi and coworkers68,75 and named after the
naturally occurring mineral Merlinoite196 (or synthetic zeolite W, Figure 2.1)—has been
particularly elusive. To date, it has only been reported as solvated individual crystals isolated
from reaction of zinc nitrate and imidazole in dimethylformamide (DMF).68,75 Attempts to
reproduce the published syntheses have not been successful. Thus, no yield, experimental PXRD
pattern, or gas sorption isotherm has yet been reported for MER-Zn(Im)2. This is despite the fact
that MER-Zn(Im)2 is a material of interest and potential importance: it has the highest porosity (e
» 61%) of any known Zn(Im)2 topology and one of the lowest framework densities of any ZIF
(0.75 g/cm3). So, the theoretical sorption properties of MER-Zn(Im)2 have been much studied,
particularly in the context of gas storage and separations.197-204
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Figure 2.1. Comparative depictions of the crystal structures of: a) the zeolite
merlinoite,196 b) the previously reported I4/mmm MER-Zn(Im)2xsolvent
(ZIF-10, solvent omitted),68 and c) the polar, I4mm structure of MERMeMeCH2@Zn16(Im)32xDMF (solvent and ligand disorder omitted),
illustrating the MeMeCH2 macrocycles (spacefill) residing in the d8rs of the
framework.
Unfortunately, it remains unclear whether ZIFs of the MER topology are capable of
sustaining high porosity upon activation. Notably, two other MER topology ZIFs have been
reported

in

phase-pure

form

(PXRD

patterns)—solvated

forms

of

MER-

Zn(MeIm)1.5(Im)0.5xsolvent (ZIF-60)75 and MER-Cd(Im)2×xsolvent (CdIF-2)112—but neither has
yet been shown to be porous. In fact, MER-Cd(Im)2 was found to collapse upon activation,
despite the fact that RHO-Cd(RIm)2 frameworks exhibit high porosities.100,112 We report here a
reproducible synthesis of phase-pure MER-Zn(Im)2 (ZIF-10), in the form of MERMeMeCH2@Zn16(Im)32 (or MER-MeMeCH2@ZIF-10) achieved by introducing a readily
available macrocyclic solute, MeMeCH2 (Figure 2.2), as a structural template.

The low

temperature/pressure N2 sorption isotherm confirms its effective activation and shows that it
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exhibits one of the highest experimental per-gram surface areas of any ZIF to date. The X-ray
single crystal structure of MER-MeMeCH2@Zn16(Im)32xsolvent illustrates the role of the C4symmetric macrocycle in templating the requisite C4-symmetric double-eight rings (d8r) of the
MER topology.

Figure 2.2. Exemplary cavitands.
Several strategies exist for the targeting of open ZMOF and ZIF framework
topologies.71,73,153,192 Akin to templation strategies employed in the synthesis of anionic zeolites,
for example, the framework topologies of certain anionic ZMOFs have been shown to be
susceptible to the organic cations during synthesis.71,73,153,192 Other targeted strategies for ZMOFs
include building block approaches whereby certain metal-ligand combinations that are
predisposed to form requisite structural building units (SBUs) are exploited.71,73,153,192 Being
uncharged, structure-directing strategies for the simple M(RIm)2 ZIFs (and MOFs, more
broadly205) have seemingly been limited, and are not often well understood. Simple factors such
as metal ion size,112 ligand substituents (choice of R in RIm-,123 or mixed ligands119), choice of
reaction conditions (base, concentration, temperature, time), solvents,118 or co-solvents206,207
have been demonstrated to influence the topologies of ZIF products.

Some time ago, for

example, Tian et al. demonstrated that the framework topologies of isolated Zn(Im)2×xsolvent
crystals are highly dependent on the temperature, base, time, and, perhaps most importantly,
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solvent.118 Notably, the crystal structures of many M(Im)2 ZIFs show that the imidazolate ligands
commonly engage in C-Hacceptor hydrogen bonds with the encapsulated solvents.

The

topologies of ZIFs may therefore be susceptible to templation by appropriately chosen hydrogen
bond acceptors. Though salts have been shown to influence the topologies of ZIFs made by
mechanochemical or solventless means,85 to our knowledge no neutral solute additives have yet
been demonstrated to act as templates in ZIF syntheses.
We, and others,131,208,209, have recently begun to explore the confinement of useful solute
molecules within ZIFs; the large number of possible topologies suggests that ZIF frameworks
may be capable of accommodating a wide range of molecules. We reasoned that Cram’s
ubiquitous and persistently bowl-shaped cavitands (RR’Y, Figure 2.2) may be interesting
candidates for encapsulation, in the sense that: i) they introduce a well-known molecular
recognition element into the pores, ii) they may allow systematic tuning/modification of pore
volume, surface area, and/or pore accessibility, iii) they may act as structure-directing agents or
templates for larger-pore ZIFs, possibly imparting their symmetry on the ZIF structure, and/or
iv) they may, by virtue of their rigidity, support and stabilize the frameworks of large pore ZIFs
with respect to collapse. Moreover, we have recently shown that many simple cavitands are
porous molecular solids in their own right.210,211 Some of these (e.g., MeHSiMe2) have been
shown to selectively enclathrate/confine gases within their zero-dimensional (0D) pores. Most
0D porous cavitands, however, exhibit low permeabilities. So, we sought to embed cavitands
into open frameworks in order to further explore their gas recognition properties, particularly
with respect to noble gas affinity.212,213 Conveniently, also, the simplest cavitands are cheap
(many-gram quantities available), can be easily modified at the upper (R) and lower (R’) rims,
and many can withstand the solvothermal conditions of ZIF syntheses.
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2.3. Synthesis of MER-MeMeCH2@Zn(Im)2xsolvent
It became apparent early in the synthetic screening effort that MeMeCH2 reproducibly
induces the formation of the MER-Zn(Im)2 framework under a variety of conditions (see
Experimental section, methods A-C), while attempts to reproduce the published procedures for
the preparation of MER-Zn(Im)2×xsolvent (ZIF-10) gave only ZIF-4 (Figure 2.6). In short,
reaction of Zn(NO3)2×4H2O with imidazole in DMF (or 1:1 DMF/DEF), at elevated temperatures
in the presence of nearly saturated concentrations of MeMeCH2 always (according to PXRD)
gave appreciable amounts of MER topology Zn(Im)2, and single crystals (4mm point group) of
composition MER-MeMeCH2@Zn16(Im)32xsolvent (or MeMeCH2@ZIF-10) could easily be
identified in the reactions (Figure 2.1, Figure 2.7).

Exploration of the reaction conditions

allowed the following conclusions: i) the relative amount of MeMeCH2@ZIF-10 in the product
mixture was generally proportional to the cavitand concentration, ii) MeMeCH2@ZIF-10 is the
kinetic product, giving way to mainly cag-Zn(Im)20.5DMF (ZIF-4) over time, once the latter
nucleates (e.g., method A), iii) lower Im:Zn ratios considerably delayed the first appearance of
crystalline products, facilitating isolation of the MeMeCH2@ZIF-10 kinetic product, and iv) in
terms of product distribution, the effects of temperature appeared to be minor. In contrast,
control experiments, lacking MeMeCH2, gave only ZIF-4 (Figure 2.9 and Figure 2.10), clearly
demonstrating the structure-directing effect of the macrocycle.

Unfortunately, the various

conditions (e.g., methods A, B, see Experimental section) only occasionally yielded phase-pure
batches of MeMeCH2@ZIF-10. The majority of batches gave a mixture of MeMeCH2@ZIF-10
along with other ZIF precipitates (commonly ZIF-4) in relative amounts ranging from a few
percent to more than half.
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Figure
2.3.
a-b)
Calculated
PXRD
patterns
of
MERMeMeCH2@Zn(Im)2xsolvent (100 K) and cag-Zn(Im)20.5DMF (ZIF-4, 100
K), respectively. The tick marks indicate the possible (hkl) peak positions of the
former.
c-e) Experimental PXRD patterns (298 K) of c) bulk cagZn(Im)20.5DMF (ZIF-4) obtained in synthetic control experiments (method C)
performed in the absence of MeMeCH2, d) as-synthesized, phase-pure MERMeMeCH2@Zn(Im)2xsolvent obtained via templated synthesis (method C,
MeMeCH2 and seeding), and e) the material from d), but after activation and gas
sorption analysis, illustrating retention of the structure.
Attempts to separate MeMeCH2@ZIF-10 from the cag-ZIF-4 (and other) impurities by
exploiting density differences were partially successful; the desired material rapidly exchanges
its solvent and settles in chloroform whereas ZIF-4 floats. Ultimately, however, it was found that
by decreasing ligand:metal ratio from 8:1 to 2:1 (thereby lengthening the total reaction time), and
seeding the reaction vials with crushed crystals of MER-MeMeCH2@ZIF-10 selected from
earlier preparations (method C), phase-pure material could be reliably obtained in 13-22% yield
after 2-3 weeks at 85°C (Figure 2.3). Interestingly, under the seeded conditions, the obtained
MER-MeMeCH2@ZIF-10 did not appear to readily convert to ZIF-4 over time, presumably due
to the absence of ZIF-4 seeds in the reaction vial. Importantly, the observed peaks in the PXRD
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pattern (298 K) of the as-synthesized MER-MeMeCH2@Zn16(Im)32xsolvent (Figure 2.3.d)
could be reliably indexed to a tetragonal unit cell (I4mm, a = 27.177(9) Å, c = 19.35(1) Å, V =
14295 Å3, Figure 2.12) that is consistent with that obtained by single crystal diffraction at 100 K
(I4mm, a = 27.373(3) Å, c = 18.583(2) Å, 13923 Å3) and also the reported unit cell of MERZn(Im)2×xsolvent (ZIF-10, I4/mmm, a = 27.061(1) Å, c = 19.406(3) Å, 14211 Å3, 223 K),68,75
demonstrating the phase-purity of the sample.
2.4. Crystallographic Analysis of MER-MeMeCH2@Zn(Im)2xsolvent
The single crystal structure of MER-MeMeCH2@Zn16(Im)32×xsolvent (Figure 2.1, 2.181.21) confirms the topology of the framework and clarifies the remarkable structure-directing
role of the MeMeCH2 template. Of course, like its MER zeolite and ZIF-10 analogues, the
framework of MER-MeMeCH2@ZIF-10 consists entirely of 8-rings and 4-rings that are
arranged in two composite building units (CBUs) that alternate along the c-axis: a double-8 ring
(d8r) cage of 16 tetrahedral Zn2+ centers, and a larger Paulingite (pau) cage of 32 Zn2+ centers
(Figure 2.1), each connected by bridging imidazolate ligands. Although the structures of MERZIF-10 and MER-MeMeCH2@ZIF-10 are topologically identical, a number of important
structural differences exist.

Most notably, one molecule of MeMeCH2 (seemingly full

occupancy) appears to reside in each of the d8rs of the latter. 1H NMR analysis of the bulk
material confirms that there are ~1.1 MeMeCH2 cavitands per d8r.
Importantly, each of the eight imidazolate “struts” connecting opposing 8-rings in MERMeMeCH2@ZIF-10 is clearly engaged in a short C-H×××O hydrogen bond (C(H) O = 3.135(6)
Å, C-HO < 157.2°; H atom positions calculated and disordered Im- positions averaged, Figure
2.4) with one of the eight oxygen atoms of the MeMeCH2 template. The interactions involve the
relatively acidic C-H groups at the 2-positions of the imidazolate ligands. Given that electron
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deficient azoles are known to serve as strong hydrogen bond donors,214 it seems clear that the
MeMeCH2 solute directs the formation of the MER-Zn(Im)2 topology by templating the
formation of the requisite d8rs during crystal nucleation. The C-HO hydrogen bonds also
appear to induce subtle differences in the relative orientations of the corresponding Im- ligands in
comparison to the ZIF-10 structure (Figure 2.20). Moreover, as compared to their relative
orientations in ZIF-10, the lower rim CHCH3 moieties of the MeMeCH2 bowls (R’, Figure 2.2)
appear to force four of the Im- ligands of the closest 8-ring to turn away from the 8-ring plane
(Figure 2.4; Im- ligands in red, q2 >> q1).

Figure 2.4. Illustration of the MeMeCH2 cavitand residing in the d8rs of
MER-MeMeCH2@ZIF-10. Structure-directing C-HO interactions between
the bridging Im- ligands and the oxygen atoms of the MeMeCH2 template are
apparent. The red Im- rings are those that are appear to be significantly perturbed
by the cavitand. For clarity, the mean positions of disordered Im- ligands are
shown.
Accordingly, the typical 4/mmm (D4h) point group symmetry of the d8rs is reduced to
4mm (C4v). The relative conformations of the framework Im- ligands apparently communicate
this information to adjacent d8rs, over a range of ~20 Å, resulting in a polar crystal (I4mm vs.
I4/mmm in ZIF-10). Indeed, the dipole moments of the MeMeCH2 bowls in MeMeCH2@ZIF10 are aligned parallel with the c-axis.

We are currently investigating the possibility of
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absorbing and aligning chromophores within the polar pores of MER-MeMeCH2@ZIF-10 as the
4mm point group is desirable for the exhibition of NLO and other behaviours.215
2.5. Porosity Analysis of MER-MeMeCH2@Zn(Im)2×xsolvent
Though the d8rs of MER-MeMeCH2@ZIF-10 are occupied by the cavitands, the guest
only modestly affects the overall pore volume of the MER-Zn(Im)2 framework. Packing fraction
calculations indicate that the Zn(Im)2 framework occupies about 38.7% of the crystal volume
while the MeMeCH2 cavitands occupy another 11.2%, leaving 50.1% of the crystal as solvent
accessible space. The calculated density of MER-MeMeCH2@ZIF-10 is only 0.92 g/cm3, about
the same as sod-Zn(MeIm)2 (ZIF-8). Crystals of MER-MeMeCH2@ZIF-10×xsolvent could
readily be activated by first exchanging the included solvent with CHCl3 and then heating to
80°C under dynamic vacuum. According to 1H NMR spectroscopy (Figure 2.13, Figure 2.16),
MeMeCH2 does not leach from the pores during washing or activation, suggesting tight binding
of the cavitand by the d8rs of the framework. The Type-I low temperature/pressure (77K) N2
sorption isotherm of the activated MER-MeMeCH2@ZIF-10 is shown in Figure 2.5. Clearly,
the cavitands do not significantly inhibit access to the pores. The data yield a BET surface area
of 1893 m2/g (Figure 2.15; 1970 m2/g Langmuir) and a micropore volume of 0.74 cm3/g (H-K
method). Considering the partial filling of the pores and the extra mass introduced by the
cavitand, the measured pore volume is comparable to the theoretical pore volume for empty
MER-Zn(Im)2 (0.95 cm3/g).197 The post-sorption PXRD pattern of MER-MeMeCH2@ZIF-10
clearly shows that the framework structure is maintained upon activation (Figure 2.3.e, Figure
2.13). Thus, these data establish the first example of a porous MOF of the MER topology, and
confirms that MER-MeMeCH2@ZIF-10 exhibits one of the highest reported surface areas for
any known ZIF. It is not yet known whether, according to the hypothesis, the MeMeCH2
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cavitand serves to stabilize the MER-Zn(Im)2 framework with respect to collapse—we remain
unable to prepare ZIF-10 that is free of cavitand.

Figure 2.5. N2 sorption (closed circles) and desorption (open circles)
isotherms of MER-Me,Me,CH2@ZIF-10, obtained at 77 K. BET surface
area: 1893 m2/g (1970 m2/g Langmuir).
2.6. Conclusion
In conclusion, a reproducible synthesis of the elusive merlinoite topology of zinc
imidazolate (MER-Zn(Im)2, or ZIF-10) has been achieved by exploiting a simple macrocyclic
solute, MeMeCH2, as a kinetic template.
activated and exhibits high porosity.

Phase-pure MER-MeMeCH2@ZIF-10 is easily
The X-ray single crystal structure of MER-

MeMeCH2@Zn16(Im)32xsolvent reveals the role of the macrocycle as a multi-fold hydrogen
bond acceptor in templating the requisite double-eight rings (d8r) of the MER framework.
Preliminary data suggests that other RR’CH2-type cavitands can be incorporated into MERZn(Im)2 and efforts in this direction are on-going. It seems likely also that other novel MER
compositions (e.g., the as-yet unknown MER-Cd(Im)2, MER-Co(Im)2, or MER-BIFs105) may be
achievable using cavitands as templates. More broadly, the results suggest that judiciously
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chosen solute additives, with appropriately positioned hydrogen bond acceptor sites, will be
useful in templating, modifying the pore properties, and possibly stabilizing desirable ZIF
architectures, particularly those sustained by imidazolates with active hydrogen atoms at the 2positions.
2.7. Experimental
General Information
Acetaldehyde and 2-methylresorcinol were purchased from Alfa Aesar. Zinc nitrate
tetrahydrate was purchased from EMD Millipore (Billerica, MA). N,N-dimethylformamide
(DMF) and N,N-diethylformamide (DEF) were purchased from Acros Organics (New Jersey,
USA). N,N,-dimethylacetamide and imidazole were purchased from Sigma Aldrich (St. Louis,
MO). Vials (20 mL LS vial with 22-400 urea cap, PE cone) were purchased from Wheaton
(Millville, NJ). All starting materials were used without further purification. All ZIF syntheses
were performed in air. For the characterization of the product, 1H NMR spectra were carried out
on a Varian 400-MR spectrometer at room temperature. Single crystal X-ray diffraction data
(SCXRD) were collected on a Siemens SMART three-circle X-ray diffractometer equipped with
an APEX II CCD detector (Bruker-AXS) using graphite monochromated Mo K<a> radiation.
Powder X-ray diffraction data (PXRD) were collected on a Bruker SMART APEX II
diffractometer or a Rigaku R-Axis RAPID diffractometer, as indicated, employing Cu K<a>
radiation. Low pressure, low temperature (77 K) N2 sorption isotherms were measured with an
Autosorb 1-MP from Quantachrome Instruments.
Syntheses and Characterization
MeMeCH2, or 1,7,11,15,21,23,25,28-octameorthyl-2,20:3,19-dimetheno-1H,21H,23H,25Hbis[1,3]dioxocino[5,4-i:5',4'-i']benzo[1,2-d:5,4-d']-bis[1,3]benzodioxocin.
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MeMeCH2 was synthesized using a procedure similar to that of Cram and coworkers.216
Crude MeMeCH2 was purified by dissolving in dichloromethane and passing the solution
through a plug of silica gel. Removal of the solvent yielded MeMeCH2×xCH2Cl2, which was
placed in a vacuum oven at 180 °C to obtain solvent-free MeMeCH2, the crystal structure of
which has been recently reported.211
Attempted Synthesis of MER-Zn(Im)2xsolvent (ZIF-10) According to Park et al.68
In a 7 mL borosilicate dram vial, Zn(NO3)24H2O (9.8 mg, 0.038 mmol) and imidazole
(31 mg, 0.46 mmol) were dissolved in 3 mL of DMF (the final concentrations of Zn(NO3)2×4H2O
and imidazole were 0.15 M and 0.01 M, respectively). The resulting mixture was filtered
through a cotton plug into a clean 7 mL borosilicate vial. The vial was placed in an oven at 85°C
for three days to yield colorless crystals. The crystals were separated from the mother liquor via
vacuum filtration. PXRD analysis revealed the product to be pure cag-Zn(Im)20.5DMF (ZIF-4,
Figure 2.6).

Figure 2.6. a) Calculated PXRD pattern of cag-Zn(Im)20.5DMF (ZIF-4, 233
K).68 b) Experimental PXRD pattern of the pure cag-Zn(Im)20.5DMF (ZIF-4)
obtained in an attempt to reproduce the reported synthesis of MERZn(Im)2xsolvent (ZIF-10) according to Park et al.68
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2.8. Methods of Syntheses for MER-MeMeCH2@Zn16(Im)32xsolvent
Method A: Zinc:Imidazole Ratio of 1:8 in DMF
The solubility of MeMeCH2 in DMF at 85°C was determined to be about 55 mg/mL (85
mM). MeMeCH2 (150 mg, 0.23 mmol) was added to a 20 mL glass scintillation vial. To this
vial, 0.33 mL of a 0.20 M stock solution of Zn(NO3)2×4H2O in DMF (0.066 mmol) and 2.67 mL
of a 0.20 M stock solution of imidazole in DMF (0.53 mmol) were added.

The final

concentrations of Zn(NO3)2×4H2O, imidazole, and MeMeCH2 were 0.022 M, 0.18 M, and 0.077
M, respectively. The vial was sonicated, heated (using a heat gun) to dissolve the cavitand, and
filtered while hot through a cotton plug into a 20 mL glass scintillation vial that had been prerinsed with DMF. The reaction vial was immediately placed in an oven at 85°C for up to two
hours. In this way, the solution was nearly saturated with MeMeCH2 at the temperature of the
reaction.

After the reaction, the mother liquor was carefully removed.

The crystalline

precipitate could be stored indefinitely in solid form or at room temperature in fresh DMF.
Single

crystals

were

analyzed

by

SCXRD

MeMeCH2@Zn16(Im)32xsolvent (vide infra).
phase-pure

and

determined

to

be

MER-

Though this procedure occasionally yielded

MER-MeMeCH2@Zn16(Im)32xsolvent,

commonly

a

mixture

of

MER-

MeMeCH2@Zn16(Im)32xsolvent and cag-Zn(Im)2×0.5DMF (ZIF-4) were obtained (Figure 2.6).
The procedure always, however, yielded some MER-MeMeCH2@Zn16(Im)32xsolvent,
according to PXRD analysis, usually as the main product. Control experiments, conducted in the
absence of MeMeCH2 yielded only cag-Zn(Im)20.5DMF (ZIF-4, Figure 2.9).
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Figure 2.7. Optical micrograph of crystals obtained from method A.
Exemplary square prismatic crystals of MER-MeMeCH2@Zn16(Im)32xsolvent
(4mm point group symmetry) are indicated with blue squares and crystals of cagZn(Im)20.5DMF (ZIF-4, mmm point group symmetry) are indicated with red
rectangles.
It was found that the ratio of MER-MeMeCH2@Zn16(Im)32xsolvent relative to cagZn(Im)20.5DMF (ZIF-4) obtained by method A was proportional to the initial MeMeCH2
concentration. The ratio of cag-Zn(Im)20.5DMF to MER-MeMeCH2@Zn16(Im)32xsolvent was
also found to increase with time. If the reaction was allowed to proceed for longer than two
hours, crystals of MER-MeMeCH2@Zn16(Im)32xsolvent were found to be sacrificed in favor of
cag-Zn(Im)20.5DMF.
In a variation of method A, a 1:1 DMF:DEF solvent system was employed. Similar
results were obtained, including the observation of cag-Zn(Im)20.5DMF (ZIF-4) impurities
except that the single crystals of MER-MeMeCH2@Zn16(Im)32xsolvent isolated from this
solvent mixture consistently gave unit cells that appeared to be doubled along all axes
(tetragonal, I-centered, a = 55.03(3) Å, c = 36.54(2) Å) and appeared to be of the 4/mmm Laue
class, suggesting that the enclathrated cavitands alternate the direction of their polar axes in
adjacent channels throughout the crystal.

We were unable to rule out the possibility that
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twinning effects give rise to the apparently large unit cells, and were also unable to obtain a
satisfactory refinement of the structure using crystals grown from this solvent.
Density Separation
As can be seen from the optical micrograph in Figure 2.7, and confirmed by experimental
PXRD, cag-Zn(Im)20.5DMF (ZIF-4) was often found to be an impurity in the crude MERMeMeCH2@Zn16(Im)32xsolvent obtained by method A. We attempted to separate impurities
like cag-Zn(Im)20.5DMF from MER-MeMeCH2@Zn16(Im)32xsolvent based upon density
differences (Figure 2.8). Chloroform was added to the crude solid product in a separatory funnel.
A majority of the MER-MeMeCH2@Zn16(Im)32xsolvent (presumably chloroform-exchanged)
quickly sank to the bottom of the separatory funnel, while cag-Zn(Im)20.5DMF (ZIF-4)
remained at the top of the solvent line. The mixture was allowed to equilibrate for up to 3 hours,
after which the ZIF-4 material also began to sink, presumably due to solvent exchange. A
suspension was also observed. The three fractions—the settled, bottom layer, the suspended
fraction, and the floating, top layer—were isolated by filtration and added to a vial containing
fresh DMF (3 mL). Figure 2.9 shows the PXRD patterns of the three fractions, demonstrating
that

the

density

separation

was

partially

successful

in

MeMeCH2@Zn16(Im)32xsolvent.

Figure 2.8. Schematic representation of the density separation.
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MER-

Table 2.1. Calculated densities of relevant solvated ZIF compositions.
Composition
Topology
ZIF Name
Density (g×cm-3)
CHCl3
1.48
Zn(Im)20.5DMF
cag
ZIF-4
1.48a
Zn(Im)20.5CHCl3b
cag
ZIF-4
1.63a
b
MER
MeMeCH2@ZIF-10
1.56a
MeMeCH2@Zn16(Im)3237DMF
MER
MeMeCH2@ZIF-10
1.97a
MeMeCH2@Zn16(Im)3237CHCl3b
a
Calculated based upon the given composition and the unit cell volume (233 K or
100 K) of the DMF solvate. bThe number of solvents is estimated from the
crystal structure. It is assumed that the chloroform-solvated forms could hold the
same number of solvent molecules per formula unit.

Figure 2.9. PXRD analyses of samples obtained from method A. a,b)
Calculated PXRD patterns of MER-MeMeCH2@Zn(Im)2xsolvent (100 K) and
cag-Zn(Im)20.5DMF (ZIF-4, 233 K)68, respectively. The tick marks indicate all
of the possible (hkl) peak positions for the former. c) Control experiment: pure
cag-Zn(Im)20.5DMF (ZIF-4) product obtained from application of method A, but
without any added MeMeCH2. d) As-synthesized mixture of mostly MERMeMeCH2@Zn16(Im)32xsolvent and cag-Zn(Im)2×0.5DMF (ZIF-4) obtained
from method A. e) Bottom layer obtained from the density separation: nearly
pure MER-MeMeCH2@Zn16(Im)32xsolvent. f) Suspend material obtained from
the density separation: largely MER-MeMeCH2@Zn16(Im)32xsolvent and a small
amount of an as-yet unidentified product (peak at 2q » 7.3°). g) Top layer
obtained from the density separation: pure cag-Zn(Im)20.5DMF (ZIF-4).
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Method B: Zinc:Imidazole Ratio of 1:2 in DMF
MeMeCH2 (150 mg, 0.23 mmol), imidazole (32 mg, 0.47 mmol), and DMF (3 mL) were
added to a 20 mL glass scintillation vial and placed (capped) in an oven at 85°C for one hour or
until all the MeMeCH2 had dissolved. Zn(NO3)24H2O (65 mg, 0.25 mmol) was then added to
the hot solution, dissolving immediately. The hot solution was filtered through a cotton plug into
a 20 mL glass scintillation vial that had been pre-rinsed with DMF and the vial was placed in an
oven (capped) at 85°C until crystals were obtained (7 days). The hot solution was decanted, and
the precipitate stored at room temperature in fresh DMF. Method B tends to yield large single
crystals of MER-MeMeCH2@Zn16(Im)32xsolvent, occasionally phase-pure, but often containing
other unidentified impurities. Single crystals of MER-MeMeCH2@Zn16(Im)32xsolvent obtained
in this way were isolated by visual inspection and used as seed crystals for method C
preparations. The PXRD pattern of a typical sample obtained by method B is shown in Figure
2.10.

Figure 2.10. PXRD patterns of samples obtained using method B. a-b)
Calculated PXRD patterns of MER-MeMeCH2@Zn16(Im)32xsolvent (100 K) and
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cag-Zn(Im)20.5DMF (ZIF-4, 233 K)68, respectively. The tick marks indicate all
of the possible (hkl) peak positions for the former. c) Control experiment: nearly
pure cag-Zn(Im)20.5DMF (ZIF-4) product obtained from application of method
B, but without any added MeMeCH2. d-e) Two different batches of the assynthesized product obtained from method B. Sample d) appears to be phasepure. Sample e) contains unidentified impurities (e.g., peaks at 6.7-8.1° 2q).
Though we cannot rule out the presence of some cag-Zn(Im)2×0.5DMF(ZIF-4), it
appears the “extra” peak positions in the PXRD patterns correspond to zinc
imidazolates of an unknown topology. Comparison of these peaks to our in-house
database of calculated ZIF PXRD patterns does not allow us to ascribe the peaks
to any known ZIF.
Method C: Phase-pure MER-MeMeCH2@Zn16(Im)32xsolvent via Seeding, with a 1:2
Ratio of Zinc:Imidazole in DMF
Two to three single crystals of MER-MeMeCH2@Zn16(Im)32xsolvent obtained from
Method B were crushed into powder and placed in a clean, 20 mL vial that had been pre-rinsed
with DMF. MeMeCH2 (150 mg, 0.23 mmol) was added to a separate 20 mL vial. To this vial,
2.0 mL of a 0.2 M imidazole stock solution (0.40 mmol) in DMF and 1.0 mL of a 0.2 M
Zn(NO3)24H2O stock solution (0.20 mmol) in DMF were added (the final concentrations of
imidazole, Zn(NO3)2×4H2O, and MeMeCH2 were 0.13 M, 0.067 M, and 0.077 M, respectively).
The vial was sonicated, heated (with a heat gun) to dissolve the MeMeCH2, and filtered (cotton
plug) into the 20 mL vial containing the seed crystals. The capped reaction vial was then placed
in the oven at 85°C until crystals were obtained (at least two weeks). After the reaction, the
mother liquor was decanted and crystals of phase-pure MER-MeMeCH2@Zn16(Im)32xsolvent
were stored under fresh DMF at room temperature. Figure 2.11 shows an optical micrograph of a
representative sample. Figure 2.12 shows the PXRD pattern of a representative sample. The
procedure was repeated multiple times to obtain enough material for analysis. Yield: 10.5 mg
(22%, as dry MER-MeMeCH2@Zn16(Im)32, or 13%, as MER-MeMeCH2@Zn16(Im)3237DMF)
1

H NMR Spectroscopy:

Crystals of as-synthesized MER-MeMeCH2@Zn16(Im)32xsolvent
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crystals were isolated by vacuum filtration and washed with CHCl3 to ensure removal of any
possible free cavitand. Repeated washing does not appear to affect the MeMeCH2 content.
Approximately 10 mg of sample was dissolved in 20 µL of DCl (35% in D2O) and 1 mL of
DMSO-d6.

1

H NMR (400 MHz, DCl/D2O [20 µL] and DMSO-d6 [1 mL]) δ 9.11 (s, 27H, HA),

7.65 (s, 58H, HB), 7.56 (s, 4H, HC), 5.85 (d, 4H, J = 7.5 Hz, HD), 4.75 (q, 4H, HE), 4.16 (d, 4H, J
= 7.5 Hz, HF), 1.85 (s, 12H, HG), 1.76 (d, 12H, HH); see Figure 2.13.

Figure
2.11.
Optical
micrograph
of
phase-pure
MeMeCH2@Zn16(Im)32xsolvent obtained by method C.

MER-

Figure 2.12. a) Room temperature PXRD pattern of as-synthesized MERMeMeCH2@Zn16(Im)32xsolvent obtained by method C. The pattern was
indexed (using Jade 5.0) to a tetragonal unit cell, I4mm, a,b = 27.177(9) Å, c =
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19.35(1) Å, V = 14295 Å3. The tick marks indicate all of the possible (hkl) peak
positions for this unit cell. b) The calculated PXRD pattern of MERMeMeCH2@Zn16(Im)32xsolvent derived from the single crystal structure
obtained at 100 K (tetragonal, I4mm, a = 27.373(3) Å, c = 18.583(2) Å, 13923
Å3).

1
Figure
2.13.
H
NMR
spectrum
of
as-synthesized
MERMeMeCH2@Zn16(Im)32xsolvent obtained using by method C (DCl/DMSOd6). The CHCl3 peak is due to washing of sample.

2.9. Activation and Gas Sorption
The as-synthesized, phase-pure MER-MeMeCH2@Zn16(Im)32xsolvent (solvent = DMF)
crystals obtained by Method C were immersed in chloroform and placed in a refrigerator for five
days, yielding phase-pure MER-MeMeCH2@Zn16(Im)32xCHCl3 (Figure 2.14). The CHCl3
solvate (30 mg) was activated at 80°C for 24 hours. The experimental N2 (77 K) gas sorption
isotherm is given in Figure 2.5 of the Chapter. The BET surface area plot corresponding to the
isotherm of Figure 2.5 is shown in Figure 2.15. The material, MER-MeMeCH2@Zn16(Im)32,
exhibits an experimental BET surface area of 1893 m2 g-1. The 1H NMR spectrum of the
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activated material, post-sorption, is shown in Figure 2.16 and shows no sign of remaining CHCl3
and/or DMF, implying complete activation.

The PXRD pattern of the activated MER-

MeMeCH2@Zn16(Im)32 material, post-sorption, is shown in Figure 2.14. The pattern was
indexed (using Jade 5.0) to a tetragonal unit cell, I4mm, a,b = 27.27(3) Å, c = 18.95(2) Å, V =
14092 Å3, consistent with the MER-Zn(Im)2 topology. The activated material could be stored
over acetone for months (at least) without apparent structural degradation. A single crystal of
this acetone solvate, MER-MeMeCH2@Zn16(Im)32×xacetone, obtained from the sample that was
activated to give the sorption isotherm shown Figure 2.5, was be indexed by single crystal X-ray
diffraction, giving a tetragonal, I-centered unit cell of dimensions a,b = 27.37(3) Å, c = 18.47(2)
Å at 100 K (235 reflections). Thus, single crystals of MER-MeMeCH2@Zn16(Im)32×xsolvent
(solvent = DMF) can solvent-exchanged while maintain their ability to diffract X-rays as single
crystals.
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Figure 2.14. Room temperature PXRD patterns of a) as-synthesized MERMeMeCH2@Zn16(Im)32xsolvent obtained from method C; b) chloroformexchanged MER-MeMeCH2@Zn16(Im)32xCHCl3; c) the material from b),
but after activation (80°C, 24 hrs.) and low temperature and pressure gas
sorption analysis; d) the same pattern as in c), but enlarged for clarity. The
tick marks indicate all of the possible (hkl) peak positions for the indexed unit
cell, and establishes the phase-purity of the material.
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Figure 2.15. BET surface area plot for MER-MeMeCH2@Zn16(Im)32. The
selected points shown in the BET surface area plot satisfy the consistency criteria
developed by Snurr et al.217

Figure 2.16. 1H NMR spectrum of MER-MeMeCH2@Zn16(Im)32
(DCl/DMSO-d6) obtained after activation and sorption analysis; the absence
of peaks corresponding to DMF or CHCl3 indicates that the material was
fully desolvated/activated under the conditions of the sorption experiment.
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2.10. Attempt to Synthesize Cavitand-free MER-Zn(Im)2×xsolvent (ZIF-10) by Seeding:
Method C-Control.
This procedure is identical to Method-C except that the solution does not contain the
Me,Me,CH2 template. A few single crystals of MER-MeMeCH2@Zn16(Im)32xsolvent obtained
from Method B were crushed into powder and placed in a clean, 20 mL vial that had been prerinsed with DMF. In a separate vial, 2.0 mL of a 0.2 M imidazole stock solution (0.40 mmol) in
DMF and 1.0 mL of a 0.2 M Zn(NO3)24H2O stock solution (0.20 mmol) in DMF were added
(the final concentrations of imidazole and Zn(NO3)24H2O were 0.13 M and 0.067 M,
respectively. The mixture was then filtered using a cotton plug into the 20 mL vial containing the
seed crystals. The capped reaction vial was then placed in the oven at 85°C. Crystals of phasepure cag-Zn(Im)20.5DMF (ZIF-4) were obtained after 5 days in the oven (Figure 2.17). Under
these conditions, seed crystals of MER-MeMeCH2@Zn16(Im)32xsolvent do not yield isolable
MER-Zn(Im)2xsolvent (ZIF-10).
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Figure 2.17. a) Calculated PXRD pattern of cag-Zn(Im)20.5DMF (ZIF-4, 233
K).68 b) Experimental PXRD pattern of the phase-pure cag-Zn(Im)20.5DMF
product obtained using method C-control.
2.11. Single Crystal X-ray Diffraction
Single crystal X-ray diffraction data were collected at 100(2) K on a Siemens SMART
three-circle X-ray diffractometer equipped with an APEX II CCD detector (Bruker-AXS) and an
Oxford Cryosystems 700 Cryostream, using Mo Kα radiation (0.71073 Ǻ). The crystal structures
were solved by direct methods using SHELXS, and all structural refinements were conducted
using SHELXL-2014-7.218 All hydrogen atoms were placed in calculated positions and were
refined using a riding model with coordinates and isotropic displacement parameters depending
upon the atom to which they are attached.
The SQUEEZE subroutine of PLATON219 was used to model the electron density
associated with the highly disordered solvent molecules, assumed to be DMF (consistent with 1H
NMR data). SQUEEZE estimates a total electron count of 2936 e- within 6902.4 Å3 of solvent
accessible space (49.6% of the crystal). The calculated pore volume from this measurement is
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1893 cm3/g. Given that there are two formula units per unit cell, the estimated number of DMF
molecules (40 e-/molecule) in the crystal structure was estimated to be ~37 per formula unit.
The program X-Seed220 was used as a graphical interface for the SHELX software suite
and for the generation of the figures. CCDC depository number 1486392 contains the singlecrystal X-ray structure data for MER-MeMeCH2@Zn16(Im)32xsolvent. The data can be obtained
free

of

charge

via

www.ccdc.cam.ac.uk/data_request/cif,

by

e-mailing

data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data Centre,
12 Union Road, Cambridge CB2 1EZ, UK; Fax: + 44-1223-336033.CCDC.

Figure 2.18. Thermal ellipsoid plot (30% probability) of the asymmetric unit
of MER-MeMeCH2@Zn16(Im)32xsolvent. Hydrogen atoms are omitted for
clarity.
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Table
2.2.
Summary
of
MeMeCH2@Zn16(Im)32xsolvent.
Compound
Formula
Formula wt. (g mol-1)
Wavelength (Å)
Crystal System
Space Group
Color
Crystal Dimensions (mm3)
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
V (Å3)
Z
ρcalc (g×cm-3)
T, K
Reflections Collected
Unique Reflections
Rint
No. of
parameters/restrainsts
R1(F), wR2(F2), (I > 2σ(I))
Goodness-of-fit on F2
μ(mm-1)

crystallographic

data

for

MER-MeMeCH2@Zn16(Im)3237DMF
Zn16C247H395N101O45
3841
0.71073
Tetragonal
I4mm
Colorless
0.46 × 0.46 × 0.15
27.3732(24)
27.3732(24)
18.5827(17)
90
90
90
13924(3)
2
1.561
100(2)
33409
7444
0.0472
246/50
0.0582, 0.1952
0.992
1.441
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2.12. Structure Analysis

Figure 2.19. Ball and stick representation of the single crystal structure of
MER-MeMeCH2@Zn16(Im)32xsolvent as viewed down the c-axis. Each
double eight ring (d8r) is occupied by one molecule of MeMeCH2. For clarity,
the atomic positions of disordered imidazolates and cavitand carbon atoms were
averaged (colors: cyan – zinc, blue – nitrogen, grey – imidazolate carbons, red –
oxygen, black – MeMeCH2 carbons). The unit cell is depicted in yellow.
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Figure 2.20. Calculated dihedral angles of the imidazolates of the eight-rings,
relative to the eight rings, in the crystal structures of MERMeMeCH2@Zn16(Im)32xsolvent (bottom) and MER-Zn(Im)2xsolvent (ZIF10, bottom). The imidazolates highlighted in green in both the MERMeMeCH2@Zn16(Im)32xsolvent and MER-Zn(Im)2×xsolvent (ZIF-10) structures
exhibit similar dihedral angles. As a result of steric repulsion with the “feet” (R’)
of the cavitand, the imidazolates of MER-MeMeCH2@Zn16(Im)32xsolvent
highlighted in red are found to exhibit significantly different dihedral angles (q2)
from the corresponding imidazolates in MER-Zn(Im)2xsolvent (ZIF-10) (q2),
highlighted in blue. Dihedral angles were calculated using Mercury® CSD 3.8
and were obtained by subtracting the plane of the imidazolate ligand rings from
the plane of the eight ring. The atomic positions of the carbon and nitrogen atoms
of disordered imidazolates in MER-MeMeCH2@Zn16(Im)32xsolvent were
averaged (colors: cyan – zinc, blue – nitrogen, grey – imidazolate carbons, red –
oxygen, black – MeMeCH2 carbons).
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Figure 2.21. Structural comparison of the double eight rings (d8rs) in MERMeMeCH2@Zn16(Im)32xsolvent (left) and MER-Zn(Im)2xsolvent (ZIF-10,
right) as viewed down the c-axis. The dihedral angles of the planes of the
imidazolate ring “struts” are compared to the planes that bisects the d8rs (t). The
imidazolate
“strut”
ligands
connecting
the
8-rings
in
MERMeMeCH2@Zn16(Im)32xsolvent are all oriented toward the oxygen atoms of the
cavitand and are positioned differently from those in MER-Zn(Im)2xsolvent
(which are disordered over two positions). The C-HO hydrogen bonds between
the imidazolate ligands and the oxygen atoms of the MeMeCH2 template are
depicted as dashed green lines. The atomic positions of carbon and nitrogen
atoms of disordered imidazolates in the crystal structure of MERMeMeCH2@Zn16(Im)32xsolvent were averaged (colors: cyan – zinc, blue –
nitrogen, grey – imidazolate carbons, red – oxygen, black – MeMeCH2 carbons).
Table 2.3. Normalized C-HO distances between the imidazolate struts of
the d8r and the oxygen atoms of the MeMeCH2 in MERMeMeCH2@Zn16(Im)32xsolvent.

a

D–H
C2b-H2b
C2c-H2c

d(D–H) (Å)a
1.090
1.090

∠DHA (°)a
148.99
159.62

d(H×××A) (Å)a
2.110
2.160

Hydrogen atoms placed in calculated positions.
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d(D×××A)
3.096(16)
3.205(15)

A
O1I
O1I

Chapter III. A High Porosity, Gmelinite Form of Zinc Imidazolate (GME-Zn(Im)2), by the
Hectogram†
3.1. Introduction
Hydrogen Bonding
The hydrogen bond is arguably the most important and directional intermolecular
interaction of all non-covalent interactions. Hydrogen bonds are a widely appreciated
phenomenon found in nature. From the easily visualized hydrogen bonding between water
molecules in ice crystals to the hydrogen bonding of base pairs in the double helix of DNA, it is
because of this specific intermolecular interaction that life on Earth is able to sustain itself. Its
initial discovery occurred in the 1920s by Wendell Latimer and Worth Rodebush,221 Huggins,222
and then by Linus Pauling;223 however, it wasn’t until the late 1930s when the classical definition
of the hydrogen bond was adopted, paving the way for more studies and literature of this broad
phenomenon. Since then, it has been widely studied in a wide range of scientific disciplines, such
as supramolecular chemistry, biology, materials science, pharmacy, etc., and has continued to
garner interest.
Since its discovery in the early 20th century, there have been many proposed definitions
of the hydrogen bond. These are often developed with respect to a specific field or scientific
discipline. Throughout the remainder of this dissertation, the “van der Waals cutoff” definition
will primarily be used. The terminology for hydrogen bonding has been commonly designated as
X–HA, where X–H is a polarized element–hydrogen bond and often referred to as the
(hydrogen bond) donor and A is the (proton) acceptor. Consequently, X–H can also be referred

†

Portions of this Chapter have been submitted for publication on September 6, 2018.
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to as the electron (pair) acceptor and A as the electron (pair) donor. According to this definition,
an interaction is deemed a hydrogen bond if the H···A distance is shorter than the sum of the van
der Waals radii of X and A. However, it is difficult to locate the hydrogen atoms by x-ray
crystallography. So, often XA distances are a good indicator when the XA atom-atom
distance is less than the sum of the van de Waals radii of H and A and the X-H bond length. In
the context of this dissertation, this definition will be used to indicate a hydrogen-bond.
C–HA Hydrogen Bonding in ZIFs
The formation of complex ZIF net topologies, especially those that exhibit porosity, often
require combinations of structure-directing agents (e.g., the crystallizing solvent(s)),118 buffering
agents (i.e., modulating ligands),112,118 and/or templates.121,127 Analogous to their inorganic
zeolite counterparts, certain ZIFs are obtained by using a guest molecule during the synthesis,
which is often the solvent molecule(s) used to dissolve the starting materials. They have been
known to act as templates and/or structure-directing agents in the formation of (novel) net
topologies.118 However, an often overlooked phenomenon governing the formation of ZIFs is the
underlying interactions between the guest solvent and the host framework, specifically in the
context of C–HA hydrogen bonding.
Although considered a relatively weak interaction, the C–HA hydrogen bond has been
a widely studied (and somewhat controversial224) topic in many disciplines of chemistry.225-227
These interactions stem from the slight acidity of the (usually activated) proton species, such as
those found in N-heterocyclic moieties (e.g., imidazoles, triazoles, etc.). For example, the protons
inherent to N-heterocyclic carbene (NHC) ligands are slightly acidic, with pKa values ranging
from » 20-25 for imidazolium based NHCs.228,229 These acidic protons are often deprotonated
and the resulting NHC ligand can then be used in transition-metal chemistry.230-233 In
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supramolecular chemistry, C–HA hydrogen bonding has also been investigated in the context
of host-guest chemistry. For example, Flood et al. have developed a series of shape-persistent, Nheterocyclic containing macrocyclic receptors, called triazolophanes, for anion binding,
recognition, and sensing (Figure 3.1.b).214,234-236 Indeed, C–HA hydrogen bonding—stemming
from the relative proton acidity—of N-heterocyclic moieties has been widely probed.

Figure 3.1. a) Example of a generic, imidazolium based NHC. b) C–HA
binding of chloride observed in a triazolophane reported by Flood et al. Figure
3.1.b reprinted with permission from reference 235. Copyright (2008) American
Chemical Society.
C–HA hydrogen bonding can also be observed in ZIFs. Akin to N-heterocyclic
carbenes (NHCs), the protons of metal-bound imidazolates can also act as decent hydrogen bond
donors. Indeed, upon inspection of a number of Zn(Im)2 single-crystal structures found in the
Cambridge Structural Database (CSD), whose solvents are well refined and exhibit little to no
disorder, noticeable C–HA interactions are observed between the host framework’s
imidazolate protons and the acceptor atoms (typically O atoms) inherent to the solvent guest (see
Table 3.1 for examples). In the context of solute templation, our group has shown that the C–H
moieties of zinc-imidazolates act as decent hydrogen-bond donors in the templation of both the
MER121 and RHO127 Zn(Im)2 net topologies. Others were able to deprotonate the imidazolatehydrogen atom(s) in SALEM-2 (i.e., SOD-Zn(Im)1.7(mIm)0.3, obtained via “Solvent-Assisted
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Linker Exchange”) with n-butyllithium for catalysis,99 mimicking NHC chemistry. This further
demonstrates the acidity of these imidazolate hydrogens on the linker.
A simple measure of the effectiveness of a hydrogen-bond acceptor (or the Lewis
basicity) of a solvent is through the solvent’s Gutmann’s donor number (DN).237 In looking at the
list of a majority of the amide solvents that have been used as solvents to crystallize ZIFs, it
becomes apparent that these same amide solvents exhibit high Gutmann DNs (Table 3.1). It is
conceivable that other guest molecules with strong hydrogen bond accepting capabilities will act
as templates or structure directing agents (SDAs) to form unprecedented ZIF topologies.

Figure 3.2. a) Scheme depticting C–HA interaction between a Zn(Im)2
framework and a hydrogen bond acceptor. b) C–HO interactions between the
imidazolate C–H and the O atoms of dimethylacetamide in the crystal structure of
crb/BCT-Zn(Im)2xDMA.68
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Table 3.1. Examples of amide solvents as hydrogen bond acceptors in ZIFs
found in the CSD.
Solvent
Zn(Im)2
C(H)···O
Amide Solvent
DN
synthesized
Net
ZIF-#
distance
Ref.
Template/SDA
(kcal/mol)
from SDA
(Å)b
Dimethylacetamide
28
Zn(Im)2xDMA crb/BCT ZIF-1
3.18
68,118
(DMA)
Dimethylformamide
Zn(Im)2xDMA crb/BCT ZIF-2
3.27c
27
68,118
(DMF)
Zn(Im)2xDMF
cag
ZIF-4
3.37
Diethylformamide
31
Zn(Im)2·xDEF
zec
n/a
3.40c
118
(DEF)
Dibutylformamide
Zn(Im)2·xDBF
CAN
3.02c
n.r.
n/a
109
a
(DBF)
Zn(Im)2·xDBF
10mr
3.22 c
n.r. = not reported in reference 237. aNot an RCSR-defined network topology. bC(H)···OSDA Hbond lengths were derived from the atomic coordinates in the CSD. cmultiple C(H)Im···OSDA
interactions were observed; the distance given is the smallest C(H)Im···OSDA observed in the given
framework.
The next two chapters in this thesis detail the role that strong hydrogen bond acceptor
solvents may have in the formation of zeolitic imidazolate frameworks. In this chapter, a solvent
with one of the highest known Gutmann’s DN, N,N-hexamethylphosphoramide (HMPA, DN =
38.8 kcal/mol), was used to template a new Zn(Im)2 polymorph. In the next chapter,
dimethylsulfoxide (DMSO, DN = 29.8 kcal/mol) was used to not only template a new Zn(Im)2
solvate, but also access two other new ZIF materials.
3.2. Zn(Im)2 Diversity
In principle, the ZIF compositions derived from imidazolate ligands with minimal steric
demands (i.e., unsubstituted imidazolate, Im-) have the greatest potential for net topological
diversity. To date, for example, the simple Zn(Im)2 composition has been observed to exist in 15
different network topological forms.104 In order of increasing theoretical porosity (e), they are:
zni,160 coi,116 neb,193 nog,118 cag,68 BCT,68 a 10-ring topology (10r),125 zec,118 DFT,68 CAN (e =
0.58),109 SOD (formally, SOD-Zn(Im)1.7(MeIm)0.3, e = 0.59),99 AFI (e = 0.63),109 GIS (e =
0.63)68 » MER (e » 0.64),75,121 and, very recently, RHO (e = 0.67).127 Indeed, Zn(Im)2 is among
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the most polymorphic of chemical compounds. The most important ZIFs, however, will be those
that are available in large quantities while offering useful performance metrics (e.g., high
porosity, large/uniform pore diameter, stability).

Unfortunately, it has been difficult to

synthesize some of the metastable, high-porosity forms of Zn(Im)2 on a relatively large scale.
Some of these can only be synthesized as mixtures, or have been found in small quantities,
hindering their consideration for potential applications. For example, GIS-Zn(Im)2 and, until
recently,121 MER-Zn(Im)2 have only been reported as single crystals or in milligram quantities.
Additionally, SOD-Zn(Im)1.7(MeIm)0.3 has only been achieved by (incomplete) post-synthetic
ligand exchange applied to ZIF-8 (SOD-Zn(MeIm)2).130 Moreover, a un-removable macrocyclic
template is required to achieve the highly porous RHO and MER Zn(Im)2 topologies.121,127 Thus,
none of the four highest porosity forms of Zn(Im)2 are amenable to large-scale synthesis.
Being highly polymorphic, zinc imidazolate is an important composition for systematic
studies related to topological/polymorph control in MOF/ZIF synthesis. Simple factors such as
the metal ion radius, ligand sterics, choice of reaction conditions (base, temperature,
concentration), and (co)solvent identity have all been shown to affect the ZIF product network
topology.

For example, Tian et al. were among the first to explore different solvents as

structure-directing agents (SDAs) that guide the topological outcome of Co/Zn(Im)2
ZIFs.118,116,118Recently, Yang et al. reported a mixed-ligand/steric parameter approach to target
large pore ZIFs.110
3.3. Structure Directing Agents and ZIFs
In terms of employing solvents as SDAs, it has become clear that the C-H bonds of the
imidazolate ligands are good hydrogen bond donors. Hydrogen bonds between the metalactivated imidazolate C-H donors and various acceptors can foster the incorporation of the
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solvent into the framework and facilitate a structure-directing effect. Recently, Dong and
coworkers reported the achievement of large ring (12-ring) AFI and CAN topologies of Zn(Im)2
by exploiting diisopropylformamide (DPF, VDPF = 147 Å3) or dibutylformamide (DBF, VDBF =
181 Å3) reaction solvents, respectively, as bulky SDAs.118 The crystal structure of xDBF@CANZn(Im)2 clearly shows the influence of imidazolate···DBF C-HO hydrogen bonds. Along these
lines, we recently reported the exploitation of a ubiquitous, C4v-symmetric macrocyle
(MeMeCH2) as a solute SDA, allowing reproducible synthesis of the elusive MER-Zn(Im)2
topological form.121 The MeMeCH2 macrocyle—itself a porous molecular solid210,211—
templates the double-eight rings (d8rs) of the MER-Zn(Im)2 topology (e = 0.64) by acting as an
8-fold hydrogen bond acceptor. MeMeCH2 also directs d8r assembly and synthesis of the RHO
form of Zn(Im)2, at multigram scale, under mechanochemical conditions.127 Though the MERZn(Im)2 and RHO-Zn(Im)2 frameworks have the highest theoretical porosities of any as-yet
known form of Zn(Im)2 (e = 0.64 and 0.67, respectively), the pores, unfortunately, remain
partially occupied by the MeMeCH2 template in both the MER and RHO forms of
xMeMeCH2@Zn(Im)2, reducing the theoretical porosities to about e = 0.50 and 0.53,
respectively.121,127 Herein we report the first synthesis of the gmelinite (GME) polymorphic form
of Zn(Im)2 (e = 0.66, Figure 3.3.), in near-quantitative yield and at hectogram scale, by
employing a bulky solvent/SDA with a globular shape and exceptional hydrogen bonding
properties. GME-Zn(Im)2 is the lowest density form of Zn(Im)2 isolated to date, exhibits an
exceptionally high ZIF surface area (1842(77) m2/g), and is the first reported GME net topology
ZIF synthesized at hectogram scale. We were also able to synthesize the cobalt-based version of
the same net topology, GME-Co(Im)2.
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Figure 3.3. Crystal structure of GME-Zn(Im)2xsolvent (solvent omitted,
mean ligand positions). Left: [010] view. Right: [001] view. The d6r and gme
cages and the 12-ring kno channel are indicated.
3.4. Hexamethylphosphoramide (HMPA) as a SDA for GME-Zn(Im)2 and GME-Co(Im)2
While exploring various hydrogen bond acceptors as possible ZIF SDAs, it occurred to us
to exploit phosphoramides. According to their Gutmann donor numbers (DN),237 they have
exceptional Lewis basicity. Whereas dimethylformamide has a DN of 26.6 kcal/mol, the DN of
hexamethylphosphoramide (HMPA) is 38.8 kcal/mol. Phosphoramides are also bulky (VHMPA =
174 Å3) and are more globular compared to amide reaction solvents, suggesting that their
incorporation into a ZIF framework may impart not only large-ring pores, but potentially new
topologies. Under a range of mild conditions (Methods A-D), preparation of Zn(Im)2 in HMPA
as a reaction solvent yields GME-Zn(Im)2xHMPA. Careful layering of a concentrated solution
of Zn(OAc)22H2O in n-propylamine onto an HMPA solution (CAUTION: HMPA is highly
carcinogenic!) of imidazole results in the formation of millimeter sized single crystals of GMEZn(Im)2xHMPA over a period of two days (Section 3.8.1) An unidentified dense form of
Zn(Im)2 also precipitates as a fine powder. Analysis of the crystals by X-ray diffraction (XRD)
reveals the gmelinite topological form of the Zn(Im)2 framework (Figure 3.3. and Figure 3.24.,
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P63/mmc, a = 26.815(2) Å, c = 18.0371(15) Å, V = 11232(2) Å3, 100 K). The framework
structure is characterized by three distinct units: gmelinite (gme; 18 tetrahedral Zn nodes) and
double-six ring (d6r; 12 tetrahedral Zn nodes) cages, and 1.5 nm diameter kno 12-ring channels
that run parallel to the crystallographic c-axis. Phase-pure/polycrystalline GME-ZnIm2xHMPA
can be obtained in as little as 30 minutes (Figure 3.15.), in near-quantitative yield (96%), and at
hectogram scale, by simple liquid-liquid mixing techniques (see Methods A and B in
“Syntheses” section). The powder XRD (PXRD) patterns (298 K) of GME-ZnIm2xHMPA
indicate phase purity, reliably indexing to a hexagonal unit cell (e.g., P63/mmc, a = 26.76(3) Å, c
= 18.70(2) Å, V = 11594 Å3, Figure 3.4., Figure 3.9., Figure 3.13.) that is consistent with the
single crystal structure. Single crystals (100 K, unit cell parameters: Hexagonal P, a,b = 27.82(4)
Å, c = 18.21(3) Å, V = 11350 Å3) and bulk powder (reliably indexing to a hexagonal unit cell:
P63/mmc, a,b = 26.83(3) Å, c = 18.55(1) Å, V = 11563 Å3) of GME-Co(Im)2·xHMPA are also
synthesized and reported for the first time emulating the same methods (see Section 3.8.5).

Figure 3.4. Left: PXRD pattern of as-synthesized GME-Zn(Im)2xsolvent
(solvent = acetone/HMPA). Indexing lines of the hexagonal unit cell indicate
phase-pure GME-Zn(Im)2xsolvent. Inset: Over a hectogram of GME-Zn(Im)2,
stored over acetone.
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3.5. Brief Summary of All Known GME Topological ZIFs
ZIFs of the GME topology generally exhibit high chemical/thermal stability, high
permanent porosities, and are good candidates for commodity gas separations. Previously,
Yaghi and coworkers reported a series of isoreticular mixed-ligand frameworks of the form
GME-Zn(nIm)x(RIm)2-x, (Table 3.2, ZIFs 68-70 and 78-82).75,119 The synthetic strategy involved
combining various imidazole ligands (HRIm, Table 3.2) with 2-nitromidazole (HnIm), invoking
the GME topology. Wright and coworkers used the same strategy to prepare a GME ZIFcontaining purinate (pur) linkers.126Others have employed solvent-assisted linker exchange to
alter hydrophobicity or introduce photoswitching behavior (PSZ-1, SALEM-10/10B, Table
3.2)101,120 The per gram surface areas of these GME ZIFs scale with the size of the pores (and
inversely with the formula weight), which are mainly dictated by the size of the non-nIm coligand that lines the 12-rings. Thus, ZIF-70 (GME-Zn(Im)1.13(nIm)0.87), with unfunctionalized
Im- co-ligands, is the most porous of the previously reported GME ZIFs, offering a BET surface
area of 1730 m2/g.119 The low yields (14-33% for ZIF-68-70, 78-82) and high cost of HnIm (>
$100/g), however, pose obvious challenges for large scale applications of nIm-derived ZIFs.
Moreover, some of the reported syntheses have been noted to yield impure materials.120
Recently, a combined mixed-ligand and steric parameter approach yielded two GME topology
ZIFs (ZIF-410 and ZIF-486) that are not derived from nIm-, though the preparations were
reported at milligram scale and ZIF-410 requires the use of relatively expensive imidazole-2carbaldehyde (HaIm, ~$50/g).110 The rapid and near-quantitative synthesis, at hectogram scale
and relatively low-cost, augurs well for the development of applications for large-pore GMEZn(Im)2.
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Table 3.2. Yields and surface areas of GME topology ZIFs.
Yield SABET
Composition
Common Name
(%) (m2 g-1)
Zn(Im)2
GME-ZnIm2 96 1842(77)
Zn(Im)1.13(nIm)0.87
ZIF-70
30 1730
Zn(dcIm)(nIm)
ZIF-80
Zn(cnIm)(nIm)
ZIF-82
24 1300
Zn(Im)(nIm)0.70(L)0.27
PSZ-1
1250
Zn(nbIm)0.20(mIm)0.65(Im)1.15
ZIF-486
38 1180
Zn(bIm)(nIm)
ZIF-68
24 1090
Zn(cbIm)(nIm)
ZIF-69
33
950
Zn(pur)(nIm)
81
870
b
Zn(cbIm)0.05(fbIm)0.95(nIm) SALEM-10
850
Zn(mbIm)(nIm)
ZIF-79
14
810
Zn(cbIm)1.10(aIm)0.90
ZIF-410
15
800
Zn(bbIm)(nIm)
ZIF-81
26
760
Zn(nbIm)(nIm)
ZIF-78
28
620
b
Zn(nbIm)0.1(fbIm)0.9(nIm) SALEM-10B
450
a
b
This work. Derived from ZIF-69/78, respectively.

Ref.
a

75
119
119
120
110
75
75
126
101
119
110
119
119
101

Figure 3.5. Imidazole linkers and their respective abbreviations.
3.6. Porosity Analysis of GME-Zn(Im)2
In terms of porosity, as-synthesized GME-Zn(Im)2xHMPA is easily activated/emptied
by solvent exchange with acetone, followed by thermal treatment. Activated GME-Zn(Im)2 is
stable for at least weeks in open air, or as its GME-Zn(Im)2xacetone solvate. Though the PXRD
peak positions of GME-Zn(Im)2xacetone differ only slightly from as-synthesized GMEZn(Im)2xHMPA, the PXRD pattern of activated GME-Zn(Im)2, however, is significantly
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different (Figure 3.6.). The (100) and (200) peak positions—dictated solely by the (equivalent)
a/b unit cell dimensions—indicate that the a/b axes change little upon activation (a/b =
(d100·2)/Ö3 = (d200·4)/Ö3 = 27.2(1) Å), but the peaks with a non-zero l-index are significantly
broadened and shifted to much higher 2q. The data indicate conservation of the diameter of the
large 12-ring pores (defined by the a/b dimension), but significant contraction (to ~14-16 Å) and
significant loss of long-range order relative to the c-axis. Nonetheless, the GME topology
remains intact upon activation: treatment with acetone completely restores the original GMEZn(Im)2xacetone PXRD pattern (Figure 3.6.d).

Figure 3.6. PXRD patterns (298 K) of: a) GME-Zn(Im)2xHMPA, with
indexing lines and selected (hkl) peaks identified (green). b) GMEZn(Im)2xacetone, after solvent exchange. c) Activated GME-Zn(Im)2, indicating
contraction and partial loss of long range order relative to the c-axis. d) GMEZn(Im)2xacetone after resolvation of activated GME-Zn(Im)2.
GME-Zn(Im)2 is clearly more flexible than most nIm-based GME ZIFs, which show only
minor changes in their PXRD patterns upon activation. This is likely attributable to the fact that
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the unfunctionalized Im- ligands lack the ability to form a “secondary [steric] network”238 that
can impart mechanical stability in ZIFs. Nonetheless, the low-pressure (77 K) N2 sorption
isotherm of activated GME-Zn(Im)2 is of the Type I form (Figure 3.7.), indicating open pores,
and reveals a high per-gram BET surface area (1842 ± 77 m2/g for the various samples (Figure
3.26. and Figure 3.27.). The micropore volume measures ~0.64 cm3/g. As expected, these values
slightly surpass those of ZIF-70. So, despite its flexible structure, GME-ZnIm2 exhibits one of
the highest reported surface areas for a crystal form of Zn(Im)2 and the highest of any of the
GME ZIFs (Table 3.2).

Figure 3.7. Cumulative low-pressure, 77 K, N2 sorption (closed) and
desorption (open) isotherms for small batch (methods B, C) and hectogramscale GME-Zn(Im)2 (method C) samples.
It is difficult to fully understand the role of HMPA as an SDA, but the GMEZn(Im)2xHMPA crystal structure offers clues (Figure 3.8). The GME structure is the only
observed zeotype that exhibits both d6rs and so-called double crankshaft chains (dccs) consisting
of an infinite array of edge-shared four-rings (Figure 3.8). The d6rs of other GME ZIFs are
pillared by the requisite nIm- ligands and the six –NO2 groups largely fill the d6r cages. Though
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the HMPA and Im- ligands are highly disordered in GME-Zn(Im)2xHMPA, the positions of
some P=O bonds (and, consequently, HMPAs) can be discerned. In one site (A), an HMPA
molecule fills each d6r and appears to be docked into one of the “triple four-ring clefts” (shaded,
Figure 3.8) of the d6rs. The P=O bond is positioned such that it appears to be chelated via CHO hydrogen bonds (C(H)siteAO = 3.58(4) Å, C-HO C-H×××O ÐC-H×××O = 113.1°)
originating from imidazolates occupying the edge-shared 4-rings of the d6r. The face-shared
GME cages also possess nearly identical “triple four-ring clefts”, oriented orthogonally to those
of the d6rs with a second HMPA molecule (site B) similarly docked at these sites (C(H)siteBO
= 3.43(7) Å, ÐC-H×××O = 165.3°). The structure therefore suggests that the HMPA molecule
serves as a SDA for the HMPA-filled d6rs and, simultaneously, the clefts of the dcc, which gives
rise to the gme cages. We hypothesize that phosphoramides that can’t fit within d6rs may
promote alternative large-pore/cavity Zn(Im)2 networks, and we are currently pursuing work in
this direction.

Figure 3.8. a-c) Approximate positions of discernable HMPA molecules
within GME-Zn(Im)2xHMPA. The P=O sites (A, yellow, and B, blue) reveal
the solvent to be docked into the “triple four-ring clefts” of the d6r and gme
84

cages, seemingly via C-HO hydrogen-bonds. c) Schematic illustrating the
docking of HMPA molecules in relation to the d6rs, gme cages, and the dcc (red).
Im- positions spatially averaged, P=O positons located from electron density map,
-N(Me)2 groups artificially added.
Table 3.3. Normalized C-HO distances occuring in sites A and B of GMEZn(Im)2xHMPA
D–H
d(D–H) (Å)a d(HA) (Å)a ∠DHA (°)a d(DA) A
Site A (C2D–H2D)
1.08
3.01
113.1
3.58(4) O1S
Site B (C2B–H2B)
1.08
2.37
165.3
3.43(7) O3S
a
Hydrogen atoms placed in calculated positions.
3.7. Experimental
General Information
Imidazole, n-propylamine, zinc acetate dihydrate, and cobalt acetate tetrahydrate were
purchased from Alfa Aesar (Ward Hill, MA). Hexamethylphosphoramide (HMPA) was
purchased from AK Scientific, Inc (Union City, CA). The 7 mL scintillation vials (VWR
Solvent-SaverTM, borosilicate glass, with screw cap) were purchased from VWR (Radnor, PA).
The 20 mL vials (LS vial with 22-400 urea cap, PE cone) were purchased from Wheaton
(Millville, NJ). All starting materials were used without further purification. All ZIF syntheses
were performed in air. For the characterization of the product, 1H NMR spectra were carried out
on a Varian 400-NMR spectrometer at room temperature. Single crystal X-ray diffraction data
(SCXRD) were collected on a Bruker APEX II DUO (Bruker-AXS) using graphite
monochromated Mo K<α> radiation (0.71073 Ǻ). Powder X-ray diffraction data (PXRD) were
collected on the same instrument using graphite monochromated Cu-K<α> radiation (λ =
1.54187 Å) from an Incoatec IµS source. PXRD samples were mounted in a 0.3 mm thin-walled
glass capillary purchased from Charles Supper (Natick, MA). Low pressure, low temperature (77
K) N2 sorption isotherms were measured using an Autosorb 1-MP from Quantachrome
Instruments.
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3.8. Syntheses
Method A: Single Crystals of GME-Zn(Im)2xHMPA (Liquid Layering)
In a 7 mL scintillation vial, imidazole (68.0 mg, 1.0 mmol) was dissolved in 3.0 mL of
hexamethylphosphoramide (HMPA, CAUTION: HMPA is highly carcinogenic!). In a separate
flask, Zn(OAc)22H2O (110.0 mg, 0.50 mmol) was dissolved in 2.0 mL (24.4 mmol) of npropylamine. The resulting solution was carefully layered onto the imidazole/HMPA solution.
The vial was then capped and set aside. After two days, large, prismatic single crystals of GMEZn(Im)2xHMPA crystals were found along the walls of the vial. A fine powder of an as-yet
unidentified, dense form of Zn(Im)2 was also found at the bottom of the vial. Its PXRD pattern
matches that shown in Figure 3.15.e.
Method B: Phase-pure GME-Zn(Im)2xHMPA (Liquid Mixing)
In a round bottom flask equipped with a magnetic stirbar, imidazole (0.68 g, 10 mmol) was
dissolved in 30 mL of HMPA (CAUTION: HMPA is highly carcinogenic!). In a separate flask,
Zn(OAc)22H2O (1.10 g, 5 mmol) was dissolved in 20.0 mL (244 mmol) of n-propylamine. The
resulting solution was added dropwise to the imidazole/HMPA solution and stirred for 3 hours at
room temperature. The resulting white powder was then filtered, washed with HMPA (10 mL),
and stored under HMPA (yield: 1.53 g, 81% as GME-Zn(Im)21.4HMPA; composition estimated
by 1H NMR spectroscopy).
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Figure 3.9. Left: Room temperature PXRD pattern of GMEZn(Im)21.4HMPA obtained by Method B. The pattern indexes (using Jade 5.0)
to a hexagonal unit cell, P63/mmc, a,b = 26.76(3) Å, c = 18.70(2) Å, V = 11594
Å3. The tick marks indicate all of the possible (hkl) peak positions for this unit
cell. This pattern also appears in Figure 3.6.a. Right: picture of as-synthesized
GME-Zn(Im)21.4HMPA.

Figure 3.10. Room temperature PXRD pattern of acetone-soaked GMEZn(Im)2xacetone (see section 3.5 for solvent exchange procedure). The pattern
indexes (using Jade 5.0) to a hexagonal unit cell, P63/mmc, a,b = 27.00(2) Å, c =
18.17(1) Å, V = 11470 Å3. The tick marks indicate all of the possible (hkl) peak
positions for this unit cell. This pattern also appears in Figure 3.6.b of the Chapter.
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Figure 3.11. Room temperature PXRD pattern of activated GME-Zn(Im)2,
post-sorption (see section 3.5 for solvent exchange procedure). The pattern was
analyzed as follows, assuming a hexagonal unit cell, P63/mmc. Initial a/b cell
parameters were obtained directly from the (100) and (200) peak positions. The caxis parameter was then adjusted manually so as to give the best “visual fit” to the
broad intensities, and the then the cell parameters were refined freely. Values of c
of around 14 or 16 Å appear to give the best qualitative visual fit. The tick marks
shown here indicate all of the possible (hkl) peak positions for the following
refined unit cell: a,b = 27.18(6) Å, c = 14.00(5) Å, V = 8950 Å3. This pattern
c=also appears in Figure 3.6.b. of the Chapter.

Figure 3.12. Room temperature PXRD pattern of the GME-Zn(Im)2xacetone
material obtained after soaking the activated/empty GME-Zn(Im)2 sample
(analyzed in Figure 3.11.) in actone for 30 minutes. The pattern was indexes
(using Jade 5.0) to a hexagonal unit cell, P63/mmc, a,b = 27.03(2) Å, c = 18.12(1)
Å, V = 11467 Å3. The tick marks indicate all of the possible (hkl) peak positions
for this unit cell. This pattern also appears in Figure 3.6.d of the Chapter.
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Method C: Larger-Scale Syntheses of GME-Zn(Im)2xsolvent
3.8.3.1. Method C1: Moderate-scale Synthesis of GME-Zn(Im)2xHMPA
In a three-neck, round bottom flask vial equipped with a magnetic stir bar, imidazole
(15.0 g, 0.220 mol) was dissolved in 160 mL of HMPA (1.375 M solution) (CAUTION: HMPA
is highly carcinogenic!). In a separate flask, Zn(OAc)2×2H2O (23.3 g, 0.106 mol) was dissolved
in 80 mL (0.97 mol) of n-propylamine (1.325 M solution). The resulting solution was added
dropwise to the imidazole/HMPA solution and stirred for 4 hours at room temperature. The
resulting white powder was separated via vacuum filtration, washed with HMPA (3 x 10 mL),
and filtered under vacuum for 30 minutes (yield: 47.8 g, 96% according to GMEZn(Im)2×1.5HMPA; composition estimated by 1H NMR spectroscopy—see Figure 3.23.).

Figure 3.13. Room temperature PXRD pattern of GME-Zn(Im)2xHMPA
obtained using Method C1 after storing the powder in HMPA overnight. The
pattern indexes (using Jade 5.0) to a hexagonal unit cell, P63/mmc, a,b = 26.85(3)
Å, c = 18.64(1) Å, V = 11640 Å3. The tick marks indicate all of the possible (hkl)
peak positions for this unit cell.
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3.8.3.2. Method C2: Hectogram-scale Synthesis of GME-Zn(Im)2xacetone
Method C1 is scalable.

In a three-neck, round bottom flask vial equipped with a

magnetic stirbar, imidazole (45.3 g, 0.665 mol) was dissolved in 484 mL of HMPA (1.375 M
solution) (CAUTION: HMPA is highly carcinogenic!). In a separate, Zn(OAc)22H2O (70.4 g,
0.321 mol) was dissolved in 242 mL (2.95 mol) of n-propylamine (1.325 M solution). The
resulting solution was added dropwise to the imidazole/HMPA solution and stirred for 5 hours at
room temperature. The resulting white powder was separated via vacuum filtration, washed with
acetone (5 x 100 mL), and immediately subjected to solvent exchange with acetone. After
complete acetone exchange (see Section 3.5 for exchange procedure), the sample was filtered
and weighed, yielding 135.3 g of GME-Zn(Im)2xacetone (x » 4), corresponding to about 62
grams of dry GME-Zn(Im)2. The process was repeated to obtain over a hectogram of the
material.

Figure 3.14. Left: Room temperature PXRD pattern of GMEZn(Im)2xsolvent obtained using Method C2. The GME-Zn(Im)2xsolvent
sample analyzed here is a mixed HMPA/acetone solvate, soaked with acetone.
The pattern indexes (using Jade 5.0) to a hexagonal unit cell, P63/mmc, a,b =
26.96(2) Å, c = 18.15(1) Å, V = 11426 Å3. The tick marks indicate all of the
possible (hkl) peak positions for this unit cell. Right: Photograph of >150 g of
GME-Zn(Im)2 (dry weight) stored under acetone.
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3.8.3.3. Monitoring the Formation of GME-Zn(Im)2 by Method C
In a three-neck, round bottom flask vial equipped with a magnetic stirbar, imidazole (1.88
g, 27.6 mmol) was dissolved in 20 mL of HMPA (CAUTION: HMPA is highly carcinogenic!).
In a separate vial, Zn(OAc)22H2O (2.91 g, 13.3 mmol) was dissolved in 10 mL (122 mmol) of
n-propylamine.

A

precipitate

began

to

form

soon

after

the

entire

n-

propylamine/Zn(OAc)22H2O solution was added to the HMPA/imidazole solution. An aliquot
of the reaction mixture containing the white precipitate was removed from the reaction vessel
after 30 minutes, filtered, washed with acetone, and analyzed by PXRD. Aliquots were also
processed after one hour, 3 hours, 6 hours, 24 hours, and 48 hours. As can be deduced from the
corresponding PXRD patterns (Figure 3.15.), the precipitates in the time range of 30 min. to 24
hours are phase-pure GME-Zn(Im)2xsolvent. After 48 hours of stirring under the reaction
conditions, however, the precipitate is converted entirely to a different material, presumably a
more dense form of Zn(Im)2 (Figure 3.15.f). The PXRD pattern of this phase does not appear to
match any other known form of Zn(Im)2.

91

Figure 3.15. PXRD analysis of the acetone-washed Zn(Im)2 precipitate
following the addition and mixing of an n-propylamine/Zn(OAc)22H2O
solution with an imidazole/HMPA solution according to Method C. a) 30
minutes, b) 1 hour, c) 3 hours, d) 6 hours, e) 24 hours, and f) 48 hours. Patterns
a)-e) constitute phase-pure GME-Zn(Im)2xsolvent.
Method D: Phase-pure GME-Zn(Im)2xHMPA (Vapor Diffusion)
In a 7 mL vial, imidazole (68.0 mg, 1.0 mmol) and Zn(OAc)22H2O (111.0 mg, 0.5
mmol) were dissolved in HMPA (5.0 mL) (CAUTION: HMPA is highly carcinogenic!). The 7
mL vial was placed inside a 20 mL vial containing HMPA (2 mL) and n-propylamine (2.0 mL,
24.4 mmol). The vial was capped and set aside. After 7 days, the reaction was stopped and the
product was filtered. Mass obtained: 137.7 mg of GME-Zn(Im)2xHMPA.
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Figure 3.16. PXRD pattern of GME-Zn(Im)2xHMPA obtained using Method
D. The pattern was indexed (using Jade 5.0) at room temperature to a hexagonal
unit cell P63/mmc, a,b = 26.77(1) Å, c = 18.61(1) Å, V = 11552 Å3. The tick
marks indicate all of the possible (hkl) peak positions for this unit cell.
In many of the PXRD patterns above, a broad feature at c.a. 2θ = 13-17° was observed. This is
due to the presence of liquid solvent, not amorphous product. It is particularly difficult to safely
remove the liquid HMPA without resorting to solvent exchange. The XRD pattern of liquid
HMPA is shown below (CAUTION: HMPA is highly carcinogenic!).

Figure 3.17. Diffraction pattern of HMPA obtained in a 0.3 mm thin-walled
capillary.
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Method E: Synthesis of GME-Co(Im)2xHMPA
3.8.5.1. Method E1: S Single Crystals of GME-Co(Im)2xHMPA (Liquid Layering)
In a 7 mL dram vial, imidazole (68.0 mg, 1.0 mmol) is dissolved in 3.0 mL of
hexamethylphosphoramide (HMPA). In a separate vial or flask, Co(OAc)24H2O (124.0 mg, 0.50
mmol) is dissolved in 2.0 mL (24.4 mmol) of n-propylamine. The resulting solution is carefully
layered onto the imidazole/HMPA solution. The vial is then capped and set aside. After one day,
the reaction was stopped. Both a SXRD (unit cell) and PXRD analyses were performed. Unit cell
parameters (100 K): Hexagonal P, a,b = 27.82(4) Å, c = 18.21(3) Å, V = 11350 Å3.

Figure 3.18. The resulting residue from Method E1 was analyzed via powder
x-ray diffraction (PXRD). The pattern was indexed (using Jade 5.0) at room
temperature to a hexagonal unit cell, P63/mmc, a,b = 26.85(3) Å, c = 18.58(2) Å,
V = 11603 Å3. The tick marks indicate all of the possible (hkl) peak positions for
this unit cell.
3.8.5.2. Method E2: GME-Co(Im)2xHMPA (Liquid Mixing)
In a 20 mL scintillation vial equipped with a magnetic stirbar, imidazole (0.136 g, 2
mmol) is dissolved in 6.0 mL of HMPA. In a separate vial or flask, Co(OAc)24H2O (0.249 g, 1
mmol) is dissolved in 3.0 mL of n-propylamine. The resulting solution is added dropwise to the
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imidazole/HMPA solution and stirred for 3 hours at room temperature. The resulting purple
powder was then filtered and stored in HMPA.

Figure 3.19. The resulting residue from Method E2 was analyzed via powder
x-ray diffraction (PXRD). The pattern was indexed (using Jade 5.0) at room
temperature to a hexagonal unit cell, P63/mmc, a,b = 26.83(3) Å, c = 18.55(1) Å,
V = 11563 Å3. The tick marks indicate all of the possible (hkl) peak positions for
this unit cell.
3.9. Further Characterization
1

H NMR Spectroscopy – Method B

The bulk as-synthesized GME-Zn(Im)2xHMPA powder was isolated by vacuum filtration and
washed with HMPA (CAUTION: HMPA is highly carcinogenic!) to ensure removal of any
reactants and side products from the reaction. Approximately 10 mg of sample was dissolved in
20 µL of DCl (35% in D2O) and 1 mL of D2O. This acid-digestion process was repeated for both
GME-Zn(Im)2×xacetone and activated GME-Zn(Im)2 (post-sorption). 1H NMR (400 MHz,
DCl/D2O [20 µL] and D2O [1 mL]) δ 8.61 (s, 2H, HA), 7.47 (s, 2H, HB), 2.62 (d, 25H, HMPA).

95

Figure 3.20. 1H NMR spectrum of as-synthesized GME-Zn(Im)21.4HMPA
(DCl/D2O) obtained after washing with HMPA.
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Figure 3.21. 1H NMR spectrum of GME-Zn(Im)2×xacetone (x » 0.5)
(DCl/D2O) obtained after solvent exchange of GME-Zn(Im)2xHMPA with
acetone.
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Figure 3.22. 1H NMR spectrum of activated GME-Zn(Im)2 (DCl/D2O),
obtained after sorption analysis. The absence of peaks corresponding to HMPA
or acetone indicate that the material was fully desolvated/activated under the
conditions of the sorption experiment. The PXRD pattern of this material appears
in Figure 3.10. of the Chapter.
1

H NMR Spectroscopy – Method C1
Approximately 10 mg of sample was dissolved in 20 µL of DCl (35% in D2O) and 1 mL

of acetone-d6. 1H NMR (400 MHz, DCl/D2O [20 µL] and acetone-d6 [1 mL]) δ 9.13 (s, 2H, HA),
7.69 (s, 2H, HB), 2.72 (d, 27H, HMPA), 2.05 (s, residual acetone from acetone-d6).
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Figure 3.23. 1H NMR spectrum of as-synthesized GME-Zn(Im)21.5HMPA
(acetone-d6/DCl in D2O) obtained after washing with HMPA and vacuum
filtration.
Crystal Structure
Single crystal X-ray diffraction data were collected at 100(2) K on a Bruker APEX DUO X-ray
diffractometer equipped with an APEX II CCD detector (Bruker-AXS) and an Oxford
Cryosystems 700 Cryostream, using Mo K<α> radiation (0.71073 Ǻ). The crystal structure was
solved by direct methods using SHELXS, and all structural refinements were conducted using
SHELXL-2014-7.218 All hydrogen atoms were placed in calculated positions and were refined
using a riding model with coordinates and isotropic displacement parameters depending upon the
atom to which they are attached.
The SQUEEZE subroutine of PLATON219 was used to model the electron density
associated with the highly disordered solvent molecules, assumed to be HMPA. SQUEEZE
estimates a total electron count of 1610 e- within 6685 Å3 of solvent accessible space (59.5% of
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the crystal) per unit cell. Given that there are 24 formula units (i.e. Zn(Im)2 units) per unit cell,
the estimated number of HMPA molecules (98 e-/formula unit) in the crystal structure was
estimated to be ~0.68 (reported as ⅔) per formula unit.
The program X-Seed220 was used as a graphical interface for the SHELX software suite
and for the generation of the figures. CCDC depository number 1864166 contains the singlecrystal X-ray structure data for GME-Zn(Im)2⅔solvent. The data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, by e-mailing data_request@ccdc.cam.ac.uk, or by
contacting The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; Fax: + 44-1223-336033.CCDC.

Figure 3.24. Thermal elipsoid plot of the asymmetric unit of GMEZn(Im)2⅔HMPA (solvent modelled by SQUEEZE) at 30% probability.
Hydrogen atoms are omitted for clarity. Cyan: zinc, blue: nitrogen, grey:
carbon.
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Table 3.4. Crystallographic summary of GME-Zn(Im)2 (SQUEEZE)
obtained.
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Thermal Gravimetric Analyses

Figure 3.25. TGA traces of as-synthesized GME-Zn(Im)21.4HMPA (black),
acetone exchanged GME-Zn(Im)2×xacetone (green), and activated/postsorption GME-Zn(Im)2 (blue).
Activation, Sorption, Porosity of GME-Zn(Im)2
As-synthesized GME-Zn(Im)2xHMPA is placed in a sample vial/flask containing an
excess of acetone (~1:2 v/v). The sample vial/flask is decanted daily and replaced with clean
acetone and exchange is allowed to take place until the HMPA is fully replaced (up to 14 days).
The mixture is then filtered to obtain GME-Zn(Im)2xacetone. Samples were evacuated at 60°C
for up to 19 hours on the Autosorb instrument. Type I isotherms (low pressure, 77 K) were
obtained of GME-Zn(Im)2 using samples prepared by Methods B and C and appear as Figure
3.7. of the Chapter. The BET surface area determinations are depicted below.
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Figure 3.26. BET plots obtained from N2 sorption experiments
(77 K) on samples of GME-Zn(Im)2. Green diamonds: Method B; Black circles:
Method C1-moderate-scale; Blue squares: combined material from multiple batch
preparations using Method C2-hectogram-scale GME-Zn(Im)2. The BET plots
were constructed in close approximation with that reported by Banerjee et al.75,119
and follow the criteria for selecting pressure ranges proposed by Walton and
Snurr.217

Figure 3.27. Pore size distribution of GME-Zn(Im)2 obtained using Method
C1 (Saito-Foley Method).
3.10. Comparison of GME-Zn(Im)2 with Other GME ZIF Topologies
A comparison of the strutcure of GME-Zn(Im)2xHMPA to known GME topology ZIFs
published to date reveals key differences between the isoreticular series. In determining the
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diameter of the kno cage of GME-Zn(Im)2xsolvent, the atomic positions of disordered
imidazolates were averaged, all C-H bond distances were normalized to 0.930 Å and all H atoms,
C atoms, O atoms, and N atoms were set to van der Waals radii of 1.20 Å, 1.70 Å, 1.52 Å, and
1.55 Å, respectively, for direct comparison between GME-Zn(Im)2 and GME-ZIF-70. The pore
diameter caluculation was performed by generating a dummy atom within the center of the kno
cage and adjusting its radius until the edge of the generated sphere meets, but does not protrude
into, the van der Waals radii of any of the framework atoms of the kno cage. The largest spehere
thabn can reside wihtin GME-Zn(Im)2xHMPA is 14.9 Å in dioameter. According to Banerjee
and coworkers, the kno cage of GME-Zn(Im)1.13(nIm)0.87 (ZIF-70), is calculated to have the
largest pore diameter among the family of GME ZIF topologies known to date—15.9 Å (crystal
structure obtained at 258 K).119 Our method gives a maximum pore diamter of 14.6 Å.

Figure 3.28. Figure illustrating the largest diameter sphere than can be
inscribed within the kno cages of GME-Zn(Im)2xHMPA (left) and GMEZIF-70 [ref code: GITVEL] without penetrating the van der Waals radii of
the (disordered) atoms. The measurements reveal a slightly larger pore diameter
for GME-Zn(Im)2xHMPA. Graphical measurements were performed using XSeed.220
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Figure 3.29. Plot of BET surface area (per gram) vs. pore diameter (Å) for
GME ZIF topologies known to date.119 ZIFs denoted with an asterisk (*) were
obtained from Banerjee and coworkers. The pore diameter of GMEZn(Im)2×xsolvent were calculated using the criteria mentioned above (denoted
with a blue triangle). Our measurement of the GME-ZIF-70 pore diameter is
denoted with a black square.
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Chapter IV. Embedded Isoreticular Zeolitic Imidazolate Frameworks
4.1. Introduction
Another useful approach in the synthesis of unprecedented ZIF net topologies involves
the judicious choice of (substituted) imidazole ligand(s). It has been commonly observed that
certain substituted imidazole linkers drive the formation of specific frameworks. For example,
solvothermal reactions of 2-methylimidazole (HmIm) and either Zn2+ or Co2+ salts in DMF
typically results in the formation of SOD-Zn(mIm)2 (ZIF-8) or SOD-Co(mIm)2 (ZIF-67) as the
major, metastable phases observed.68,75,89 However, when 2-ethylimidazole (HeIm) is used as the
ligand under the same synthetic conditions, the ANA-Zn(eIm)2 (ANA-ZIF-14) net is obtained
as the major, metastable phase.75 As shown in Table 1.1 in Chapter I, the diversity of net
topologies synthesized is, to an extent, rooted in the variety of different substituted imidazolates.
Owing to the idea of using substituted imidazole ligands to access a variety of net
topologies, Yaghi and coworkers have developed a list of principles that govern the formation of
unusually large, open pore ZIFs.110 In order to access “extra” large pore openings and cages in
ZIFs (e.g., 18 membered rings and higher), the synthesis must incorporate: i) substituted, bulky
imidazole linkers with a high steric index (d, Figure 4.1), ii) relatively non-bulky imidazole
linkers (i.e. HIm) for the formation of large cages, and iii) varying ratios of the different ligands
(i.e., HIm and RIm) implemented. The steric index is defined as the product of the van der Waals
volume of the imidazole linker and the size/shape of the linker, designated as l (Figure 4.1).
Using these three principles, they were able to prepare a total of 15 different large-pore ZIF
network topologies, with 10 network topologies having ³ 12 membered-rings. Two of these had
never previously been observed in ZIF literature—AFX-Zn(Im)0.45(nIm)0.70(5nBIm)0.85xsolvent
(abbreviated

as

AFX-ZIF-386),

KFI-Zn(Im)0.30(nIm)0.70(BIm)1.00xsolvent,
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and

KFI-

Zn(Im)0.45(nIm)0.60(5ClBIm)0.95·xsolvent (KFI-ZIF-360 and KFI-ZIF-365, respectively). And,
four

of

these

exhibited

unprecedented

tetrahedral

networks:

ykh-

Zn(5mBIm)1.23(5BrBIm)0.77xsolvent and ykh-Zn(5mBIm)(mBIm)xsolvent (ykh-ZIF-516 and
ykh-ZIF-586,

respectively);

gcc-Zn(5ClBIm)1.05(4nIm)0.95xsolvent

Zn(Im)0.25(nIm)0.40(5BrBIm)1.35xsolvent

(gcc-ZIF-615);

(bam-ZIF-725);

and

bamucb-

Zn(Im)0.25(nIm)0.62(BIm)1.13xsolvent, ucb-Zn(Im)0.33(nIm)0.64(5mBIm)1.03xsolvent, and ucbZn(Im)0.47(mIm)0.62(5nBIm)0.91xsolvent

(ucb-ZIF-412,

ucb-ZIF-413,

and

ucb-ZIF-414,

respectively). Truly, ligand choice plays a pivotal role in the formation of new ZIF topologies.

Figure 4.1. The steric index parameter (d) as defined by Yang and
coworkers.110 Reprinted with permission from reference 110. Copyright (2017)
American Chemical Society.
Moreover, using a combination of substituted imidazole ligands has also played a pivotal
role in exploiting unique properties of ZIF frameworks. For example, in earlier work, the author
synthesized

a

mixed-ligand

Zn(mIm)1.6(CF3BIm)0.4·xDEF

ZIF

(HCF3BIm

adopting
=

the

SOD

net

topology—SOD-

2-(trifluoromethyl)benzimidazole,

DEF

=

diethylformamide, Figure 4.2). This new ZIF closely resembles the known SOD-Zn(BIm)2 (ZIF7) framework.68 Both frameworks incorporate benzimidazole-based linkers, though SODZn(mIm)1.6(CF3BIm)0.4·xDEF is composed of two different linkers, whereas SOD-Zn(BIm)2 is
composed of a single linker. Another interesting feature of this newly obtained framework is the
incorporation of the trifluoromethyl group; the hydrophobic nature of these fluorinated moieties
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has been widely explored in the MOF field, particularly in the context of imparting hydrolytic
stability to MOFs239 as well as for separations and storage of small molecules and gases (e.g.,
H2O,240

C6-C8

hydrocarbons,241

CO2,242

CH4,239

and

H2243).

Although

the

Zn(mIm)1.7(CF3BIm)0.3·xDEF framework is structurally similar to ZIF-7, it is just one of the
many examples that demonstrates property modification by using a multi-imidazole linker
approach.

Figure 4.2. Synthesis of SOD-Zn(mIm)1.7(CF3BIm)0.3xDEF. Colors: cyan –
zinc, blue – nitrogen, grey – imidazolate carbons, yellow – fluorine. Hydrogen
atoms are omitted for clarity.
Another angle that researchers have exploited involves not only the potential ligandligand steric interactions that occur, but also the steric interaction between the ligand and
solvent(s). In 2008, Feng and coworkers reported five ZIF frameworks (designated as TIFs, or
tetrahedral imidazolate frameworks), four of which adopted different tetrahedral topologies: zebZn(Im)1.10(mBIm)0.90~2.5C6H6 (zeb-TIF-2), ACO-Zn(Im)x(mBIm)2-xxsolvent (ACO-TIF-3, illdefined ligand and solvent compositions), cag-Zn(Im)1.5(mBIm)0.50.5C6H6 (cag-TIF-4), and
GIS-Zn(Im)(56mBIm)1.5H2O/GIS-Co(Im)(56mBIm)1.5H2O

(TIF-5Zn

and

TIF-5Co,

respectively).97 Similar to the principles later implemented by Yaghi and coworkers, Feng and
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coworkers were able to access different net topologies not only by varying the ratios of the
different substituted imidazole linkers used, but also by using a combination of different
solvents. For example, both zeb-TIF-2 and ACO-TIF-3 were crystallized using imidazole/5methylbenzimidazole as the ligands and (±)-2-amino-1-butanol/benzene as the crystallizing
solvent; however, the cag-TIF-4 framework was obtained by replacing the (±)-2-amino-1butanol solvent with 3-amino-1-propanol. It is presumably these appreciable ligand-ligand and
ligand-solvent (steric) interactions that largely dictate the formation of the large number—and
theoretically infinite—of ZIF frameworks (Figure 4.3).

Figure 4.3. Schematic representation of ligand-ligand interactions and
ligand-solvent interactions in ZIFs.
This Chapter will build upon the foundation of Chapter III and will explore using a
combination of exceptional hydrogen bond acceptor solvents to crystallize two ZIFs—DFTZn(Im)2xDMSO (DMSO = dimethylsulfoxide) and RHO-Zn(Im)2xDMSOyHMPA (HMPA =
hexamethylphosphoramide). The first framework, DFT-Zn(Im)2xDMSO, is reported for the first
time as a DMSO solvate. The second framework, RHO-Zn(Im)2xDMSOyHMPA, is made for
the first time without using a macrocyclic template.127 These framework types have been
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reported previously in ZIFs of different solvates and/or compositions (DFT: Zn(Im)2xDMF
(dimethylformamide), Zn(Im)2xNMP (NMP = N-methylpyrrolidone), Zn(Im)2xDMA (DMA =
dimethylacetamide);

RHO:

Zn(BIm)2

(ZIF-11),

Zn(eIm)2,

Zn(45ClIm)2

(ZIF-71),

MeMeCH2@RHO-Zn(Im)2, Zn(nIm)(Pur), Zn(pIm)(mttz), Co(BIm)2 (ZIF-12), Co(nIm)2,
Cd(eIm)2, Cd(mIm)2, and Cd(nIm)2; see Table 1.1 and Figure 1.8 in Chapter I for references and
full descriptions of each ligand). We report the first DMSO clathrate of DFT-Zn(Im)2 as well as
the first reported solution-based synthesis of RHO-Zn(Im)2xDMSOyHMPA. Finally, in
addition to using this specific combination of solvents, a mixed-ligand approach has also been
employed

to

access

a

new

tetrahedral

network

topology,

nbr-

Zn(Im)1.2(mIm)0.8xDMSOyHMPA. Both the RHO-Zn(Im)2xDMSOyHMPA and nbrZn(Im)1.2(mIm)0.8xDMSOyHMPA frameworks are part of a broader class of what are known as
embedded isoreticular zeolite family of tetrahedral net topologies, and the latter is realized here
for the first time.‡ The combination of different ligands, solvents, and additives (e.g., templates,
modulators, etc.) may lead to more complex networks in the future.
4.2. Embedded Isoreticular Zeolites (EIZs)
Though an effectively infinite number of tetrahedral framework topologies are in
principal possible for zeolites and ZIFs, methods do not generally exist to target these topologies,
and this is especially true of frameworks of higher complexity. In 2015, however, Hong, Zou,
and coworkers recognized a novel family of zeolite structures of expanding structural
complexity, denoted as embedded isoreticular zeolites (EIZs, Figure 4.4).244,245 The EIZ family is
derived from the body centered cubic (Im3m) zeolite Rho which, in its first generation, consists

‡

During the course of this work, the same framework topology was reported as a zeolite
aluminosilicate by Hong and coworkers.247
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of 26-hedral lta cages centered at the lattice points, connected by face-shared double 8-rings
(d8r, Figure 4.4). The RHO structure is expanded into subsequent EIZ generations by inserting
one 18-hedral pau cage and one additional d8r between the lta lattice sites, per generation. The
extra space created by the lattice expansion is filled by additional types of “embedded” cages, the
structures and number of which (exactly 2 or 4) depend upon the generation number (G#) and the
orientation adopted by the pau cages relative to the lta cages, as highlighted in Figure 4.4. In this
way, the known zeolite mineral paulingite (PAU) can be considered to be a 3rd generation
(RHO(a)-G3) EIZ, and the synthetic zeolite ZSM-25 (MWF) was realized to be a 4th generation
(RHO(a)-G4) EIZ. Capitalizing on this logic, EIZs of RHO(a) generations five though eight
(PST-20, 25, 26 and 28, respectively) have been targeted and successfully synthesized in recent
years.246 But only very recently has the second generation RHO(a)-G2 zeolite (namely PST-29)
been achieved.247

Figure 4.4. Building scheme for embedded isoreticular zeolites (EIZs). a)
Scaffolding sequence of known EIZs. b) List of cages common to all EIZs. c)
Naming scheme of EIZs. d) Example of scaffolding sequence of the EIZ
“RHO(a)-G2.” Nets highlighted in green have been achieved as their ZIF
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analgous, as reported herein. Nets highlighted in black have been synthesized as
zeolites (and ZIFs, in the case of the KFI-G1 framework type). Nets highlighted
in red are predicted structures and have yet to be synthesized.
Though ZMOFs and ZIFs are structurally analogous to zeolites, until now there have
been no reported examples of embedded isoreticular ZMOFs or ZIFs (EI-ZIFs).244,245 Herein, we
report the high yield synthesis and characterization of the RHO polymorphic form of zinc
imidazolate (Zn(Im)2) and its expansion to the first embedded isoreticular zeolitic imidazolate
framework (EI-ZIF), namely the 2nd generation RHO(a)-G2 (hereafter “nbr”§) topological form
of Zn(Im)1.2(MeIm)0.8. ZIF syntheses involve a mixed ligand and/or solvent-templating approach
with the exploitation of DMSO and/or HMPA as putative structure directing agents (SDAs) via
their non-covalent interaction with the coordinated imidazolate ligands. Interestingly, RHOZn(Im)2

collapses

upon

desolvation

and

becomes

non-porous

whereas

nbr-

Zn(Im)1.2(mIm)0.8xDMSOyHMPA is easily desolvated, yielding a microporous ZIF with high
surface area.

Figure 4.5. The scaffolding sequence of the RHO(a) family. The synthesis of
RHO-G1
(RHO-Zn(Im)2·xsolvent)
and
RHO(a)-G2
(nbrZn(Im)1.2(mIm)0.8·xDMSOyHMPA) are reported in this work.

§

Though the RHO(a)-G2 zeolite net has been experimentally observed by another group just
recently (net: PST-29),247 to our knowledge it has not yet been given a three-letter code
according to the RCSR database. We thereby reserve the nbr designation in loving memory of
Nora B. Rodrigo-Ramirez.
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4.3. Results and Discussion
Several strategies exist for the targeting of open ZMOF and ZIF framework topologies.
For example, akin to templation strategies employed for zeolites, the topologies of certain
anionic ZMOFs have been shown to be susceptible to the organic cations during synthesis.73
Others include building block approaches whereby certain metal-ligand combinations
predisposed to form requisite structural building units (SBUs) are exploited.206,207 Being
uncharged, structure-directing strategies for the simple M(RIm)2 ZIFs (and MOFs, more
broadly205) have seemingly been limited, and are not often well understood. Simple factors such
as metal ion size,112 ligand substituents (choice of R in RIm-, or mixed ligands110), choice of
reaction conditions (base, concentration, temperature, time), solvents, or co-solvents have been
demonstrated to influence the topologies of ZIF products. Early on, Tian et al. demonstrated that
the topologies of isolated Zn(Im)2·xsolvent crystals are highly dependent on the temperature,
base, time, and solvent.118 Moreover, the crystal structures of many M(Im)2 ZIFs show that the
imidazolate ligands commonly engage in C-H···acceptor hydrogen bonds with the encapsulated
solvents. The topologies of ZIFs may therefore be susceptible to templation by appropriately
chosen hydrogen bond acceptors. Though salts have been shown to influence the topologies of
ZIFs made by mechanochemical or solventless means,85 to our knowledge no neutral solute
additives have yet been demonstrated to act as templates in ZIF syntheses. In Chapter III, we
discovered that solvents with high Gutmann’s donor numbers (DN)237 may potentially be used as
structure-directing agents/templates for ZIF formation. One candidate from this list of solvents
that has, to our knowledge, never been observed in a ZIF is dimethylsulfoxide (DMSO).
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DFT-Zn(Im)2xDMSO Synthesis and Structural Analysis
In using the liquid layering technique implemented by Zhao and coworkers,118 single
crystals and bulk powder of DFT-Zn(Im)2·xDMSO were synthesized by reaction of imidazole
with zinc acetate dihydrate in DMSO, using an excess of n-propylamine (nPA) as the base. The
DFT-Zn(Im)2 framework has been previously reported as a DMF,68,118 DMA,118 or NMP118
solvate. However, little is known about the role of these solvents—which are not well-ordered in
the published crystal structures—particularly in the context of structure direction and templation
of this framework type. Unlike most zeolite net topologies, especially the framework types listed
in the IZA database, the DFT net contains no formal composite building units (CBUs). The DFT
framework type has a unique chain-system, defined as the narsarsukite (nsc) chain, that runs
parallel to the c axis of the framework (Figure 4.6.a). Another approach toward understanding
the assembly of this network is by deconstructing it into its three natural tiles:248,249 t-kaa, t-lov,
and t-ste (Figure 4.6.b).

Figure 4.6. a) Portion of the DFT zeolite net topology. The narsarsukite (nsc)
chain is highlighted in yellow. b) The three natural tiles of the DFT framework
type. c) Perspective structure of the three natural tiles. Red: t-kaa, green: t-lov,
blue: t-ste.
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In the obtained crystal structure of DFT-Zn(Im)2xDMSO, we were able to model the
positions of some of the DMSO molecules inside the framework. They were observed to fill the
stacked t-ste tiling along the c axis. Also in the crystal structure, we observed two Im- linkers that
are “chelating” the DMSO oxygen via C–HO hydrogen bond interactions (C(H) O bond
length: 3.464(17) Å, ∠DHA = 170.3°, C–H bond lengths were normalized to 1.08 Å). This same
type of C–HO hydrogen bond interaction was observed previously when using
hexamethylphosphoramide (HMPA) to crystallize the GME-Zn(Im)2 framework: the
imidazolates of the framework were in close contact with the phosphine oxide moiety of HMPA
(see Chapter III). In addition to these C–HO hydrogen bond interactions, a methyl group from
the DMSO solvent guest is observed to be “wedged” into (or close packed with) the center of a
zinc imidazolate four-membered ring (4 MR), which we have designated as a “four-ring pocket.”
This “four-ring pocket” is the 4 MR present in the t-ste natural tiling and is edge-shared with the
t-lov tile (Figure 4.7). Given the combination of hydrogen bonding and dispersion interactions, it
seems plausible that the DMSO molecule may be a suitable SDA for the formation of fourmembered rings (4 MRs), which serve as an important component in the formation of ZIFs
exhibiting large cages.110,250 In our opinion, these subtle and often overlooked solvent-ligand
interactions play an integral role in the construction of the framework topology. Moreover, the
angle of connection of the 4 MR to adjacent zinc atoms appears to be approximately fixed by the
chelating (H-bonding) Im- ligands that extend from the 4 MRs.
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Figure 4.7. Plausible templation motif for the “four-ring pocket” found in
DFT-Zn(Im)2xDMSO. The C-HO hydrogen bonds are depicted as dashed
green lines. Colors: cyan – zinc, blue – nitrogen, grey – imidazolate carbons, red –
oxygen, pink – sulfur.
RHO-Zn(Im)2xDMSOyHMPA Synthesis and Structural Analysis
Single crystals and phase pure, bulk RHO-Zn(Im)2xDMSOyHMPA were prepared by
reaction of imidazole with zinc acetate dihydrate in an equimolar DMSO:HMPA mixture, using
n-propylamine (nPA) as the modulator/base (Figure 4.8). The equimolar mixture of
HMPA:DMSO, both of which are exceptional hydrogen-bond acceptors, were used as the SDAs
to synthesize the framework. The RHO zeolite net topology consists of two composite building
units (CBUs): the d8r cage and the lta cage. Several ZIFs have been reported to adopt the RHO
net structure, but there are several drawbacks to the known RHO ZIF structures (e.g., toxic
metals, expensive ligands, low yields).68,75,96,100,111,112,126 In our group, Brekalo and coworkers
reported the mechanosynthesis of MeMeCH2@RHO-Zn(Im)2 using the same, rigid cavitand
used to template the MER net topology, MER-MeMeCH2@ZIF-10 in Chapter II.127
Unfortunately, it has not been possible to remove the macrocyclic template from the MOF.
Figure 4.8 shows the phase pure, bulk PXRD pattern of RHO-Zn(Im)2xDMSOyHMPA, which
can be made in multi-gram quantities. The achievement of RHO-Zn(Im)2 by a simple solvent-
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directed synthesis allows comparison of the properties of the simple RHO-Zn(Im)2 and its
template-occupied analogue, MeMeCH2@RHO-Zn(Im)2.

Figure 4.8. Left: PXRD pattern of phase pure, bulk RHOZn(Im)2xDMSOyHMPA. a) calculated powder pattern obtained from the single
crystal structure of MeMeCH2@RHO-Zn16(Im)32xDMF.127 b) calculated powder
pattern obtained from the experimentally obtained single crystal structure of
RHO-Zn(Im)2xDMSOyHMPA. c) experimental powder pattern of RHOZn(Im)2xDMSOyHMPA obtained using Method B (See Section 4.6.2.2.2). The
pattern was indexed (using Jade 5.0) at room temperature to a cubic unit cell,
Pm3m, a = 28.81(2) Å, V = 23921 Å3. The tick marks indicate all of the possible
(hkl) peak positions for this unit cell. Right: picture of a vial containing RHOZn(Im)2xDMSOyHMPA.
Analogous to the DFT-Zn(Im)2xDMSO structure, the same “DMSO@4MR pocket”
motif was observed in the single crystal structure of RHO-Zn(Im)2xDMSOyHMPA, with three
imidazolates “chelating” with the DMSO solvent (Figure 4.9 and Figure 4.10). The first two C–
HO hydrogen bonds (designated as sites 1 and 2, Figure 4.9) are similar to those found in
DFT-Zn(Im)2xDMSO (C(H)O bond length: 3.475(14) Å, ∠DHA = 173.0°, C–H bond lengths
were normalized to 1.08 Å), whereas the third, longer C–HO hydrogen bond site (C(H)O
bond length: 3.72(2) Å, ∠DHA = 168.2°)—which involves the C–H moieties between the two
nitrogen atoms of the imidazolate ligand—was not observed in DFT-Zn(Im)2xDMSO.
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Figure 4.9. Different viewpoints depicting the roles of DMSO and HMPA in
templating the “four-ring pocket” and “planar, six-ring” in RHOZn(Im)2xDMSOyHMPA. Colors: cyan – zinc, blue – nitrogen, grey –
imidazolate carbons, red – oxygen, pink – sulfur, purple – phosphorus. Hydrogen
bonding is denoted in dashed, green lines.
Rather than a t-lov tile being present, a planar, six-membered ring (6 MR) is edgedshared with the “four-ring pocket.” Moreover, we were also able to model an HMPA molecule
positioned directly above this planar 6 MR. Rather than the “puckered” 6 MR found in the DFTZn(Im)2xDMSO framework, which is part of the t-lov tile, the imidazolates of the 6 MR of
RHO-Zn(Im)2xDMSOyHMPA form a cradle-like configuration—with all the six tetrahedral
zinc nodes of this ring lying on the same plane with respect to each other—so as to accommodate
the bulky HMPA molecule. Previously, it was observed that the HMPA molecule acts as a SDA
for “triple four-ring clefts,” forming the GME-Zn(Im)2xHMPA framework (see Chapter III).
Moreover, unlike the obtained DFT-Zn(Im)2xDMSO crystal structure, which has a “puckered” 6
MR, the RHO-Zn(Im)2xDMSOyHMPA framework’s planar 6 MR serves as a vital component
of the large lta cage not only in the RHO net topology, but also the entire RHO family of
embedded isoreticular zeolites. At the corners of the lta cage, there are eight planar 6 MRs,
which suggests that at least eight HMPA molecules reside in each lta cage in RHOZn(Im)2xDMSOyHMPA.
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Figure 4.10. Proposed role of DMSO in templating the four-ring pockets of
scheme of both DFT-Zn(Im)2xDMSO and RHO-Zn(Im)2xDMSOyHMPA
and the possible role of HMPA in docking to the planar 6-rings of the lta
cages of the latter. nPA = n-propylamine. Colors: cyan – zinc, blue – nitrogen,
grey – imidazolate carbons, red – oxygen, pink – sulfur, purple – phosphorus.
We attempted to obtain a low temperature/pressure N2 isotherm (77 K) of activated
RHO-Zn(Im)2. Bulk RHO-Zn(Im)2xDMSOyHMPA was suspended in acetone for at least 5
days. Upon solvent exchange of the SDA using either acetone or chloroform, however, the
PXRD pattern of the resulting solvent treated sample (which were analyzed ‘wet’) revealed a
significant loss of crystallinity (Figure 4.11). Indeed, the resulting PXRD pattern of the fully
activated, post sorption material revealed a material with relatively low surface area (BETN2,77K =
13 m2/g, Figure 4.12). This may further prove that a rigid, macrocyclic cavitand may apparently
be necessary to stabilize the framework, as was shown by Brekalo et al.127 The RHO framework
type has been observed to demonstrate flexibility;251,252 therefore, RHO-Zn(Im)2 may be a

119

flexible framework that needs to be sustained by a supporting additive (e.g., a rigid, macrocyclic
cavitand) in order for it to maintain porosity.

Figure 4.11. a) experimental PXRD pattern of as-synthesized RHOZn(Im)2xDMSOyHMPA obtained using Method B (see Figure 4.8 for unit
cell parameters). b) PXRD pattern obtained from resulting acetone-exchanged,
white residue. The tick marks indicate all of the possible (hkl) peak positions for
this unit cell.

Figure 4.12. Low temperature (77 K) N2 sorption isotherm obtained from
resulting powder of RHO-Zn(Im)2 from acetone.
nbr-Zn(Im)1.2(mIm)0.8 Synthesis and Structural Analysis
4.3.3.1. Roles of Modulating Ligands/Bases and Substituted Imidazoles
Modulators have been shown to affect the rate of MOF crystal growth, reversibility,
crystallinity, and crystal morphology in MOF253,254 and, in particular, ZIF syntheses.255 Amine
bases (e.g., triethylamine, piperazine, n-propylamine, etc.) have been commonly employed as
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modulating ligands, or buffering agents, in ZIF syntheses.118,189 Their primary roles in the
synthesis are two-fold: 1) they act in competition with the imidazole linkers and, thereby, impede
the coordination between the metal ions and the bridging ligands, and 2) they act as a base to
deprotonate the coordinated HIm ligands, allowing polymerization. Although less widely used in
comparison to the solvothermal synthetic routes, the use of modulators may play an important
role in forming novel ZIF net topologies.118,189
In synthesizing the RHO-Zn(Im)2xDMSOyHMPA framework, the use of a
stoichiometric amount of nPA relative to imidazole gave rise to the bulk, phase pure material
(Figure 4.8). When an excess of the modulating ligand/base was used, however, the GMEZn(Im)2xsolvent framework topology was obtained, along with other impurities that we are not
able to characterize (see Figure 4.13.b). When we decreased the amount of nPA added, we
observed the disappearance of GME-Zn(Im)2xsolvent and the appearance of peaks associated
with RHO-Zn(Im)2xDMSOyHMPA (Figure 4.13.c–e, see Section 4.6.3 for full experimental
details). From these obtained PXRD patterns, we therefore reasoned that using a stoichiometric
amount

of

nPA,

relative

to

imidazole,

kinetically

traps

the

meta-stable

RHO-

Zn(Im)2xDMSOyHMPA framework during the synthesis. Broadly speaking, this observation
led us to believe that other ZIFs can be accessed by judiciously choosing a modulating
ligand/base.
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Figure 4.13. a) Calculated PXRD pattern of GME-Zn(Im)2xHMPA. PXRD
pattern of the products obtained from conditions in b) Section 4.6.3.4. (1:24
Im/nPA ratio), c) Section 4.6.3.3. (1:18 HIm/nPA ratio), d) Section 4.6.3.2. (1:12
Im/nPA ratio), e) Section 4.6.3.1. (1:6 Im/nPA ratio), and f) calculated PXRD
pattern of RHO-Zn(Im)2xDMSOyHMPA derived from the experimentally
obtained single-crystal structure.
Similar to the concept of ligands and solvents influencing the outcome of the ZIF
framework proposed by Feng and coworkers,97 we speculated that having a mixture of ligands
and a mixture of solvents that are hydrogen bond acceptors (i.e., HMPA/DMSO) would lead to
the formation of, perhaps, a new ZIF. We therefore used 2-methylimidazole (HmIm) as a ligand,
in addition to imidazole (HIm), in the hopes of adding bulkiness to the framework in an effort to
increase its stability. It has been computationally shown that substituted imidazoles appear to add
mechanical stability to the framework via the formation of a “secondary [steric] network,”
whereas the trivial Im- ligand “softens” and destabilizes the framework.238 Separately, we also
used a weaker base to allow access to any kinetic phases. Reaction of zinc acetate dihydrate and
a 1:1 (mol/mol) mixture of Im/mIm in a 1:1 (mol/mol) DMSO/HMPA mixture, with an excess of
nPA resulted in the formation of a number of known framework types (Figure 4.24.a–g in
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Experimental Section). At relatively low concentrations of nPA (almost sub-stoichiometric
relative to the linkers used), however, a small amount of a new framework—later established to
be nbr-Zn(Im)1.2(mIm)0.8xDMSOyHMPA—was observed in the product mixture (Figure 4.14).

Figure
4.14.
a)
Experimental
PXRD
pattern
of
RHOZn(Im)2xDMSOyHMPA. The pattern indexes to a cubic unit cell, Pm3m, a =
28.81(2) Å, V = 23921 Å3. The tick marks indicate all of the possible (hkl) peak
positions for this unit cell. b) Calculated PXRD pattern of nbrZn(Im)1.2(mIm)0.8xDMSOyHMPA derived from the experimentally obtained
single-crystal structure. c) Experimental PXRD pattern of presumably a sample
containing nbr-Zn(Im)1.2(mIm)0.8xDMSOyHMPA (see Section 4.6.4.1). The
peaks denoted by the asterisks in red are unique to nbrZn(Im)1.2(mIm)0.8xDMSOyHMPA and its presence in the reaction product.
It has been observed that the choice of modulating ligands—and their inherent basicity—
dictate the nucleation and growth rates of ZIFs: the syntheses of ZIFs using modulating ligands
of low basicity tend to have slow rates of nucleation and growth, whereas modulators of high
basicity tend to have high rates of nucleation and growth.76 By switching to a less basic
modulator,

N-methylimidazole,

we

were
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able

to

obtain

phase

pure

nbr-

Zn(Im)1.2(mIm)0.8xDMSOyHMPA (Figure 4.15). The nbr-Zn(Im)1.2(mIm)0.8xDMSOyHMPA
net was prepared by reaction of a 1:1 (mol/mol) mixture of Im/mIm with zinc acetate dihydrate
in an equimolar DMSO:HMPA mixture, using N-methylimidazole (NmIm) in place of nPA as
the modulating ligand/base. Unfortunately, perhaps owing to the lower basicity of Nmethylimidazole, the crystallization of the framework was extremely slow and afforded only a
few crystals (8% yield) within 14 days. Nonetheless, we were able to access the new network, in
phase pure form, simply by substituting a basic modulator for a less basic modulator.

Figure 4.15. a) Calculated PXRD pattern obtained from the single crystal
structure of nbr-Zn(Im)1.2(mIm)0.8xDMSOyHMPA (100 K). b) Experimental
PXRD
pattern
of
the
as-synthesized
phase
pure
nbrZn(Im)1.2(mIm)0.8xDMSOyHMPA indexed to a cubic unit cell (a = 48.3466(1)
Å, V = 113005 Å3). The tick marks indicate all of the possible (hkl) peak positions
for this unit cell.
X-ray

analysis

of

the

as-synthesized,

single

crystals

of

nbr-

Zn(Im)1.2(mIm)0.8xDMSOyHMPA reveals that the network structure is topologically identical
to the recently reported synthetic zeolite, PST-29, which is recognized to be the 2nd generation of
the RHO(a) (RHO(a)-G2) family of EIZs.247 It is, however, a novel net topology for MOFs and
we have designated it as the nbr net. The nbr (RHO(a)-G2) structure contains an alternating
sequence of three different cages: the lta cage, d8r cage, and the pau(a) cage as shown in Figures
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4.5 and 4.19. The building sequence, lta-d8r-pau(a)-d8r, is inherent to this network and runs
along the edge of each axis, connecting the lattice points. From the obtained net topologies
above, particularly in the RHO and nbr structures, it is apparent that the combination of both
HMPA and DMSO are vital for the formation of the lta cage. Like the DFT-Zn(Im)2xDMSO
and RHO-Zn(Im)2xDMSOyHMPA structures described above, the DMSO solvent similarly
serves as a SDA for the formation of the “four-ring pocket” (Figure 4.16). In addition, the nbrZn(Im)1.2(mIm)0.8xDMSOyHMPA crystal structure shows the same C–HO hydrogen bonding
interactions between the framework and the DMSO solvent. Table 4.1 shows summary of all
observed C–HO interactions in DFT-Zn(Im)2xDMSO, RHO-Zn(Im)2xDMSOyHMPA and
nbr-Zn(Im)1.2(mIm)0.8xDMSOyHMPA.

Figure 4.16. Roles of DMSO and HMPA in templating the “four-ring pocket”
and “planar, six-ring” in a) DFT-Zn(Im)2xDMSO, b) RHOZn(Im)2xDMSOyHMPA and c) nbr-Zn(Im)1.2(mIm)0.8xDMSOyHMPA.
Colors: cyan – zinc, blue – nitrogen, grey – imidazolate carbons, red – oxygen,
pink – sulfur, purple – phosphorus. Hydrogen bonding is denoted in dashed, green
lines.
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Table 4.1. Summary of normalized C–HO distancesa between the
imidazolates of the “four-ring pocket” and DMSO of DFT-Zn(Im)2xDMSO,
RHO-Zn(Im)2xDMSOyHMPA,
and
nbrZn(Im)1.2(mIm)0.8xDMSOyHMPA.
Composition
HA (Å)b DA (Å) Ð(DHA) (°)
List of Atoms
DFT-Zn(Im)2
2.39
3.464(17)
170.3
C5–H5O1A
RHO-Zn(Im)2
2.65
3.72(2)
168.2
C2–H2O1B
2.40
3.475(14)
173.0
C10–H10O1B
nbr-Zn(Im)1.2(mIm)0.8
2.44
3.476(9)
160.1
C3F–H3FO2S
2.18
3.245c
169.8
C2G–H2GO2S
a
C–H bonds normalized to 1.08 Å. bHydrogen atoms placed in calculated
positions. cThe HTAB command of SHELX was not able to find the specified
hydrogen bond. Instead, X-Seed was used to measure the distance and angle
between these two atoms.
Although the “DMSO@4MR pocket” is observed in DFT-Zn(Im)2xDMSO,
RHO-Zn(Im)2xDMSOyHMPA,

and

nbr-Zn(Im)1.2(mIm)0.8xDMSOyHMPA,

there

are

appreciable differences in this DMSO@4MR pocket, thus giving rise to three unique
frameworks. In DFT-Zn(Im)2xDMSO, the dihedral angle between the planar, 4MR of the “fourring pocket” and the plane defined by the four zinc atoms that connect the Im- linkers hydrogen
bonding with the DMSO solvent are measured to be 149° (Figure 4.17.a), whereas the dihedral
angle between the same set of planes in the other two structures are measured to be 145° (Figure
4.17.d and e). It appears that the hydrogen bonds to DMSO approximately “fix” these set of
angles. In addition, the angle best described as the “corner 6-ring” was calculated to be 111°
(Figure

4.17.b),

whereas

in

both

RHO-Zn(Im)2xDMSOyHMPA

and

nbr-

Zn(Im)1.2(mIm)0.8xDMSOyHMPA was measured to be 120° (Figure 4.17.d and e). These subtle
differences (i.e., the 9° change in the tilt of the imidazolates between DFT-Zn(Im)2xDMSO and
both

the

RHO-Zn(Im)2xDMSOyHMPA

and

nbr-Zn(Im)1.2(mIm)0.8xDMSOyHMPA

frameworks) lead to drastic changes of the framework, presumably due to the incorporation of
the HMPA solvent.
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Figure 4.17. Structural comparison of “DMSO@4MR pocket” templation
motifs
found
in
a,b)
DFT-Zn(Im)2xDMSO,
c,d)
RHOZn(Im)2xDMSOyHMPA, and e,f) nbr-Zn(Im)1.2(mIm)0.8xDMSOyHMPA.
All calculations were performed using Merucry®.
And like the RHO framework, this 4 MR is edge-shared with an adjacent, planar 6 MR to
generate the lta cage of the nbr network. However, unlike the d8rs in RHOZn(Im)2xDMSOyHMPA, in which the ligand composition is entirely comprised of
imidazolates, the d8rs of the nbr network are found to incorporate 2-methylimidzolate (mIm-)
linkers. In each d8r, the two opposing 8 MRs are linked with mIm- ligands rather than Im-. A
similar Im/mIm d8r motif has been observed previously with MER-Zn(Im)1.5(mIm)0.5xsolvent
(ZIF-60).75 Broadly speaking, a majority of the 4 MRs in the structure are (partially) occupied
with mIm- linkers (i.e., in each of the 4 MR throughout the structure, approximately three of the
four linkers are mIm-). Figure 4.19 illustrates the relative positions of these partially occupied
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mIm- linkers. The incorporation of the bulkier mIm- linker may contribute to the overall
robustness of the nbr net, as indicated by successful gas sorption measurements, in comparison
to RHO-Zn(Im)2 (via infra).

Figure 4.18. Proposed building scheme for DFT-Zn(Im)2xDMSO, RHOZn(Im)2xDMSOyHMPA,
and
nbr-Zn(Im)1.2(mIm)0.8xDMSOyHMPA.
NmIm: N-methylimidazole, nPA: n-propylamine, n MR: n membered-ring.
Colors: cyan – zinc, blue – nitrogen, grey – imidazolate carbons, red – oxygen,
pink – sulfur, purple – phosphorus.The solvent molecules and hydrogen atoms in
the nbr-Zn(Im)1.2(mIm)0.8·xsolvent structure are omitted for clarity.

Figure
4.19.
Left:
Crystal
structure
of
nbrZn(Im)1.2(mIm)0.8xDMSOyHMPA. The hydrogens and solvents are omitted
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from the structure for clarity. Right: Cages of the nbr network found in nbrZn(Im)1.2(mIm)0.8xDMSOyHMPA. The red linkers denoted in the graphical
representation of the nbr building blocks indicate 2-methylimidazolate positions,
some of which are partially occupied. Colors: cyan – zinc, blue – nitrogen, grey –
imidazolate carbons, red – oxygen.
Activation and Sorption Analysis of nbr-Zn(Im)1.2(mIm)0.8xDMSOyHMPA
To

activate

nbr-Zn(Im)1.2(mIm)0.8xDMSOyHMPA,

the

vial

containing

nbr-

Zn(Im)1.2(mIm)0.8xDMSOyHMPA was decanted and fresh acetone (~5 mL) was added. This
process was performed daily for five days or until the ZIF contained no residual solvent from the
reaction (monitored via 1H NMR). The acetone-exchanged powder (14.9 mg) was then removed
by filtration and evacuated at 100°C for 21.5 hours. The Type-I low temperature/pressure N2
isotherm (77 K) of activated nbr-Zn(Im)1.2(mIm)0.8 (Figure 4.20) revealed a modest internal
BET surface area of 1220 m2/g. More importantly, unlike the RHO-Zn(Im)2 net topology, the
crystalline network structure of nbr-Zn(Im)1.2(mIm)0.8xDMSOyHMPA was retained upon
activation, and demonstrated by post-sorption PXRD analysis (Figure 4.21.d). It has been shown
that the addition of substituted imidazolates containing functional groups may influence the
mechanical stability of ZIFs by creating a “secondary steric network” that prevents collapse upon
activation.238,256 Therefore, incorporation of the bulkier mIm- linkers throughout the crystal
lattice of the nbr network is likely responsible for the increased stability of nbrZn(Im)1.2(mIm)0.8 vs RHO-Zn(Im)2. Quite simply, it is plausible that the bulkiness of the methyl
moieties—relative to Im- linkers—may contribute to the overall rigidity of the framework
through ligand-ligand interactions (i.e., methyl-methyl steric interactions) in each 4 MR.
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Figure 4.20. N2 sorption isotherm (77 K) of nbr-Zn(Im)1.2(mIm)0.8.

Figure 4.21. a) Calculated PXRD pattern derived from the crystal structure
of nbr-Zn(Im)1.2(mIm)0.8xDMSOyHMPA (100 K). b) Experimental PXRD
pattern of the as-synthesized, phase-pure nbr-Zn(Im)1.2(mIm)0.8xDMSOyHMPA
indexed to a cubic unit cell (a = 48.3466(1) Å, V = 113005 Å3). c) PXRD pattern
of acetone-exchanged nbr-Zn(Im)1.2(mIm)0.8xMe2CO indexed to a cubic unit cell
(a = 47.97(5) Å, V = 110348 Å3). d) Post-sorption PXRD pattern of nbrZn(Im)1.2(mIm)0.8 indexed to a cubic unit cell (a = 48.28(2) Å, V = 112544 Å3).
The tick marks indicate all of the possible (hkl) peak positions for this unit cell.
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4.4. Conclusions
By using a combined solvent-ligand-modulator structure-directing approach, we were
able

to

synthesize

two

new

ZIFs—RHO-Zn(Im)2xDMSOyHMPA

and

nbr-

Zn(Im)1.2(mIm)0.8xDMSOyHMPA—the latter of which is an embedded isoreticular zeolitic
imidazolate framework (EI-ZIFs) in ZIFs. DFT-Zn(Im)2xDMSO was synthesized, revealing
interaction of the Im- C–H hydrogen bond donors with the strong hydrogen bond acceptor,
DMSO. The chelating Im–HDMSO interaction appears to act as 4-ring pocket motif which,
ultimately, appears to serve as a SDA for the construction of the DFT framework. By employing
both DMSO and HMPA as the reaction solvents, RHO-Zn(Im)2xDMSOyHMPA, the first
generation RHO(a)-G1 EI-ZIF, was synthesized. RHO-Zn(Im)2xDMSOyHMPA appears to
collapse upon activation, confirming that the cavitand in the previously reported
MeMeCH2@RHO-Zn(Im)2 has a stabilizing effect on the RHO-Zn(Im)2 structure. By adjusting
the modulating ligand/base concentration and identity (i.e., switching from nPA to NmIm), and
introducing a more sterically demanding ligand (mIm-), the first 2nd generation EI-ZIF
framework, nbr-Zn(Im)1.2(mIm)0.8xDMSOyHMPA, was successfully prepared. Unlike the
RHO-Zn(Im)2, the nbr-Zn(Im)1.2(mIm)0.8 framework maintains its structural rigidity upon
activation and is microporous. We are currently exploring other mixed-solvent and/or mixedligand systems in the hopes of obtaining novel ZIFs adopting complex topologies and expand the
growing list of ZIF nets.
4.5. Experimental
General Information
Imidazole, n-propylamine (nPA), and zinc acetate dihydrate were purchased from Alfa
Aesar (Ward Hill, MA). Hexamethylphosphoramide (HMPA) was purchased from AK
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Scientific, Inc (Union City, CA). N-methylimidazole (NmIm) and 2-methylimidazole (HmIm)
were purchased from Fluka (now Honeywell, Muskegon, MI). Zinc nitrate tetrahydrate was
purchased from EMD Millipore (Billerica, MA). N,N-Diethylformamide (DEF) was purchased
from TCI Chemicals (Portland, Oregon). Benzimidazole was purchased from Acros Organics
(New Jersey, USA). 2-(trifluoromethyl)benzimidazole was purchased from Matrix Scientific
(Columbia, SC). The 7 mL scintillation vials (VWR Solvent-SaverTM, borosilicate glass, with
screw cap) were purchased from VWR (Radnor, PA). The 20 mL vials (LS vial with 22-400 urea
cap, PE cone) were purchased from Wheaton (Millville, NJ). All starting materials were used
without further purification. All ZIF syntheses were performed in air. For the characterization of
the product, 1H NMR spectra were carried out on a Varian 400-NMR spectrometer at room
temperature. Single crystal X-ray diffraction data (SCXRD) were collected on a Bruker APEX
DUO with an APEX II CCD detector (Bruker-AXS) using either graphite monochromated MoK<a> radiation (0.71073 Ǻ) or Cu-K<α> radiation (λ = 1.54187 Å) from an Incoatec IµS source.
Powder X-ray diffraction data (PXRD) were collected at room temperature on the same
instrument using graphite monochromated Cu-K<α> radiation (λ = 1.54187 Å) from an Incoatec
IµS source using a 0.3 mm thin-walled capillary tube purchased from Charles Supper (Natick,
MA). Low pressure, low temperature (77 K) N2 sorption isotherms were measured with an
Autosorb 1-MP from Quantachrome Instruments.
4.6. Syntheses
Synthesis of SOD-Zn(mIm)(CF3BIm)xsolvent
In

a

20

mL

vial,

2-methylimidazole

(9.9

mg,

0.12

mmol),

2-

(trifluoromethyl)benzimidazole (26.6 mg, 0.14 mmol), and zinc nitrate tetrahydrate (36.6 mg,
0.14 mmol) were dissolved in DEF (3.5 mL). The vial was capped and placed in an oven at
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120°C for three days. The resulting red, cubic crystals were then washed and stored in fresh
DEF. No yield was obtained for this procedure.

Figure 4.22. Optical micrograph of SOD-Zn(mIm)1.7(CF3BIm)0.3·xDEF
crystals.
Synthesis of DFT-Zn(Im)2·xDMSO
4.6.2.1. Single-crystal Preparation via Liquid Layering
In a 7 mL glass vial, dimethylsulfoxide (DMSO, 3.0 mL) and imidazole (68.0 mg, 1.0
mmol) were mixed until all of the imidazole dissolved. In a separate flask, Zn(OAc)22H2O
(109.5 mg, 0.50 mmol) was dissolved in n-propylamine (2.0 mL, 24 mmol). The resulting
solution was carefully layered onto the imidazole/DMSO solution. The vial was then capped and
set aside. After 20 days, large crystalline prisms were observed along the walls of the vial.
(Yield: 110.8 mg, 83% based on DFT-Zn(Im)20.86DMSO).

133

Figure 4.23. a) Calculated powder pattern derived from the single crystal
structure of DFT-Zn(Im)2xDMF from Yaghi and coworkers (258 K).68 b)
Calculated powder pattern derived from the experimentally obtained single crystal
structure of DFT-Zn(Im)2xDMSO (100 K). c) experimental powder pattern of
bulk DFT-Zn(Im)2xDMSO indexed to a tetragonal unit cell, P42/mnm, a,b =
19.25(5) Å, c = 16.73(6) V = 6199 Å3. The tick marks indicate all of the possible
(hkl) peak positions for this unit cell.
4.6.2.2. Synthesis of RHO-Zn(Im)2xDMSOyHMPA
4.6.2.2.1. Method A: Single-crystal Preparation
In

a

7

mL

glass

vial,

dimethylsulfoxide

(DMSO,

1.0

mL,

14

mmol)

hexamethylphosphoramide (HMPA, 2.5 mL, 14 mmol) and imidazole (68.0 mg, 1.0 mmol) were
mixed until all of the imidazole dissolved. In a separate vial or flask, Zn(OAc)22H2O (110.0 mg,
0.50 mmol) was dissolved in n-propylamine (2.0 mL, 24 mmol). The resulting solution was
carefully layered onto the imidazole/template solution. The vial was then capped and set aside.
After five days, large, cubic crystals of RHO-Zn(Im)2xDMSOyHMPA were observed along the
walls of the vial in addition to prismatic crystals at the bottom of the vial. From the unit cells of
the cubic crystals, it was determined that they correspond to RHO-Zn(Im)2xDMSOyHMPA
(see Single Crystal Data, Section 4.8.3.). No yield was determined.
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4.6.2.2.2. Method B: Bulk Preparation
In a large glass bottle, DMSO (10 mL, 141 mmol), HMPA (20.45 mL, 118 mmol),
imidazole (1.36 g, 20 mmol), and Zn(OAc)22H2O (2.20 g, 10 mmol) were mixed together. The
vial was sonicated until all solutes dissolved. Then, n-propylamine (1.5 mL, 18 mmol) was added
to the mixture and the flask was capped and shaken. The resulting solution became slightly
cloudy. The vial was set aside and after five days, a white powder was observed at the bottom of
the flask. After eight days, the resulting white residue was recovered by filtration and stored in a
1:1 DMSO/HMPA solution (Yield: 3.04 g, 60% according to a composition of RHOZn(Im)21.0DMSO1.3HMPA (established by 1H NMR, see Figure 4.26).
Experiments Varying Imidazole:n-propylamine (nPA) Ratio
4.6.3.1. 1:6 HIm/nPA Ratio
In

a

7

mL

glass

vial,

dimethylsulfoxide

(DMSO,

1.0

mL,

14

mmol)

hexamethylphosphoramide (HMPA, 2.5 mL, 14 mmol) imidazole (69.0 mg, 1.0 mmol), and
Zn(OAc)22H2O (110.0 mg, 0.50 mmol) were mixed until all solutes dissolved. n-Propylamine
(0.5 mL, 6.1 mmol) was then added to the resulting mixture. After addition of the base and
subsequent shaking of the vial, the resulting solution became cloudy, white, and viscous. The
vial was then capped and set aside. After nine days, the resulting white powder was removed by
filtration and analyzed by PXRD.
4.6.3.2. 1:12 HIm/nPA Ratio
In

a

7

mL

glass

vial,

dimethylsulfoxide

(DMSO,

1.0

mL,

14

mmol)

hexamethylphosphoramide (HMPA, 2.5 mL, 14 mmol) imidazole (68.0 mg, 1.0 mmol), and
Zn(OAc)22H2O (111.0 mg, 0.50 mmol) were mixed until all solutes dissolved. n-Propylamine
(1.0 mL, 12 mmol) was then added to the resulting mixture. After addition of the base and
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shaking of the vial, the resulting solution became cloudy, white, and viscous. The vial was then
capped and set aside. After nine days, the resulting white powder was removed by filtration and
analyzed by PXRD.
4.6.3.3. 1:18 HIm/nPA Ratio
In

a

7

mL

glass

vial,

dimethylsulfoxide

(DMSO,

1.0

mL,

14

mmol)

hexamethylphosphoramide (HMPA, 2.5 mL, 14 mmol) imidazole (68.0 mg, 1.0 mmol), and
Zn(OAc)22H2O (110.0 mg, 0.50 mmol) were mixed until all solutes dissolved. n-Propylamine
(1.5 mL, 18 mmol) was then added to the resulting mixture. After addition of the base and
shaking of the vial, the resulting solution became cloudy, white, and viscous. The vial was then
capped and set aside. After nine days, the resulting white powder was removed by filtration and
analyzed by PXRD.
4.6.3.4. 1:24 HIm/nPA Ratio
In

a

7

mL

glass

vial,

dimethylsulfoxide

(DMSO,

1.0

mL,

14

mmol)

hexamethylphosphoramide (HMPA, 2.5 mL, 14 mmol) imidazole (69.0 mg, 1.0 mmol), and
Zn(OAc)22H2O (110.0 mg, 0.50 mmol) were mixed until all solutes dissolved. n-Propylamine
(2.0 mL, 24 mmol) was then added to the resulting mixture. After addition of the base and
shaking of the vial, the resulting solution became cloudy, white, and viscous. The vial was then
capped and set aside. After nine days, the resulting white powder was removed by filtration and
analyzed by PXRD.
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Synthesis of nbr-Zn(Im)1.2(mIm)0.8xDMSOyHMPA
4.6.4.1. Exploration of nPA as the Modulating Ligand
4.6.4.1.1. 1:1 Im:mIm, 24 Equiv. of n-propylamine (Layering Method)
In a 7 mL vial, imidazole (35 mg, 0.5 mmol) and 2-methylimidazole (42 mg, 0.5 mmol)
were dissolved in a 1:1 (mol/mol) HMPA:DMSO mixture (3 mL total). Zn(OAc)22H2O (110
mg, 0.5 mmol) was dissolved in n-propylamine (2.0 mL, 24 mmol) and carefully layered onto
imidazole/template mixture. A white residue was observed in between the solvent layers. The
vial was then capped and set aside. After 58 days, the resulting white residue was filtered and
analyzed via PXRD.
4.6.4.1.2. 1:1 Im:mIm, 12 Equiv. of n-propylamine (Layering Method)
In a 7 mL vial, imidazole (35 mg, 0.5 mmol) and 2-methylimidazole (43 mg, 0.5 mmol)
were dissolved in a 1:1 (mol/mol) HMPA:DMSO mixture (3 mL total). Zn(OAc)22H2O (110
mg, 0.5 mmol) was dissolved in n-propylamine (2 mL, 24 mmol) and carefully layered onto
imidazole/template mixture. A white residue was observed in between the solvent layers. The
vial was then capped and set aside. After one day, the resulting white residue was filtered and
analyzed via PXRD.
4.6.4.1.3. 1:1 Im:mIm, 12 Equiv. of n-propylamine (Mixing Method)
In a 7 mL vial, imidazole (35 mg, 0.5 mmol), 2-methylimidazole (43 mg, 0.5 mmol), and
n-propylamine (1.0 mL, 12 mmol) were dissolved in a 1:1 (mol/mol) HMPA:DMSO mixture (3
mL total). Zn(OAc)22H2O (108 mg, 0.5 mmol) was then added to the mixture and the vial was
shaken to mix the contents. The solution immediately became cloudy and viscous. After 3 days,
the residue was filtered and analyzed via PXRD.
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4.6.4.1.4. 1:1 Im:mIm, 0.9 Equiv. of n-propylamine (Mixing Method)
In a 7 mL vial, imidazole (34 mg, 0.5 mmol), 2-methylimidazole (42 mg, 0.5 mmol), and
Zn(OAc)22H2O (110 mg, 0.5 mmol) were dissolved in a 3 mL HMPA:DMSO (1:1 mol/mol)
mixture. The mixture was sonicated and heated with a heat gun (~ 30 seconds) to dissolve the
Zn(OAc)22H2O powder. Then, n-propylamine (75 µL, 0.9 mmol) was added to the resulting
mixture, which became slightly cloudy. The vial was capped, shaken to mix the modulator, and
set aside. After 6 days, crystals were observed in the vial. After 16 days, the resulting white
residue was filtered and analyzed.
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Figure
4.24.
a)
Calculated
PXRD
pattern
of
nbrZn(Im)1.2(mIm)0.8xDMSOyHMPA. b) Experimental PXRD pattern of RHOZn(Im)2xDMSOyHMPA. The pattern was indexed to a cubic unit cell, Pm3m,
a,b,c = 28.81(2) Å, V = 23921 Å3. The tick marks indicate all of the possible (hkl)
peak positions for this unit cell. c) experimental PXRD pattern of GMEZn(Im)2xHMPA (see Chapter III). d) Calculated PXRD pattern of SODZn(mIm)2 (ZIF-8).68 e) Experimental PXRD pattern of product obtained using
prep from Section 4.6.4.1.1. f) Experimental PXRD pattern of product obtained
using prep from Section 4.6.4.1.2. g) Experimental PXRD pattern of product
obtained using prep from Section 4.6.4.1.3. h) Experimental PXRD pattern of
product obtained using prep from Section 4.6.4.1.4. The peaks denoted by the
asterisks in red indicate the presence of the nbr network in the sample.
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Table 4.2. Summary of results using varying ligand/nPA ratios.a
Trial Run
Ligand/n-propylamine Ratio (mol/mol)
Results
1:24
SOD (major) + GME (minor)
Section 4.6.4.1.1, e)
Section 4.6.4.1.2, f)
1:12
SOD (major) + GME (minor)
Section 4.6.4.1.3, g)
1:12
SOD
Section 4.6.4.1.4, h)
1:0.9
nbr + RHO
a
Chemical compositions of each framework were not accessed.
4.6.4.2. Method D: Using N-methylimidazole as Modulator; Synthesis of Phase-pure nbrZn(Im)1.2(mIm)0.8xDMSOyHMPA
In a 3 mL vial, imidazole (34.5 mg, 0.5 mmol) and 2-methylimidazole (41.3 mg, 0.5
mmol) was dissolved 3 mL of a 1:1 (mol/mol) HMPA:DMSO solution. Zn(OAc)22H2O (109.7
mg, 0.5 mmol) was then added to the vial. Then, N-methylimidazole (80 µL, 1.0 mmol) was
added to the resulting mixture.). The vial was capped, shaken, and set aside. After 14 days, a
few cubic crystals were observed on the edge of the vial (8.1 mg, 8 %). Note: Precipitation was
very slow.
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4.7. Further Characterization
1

H NMR Spectroscopy

4.7.1.1. DFT-Zn(Im)2xDMSO

Figure 4.25. 1H NMR spectrum of as-synthesized DFT-Zn(Im)2xDMSO (x ≈
0.86) (in D2O/DCl). Approximately 10 mg of sample was dissolved in 20 µL of
DCl (35% in D2O) and 0.8 mL of D2O. δ 8.58 (s, 2H, HA), 7.36 (s, 4H, HB), 2.60
(s, 5H, DMSO).
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4.7.1.2. RHO-Zn(Im)2xDMSOyHMPA

Figure 4.26. 1H NMR spectrum of RHO-Zn(Im)2xDMSOyHMPA (x ≈ 1.0; y
≈ 1.3) (in D2O/DCl) obtained after solvent washing with 1:1 HMPA/DMSO.
Approximately 10 mg of sample was dissolved in 20 µL of DCl (35% in D2O) and
0.8 mL of D2O. δ 8.41 (s, 2H, HA), 7.20 (s, 2H, HB), 2.44 (s, 6H, DMSO), 2.35 (s,
23H, HMPA).
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4.7.1.3. nbr-Zn(Im)1.2(mIm)0.8xDMSOyHMPA

1
Figure
4.27.
H
NMR
spectrum
of
as-synthesized
nbrZn(Im)1.2(mIm)0.8xDMSOyHMPA. Approximately 8 mg of sample was
dissolved in 20 µL of DCl (35% in D2O) and 0.8 mL of Acetone-d6. δ 9.12 (s, 1H,
HA, HE), 7.71 (s, 2H, HB, HF), 7.49 (s, 1H, HD), 4.09 (s, 0.2H, HG), 3.15 (s, 1H,
Hc), 2.77 (d, 12H, HMPA and DMSO).
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Figure 4.28. 1H NMR spectrum of nbr-Zn(Im)1.2(mIm)0.8 obtained after
solvent exchange with acetone. The sample was separated from acetone using
vacuum filtration, which may facilitate the spontaneous loss of the acetone inside
the framework. Approximately 8 mg of sample was dissolved in 20 µL of DCl
(35% in D2O) and 0.8 mL of DMSO-d6. δ 9.11 (s, 1H, HA, HE), 7.65 (s, 2H, HB,
HF), 7.47 (s, 1H, HD), 3.85 (s, 0.2H, HG), 2.54 (s, 2H, HC).
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Figure 4.29. 1H NMR spectrum of nbr-Zn(Im)1.2(mIm)0.8 obtained after
activation and sorption analysis. Approximately 8 mg of sample was dissolved
in 20 µL of DCl (35% in D2O) and 0.8 mL of DMSO-d6. δ 9.10 (s, 1H, HA, HE),
7.64 (s, 2H, HB, HF), 7.46 (s, 1H, HD), 3.85 (s, 0.2H, HG), 2.54 (s, 2H, HC).
4.8. Crystal Structures
The crystal structures were solved by direct methods using SHELXS, and all structural
refinements were conducted using SHELXL-2016-6.218 All hydrogen atoms were placed in
calculated positions and were refined using a riding model with coordinates and isotropic
displacement parameters depending upon the atom to which they are attached.
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SOD-Zn(mIm)(CF3BIM)·xDEF (SQUEEZE)
Table 4.3. Crystal data
Zn(mIm)1.7(CF3BIm)0.3xDEF.

and

structure

Empirical formula
Formula weight
Temperature
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 25.000°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

refinement

for

C9.38 H9.65 F1.03 N4 O Zn
279.46
100(2) K
Cubic
I43m
16.9337(12)
16.9337(12)
16.9337(12)
90
90
90
4855.7(10)
12
1.147 Mg/m3
1.517 mm-1
1695
0.390 x 0.350 x 0.300 mm3
1.701 to 27.986°.
-22<=h<=22, -22<=k<=22,
-22<=l<=22
33357
1124 [R(int) = 0.0298]
100.0 %
Semi-empirical from equivalents
0.7457 and 0.6152
Full-matrix least-squares on F2
1124 / 177 / 94
1.266
R1 = 0.0543, wR2 = 0.1534
R1 = 0.0553, wR2 = 0.1569
n/a
1.022 and -1.010 e.Å-3
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SOD-

DFT-Zn(Im)2·xDMSO (SQUEEZE)
Table 4.4. Crystal data and structure refinement for DFT-Zn(Im)2xDMSO.
Empirical formula
Formula weight
Temperature
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 25.000°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

C9 H15 N4 O S Zn
292.68
100(2) K
Tetragonal
P42/mnm
19.1154(9)
19.1154(9)
16.1844(8)
90
90
90
5913.8(6)
16
1.315 Mg/m3
1.790 mm-1
2416
0.335 x 0.216 x 0.159 mm3
1.507 to 24.999°.
-22<=h<=22, -22<=k<=22,
-19<=l<=19
58816
2833 [R(int) = 0.0342]
100.0 %
Semi-empirical from equivalents
0.7457 and 0.5626
Full-matrix least-squares on F2
2833 / 190 / 166
1.136
R1 = 0.0648, wR2 = 0.1620
R1 = 0.0717, wR2 = 0.1649
n/a
0.930 and -0.789 e.Å-3
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Figure 4.30. Perspective view of DFT-Zn(Im)2xDMSO looking down the caxis. Colors: cyan – zinc, blue – nitrogen, grey – imidazolate carbons, red –
oxygen, pink – sulfur.
We were able to model one DMSO solvent molecule that occupied two different
positions within the asymmetric unit. Due to the high symmetry of the structure, P42/mnm, we
could not refine any of the other potential solvents/guests inside the framework. After modeling
the DMSO molecules that could be adequately modelled, the SQUEEZE subroutine of
PLATON219 was used to model the electron density associated with the highly disordered solvent
molecules, assumed to be DMSO. SQUEEZE estimates a total electron count of 784 e- within
2188 Å3 of solvent accessible space (37.0% of the crystal) per unit cell. Given that there are 16
formula units (i.e., Zn(Im)2 units) per unit cell, the estimated number of DMSO molecules (36 eper formula unit), including the already modeled DMSO, in the crystal structure was estimated to
be ~2.4 DMSO per formula unit. SQUEEZE was also performed on the same structure without
any modeled DMSO, giving a total electron count of 1195 e- within 3113 Å3 of solvent
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accessible space (52.6% of the crystal) per unit cell. The estimated number of DMSO molecules
was calculated to be ~2.1 DMSO molecules per formula unit.

Figure 4.31. Thermal elipsoid plot of the asymmetric unit of DFTZn(Im)2xDMSO at 30% probability. Hydrogen atoms are omitted for clarity.
Colors: cyan – zinc, blue – nitrogen, grey – imidazolate carbons, red – oxygen,
pink – sulfur.
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RHO-Zn(Im)2xDMSOyHMPA
Table 4.5. Crystal data and structure
Zn(Im)2xDMSOyHMPA (SQUEEZE).
Empirical formula
Formula weight
Temperature
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 25.000°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

refinement

for

C26.75 H0 N10 O1.92 P0.67 S1.25
Zn2
683.50
100(2) K
Cubic
Pm-3m
28.5606(11)
28.5606(11)
28.5606(11)
90
90
90
23297(3)
24
1.169 Mg/m3
1.362 mm-1
8060
0.300 x 0.300 x 0.203 mm3
1.235 to 24.992°.
-33<=h<=33, -33<=k<=33,
-33<=l<=33
251790
3974 [R(int) = 0.0690]
99.9 %
Semi-empirical from equivalents
0.7457 and 0.6151
Full-matrix least-squares on F2
3974 / 171 / 158
2.217
R1 = 0.1536, wR2 = 0.4408
R1 = 0.2072, wR2 = 0.5110
n/a
5.029 and -1.189 e.Å-3
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RHO-

RHO-Zn(Im)2xDMSOyHMPA (SQUEEZE)
Table 4.6. Crystal data and structure refinement for RHO-Zn(Im)2xsolvent
(SQUEEZE).
Empirical formula
Formula weight
Temperature
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 25.000°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

C12 H12 N8 Zn2
399.04
100(2) K
Cubic
Pm3m
28.5606(11)
28.5606(11)
28.5606(11)
90
90
90
23297(3)
24
0.683 Mg/m3
1.239 mm-1
4800
0.300 x 0.300 x 0.203 mm3
1.235 to 24.992°.
-33<=h<=33, -33<=k<=33,
-33<=l<=33
251790
3974 [R(int) = 0.0690]
99.9 %
Semi-empirical from equivalents
0.7457 and 0.6151
Full-matrix least-squares on F2
3974 / 102 / 108
1.958
R1 = 0.1051, wR2 = 0.4023
R1 = 0.1539, wR2 = 0.4677
n/a
2.057 and -0.832 e.Å-3
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Figure 4.32. Thermal elipsoid plot of the asymmetric unit of RHOZn(Im)2·xDMSO·yHMPA at 30% probability. Hydrogen atoms are omitted for
clarity. Colors: cyan – zinc, blue – nitrogen, grey – imidazolate carbons, red –
oxygen, pink – sulfur, purple – phosphorus.

Figure 4.33. Building scheme of RHO-Zn(Im)2xDMSOyHMPA depicted
along the edge of the unit cell. For clarity, the solvents are not shown. The mean
positions of disordered Im- ligands are shown. Colors: cyan – zinc, blue –
nitrogen, grey – imidazolate carbons.
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In the RHO-Zn(Im)2xDMSOyHMPA structure, we were only able to model the DMSO
that templates the four-ring pocket and the HMPA that resides on the planar 6-membered ring
(Figure 4.16). All the other residual solvent electron densities were not modeled due to the
framework’s high space group symmetry as well as the poor diffraction resolution.

After

modeling these two solvents, the SQUEEZE subroutine of PLATON219 was used to model the
electron density associated with the highly disordered solvent molecules, assumed to be DMSO
and HMPA. The SQUEEZE routine estimates a total electron count of 3922 e- within 11376 Å3
of solvent accessible space (48.8% of the crystal) per unit cell. The SQUEEZE subroutine was
also performed (twice) with none of the solvents modeled. After the first SQUEEZE run, residual
Q-peaks were still observed in the electron density map. We therefore attempted to perform
SQUEEZE on the “post-SQUEEZED” model, but there were still residual Q peaks observed.
The second SQUEEZE routine of the guest-free structure estimates a total electron count of 4609
e- within 15513 Å3 of solvent accessible space (66.6% of the crystal) per unit cell.
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nbr-Zn(Im)1.2(mIm)0.8xDMSOyHMPA
Table 4.7. Crystal data and
Zn(Im)1.2(mIm)0.8xDMSOyHMPA.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 25.000°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

structure

refinement

C14.88 H19.20 N8.40 O7 P0.13
S0.28 Zn2
571.55
100(2) K
1.54178 Å
Cubic
Im3m
47.762(2)
47.762(2)
47.762(2)
90
90
90
108956(14)
120
1.045 Mg/m3
2.139 mm-1
34769
0.187 x 0.187 x 0.178 mm3
1.308 to 67.489°.
-57<=h<=54, -56<=k<=57,
-57<=l<=54
238902
8985 [R(int) = 0.1246]
100.0 %
Semi-empirical from equivalents
0.7531 and 0.5897
Full-matrix least-squares on F2
8985 / 0 / 523
1.527
R1 = 0.1164, wR2 = 0.3447
R1 = 0.1608, wR2 = 0.3924
n/a
0.978 and -0.656 e.Å-3
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for

nbr-

Figure 4.34. Thermal elipsoid plot of the asymmetric unit of nbrZn(Im)2·xDMSO·yHMPA at 30% probability. Hydrogen atoms are omitted for
clarity. Colors: cyan – zinc, blue – nitrogen, grey – imidazolate carbons, red –
oxygen, pink – sulfur, purple – phosphorus.

Figure 4.35. Building scheme of the nbr net depicted a,b) along the edges of
the unit cell and b) within the center of the unit cell. Colors: cyan – zinc, blue
– nitrogen, grey – imidazolate carbons. In b) and c), each tetrahedra are linked
with a cyan rod to clealry show the cages and build of the framework.
In the nbr-Zn(Im)1.2(mIm)0.8xDMSOyHMPA structure, we were only able to model the
DMSO that templates the four-ring pocket and the HMPA that resides on the planar 6-membered
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ring (Figure 4.16). All the other residual solvent electron densities were not modeled due to the
framework’s high space group symmetry as well as the poor diffraction resolution.

After

modeling these two solvents, we attempted to use the SQUEEZE subroutine of PLATON219 to
model the electron density associated with the highly disordered solvent molecules, assumed to
be DMSO and HMPA. Unfortunately, due to the high crystal symmetry and disorder, there were
still residual electron Q peaks after the routine was performed. If peaks were greater than the
negative residual electron density (~0.6 Å), they were modeled as partial occupancy oxygen
atoms.
4.9. Sorption Analysis
RHO-Zn(Im)2xDMSOyHMPA
The vial containing RHO-Zn(Im)2·xsolvent was decanted and loaded with fresh acetone
(~5 mL). This process was performed daily for 5 days or until no residual solvent from the
reaction was present in the material (monitored via 1H NMR). The acetone-exchanged powder
(19.1 mg) was then filtered and evacuated at 100°C for 22 hours. It was important to note that
after the solvent exchange process, the crystallinity of the framework was lost (verified via
PXRD, Figure 4.11).
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nbr-Zn(Im)1.2(mIm)0.8 BET Plot and Pore Size Distribution

Figure 4.36. BET plot (top) and pore size distribution (bottom, using the
Saito-Foley Method) of nbr-Zn(Im)1.2(mIm)0.8.
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Chapter V. Part 1: On the Flexibility and Expansion of ZIF-4 (cag-Zn(Im)2), a 0D Porous
Zeolitic Imidazolate Framework
5.1. Introduction
Flexibility in Porous Coordination Polymers and MOFs
Flexible MOFs have been a topic of intrigue in recent years, being studied for their
relevance in areas such as separations, sensing, drug release, and catalysis.257,258 Flexible MOFs
have been classified by Kitagawa et al. as “soft porous crystals” because they meet the following
three criteria: 1) they exhibit porosity, 2) they are crystalline materials, and 3) they display
reversible transformations between different structural states.259 In principle, flexible MOFs can
be bi-stable, multi-stable, or exhibit a continuum of structures over a certain range of flexibility.
As a simple illustration, one example of a widely studied flexible MOF that meets the criteria
above is Cr-MIL-53 (MIL = Matériaux de l′Institut Lavoisier; formula: CrIII(µOH)(O2CC6H4CO2), Figure 5.1), first reported by Ferey and coworkers.260 The as-synthesized
(AS) material, Cr-MIL-53(AS), is a 3D open framework that contains neutral terephthalic acid
(TPA) within its pores. Heating Cr-MIL-53(AS) at 300ºC drives out the TPA and affords a
slightly expanded, empty framework, Cr-MIL-53(HT) (HT = high temperature). However, upon
cooling the guest-free MOF, a significant contraction of the framework was observed as the
material absorbs atmospheric water and a new structure, Cr-MIL-53(LT) (LT = low temperature,
CrIII(µ-OH)(O2CC6H4CO2)xH2O), was obtained. This process was observed to be reversible:
after heating the fully contracted phase, the previous high temperature open structure was
obtained. This type of “breathing effect” in a MOF, specifically in the MIL-53 series, has been
exploited for applications such as drug uptake and release.261 The same group was also able to
absorb ibuprofen inside Cr-MIL-53 and Fe-MIL-53 and demonstrated its slow release.
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Figure 5.1. Example of a MOF demonstrating flexibility. This breathable MOF,
known as Cr-MIL-53, demonstrates a reversible transformation between the
empty, fully, high temperature structure and the water occupied, fully contracted
structure while maintaining long range order and porosity.
Atypical S-shaped Isotherms (Type V Isotherms)
Flexible MOFs have often been targeted as materials for guest inclusion. One method of
probing the flexibility of a MOF is through its adsorption isotherm. The guest sorption isotherms
can be classified under the six classical isotherms described by Brunauer et al.6 and, officially,
the IUPAC (see Chapter I).4 Flexible microporous MOFs, however, are interesting in that their
isotherms commonly deviate from the typical Type I isotherm classification—monolayer
formation and micropore filling of open microporous structures. In Type I isotherms, the amount
of gas absorbed by the microporous MOF material increases asymtotically as the pressure
increases. As the pressure approaches the saturation pressure, the rate of change of the volume
absorbed versus pressure gradually decreases, leading to a plateau of the isotherm. Flexible
MOFs, on the other hand, have often been shown to exhibit “stepped” or “S-shaped” sorption
isotherms, which have been designated as Type V isotherms (Figure 5.2, Type V isotherm
depicted in green). At low pressure and low concentration of the sorbate gas, the MOF shows
little to no uptake of the adsorbate. At a given threshold pressure, however, a steep step is
observed. The step may be indicative of a pressure-induced change in the framework structure
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(e.g., expansion to accommodate the sorbate), or may be indicative of the sorbate simply
surmounting some threshold pressure barrier that may be attributed to ligand-induced dynamics
as opposed to a formal change in the average framework structure. This phenomenon is often
referred to as a “gate-opening” effect. When the phenomenon is associated with a structural
transformation of the microporous material, it indicates that the framework exhibits flexibility.

Figure 5.2. Comparison of a Type I sorption isotherm (red) and “S-shaped”
(Type V) sorption isotherm (green). Reprinted with permission from reference
262. Copyright (2018) American Chemical Society.
Owing to flexibility, the S-shaped isotherms of certain MOFs have shown promise in
enhanced storage and separation processes. For example, Long and coworkers used a series of
flexible MOFs, M(bdp) (M: Co2+ and Fe2+, bdp2- = 1,4-benzenedipyrazolate) to demonstrate the
high working storage capacity of the MOF for methane (CH4).263 The use of MOFs as sorbents
for effective methane storage and delivery is predicated upon the working or useable capacity of
the sorbent, which is calculated as the difference between the amount of CH4 absorbed at the
target loading pressure (Pads) (typically ~35-65 bar) and the amount that is still absorbed at the
lowest acceptable delivery pressure upon desorption (Pdes) (typically ~5.8 bar). With its S-shaped
isotherm, Long and coworkers were able to show that M(bdp) displayed a high working capacity
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for CH4 within this specific pressure window, thereby making it a promising sorbent material for
the storage/delivery of natural gas (Figure 5.2, green line). On the other hand, generally
speaking, microporous MOFs that exhibit a Type I isotherm will generally have a smaller usable
storage capacity over this pressure differential due to incomplete desorption of CH4 at the desired
low delivery pressure (Figure 5.2, red line). Long and coworkers then developed an isoreticular
series of this parent flexible MOF (Co(F-bdp), Co(p-F2-bdp), Co(o-F2-bdp), (Co(D4-bdp), and
C(p-Me2-bdp); see Figure 5.3 for ligands) and showed that substituents on the bdp2- ligand
(methyl or fluoro groups) can shift the CH4 adsorption isotherm to higher or lower pressures,
respectively.264

Figure 5.3. List of ligands explored by Long and coworkers to develop an
isoreticular series of flexible MOFs for CH4 storage/delivery.264
As another example, Kitagawa and coworkers have used a flexible, or “soft nanoporous,”
crystalline MOF (formula: [Cu(aip)(H2O)x(solvent)], aip: azidoisophthalate) to selectively
absorb carbon monoxide (CO) over N2.265 CO is a vital component in the production of polymer
fibers and plastics. Separation of CO from other gases, like N2, has been limited to processes that
exploit chemisorption. Through in situ X-ray powder diffraction, Kitagawa and workers
demonstrated the sorption of CO into the framework and coordination of CO to open Cu2+ metal
sites.265 Upon heating [Cu(aip)(H2O)x(solvent)] at 80°C to remove the guest solvent(s), the
solvent accessible volume of the MOF was reduced from 38% of the unit cell to 25%. In
addition, the two inherent channels of the desolvated Cu(aip) became narrower than the channels
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of the solvated [Cu(aip)(H2O)x(solvent)] (Figure 5.4). The narrower channel (S) was observed
to selectively sorb CO over N2 due to this transition. Other reports have also been published on
the potential applications of flexible MOFs.257,266,267

Figure 5.4. a) Single crystal structure of [Cu(aip)(H2O)x(solvent)] with
Connolly surfaces in yellow. Solvent molecules were omitted for clarity. b)
Connolly surfaces of the two inherent channels (L and S) in
[Cu(aip)(H2O)x(solvent)]. c) Single crystal structure of Cu(aip) with Connolly
surfaces in yellow. d) Connolly surfaces of the two inherent channels (L and S) in
Cu(aip). Reprinted with permission from reference 265. Copyright (2014) – The
American Association for the Advancement of Science.
5.2. Background on the Flexibility of Zeolitic Imidazolate Frameworks (ZIFs)
Due to their small, rigid imidazolate linkers, ZIFs are not widely regarded to be flexible
MOFs in comparison to other coordination polymers. Recently, however, there has been growing
interest in understanding the flexibility of ZIFs.256,268,269 The flexibility in certain ZIFs has been
observed to stem from the cooperated rotation of the (substituted) imidazolate linkers, especially
under an external stimulus. Howard and coworkers demonstrated the flexibility of a ZIF by
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pressurizing a dense zni-Zn(Im)2 phase with 2-propanol as a non-penetrating pressure medium in
a standard ETH (Eidgenössische Technische Hochschule) diamond anvil cell.136 Upon exposing
single crystals of this dense framework to high pressure (up to 0.8 GPa), a single-crystal-tosingle-crystal (SC®SC) phase transition was observed, transforming the material from the
original α-phase (zni-Zn(Im)2, tetragonal space group, I41cd) to the more dense, coi-Zn(Im)2
(tetragonal space group I41). They attributed this phase transition, or topological transformation,
to a “cooperated bond rearrangement process” in which bonds between the tetrahedral Zn2+
centers and certain imidazolate linkers undergo a “rearrangement” through a concerted
mechanism to generate coi-Zn(Im)2. This phenomenon, while uncommon, has also been
observed in the broader context of MOFs. Barbour and coworkers have shown that such
rearrangements are also possible in a carboxylate-based, interpenetrated MOF.270 MOFs having
interpenetrated frameworks are often exploited due to their flexibility for selective gas capture
and separation.271,272 By heating a doubly-interpenetrated framework, [Zn2(ndc)2(bpy)] (ndc =
naphthalene dicarboxylic acid, bpy = 4,4’-bipyridine) at 120ºC under dynamic vacuum, they
were able to show not only that the framework is flexible, but also a switch in the degree of
interpenetration (two-fold®three-fold) with a concomitant increase in density. Moreover, this
process also occurred in a single-crystal-to-single-crystal manner.
A popular network topology that has been studied in the context of flexibility in ZIFs
involves the SOD framework type. Moggach et al. conducted one of the first “gate-opening”
studies of a porous ZIF, SOD-ZIF-8 (ZIF-8 = SOD-Zn(mIm)2).273 Although the cavities of SODZIF-8 are large enough to accommodate large guest molecules (cavity diameter: ~11.6 Å), the
windows to each of these cavities are narrow (~3.4 Å), suggesting that there is a kinetic barrier to
ingress/egress of guests.92,274 By pressurizing single crystals of SOD-ZIF-8xMeOH (up to 1.47
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GPa) using a hydrostatic medium (a 4:1 mixture of methanol and ethanol), they observed a
greater amount of electron density219 associated with the hydrostatic medium inside the
“nanopore” (i.e., the sod cage), with sorption occurring in a single-crystal-to-single-crystal
(SC®SC) manner. They not only observed a change in unit cell volume (∆Vcell = + 74 Å3) upon
an initial increase in pressure, but were also able to observe a rotation of the methyl imidazolate
linkers in the framework as result of a phase transition at elevated pressure (1.47 GPa). More
recently, Long and coworkers262 and Redfern and coworkers275 (separately) reported on the
overall flexibility of another ZIF adopting the SOD net topology, SOD-Zn(bIm)2 (bIm =
benzimidazolate), also known as ZIF-7. Both reports detailed the pressure-induced, first-order
phase transformation of this material that correlates with its Type V, CO2 adsorption isotherms
collected at 298 K. These studies unequivocally show the flexible nature of ZIFs and their
potential applications as materials for storage.
5.3. The cag-Zn(Im)2 Network (ZIF-4)
Background and Properties of cag-Zn(Im)2
One ZIF that has been widely studied in the context of flexibility is cag-Zn(Im)2, also
known as ZIF-4.276 Unlike a majority of the ZIFs reported in the literature, which commonly
display known zeolite aluminosilicate topologies, the cag has not yet been observed in zeolites.
The cag network is found naturally, however, as the mineral variscite (formula: AlPO42H2O).
The cag topological net can be represented by the vertex symbol of 4.65 (i.e., one 4-ring and five
6-rings share the same tetrahedral node, or vertex). This net also can also be regarded as being
constructed from connected layers of a “4.8.8 sheet” (i.e., one 4-ring and two 8-rings ‘meet’ at
each tetrahedral node/vertex; see Figure 5.5.d and e).
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Figure 5.5. The cag net viewed along the a axis (a), b axis (b), and c axis (c).
The 4.8.8 sheet in cag-Zn(Im)20.5DMF as viewed along the c axis (d, layers are
outlined in blue) and a axis (e). The Im- ligands and DMF molecules are omitted
for clarity to show the network.
The cag-Zn(Im)2 framework has already been an extensively studied due to its
exceptional (mechanical) properties.256 Understanding these properties for porous materials, in
general, is important to fully exploit them for the mentioned applications. For example, cagZn(Im)2 has been widely studied in the context of amorphous MOFs.113,195,277-279 It can transform
to an amorphous phase at 300°C and then converts to the less porous, more dense zni network at
higher temperature. At about 600°C, this material can be melted and subsequently quenched to
form what are known as MOF Zn(Im)2 glasses.280,281 Although their long-range ordering is lost,
these materials still retain their connectivity and can be used, for example, in gas storage282 and
irreversible I2 sequestration.283
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The cag-Zn(Im)2 framework has also garnered interest due to its inherent
flexibility.195,276,284,285 Most ZIFs published to date have been classified “microporous” as a
direct result of the Type I isotherms they exhibit. However, in 2011, Cheetham and coworkers
reported the first low temperature/pressure N2 isotherm of cag-Zn(Im)2 (Figure 5.6).195 Unlike
most open-pore microporous ZIFs, cag-Zn(Im)2 does not display the typical Type I isotherm.
Instead, an “S-shaped” or “step-shaped” isotherm is observed, which closely resembles a Type V
isotherm. The low pressure, low temperature (77 K) cag-Zn(Im)2 N2 sorption isotherm revealed a
gate opening effect from a “closed,” less porous phase to a more “open,” porous framework.195
At ~35 kPa, a stepwise uptake of N2 is observed. Upon desorption of the N2 guest sorbate, a
significant hysteresis is observed. Moreover, some of the N2 sorbate remained confined in the
pores of the cag-Zn(Im)2 framework even at extremely low pressure (0 kPa), implying the
presence of a significant kinetic barrier to desorption. Observation of this type of isotherm
suggests that cag-Zn(Im)2 undergoes a structural transition upon absorption and desorption of the
guest sorbate. In addition, this is an example of the confinement of N2 in cag-Zn(Im)2 as
evidenced by the lack in overlay of the adsorption region and the desorption region of the
isotherm. Broadly speaking, this unusual phenomenon may be exploited in areas such as
separations and storage of small molecules and gases.
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Figure 5.6. The S-shaped, low temperature/pressure adsorption (dark
orange, closed circles) and desorption (light orange, open circles) plot
obtained of empty cag-Zn(Im)2 (N2, 77 K). Reprinted with permission from
reference 195. Copyright (2011) American Chemical Society.
Cheetham and coworkers further probed the flexibility of this network, showing through
neutron diffraction studies that cag-Zn(Im)2 exhibits what they deem to be “extreme
flexibility.”284 By analyzing microcrystalline/bulk, desolvated cag-Zn(Im)2 powder using
variable temperature synchrotron PXRD, they were able to observe a significantly less-porous,
more dense cag-Zn(Im)2 phase at 80 K. Under dynamic vacuum, eight diffraction measurements
were performed on desolvated cag-Zn(Im)2 at 30 K intervals from 298 K to 80 K. Moreover, in
this temperature range, they observed a 23% contraction from the empty, room temperature cagZn(Im)2 to the contracted cag-Zn(Im)2 phase simply by cooling the powdered sample of
desolvated cag-Zn(Im)2. Through differential scanning calorimetry (DSC), they determined that
the phase transition from the open/porous phase to the closed, denser phase is reversible.
However, very few single-crystal-to-single-crystal (SC®SC) experiments have been performed
in monitoring the flexibility of this net. Attempts to cool a fully desolvated single crystal of cagZn(Im)2 below 100 K were unsuccessful in observing the transition to the closed/dense cagZn(Im)2 phase, presumably due to N2 uptake stemming from the cryostream source.
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Recently, Cheetham and coworkers also demonstrated the flexibility of cag-M(Im)2 (M2+
= Zn2+ and Co2+) using mechanical pressure.285 In this report, they were the first to show an
“open-pore (op) to closed-pore (cp)” phase transition, or “breathing-transitions,” of a ZIF via
mechanical pressure. By using both high pressure, synchrotron powder X-ray diffraction (HPPXRD) and mercury intrusion measurements, they were able to show that this op-cp transition
resulted in a unit cell volume contraction of ~20% for both cag-M(Im)2 frameworks. By using
HP-PXRD, they were able to obtain a new cp phase at high pressure (~75 MPa). Although the
unit cell parameters matched closely with the low temperature, cp phase obtained earlier,284
additional Bragg reflections in the HP-PXRD pattern suggested a new, cp phase. They were able
to fit the PXRD pattern of this new, cp phase to a monoclinic unit cell (P21/c ; a = 14.235(12) Å,
b = 14.874(18) Å, c = 16.33(2) Å, b = 91.55(3)°, V = 3457(7) Å3). They also were able to obtain
the op phase by heating the cp phase under vacuum, showing that the process is reversible.
These studies are definitive evidence that cag-Zn(Im)2 is highly flexible.
Zero-dimensional (0D) Porosity of cag-Zn(Im)2
Most microporous ZIFs synthesized to-date exhibit large channels with relatively wide
pore apertures and as, a result, exhibit high surfaces areas and exceptional pore volumes. Due to
the open, porous nature of these materials, they typically absorb large amounts of the guest
sorbate(s), like CO2.75,119 Moreover, the kinetics of diffusion throughout the pore network of
these frameworks are typically fast, which may be relevant in scaled-up, industrial processes.
One caveat, however, in using these types of open-pore materials is the relatively poor separation
selectivity. Conversely, materials displaying discrete, non-interconnected cavities—often
referred to by us as zero-dimensional (0D) porous materials—may help solve problems with
regards to low separation selectivity. 0D porous solids are commonly thought to be “ineffective”3
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sorbents due to the external fluid lacking accessibility to the pores. Yet, previous research from
our group210-213 and others286,287 has shown that 0D pores are, indeed, generally accessible to
small molecules and gases. Unlike the relatively fast kinetics of diffusion for large open pore
materials, the kinetics of guest diffusion in and out of 0D porous materials can occur over a wide
range of timescales, from open-pore-like (fast) to closed-pore-like (slow) exchange rates. That is,
the barrier for guest diffusion is higher than that of open pore materials. Although 0D porous
materials tend to lack high internal surface areas and high pore volumes, the microcavities of
these materials have the likely benefit of being highly shape and size selective toward small
molecule guests, making them potentially important for separation and storage processes. For
example, the previously reported molecular solid, MeHSiMe2, is highly selective for C2 vs C3
hydrocarbons.210
A simple procedure commonly used to determine the internal pore volume of a porous,
crystalline solid—whose atomic coordinates are provided by SCXRD—is the computation
probing of the surface of the porous solid with a sphere of a defined probe radius (Figure 5.7).
The internal pore surface of a solid can be mapped in a few different ways. The van der Waals
surface (Figure 5.7, ‘1’ (green)) is formed by the outer portion of the van der Waals spheres of
the surface atoms. The Connolly surface (Figure 5.7, ‘2’ (black)), is defined as the surface that is
mapped by “rolling” a spherical probe with defined radius, r, along the van der Waals surface of
the solid. The space bounded by the Connolly surface typically depicts the volume that can be
occupied by a guest and is often called the “Solvent Accessible Volume (SAV).” Similarly, this
estimated “void volume” can be calculated using various software, including the “Contact
Surface” routine in Mercury® or the “CALC VOID” routine in PLATON.219 The term “Contact
Surface,” from the routine found in Mercury®, can be misleading since it is calculating
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(potential) solvent accessible void space in the crystal in addition to the Connolly-like surface.
We will hereafter refer to the space bound by the “Contact Surface” or Connolly surface as the
“Solvent Accessible Volume.” Finally, the r-distance surface (Figure 5.7, 2 (red)), is defined as
the surface that is mapped by the center of the spherical probe of defined radius, r. The rdistance surface is referred to as the “Solvent Accessible Surface” by Mercury®. To avoid
further confusion between “Solvent Accessible Volume” and “Solvent Accessible Surface,” we
will designate the “Solvent Accessible Surface” calculated by Mercury® as the “Probe
Accessible Volume.”

Figure 5.7. Schematic representation of the probing of the surface of a solid.
“1” corresponds to the van der Waals surface. “2” gives the “Solvent Accessible
Volume.” “3” gives the “Probe Accesible Volume.” The figure was used with
permission from reference 4, (IUPAC/De Gruyter, ã 2015).
Inspection of cag-Zn(Im)20.5DMF (100 K) obtained by us and others68,118 revealed the
solvated framework’s 0D porosity (Figure 5.8; porosity (e) = 0.29). After omitting the atomic
coordinates of the DMF molecules inside the framework, we used the “Voids…” function in
Mercury® to map out the void volume of the desolvated framework. A probe radius of 1.25 Å
and grid spacing of 0.25 Å were used to map out the void volumes of the framework (Figure 5.8,
columns 2 and 3). The probe radius and grid spacing were chosen to closely match the
calculations obtained from the “CALC VOID” routine of PLATON219 and will be further
discussed later in the Chapter. The contact surface diagram depicting the solvent accessible voids
of the framework (Figure 5.8, 2a and 2b) clearly shows the 0D porosity of cag-Zn(Im)20.5DMF,
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with eight discrete cavities being mapped inside the unit cell. More importantly, the solvent
accessible surface diagram (calculated by Mercury®) revealed that each solvent accessible void
is not connected with one another (i.e., the probe does not pass from one cavity to an adjacent
cavity, indicating a closed, 0D pore). This is key in determining if a crystalline, porous material
exhibits an ‘open’ pore or ‘closed’ pore structure. To quote Barbour, “the true test of [i.e., open]
conventional porosity…is whether or not the accessible surface is continuous.”288

Figure 5.8. The cag-Zn(Im)20.5DMF framework collected at 100 K viewed
along the a axis (a, top row) and c axis (b, bottom row). Columns 1, 2, and 3
depict the DMF-solvated structure, “Solvent Accesible Volume”, and “Probe
Accessible Volume” (generated by the “Voids…” function in Mercury® depicted
in yellow). Colors: cyan – zinc, blue – nitrogen, grey – carbon, red – oxygen,
yellow – voids.
5.4. Hypothesis
In the online Reticular Chemistry Resource (RCSR) database, O’Keeffe and coworkers
provide a prototypical cag framework in its highest possible space group symmetry, with
normalized (1 Å) TdTd distances.104 Unlike the cag-Zn(Im)20.5DMF framework, which
crystallizes in the orthorhombic space group Pbca,68,118 the “cag-RCSR” network can display
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higher crystallographic symmetry (Cmca). By using the coordinates provided by the database,
we were able to transform and estimate that, hypothetically, cag-Zn(Im)2 can expand
considerably as compared to the reported DMF solvate. Knowing that the Zn2+Zn2+ distance in
ZIFs is ~ 6.0 Å (as compared to the 1 Å TdTd distance for the cag structure in the RSCR
database), each unit cell axis of the “cag-RCSR” net was multiplied by 6.0, thus providing cell
dimensions of the hypothetically fully expanded cag-Zn(Im)2 structure. The unit cell volume of
the “cag-RCSR” net was also multiplied by 216 Å3 (i.e., 6 ´ 6 ´ 6) to generate the calculated unit
cell volume of the hypothetical fully expanded cag-Zn(Im)2 net. Finally, the TdTd linked nets
of both cag-Zn(Im)20.5DMF (with the DMF and imidazolate linkers omitted) and the
hypothetical cag-Zn(Im)2 were then overlaid on top of each other in order to ensure that their
respective axes are compared directly with one another. This “normalized” RCSR structure can
then be directly compared with the already reported with the already cag-Zn(Im)2xguest crystal
structures found in the Cambridge Structural Database (CSD). Thus, we hypothesize that the
cag-Zn(Im)2 framework—and, generally speaking, the cag net—is, indeed, far more flexible
(with DV up to +25%) than has been generally realized.
Table 5.1. Comparison of cag-Zn(Im)20.5DMF (100 K), the cag-RCSR
structure (TdTd = 1 Å), and the hypothesized cag-Zn(Im)2 (TdTd = 6.0 Å)
derived from the RCSR database, cag-Zn(Im)2 (RCSR).
cag-Zn(Im)2
cag-Zn(Im)20.5DMF cag-RCSR
∆ (%)
(RCSR)
a
15.6515 Å
2.8701 Å*
16.5948 Å
+6%
b
14.6784 Å
3.2727 Å*
17.2206 Å +17%
c
18.3920 Å
2.7658 Å*
19.6362 Å
+7%
V
4225 Å3
25.9791 Å3*
5612 Å3
+33%
* = 1 Å TdTd (node–node) distance, +6 Å TdTd distance.
To our knowledge, there have been little to no single-crystal-to-single-crystal (SC®SC)
experiments studying the flexibility of the cag-Zn(Im)2 framework. More importantly, to our
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knowledge, there have been no published single-crystal structure(s) showing fully empty cagZn(Im)2, or any structures of cag-Zn(Im)2 containing solvents other than DMF. Herein, we report
a comprehensive crystallographic study pertaining to the flexibility of cag-Zn(Im)2. By simply
allowing a wide variety of guests with different molecular volumes to exchange with the DMF
inside each of the pores inside the framework, we were able to experimentally explore the
flexibility of the cag-Zn(Im)2 framework via SCXRD in a SC®SC manner. In addition, unit
cells of microcrystalline/bulk cag-Zn(Im)20.5(solvent) solvates were also obtained. Through
these experiments, we demonstrate that the cag-Zn(Im)2 framework not only exhibits flexibility,
but also can be expanded. We also report the crystal structure of the truly empty cag-Zn(Im)2 as
well as the first crystal structure of a xenon clathrate of cag-Zn(Im)2, further illustrating the
framework’s 0D porosity.
Although Cheetham and coworkers have probed the flexibility of cag-Zn(Im)2,
particularly in determining the most contracted form of this specific Zn(Im)2 framework
topology, little insight has been provided with regards to the possibility of expanding cagZn(Im)2.284 According to the coordinates provided by the RCSR, accessing the “fully expanded,”
or at least more expanded, cag framework is a theoretical possibility. The percent change in unit
cell volume (%∆V), starting from fully contracted cag-Zn(Im)2 obtained by Cheetham and
coworkers to the fully expanded RSCR structure, is substantially high (%∆Vcell = 68%). There is
also an appreciable volume change when considering the percent volume expansion from the assynthesized, solvated cag-Zn(Im)20.5DMF (100 K) to the fully expanded RCSR structure
(%ΔVcell = 33%). Therefore, the cag-Zn(Im)2 framework is considerably more flexible than has
been previously recognized and that one may be able to access more expanded forms.
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5.5. Results and Discussion
Preparation of New cag-Zn(Im)2 Phases and Characterization
5.5.1.1. Initial Solvent Exchange Experiments
During earlier work** in attempting to separate MER-MeMeCH2@ZIF-10 from ZIF-4
(cag-Zn(Im)20.5DMF),121

we

exposed

a

sample

of

the

crude,

crystalline

MER-

MeMeCH2@ZIF-10 product containing also ZIF-4 (and other impurities) to chloroform (rCHCl3
= 1.49 g/cm3). We observed that MER-MeMeCH2@ZIF-10xDMF (rcalc = 1.58 g/cm3, assuming
x = 37 DMF molecules, which was calculated using SQUEEZE219) sank almost immediately
(i.e., within a few seconds) after being suspended in CHCl3 and attributed the sinking of the
framework to the DMF inside the MER material being rapidly exchanged with heavier CHCl3.
The estimated density of the newly solvated MER-MeMeCH2@ZIF-10xCHCl3 (assuming 37
CHCl3 molecules exchanged with 37 DMF molecules219) was calculated by the software XSeed220 to be 1.97 g/cm3, rationalizing the observation that MER-MeMeCH2@ZIF-10xCHCl3
sinks in CHCl3. We also observed that cag-Zn(Im)20.5DMF (rDMF@ZIF-4 = 1.48 g/cm3) floats on
CHCl3 initially, but then sinks as the DMF is much more slowly exchanged for CHCl3. Indeed,
after ~3 hours, a majority of presumably fully exchanged cag-Zn(Im)20.5CHCl3 (calculated rcagZn(Im)20.5CHCl3

= 1.63 g/cm3, assuming no change in unit cell volume), was observed to sink in

chloroform.

**

See Chapter II for full details.
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5.5.1.2. Single-Crystal-to-Single-Crystal (SC®SC) Solvent Exchange Experiments Using
Numerous Crystals of cag-Zn(Im)20.5DMF
In order to further study this solvent exchange process, a sample of numerous cagZn(Im)20.5DMF single crystals, which were prepared by reacting zinc nitrate tetrahydrate,
imidazole, and DMF in an oven at 120°C for 3 days, was suspended in neat CHCl3 at room
temperature. Remarkably, after sinking to the bottom of the flask, it was observed that the
majority of the single-crystals appeared to retain their transparency and single crystallinity.
Through SCXRD analysis on one of these crystals, the fully exchanged cag-Zn(Im)20.5CHCl3
(100 K) crystal structure was obtained. Although the unit cell dimensions and volume of cagZn(Im)20.5CHCl3 were slightly different from cag-Zn(Im)20.5DMF (100 K), it seemed clear
that it should be possible to replace the DMF with a variety of solvents. Moreover, given the
known flexibility of the cag-Zn(Im)2 framework, we expected that the unit cell parameters of
new cag-Zn(Im)2xsolvent phases will change depending on the size of the guest, allowing us to
experimentally probe the flexibility of the cag-Zn(Im)2 net.
5.5.1.3. One-Single-Crystal-to-One-Single-Crystal

(1SC®1SC)

Solvent

Exchange

Experiments Using cag-Zn(Im)20.5DMF
The initial solvent exchange experiment—hereafter the SC®SC experiment—exposed a
numerous batch of cag-Zn(Im)20.5DMF to CHCl3. Though it can be reasonably assumed that
the solvent exchange process in the experiment occurred in a single-crystal-to-single-crystal
(SC®SC) fashion, the individual crystals were not monitored. To fully establish that the
DMF®CHCl3 solvent exchange process occurs in a “one-single-crystal-to-one-single-crystal”
fashion (1SC®1SC), an individual single crystal of cag-Zn(Im)20.5DMF was added to a vial
containing CHCl3, the solvents were allowed to exchange, and the crystal was reanalyzed at 100
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K by SCXRD. Using CHCl3 as an exchange solvent, the crystals typically remained transparent
throughout the exchange process. Having established that solvent exchange can occur in a
1SC®1SC fashion, we then chose to perform SC®SC solvent-exchange experiments (i.e., using
batches of numerous large, single crystals of cag-Zn(Im)20.5DMF) rather than 1SC®1SC to
increase the probability of finding fully exchanged, single crystals with excellent diffraction
quality after the solvent-exchange process. However, a couple of 1SC®1SC experiments (using
acetone (Me2CO) and acetonitrile (ACN)) were also performed to unequivocally show that the
exchange does, indeed, occur in a single-crystal-to-single-crystal manner. What follows is a
discussion of the SC®SC solvent exchange experiments using a variety of solvents with
different solvent molecular volumes. In addition, the same solvent exchange process was
performed using microcrystalline/bulk cag-Zn(Im)2 to also demonstrate the framework’s
flexibility.
Results of SC®SC Solvent-Exchanges
In the manners described above, the single crystal structures (at 100 K) of 15 new
solvates of cag-Zn(Im)2 were obtained, namely: cag-Zn(Im)20.5DCM, cag-Zn(Im)20.5CE, cagZn(Im)20.5MeNO2, cag-Zn(Im)20.5ACN, cag-Zn(Im)20.5Me2CO, cag-Zn(Im)20.5CHCl3,
cag-Zn(Im)20.5MEK, cag-Zn(Im)20.5THF, cag-Zn(Im)20.5(3MePyr), cag-Zn(Im)20.5DEF,
cag-Zn(Im)20.5(3ClPyr), cag-Zn(Im)20.5AcP, cag-Zn(Im)20.5oxyl, cag-Zn(Im)20.5pxyl, and
cag-Zn(Im)20.5DMPU. Some solvent exchanges occurred in a 1SC®1SC fashion (i.e., cagZn(Im)20.5ACN, cag-Zn(Im)20.5Me2CO, and cag-Zn(Im)20.5CHCl3), whereas others (i.e.,
cag-Zn(Im)20.5DCM, cag-Zn(Im)20.5oxyl, and cag-Zn(Im)20.5pxyl) resulted in the fracturing
of the vast majority of crystals, while still allowing the retrieval of one crystal of sufficient
quality for SCXRD analysis. To verify that the cag topology was retained after the SC®SC
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exchange process, the program package ToposPro was used.289 In addition to these 15 crystal
structures collected at 100 K, there were four cag-Zn(Im)2 frameworks whose crystal structures
were collected at 298 K: empty cag-Zn(Im)2, cag-Zn(Im)20.5Me2CO, cag-Zn(Im)20.5DMF,
and cag-Zn(Im)20.50(3)Xe. Figures 5.9 and 5.10 show all the single crystal structures
mentioned.
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Figure 5.9. Single crystal structures (100 K) of cag-Zn(Im)20.5solvent
frameworks (guests are shown as spacefill models) in order of increasing unit
cell volume (unless otherwise specified). aframework coordinates obtained from
work done by Cheetham and workers.284 bframwork coordinates obtained from the
RCSR database.104 Colors: cyan – zinc, blue – nitrogen, grey –carbon, yellow –
chlorine.
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Figure 5.10. Single crystal structures of cag-Zn(Im)2 frameworks collected at
298 K. Guests are shown as spacefill models. Colors: cyan – zinc, blue – nitrogen,
grey – carbon, red – oxygen, navy blue – xenon.
Not all solvent exchange SC®SC experiments resulted in single crystals of cagZn(Im)20.5solvent at the end of the exchange process. Soaking single crystals of cagZn(Im)20.5DMF in several other solvents—ethanol (EtOH, VEtOH = 53 Å3), pyridine (Pyr, VPyr =
75 Å3), benzene (C6H6, VC6H6 = 81 Å3), N,N-dimethylacetamide (DMA, VDMA = 86 Å3), diethyl
ether (Et2O, VEt2O = 87 Å3), toluene (PhMe, VPhMe = 99 Å3), cyclohexane (Cyhx, VCyhx = 100 Å3),
methyl tert-butyl ether (MTBE, 104 Å3), s-tetrachloroethane (sTCE, VsTCE = 104 Å3), and mxylene (mxyl, Vmxyl = 116 Å3)—resulted in fracturing of essentially all of the single crystals into
microcrystalline powder while still permitting complete exchange (verified through 1H NMR
analysis) and maintenance of the cag topology (verified through PXRD).
There were a few experiments in which the single crystallinity of cag-Zn(Im)20.5solvent
was maintained, but the exchange between DMF and the guest solvent was either incomplete or
did not occur at all. When performing the exchange using DMSO as the guest solvent, SCXRD
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analysis revealed that each 0D pore is partially occupied by both DMSO and DMF (refined
occupancies of 0.11 and 0.39, respectively). Unfortunately, we were not able to characterize the
framework via 1H NMR to determine if the framework composition from SCXRD analysis—
cag-Zn(Im)20.11DMF0.39DMSO—is correct. In addition, two amide solvents with relatively
large solvent molecular volumes were not able to be successfully exchanged with DMF in a
SC®SC manner: 1,3-dimethyl-2-imidazolidinone (DMI, VDMI = 111 Å3) and 1,3-dimethyl3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU, VDMPU = 128 Å3).

In both cases, however,

single crystallinity of the framework was maintained, even after the exchange process. SCXRD
analysis revealed the same unit cell parameters of cag-Zn(Im)20.5DMF, indicating the no
exchange occurred, even after the three month soak period.
There were also a few experiments in which the exchange occurred SC®SC, but finding
suitable, diffraction quality single crystals was difficult. The single crystal quality tended to be
mediocre when DCM was used as the guest: a majority of the crystals observed under the
microscope (~80%) were cracked after the solvent exchange process. The fracturing of the large
crystals from the solvent exchange was also seen when exchanging the DMF with the three
separate xylene isomers. The extent of fracturing of the exchanged crystals increased
qualitatively in the following order: o-xylene < p-xylene <<< m-xylene. In fact, despite repeated
attempts, no suitable crystals for SCXRD could be obtained from the m-xylene exchange
experiment.
There were two newly solvated cag-Zn(Im)20.5solvent frameworks that were
synthetically obtained. Single crystals of cag-Zn(Im)20.5DEF were obtained by the reaction of
zinc acetate dihydrate, imidazole, and DEF using the liquid layering technique implemented by
Tian et al. (see Experimental Section).118 Although this technique has been previously reported
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to give two different Zn(Im)2

framework isomers118—nog-Zn(Im)2xDEF and zec-

Zn(Im)2xDEF—we were able to obtain a few single crystals of cag-Zn(Im)20.5DEF using the
same exact method. One plausible reason cag-Zn(Im)20.5DEF was obtained rather than the nogZn(Im)2xDEF or zec-Zn(Im)2xDEF frameworks was through unwanted cag-Zn(Im)2xsolvent
seed crystals around the area of preparation, thus promoting the formation of the cagZn(Im)20.5DEF framework. This may be a classic example of a “disappearing polymorph”290,291
or, in this case, disappearing polymorphs. The second framework, cag-Zn(Im)20.5DMPU, was
obtained through the solvothermal synthesis using imidazole, zinc acetate dihydrate, and DMPU,
which yielded single crystals of cag-Zn(Im)20.5DMPU. To our knowledge, DMPU, a bulky
amide solvent, has never been used as the reaction solvent and the structure directing agent to
synthesize ZIFs. The cag-Zn(Im)20.5DMPU studies deserve some attention. The PXRD patterns
of both the successfully exchanged microcrystalline/bulk cag-Zn(Im)2xDMPU and the
calculated PXRD pattern obtained from the single crystal structure of cag-Zn(Im)20.5DMPU
(100 K) matched closely with each other (Figure 5.11.b and d, respectively). However, the
PXRD pattern of the single crystals of cag-Zn(Im)20.5DMPU resulted in a completely different
PXRD pattern relative to the other two mentioned (Figure 5.11.b-d). The difference in peak
positions between the calculated PXRD pattern obtained from the crystal structure of
Zn(Im)20.5DMPU and the experimental PXRD pattern of the sample in which this single crystal
was picked from may indicate that the bulk sample contains a mixture of unidentifiable phases.
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Figure 5.11. a) experimental PXRD pattern (RT) of microcrystalline/bulk
cag-Zn(Im)20.5DMF. b) calculated PXRD pattern (100 K) of cagZn(Im)20.5DMPU. c) experimental PXRD pattern (RT) of cag-Zn(Im)2xDMPU
obtained using ground, single crystals. d) experimental PXRD pattern (RT) of
cag-Zn(Im)2xDMPU obtained from the microcrystalline/bulk exchange using
cag-Zn(Im)20.5DMF. The PXRD patterns of c) and d) could not be indexed.
Solvent exchange experiments using single crystals of the cag-Zn(Im)20.5DMF
framework with methanol (MeOH, VMeOH = 35 Å3) the guest resulted in loss of not only single
crystallinity, but also loss of the cag net topology. The PXRD pattern of the resulting
microcrystalline powder from MeOH revealed a network transformation of the cag net topology
to the denser, less porous zni net, zni-Zn(Im)2. The structural transformation from cag-Zn(Im)2
to zni-Zn(Im)2 has been previously reported simply by heating cag-Zn(Im)20.5DMF at
450°C.195
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Figure 5.12. Result of solvent exchange using MeOH as the guest solvent. a)
Experimental PXRD pattern of microcrystalline/bulk cag-Zn(Im)20.5DMF. b)
calculated room temperature PXRD pattern of zni-Zn(Im)2.136 c) experimental
PXRD pattern of the material obtained from soaking cag-Zn(Im)20.5DMF in
MeOH, affording zni-Zn(Im)2. The pattern was poorly indexed at room
temperature to a tetragonal unit cell, I41/acd, a,b = 23.71(6) Å, c = 12.56(3) Å, V
= 7062 Å3. The tick marks indicate all of the possible (hkl) peak positions for this
unit cell.
As mentioned earlier, when analyzing the microcrystalline powder obtained from the
SC®SC exchange with EtOH, the resulting PXRD pattern was reliably indexed to a unit cell that
matches the cag network; moreover, the 1H NMR spectrum showed full exchange of DMF with
EtOH. It is important to note that alcohols have been used for the activation of ZIFs. Activation
and sorption measurements typically involve a solvent-exchange step to remove any unreacted
starting materials and guest solvent(s) within the pores of the framework and, subsequently,
heating of the sample in vacuo prior to gas sorption studies. Two widely used solvents that have
been commonly used for the activation of ZIFs are methanol and ethanol. However, even though
certain ZIFs exhibit high chemical stability (i.e., SOD-ZIF-8 is stable in boiling methanol), it
also has been shown that certain ZIFs are susceptible to collapse/amorphization when trying to
exchange the guests inside the framework with these two alcohols. For example, early reports on
the activation of ZIFs called for the use of methanol68,75,292 and ethanol112 to replace any residual
reactants and reaction solvent inside the pores of the ZIFs; however, amorphization of ZIFs was
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observed when using methanol as the solvent.292 From these solvent exchange studies using
methanol and ethanol, it is plausible that other low boiling, more inert guest solvents—such as
acetone, chloroform, and acetonitrile—may be useful for exchanging the guests inside the
framework for activation and porosity studies. Matzger and coworkers have demonstrated that
low viscosity solvents (e.g., acetone, hexanes, and perfluorinated alkanes) can be advantageous
for the preservation of MOF structure upon solvent exchange and activation.293
Analogous to the structural transformation from the cag net topology to the zni net
topology when MeOH was the guest solvent, hexamethylphosphoramide (HMPA, VHMPA = 174
Å3) also induced a net topological transformation. When HMPA was used as the guest solvent,
the cag-Zn(Im)2 framework was found to be converted to a mixture of Zn(Im)2 phases, including
the RHO-Zn(Im)2 net (Figure 5.13.c). Coincidentally, both MeOH and HMPA exhibit the
smallest and largest molecular volumes, respectively, that were explored for each solvent
exchange.

Figure 5.13. a) experimental PXRD pattern of microcrystalline/bulk cagZn(Im)20.5DMF. b) experimental PXRD pattern of phase pure RHOZn(Im)2xsolvent (see Chapter IV). c) experimental PXRD pattern resulting from
cag-Zn(Im)20.5DMF in HMPA. This PXRD pattern was not indexed.
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Obtaining Empty cag-Zn(Im)2
Cheetham and coworkers previously reported attempts to obtain single crystals of empty
cag-Zn(Im)2 via SCXRD and, upon cooling the crystal, displayed the full contraction of the
framework. Using several crystals of cag-Zn(Im)20.5DMF, they exchanged the DMF inside the
cag-Zn(Im)2 framework with THF; however, they did not report the crystal structure for the
presumably fully exchanged THF solvate of cag-Zn(Im)2. They then heated the crystals at 50°C
in a vacuum oven to obtain “guest-free” cag-ZIF-4.284 However, they were not able to obtain the
fully contracted—and fully empty—structure when cooling the crystal below 100 K, presumably
due to the framework absorbing N2 gas stemming from the cryostream source for data collection.
We210,211 and others294 have used an environmental gas cell apparatus for in situ 1SC®1SC
SCXRD studies of evacuated, porous molecular solids and gas occupied inclusion compounds.
This custom-built apparatus (see Figure 5.39) is particularly useful for in situ gas sorption studies
on single crystals and modeling kinetics of absorption of porous materials.210,211
We chose to evacuate and empty Zn(Im)2xMe2CO (Me2CO = acetone) because the
solvent exchange process has been shown to occur in a SC®SC fashion with the large crystals
maintaining their single crystallinity, making them viable crystals for the process. In addition, the
acetone in Zn(Im)2xMe2CO can readily diffuse out of the crystal, even at room temperature, as
evidenced by the 1H NMR spectrum (Figure 5.14) and thermal gravimetric analysis (TGA) plot
(Figure 5.15) while maintaining its topological identity. We first performed the emptying process
on microcrystalline/bulk Zn(Im)2xMe2CO (Figure 5.16) to demonstrate that the framework can
be emptied, even at mild conditions. We were then able to empty single crystals of cagZn(Im)2xMe2O in a 1SC®1SC fashion. The same procedure was performed on a batch of cag-
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Zn(Im)2xMe2O single crystals. The single crystals of cag-Zn(Im)2xMe2O were placed in an
oven at 150°C for at least 4 hours.

Figure 5.14. 1H NMR of cag-Zn(Im)2xMe2CO (x = 0.3) obtained via solvent
exchange using microcrystalline/bulk cag-Zn(Im)20.5DMF. Approximately 10
mg of sample was dissolved in DCl/D2O (20 µL) and DMSO-d6 (0.8 mL). d 9.09
(s, 2H, HA), 7.64 (s, 2H, HB), 2.04 (s, 2H, Acetone peak).

Figure 5.15. TGA plot of bulk/microcrystalline crystalline cagZn(Im)2xMe2O (x = 0.4) depicting the loss of Me2CO (blue curve), and cagZn(Im)20.5DMF (black curve).
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Figure 5.16. a) Experimental (RT) PXRD pattern of microcrystalline/bulk
cag-Zn(Im)20.5DMF (see Table 5.3 for PXRD index information). b)
Experimental PXRD pattern of cag-Zn(Im)2xMe2CO. The pattern was indexed at
room temperature to an orthorhombic unit cell, Pbca, a = 14.56(2) Å, b =
15.80(2) Å, c = 18.39(3) Å, V = 4232 Å3. c) experimental PXRD pattern of
“empty” cag-Zn(Im)2. The pattern was indexed at to an orthorhombic unit cell,
Pbca, a = 15.50(3) Å, b = 15.55(3) Å, c = 18.22(3) Å, V = 4389 Å3. The tick
marks indicate all of the possible (hkl) peak positions for this unit cell.
Although a majority (~75-80%) of the crystals became opaque and cracked upon heating, there
remained a number of single crystals that were suitable for SCXRD. We found that the smaller,
single crystals best maintained their single crystallinity. One suitable single crystal of postheated cag-Zn(Im)2 was placed on the tip of a glass fiber with minimal amount of epoxy. The
glass fiber containing the crystal was carefully inserted into the environmental gas cell and
heated at 100°C for approximately 10 minutes. After heating, the cell was then evacuated for 30
minutes and the structure was determined at room temperature by SCXRD. The cell parameters
of this empty single crystal of cag-Zn(Im)2 closely matched those of the empty cag-Zn(Im)2
previously determined by PXRD and reported by Cheetham and coworkers.284
Obtaining cag-Zn(Im)2x(Xe)
Another important topic that our group has successfully studied is the enclathration and
confinement of xenon within porous materials.210,212,213 Presently, the current method of
obtaining xenon from air is through cryogenic distillation/separation, which is both an energy
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intensive process and cost-inefficient.295,296 However, there are few reports in the Cambridge
Structural Database (CSD, 2018) in which xenon gas is observed within the pores of
coordination polymer sorbents, none of which are ZIFs.297-300 Due to the 0D porous nature of
cag-Zn(Im)2, whose cavity volume can range from 25–201 Å3 (depending on the collection
temperature of the framework), it is conceivable that xenon (VXe = 42 Å3) can be confined and/or
selectively absorbed within the 0D pores of this framework.
When pressurizing the same single crystal of “empty” cag-Zn(Im)2 mentioned above with
xenon gas, the first single crystal structure of a Xe@ZIF clathrate was obtained. At 5 bar, xenon
was observed to occupy each cavity of the framework, cag-Zn(Im)20.5(3)Xe (occupancy and
e.s.d. were determined by averaging the occupancies obtained from the free refinement of the
xenon occupancies in the crystal structure and the electron density count calculated by the
SQUEEZE routine of PLATON218,219).

Figure 5.17. Structures of empty cag-Zn(Im)2 (left) and @cagZn(Im)20.50(3)Xe (right, modeled with only the major occupied positions)
obtained at room temperature. The xenon atoms inside each cavity are modeled
isotropically. Colors: cyan – zinc, blue – nitrogen, grey – carbon, navy blue –
xenon.
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Table 5.2 shows the single structures and their parameters of all cag-Zn(Im)20.5solvent
frameworks obtained by SCXRD analysis as well as the unit cell info for the microcrystalline
cag-Zn(Im)2xsolvent PXRD samples. In addition to the unit cell parameters of the cag-Zn(RIm)2
frameworks shown in Table 5.2, the table also contains a summary of other parameters that are
important for the structural analysis of all cag-Zn(RIm)2: the change in unit cell volume (∆Vcell)
relative to cag-Zn(Im)20.5DMF (100 K and 298 K) was calculated in order to compare the Vcell
of other cag-Zn(Im)20.5(solvent) solvates obtained at those specific temperatures; the volume of
the cavity (Vcav), which was calculated by the “CALC VOID” routine of PLATON;219 the change
in cavity volume (∆Vcav) relative to cag-Zn(Im)20.5DMF (100 K and 298 K); the packing
fraction of the cavity (PFcav = Vguest/Vcav), the packing fraction of the crystal (PF),219 the packing
fraction of the framework only (PF*),219 and the pore type. When considering the pore type,
there were a few single crystals of cag-Zn(Im)20.5solvent whose 0D porosity changed after the
solvent exchange process. This change in pore type/structure will be referred to as a 0D-to-nD
pore transition, where n indicates the dimensionality of the obtained “pore.” That is, 1D indicates
channels along one dimension, 2D indicates slit-shaped pores, and 3D indicates channels
permeating in all dimensions. In order to determine the presence of a 0D-to-nD pore transition
in the framework, the “CALC VOID” routine of PLATON was used on all the obtained crystal
structures (whose solvents were omitted) to obtain the “Number of Areas” using the default
probe radius and grid spacing of 1.2 Å and 0.2 Å, respectively. For example, if there were eight
“Number of Areas” in a crystal structure that were determined using the default probe radius and
grid spacing, this indicated that the framework contained eight 0D pores (8´0D). Likewise, if
there were two “Number of Areas” determined by PLATON, this may indicate that the
framework contained two 1D channels (2´1D) along an axis. Unfortunately, PLATON does not
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give an option to graphically display the solvent accessible space of a crystal structure to
determine the type of pore each framework possesses. We therefore used the “Probe Radius
Volume” (formerly the “Solvent Accessible Surface”) routine in Mercury® (CSD 2018) in order
to graphically depict and emulate the “Total Number of Areas” obtained by PLATON, with a
probe radius of 1.25 Å and grid spacing of 0.25 Å displaying the best results. With these
parameters, an analysis of the frameworks obtained by SCXRD will be discussed.
Moreover, Table 5.2 also gives other previously reported cag ZIFs for full comparison.
In addition to the low temperature (80 K) fully desolvated/contracted cag-Zn(Im)2 and the room
temperature, fully desolvated Zn(Im)2 structures provided by Cheetham and coworkers,284 we
include in Table 5.2 the following reported cag frameworks: cag-Zn(Im)1.75(mIm)0.25xDMF
(ZIF-62, 258 K; mIm = 2-methylimidazolate) reported by Yaghi and coworkers,75 cagZn(Im)1.5(2aBIm)0.5xDMF (93 K, 2aBIm = 2-aminobenzimidazolate) reported by Chen and
coworkers,114

and

cag-Zn(Im)1.5(5mBIm)0.50.5C6H6

(TIF-4,

methylbenzimidazolate) reported by Feng and coworkers.97
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Table 5.2. Summary of Structural Analysis Data for cag-Zn(RIm)2, Arranged
by Molecular Volume of Guest.
Vguest
(Å3)

Solvent
EmptyLTa,

Exch?
(Y/N/cht)

n/a

n/a
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n/a

EmptySC
MeOH
Xe(g)
MeCN
MeNO2
EtOH
DCM
CE
Me2CO
Me2CO
DMSO
CHCl3
THF
Pyr
DMF
DMF
DMFb,114
ZIF-62c,75
C6 H6
TIF-4d,97
MEK
DMA
Et2O
3ClPyr
PhMe
Cyhx
MTBE
sTCE
DMI
DEF
3MePyr
oxyl
pxyl
mxyl
AcP
DMPU
HMPA
RCSRe,104

n/a
35
42
49
52
53
56
58
67
67
71
72
74
75
76
76
76
76
81
81
84
86
87
90
99
100
104
104
111
112
113
116
116
116
122
128
174
n/a
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EmptyRT

SC®
SC?

T
(K)

a'
(Å)

b'
(Å)

c'
(Å)

Space
Group

Vcell
(Å3)

Δ Vcellk
(%,
100K)

Vcav
(Å3)

N

80

14.27

14.28

16.41

Pbca

3345

-21

8´25

n/a

N

298

15.50

15.52

18.06

Pbca

4344

-1.0

n/a
cht
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
n/a
n/a
n/a
n/a
Y
n/a
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
cht
n/a

Yf
N
Yf
Yf
Y
Ng
Y
Y
Yf
Y
Yh
Yf
Y
Ng
n/a
n/a
n/a
n/a
Ng
n/a
Y
Ng
Ng
Y
Ng
Ng
Ng
Ng
Ng
Ni
Y
Y
Y
Ng
Y
N
N
n/a

298

15.48

15.49

18.04

Pbca

4327

-1.4

298
100
100
298
100
100
100
298
298
100
100
298
100
298
93
258
298
150
100
298
298
100
298
298
298
298
298
100
100
100
100
298
100
100

15.43
14.16
13.76
15.38
13.17
13.59
14.32
14.59
14.54
15.57
15.26
15.46
15.65
15.40
15.50
15.66
16.20
15.62
14.60
15.92
NI
16.43
NI
15.76
16.05
15.71
NI
15.52
15.07
14.80
15.01
NI
14.42
15.26

15.58
15.61
15.59
15.50
15.36
15.38
15.84
15.81
16.28
14.63
15.20
15.56
14.68
15.44
15.36
15.66
16.09
16.32
14.82
15.28
NI
14.65
NI
15.87
15.95
15.74
NI
14.90
14.32
17.86
17.25
NI
17.07
17.26

17.98
18.13
18.63
17.75
19.22
19.01
18.28
18.45
18.26
18.29
18.28
18.35
18.39
18.46
18.13
18.21
19.15
18.12
19.33
19.68
NI
18.24
NI
18.62
18.12
18.74
NI
18.46
19.77
18.21
18.69
NI
18.00
18.46

Pbca
Pbca
Pbca
Pbca
Pbca
Pbca
Pbca
Pbca
Pbca
Pbca
Pbca
Pbca
Pbca
Pbca
Pbca
Pbca
Pbca
Pbca
P21caj
Pbca
NI
Pbca
NI
Pbca
Pbca
Pbca
NI
Pbca
Pbca
P21caj
P21caj
NI
Pbca
P21ca

4321
4006
3996
4233
3889
3973
4145
4253
4322
4167
4241
4414
4225
4389
4318
4466
4993
4622
4181
4859
NI
4388
NI
4658
4638
4633
NI
4269
4267
4813
4842
NI
4430
4861

-1.6
-6.0
-5.4
-3.6
-8.0
-6.0
-2.0
-3.1
-1.5
-1.0
-0.4
0.6
0
0
-1.6
1.8
13.8
5.3
1.0
10.7
3.9

n/a

16.60

17.22

19.63

Cmca

5612

Δ Vcav
PFcav
(%)

PF/PF*

Pore
Type

-84

n/a

0.64

8´178

13

n/a

0.51

8´0D

4´364

n/a

n/a

0.50

4´0Dl

8´172
8´129
8´131

-2
-17
-16

0.24
0.38
0.40

d.s./0.51
0.62/0.55
0.62/0.55

8´0D
8´0D
8´0D

8´122
8´131
8´144
8´168

-21
-16
-7
-10

0.46
0.44
0.47
0.60

0.67/0.57
0.66/0.56
0.64/0.53
d.s./0.52

8´0D
8´0D
8´0D
8´0D

8´155
8´151j

0
-3

0.46
0.55

0.65/0.53
d.s/0.52

8´0D
8´0D

8´155
8´186

n/a
n/a

0.49
0.48

0.65/0.52
d.s./0.50

8´0D
8´0D

8´157

1

0.63

d.s./0.53

8´0D

2´776

n/a

n/a

0.65/0.50

2´2Dl

1.0
1.0
13.9
14.6

8´168
4´360
2´1010
1´2024

8
n/a
n/a
n/a

0.67
n/a
n/a
n/a

d.s./0.52
0.68/0.52
0.63/0.46
0.63/0.46

8´0D
4´1Dl
2´2Dl
1´3Dl

4.8
15.0

8´201
2´1029

30
n/a

0.60
n/a

0.69/0.50
d.s./0.45

8´0D
2´1Dl

32.8

n/a

n/a

n/a

n/a

n/a

8´0D

a,

6.1
5.7
5.6

Y = yes. N = no. n/a = not applicable. cht = change in topology after exposure to solvent. NI = PXRD pattern could
not be reliably indexed. PFcav = packing fraction of the cavity. PF = packing fraction of the crystal. d.s. = disordered
ligand structure. PF values were not calculated. PF* = packing fraction of the framework only. aobtained by PXRD,
see ref. 284. bcag-Zn(Im)1.5(2aBIm)0.5xDMF (2aBIm = 2-aminobenzimidazolate), from ref. 114. ccagZn(Im)1.75(mIm)0.25xDMF (ZIF-62, mIm = 2-methylimidazolate), from ref. 75. dTIF-4: cagZn(Im)1.5(5mBIm)0.50.5C6H6 (5mBIm = 5-methylbenzimidazolate), from ref. 97. e hypothetical fully expanded cag
topology derived from the online RCSR database (ref. 104) using a ZnZn distance of 6 Å. f1SC®1SC. gsingle
crystals into microcrystalline powder. hpartial occupancy of DMF (occupancy: 0.11) and DMSO (occupancy: 0.39).
i
cag-Zn(Im)20.5DEF crystals grown from DEF. jdepicted in non-standard setting of space group Pca21 for direct
comparison. kΔV(%) crystals compared to DMF structure obtained at same temperature. lChange in pore structure
was
observed;
see
text.
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Figure 5.18. Correlation between low temperature (80 K–100K) unit cell
volume of cag-Zn(Im)20.5solvent and the solvent’s molecular volume. * = see
a
b
reference
284.
cag-Zn(Im)20.11DMF0.39DMSO.
cagZn(Im)1.5(2aBIm)0.5xDMF (93 K), from reference 114. cthis work. dcagZn(Im)1.5(5mBIm)0.50.5C6H6 (TIF-4, 150 K), from reference 97.
Microcrystalline/Bulk cag-Zn(Im)2
Analogous to the SC®SC experiments mentioned above, the flexibility of
microcrystalline/bulk cag-Zn(Im)20.5solvent was also monitored by exchanging the DMF inside
the framework with a guest solvent. cag-Zn(Im)20.5DMF powder was suspended in a given
solvent and the solvent exchange process was allowed to take place for up to three months. Of
the twenty-eight solvents explored, whose solvent molecular volumes range from 35 Å3 to 128
Å3, twenty-one of the solvents were successfully exchanged for DMF inside cag-Zn(Im)2
(monitored using 1H NMR, see Table 5.3 for summary of PXRD data obtained). In addition,
solvents that failed to exchange with DMF in a SC®SC fashion (i.e., ethanol, pyridine, benzene,
dimethylacetamide, toluene, cyclohexane, methyl tert-butyl ether, and s-tetrachloroethane)
successfully exchanged when using microcrystalline/bulk cag-Zn(Im)20.5DMF. Only four cagZn(Im)2 solvates failed to index using the program Jade: cag-Zn(Im)2xEt2O, cag-Zn(Im)2xDMI,
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cag-Zn(Im)2xpxyl, cag-Zn(Im)2xmxyl, and cag-Zn(Im)2xDMPU. However, 1H NMR analysis
showed no DMF in the spectra, indicating that the resulting framework is newly solvated (or,
likewise, DMF has been fully removed from the framework).
Table 5.3. Summary of Structural Analysis PXRD Data for cag-Zn(RIm)2,
Arranged by Molecular Volume of Guest.
Emptya,284
Empty a,284
MeOH
MeCN
MeNO2
EtOH
DCM
CE
Me2CO
DMSO
CHCl3
THF
Pyr
DMF
ZIF-62b,75
C6H6
MEK
DMA
Et2O
3Clpyr
PhMe
Cyhx
MTBE
sTCE
DMI
DEF
oxyl
pxyl
mxyl
ACP
DMPU
RCSRc,104

Vguest
(Å3)
n/a
n/a
35
49
52
53
56
58
67
71
72
74
75
76
76
81
84
86
87
90
99
100
104
104
111
112
116
116
116
122
128
n/a

Exch?
(Y/N/ch)
n/a
n/a
cht
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
n/a
n/a
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
n/a

T
(K)
80
298
298
298
298
298
298
298
298
298
298
298
298
298
258
298
298
298
298
298
298
298
298
298
298
298
298
298
298
298
298

a'
(Å)
14.27
15.48
23.71(6)
15.12(4)
14.65(1)
15.38(4)
15.46(4)
15.45(2)
14.56(2)
14.54(1)
15.52(1)
15.89(5)
15.46(1)
15.43(1)
15.66
16.20(2)
15.17(3)
15.92(3)
NI
16.20(6)
15.77(2)
15.76(2)
16.05(4)
15.71(2)
NI
15.48(4)
14.97(2)
NI
NI
14.55(1)
NI

b'
(Å)
14.28
15.49
23.71(6)
15.54(4)
15.78(1)
15.50(4)
15.39(3)
15.44(2)
15.80(2)
16.28(2)
15.60(2)
15.60(4)
15.56(1)
15.50(1)
15.66
16.09(2)
15.33(2)
15.28(3)
NI
15.40(6)
14.58(2)
15.87(2)
15.95(4)
15.74(2)
NI
15.34(3)
17.64(2)
NI
NI
17.00(1)
NI

c'
(Å)
16.41
18.04
12.56(3)
17.92(4)
18.44(2)
17.75(5)
17.95(1)
17.94(3)
18.39(3)
18.26(3)
18.24(1)
18.15(8)
18.35(2)
18.45(2)
18.21
19.15(2)
19.02(3)
19.68(3)
NI
18.23(5)
19.55(2)
18.62(2)
18.12(5)
18.74(3)
NI
19.00(5)
15.55(3)
NI
NI
18.12(2)
NI

n/a

16.60

17.22

19.63

Pbca
Pbca
I41/acd
Pbca
Pbca
Pbca
Pbca
Pbca
Pbca
Pbca
Pbca
Pbca
Pbca
Pbca
Pbca
Pbca
Pbca
Pbca
n/a
Pbca
Pbca
Pbca
Pbca
Pbca
n/a
Pbca
P21cad
n/a
n/a
Pbca
n/a

Vcell
(Å3)
3345
4327h
7062
4206
4263
4233
4270
4279
4232
4322
4415
4499
4414
4413
4466
4993
4423
4788
NI
4550
4492
4658
4638
4633
NI
4513
4890
NI
NI
4481
NI

Cmca

5612

Space Group

Y = yes. N = no. n/a = not applicable. cht = change in topology after guest exchange. NI = PXRD pattern was not
indexed to a reliable unit cell. aobtained by PXRD, see ref. 284. bcag-Zn(Im)1.75(mIm)0.25xDMF (ZIF-62, mIm- = 2methylimidazolate) from ref. 75. cfully expanded cag network obtained from the online RCSR database.104 dshown
in the non-standard setting of space group Pca21 to compare unit cell dimensions with structures crystallizing with
the Pbca space group.

It is important to point out the reliability of the unit cell parameters obtained from the
successfully indexed PXRD patterns collected at room temperature. To show the reliability of the
PXRD patterns that were indexed, we overlaid the unit cell parameters obtained from SCXRD
analysis of both cag-Zn(Im)20.5DMF and cag-Zn(Im)20.5Me2CO at room temperature and the
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unit cell parameters using microcrystalline/bulk cag-Zn(Im)2 (Figure 5.22). Indeed, the
parameters overlay with each other with little to no deviation, suggesting that the parameters
obtained from the indexed PXRD patterns are credible. Moreover, the unit cell parameters of
empty cag-Zn(Im)2 experimentally obtained using SCXRD matched that of the previously
reported empty cag-Zn(Im)2 obtained by PXRD.284 We therefore have confidence in the unit cell
parameters of these successfully indexed PXRD patterns collected at room temperature.
Analogous to the successfully SC®SC solvent exchanges, it is clear that the cagZn(Im)2xsolvent framework exhibits a continuum of structures with unique unit cell parameters
(Table 5.3 and Figure 5.22). Of all the solvated frameworks, cag-Zn(Im)20.5ACN displayed the
smallest Vcell and, as a result, the largest contraction (%DVcell = -5%). This was expected as a
result of ACN possessing the smallest solvent molecular volume (VACN = 49 Å3) relative to all
the other successfully exchanged solvents. cag-Zn(Im)2xC6H6 (C6H6 = benzene, VC6H6 = 81 Å3),
surprisingly, exhibited that largest Vcell expansion (%DVcell = 13%), which is counterintuitive to
what has been shown between the correlation of solvent molecular volume and unit cell volume.
Nonetheless, the overall correlation between Vcell and Vguest is still observed. In addition, this
continual flexibility motif is also observed by the subtle shifts for a number of (hkl) peak
positions in each indexed PXRD pattern (see Figures 5.19 and 5.20). For example, the second
peak present in each PXRD pattern, which corresponds to the (0 0 2) peak position, is shown to
move for a number of different solvated frameworks. These subtle shifts of this peak position
found in each PXRD pattern indicate expansion or contraction along the c axis of the framework,
further providing evidence of the flexibility of the cag net.
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Figure 5.19. Successfully indexed room temperature PXRD patterns of
microcrystalline/bulk cag-Zn(Im)2xsolvent; the solvents listed have
calculated molecular volumes301 less than that of DMF (see Table 5.3 for
Vguest).
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Figure 5.20. Successfully indexed room temperature PXRD patterns of
microcrystalline/bulk cag-Zn(Im)2xsolvent; the solvents listed have
calculated molecular volumes301 greater than that of DMF (see Table 5.3 for
Vguest).
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5.6. Structural Analysis
As shown in both Figures 5.21 and 5.22, cag-Zn(Im)2 displayed a continuum of structures
over a certain range of flexibility as evidenced by the obtained SCXRD data of each solvated
framework, unlike the MIL-53 series mentioned earlier in the Chapter, whose framework
flexibility can be described as “bi-stable.” In comparing the cag-Zn(Im)20.5(solvent) single
crystal structures (100 K), there was an appreciable correlation between the unit cell volume
(Vcell) of the solvated framework and the (calculated) molecular volume301 of the exchanged
guest (Figure 5.18). That is, larger (smaller) guests, relative to DMF (VDMF = 76 Å3), resulted in
larger (smaller) Vcell of the new solvated cag-Zn(Im)20.5(solvent) phases.

Figure 5.21. Unit cell parameters of cag-Zn(Im)20.5solvent frameworks at
100 K (unless otherwise specified) obtained by SCXRD. * = see reference 284.
a
cag-Zn(Im)20.11DMF0.39DMSO. bcag-Zn(Im)1.5(2aBIm)0.5xDMF (93 K),
from reference 114. ccag-Zn(Im)1.5(5mBIm)0.50.5C6H6 (TIF-4, 150 K), from
reference 97. The desginated red boxes indicate that the crystals fractured after
the solvent-exchange process; no single crystals could be analyzed.
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Figure 5.22. Cumulative unit cell data of cag-Zn(Im)2(xsolvent) acquired by
PXRD at room temperature (unless otherwise specified). * = see reference
284. ** = SCXRD analysis under vaccum or 20 bar of Xe using the
environmental gas cell. acag-ZIF-62 (258 K), from reference 75. Triangles =
PXRD data. Circles = SCXRD data. The solvents outlined in yellow boxes
indicate the sample for which the bulk PXRD pattern could not be reliably
indexed. Cell volumes designated as ‘´,’ with a blue background, are from
SCXRD data. All patterns were indexed using Jade 5.0.
Of the fifteen successful, newly solvated cag-Zn(Im)2 single crystals collected at 100 K,
cag-Zn(Im)20.5DCM (DCM = dichloromethane, VDCM = 56 Å3) showed the most contraction
relative to cag-Zn(Im)20.5DMF, with a change in unit cell volume (DVcell) = 336 Å3 (or an 8%
contraction). In addition, cag-Zn(Im)20.5DMPU exhibited the largest expansion in unit cell
volume (Vcell = 4861 Å3) relative to all reported cag-based ZIFs known to date. Relative to the
as-synthesized cag-Zn(Im)20.5DMF, the DVcell was calculated to be 636 Å3, or a 15.0%
expansion. Previously, the most expanded ZIF with the cag net topology, cagZn(Im)1.5(5mBIm)0.50.5C6H6, was reported to have Vcell = 4622 Å3. We therefore have expanded
the cag-ZIF net by +5.2% relative to cag-Zn(Im)1.5(5mBIm)0.50.5C6H6. There were three cagZn(Im)20.5solvent frameworks whose unit cell parameters (i.e., either the a, b, or c axis of the
framework) surpassed that of the theoretical, fully expanded “cag-RCSR” network: cag198

Zn(Im)20.5DCM (DCM = dichloromethane, VDCM = 56 Å3), Zn(Im)20.5oxyl (oxyl = o-xylene,
Voxyl = 116 Å3), and Zn(Im)20.5(3MePyr) (3MePyr = 3-methylpyridine, V3MePyr = 113 Å3).
Furthermore, several cag-Zn(Im)2 structures appeared to experience a change in their pore
structure in comparison to the as-synthesized, 0D cag-Zn(Im)20.5DMF framework: cagZn(Im)20.5(3ClPyr), cag-Zn(Im)20.5(3MePyr), cag-Zn(Im)20.5oxyl, and cag-Zn(Im)20.5pxyl
(pxyl = p-xylene, Vpxyl = 116 Å3). Analysis of each selected framework will be discussed below.
Selected Structures, Structure Types, and Pore Analysis
5.6.1.1. cag-Zn(Im)20.5DCM
Surprisingly, cag-Zn(Im)20.5DCM displayed the largest contraction relative to all other
successful SC®SC solvent exchange experiments (%DVcell = -8%), which is counterintuitive to
the overall trend between Vguest and Vcell. Both acetonitrile (ACN, VACN = 49 Å3) and
nitromethane (MeNO2, VMeNO2 = 53 Å3) have molecular volumes slightly smaller than that of
DCM; however, the Vcell of both cag-Zn(Im)20.5ACN (Vcell = 4006 Å3) and cag-Zn(Im)20.5
MeNO2 (Vcell = 3996 Å3) appear to be slightly larger than that of cag-Zn(Im)20.5DCM. The
crystal structure for cag-Zn(Im)20.5DCM also reveals that it is a 0D porous clathrate (Figure
5.23).
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Figure 5.23. The cag-Zn(Im)20.5DCM framework viewed along the a axis (a,
top row) and c axis (b, bottom row). Columns 1, 2, and 3 depict the DCMsolvated structure, “Solvent Accessible Volume”, and the “Probe Accessible
Volume” (generated by the “Voids…” function in Mercury® depicted in yellow).
Colors: cyan – zinc, blue – nitrogen, grey –carbon, green – chlorine.
5.6.1.2. cag-Zn(Im)20.5(3ClPyr)
cag-Zn(Im)20.5(3ClPyr) displays the largest expansion along the a axis among all
solvated structures in this study (Figure 5.21). This new solvate of cag-Zn(Im)2 undergoes a 0Dto-2D pore transition, forming two-two dimensional pores (2´2D) throughout the crystal lattice.
It was also interesting to note the presence of solvent accessible void space even after the
framework is fully equilibrated with 3-chloropyridine. The “CALC VOID” routine of PLATON
calculated 224 Å3 of empty void space (i.e., 8´56 Å3; 5% of the unit cell) in the solvated cagZn(Im)20.5(3ClPyr) structure.
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Figure 5.24. The cag-Zn(Im)20.5(3ClPyr) framework viewed along the a axis
(a, top row) and c axis (b, bottom row). Columns 1, 2, and 3 depict the 3ClPyrsolvated structure, “Solvent Accessible Volume”, and the “Probe Accessible
Volume” (generated by the “Voids…” function in Mercury® depicted in yellow).
Colors: cyan – zinc, blue – nitrogen, grey –carbon, green – chlorine.
5.6.1.3. cag-Zn(Im)20.5(3MePyr)
The cag-Zn(Im)20.5(3MePyr) solvate exhibits the largest expansion along the c axis in
comparison to all the other obtained solvated structures (Figure 5.25). Moreover, it slightly
surpasses the calculated c axis of the normalized cag-Zn(Im)2 calculated from the RCSR
database. This solvate undergoes a 0D-to1D pore transition and exhibits four-one-dimensional
cylindrical-type channels (4´1D) that permeate along the b axis. The “CALC VOID” routine of
PLATON revealed a total potential solvent accessible void volume of 65 Å3, or 2% of the unit
cell.
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Figure 5.25. The cag-Zn(Im)20.5(3MePyr) viewed along the a axis (a, top
row) and c axis (b, bottom row). Columns 1, 2, and 3 depict the 3MePyrsolvated structure, “Solvent Accessible Volume”, and the “Probe Accessible
Volume” (generated by the “Voids…” function in Mercury® depicted in yellow).
Colors: cyan – zinc, blue – nitrogen, grey – carbon.
5.6.1.4. cag-Zn(Im)20.5oxyl and cag-Zn(Im)20.5pxyl
Both the cag-Zn(Im)20.5oxyl and cag-Zn(Im)20.5pxyl structures revealed a 0D-to-1D
pore transition post solvent exchange (Figures 5.26 and

5.27). The cag-Zn(Im)20.5oxyl

structure exhibits two-one dimensional helical-type channels (2´1D) that permeate along the c
axis (or, if considering the non-standard space group setting of P21ca, along the a axis). In
addition, the “CALC VOID” routine of PLATON calculated a total potential void volume of 197
Å3, or 4% of the unit cell, indicating the presence of empty space even after the structure has
been fully equilibrated with o-xylene. However, the crystal structure of cag-Zn(Im)20.5pxyl
revealed a 0D-to-1D pore transition, making it the only solvated structure to have interconnected
cavities that permeate in three dimensions. It also contains solvent accessible voids post solvent
exchange, with a total of 230 Å3 of void space, or 5% of the unit cell.
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Figure 5.26. The cag-Zn(Im)20.5oxyl framework, in the non-standard setting
P21ca, viewed along the a axis (a, top row) and c axis (b, bottom row).
Columns 1, 2, and 3 depict the o-xyl-solvated structure, “Solvent Accessible
Volume”, and the “Probe Accessible Volume” (generated by the “Voids…”
function in Mercury®). Colors: cyan – zinc, blue – nitrogen, grey – carbon.

Figure 5.27. The cag-Zn(Im)20.5pxyl framework, in the non-standard setting
P21ca, viewed along the a axis (a, top row) and c axis (b, bottom row).
Columns 1, 2, and 3 depict the p-xyl-solvated structure, “Solvent Accessible
Volume”, and the “Probe Accessible Volume” (generated by the “Voids…”
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function in Mercury® depicted in yellow). Colors: cyan – zinc, blue – nitrogen,
grey – carbon.
It may be plausible that 0D-to-nD pore-to-channel transitions may dictate the degree to
which the crystals fracture and the overall success of the guest exchange. The crystal quality of
the cag-Zn(Im)20.5pxyl crystals, which exhibits channels that permeate in all dimensions
throughout the crystal lattice, was mediocre in comparison to the cag-Zn(Im)20.5oxyl crystals,
which contains only two, 1-D channels along one axis. It is conceivable that this three
dimensional “swelling” found in the cag-Zn(Im)20.5pxyl framework—as a result of the 0D-to3D pore-to-channel transition—leads to more stress fractures in these crystals in comparison to
the solvent-exchanged cag-Zn(Im)20.5oxyl crystals. Moreover, the underlying solvent
accessible volumes found in both solvated cag-Zn(Im)20.5oxyl (197 Å3, 4% of the unit cell
volume) and cag-Zn(Im)20.5pxyl (230 Å3, 5% of the unit cell volume) as described in the
previous section may influence the mechanical properties of the framework,256 leading to the
fracturing of the crystals.
5.6.1.5. cag-Zn(Im)20.5DMPU
The obtained crystal structure revealed a unit cell volume (100 K) of 4861.0 A3, making
it the most expanded cag-Zn(Im)2 solvate that has been synthesized to date. To our knowledge,
this bulky amide solvent (VDMPU = 128 Å3) is the largest guest that has been observed inside a
ZIF with the cag topology. In addition, this expanded framework a 0D-to-1D pore transition and
contains one-dimensional channels that extend along the c axis (or, if considering the nonstandard space group setting of P21ca for direct comparison to cag-Zn(Im)20.5DMF along the a
axis).
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Figure 5.28. The cag-Zn(Im)20.5DMPU framework, in the standard setting
Pca21, viewed along the c axis (a, top row) and a axis (b, bottom row).
Columns 1, 2, and 3 depict the p-xyl-solvated structure, “Solvent Accessible
Volume”, and the “Probe Accessible Volume” (generated by the “Voids” function
in Mercury® depicted in yellow). Colors: cyan – zinc, blue – nitrogen, grey –
carbon, red – oxygen.
In addition, the data quality was poor, leading to a difficult structural refinement of this
solvated framework in comparison to most of the other solvated structures collected via SCXRD.
For example, there were two Zn2+ atoms that were only modeled as zinc positions and occupied
the same site with the actual tetrahedral Zn2+ atoms of the framework. In addition, a DMPU
molecule was observed to be disordered at the same crystallographic site. Although the difficulty
in the refinement of this structure resulted from the low data quality (diffraction of the crystal
was observed out to the 1.2 Å shell) and overall disorder of the framework, it may also indicate
that the framework does, indeed, exhibit flexibility.
5.6.1.6. Structural Analysis of Empty cag-Zn(Im)2
Refinement of the structure revealed disorder of all the imidazolates in the asymmetric
unit. The SQUEEZE routine from PLATON219 was used to fully determine that the framework
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was void of any guest(s) (i.e., little to no residual electron density was present within the
framework’s pores). The routine calculated a total of 45 electrons per unit cell, or ~5.6 electrons
per cavity (less than one carbon atom), indicating that the framework was empty; the residual
electron density may be attributed to the epoxy resin used to adhere the crystal onto the glass
fiber. Unfortunately, we were not able to collect the data at cryogenic temperatures (100 K) due
to ice buildup around the capillary of the apparatus, which would interfere with the data
collection of the crystal. This, however, is the first single crystal structure of the empty
framework host obtained via SCXRD. Figure 5.29 shows a comparison between cag-Zn(Im)20.5
DMF (RT) and empty cag-Zn(Im)2 (RT).

Figure 5.29. Unit cell comparison of cag-Zn(Im)20.5DMF (RT, blue) and cagZn(Im)2 (RT, red) viewed along the a axis (a), b axis (b) and c axis (c). For
clarity, the atomic positions of disordered imidazolates were averaged.
5.6.1.7. Structural Analysis of cag-Zn(Im)20.50(3)Xe
The cag-Zn(Im)20.50(3)Xe crystal structure was found to enclathrate xenon; however,
the imidazolates were refined to be disordered. In addition, although the occupancy of xenon
(both from the refinement and the electron density calculated by SQUEEZE), indicated nearly
100% occupancy of xenon in each cavity, there were multiple positions of xenon that were
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refined, indicating that the xenon is dynamically disordered within the cavity. The cavity is
clearly too large to confine and order the xenon atoms as indicated by the low packing fraction of
the cavity (PFcav,ZIF-4@Xe = 0.24). Typically, confinement of gases, such as xenon, correlates to a
higher packing fraction as demonstrated in our group by Joseph et al.212,213 Although the
microcavities of cag-Zn(Im)2 are not suitable for the “extreme confinement” of xenon in
comparison to other 0D porous materials, this was the first time in which xenon was absorbed
inside a Zn(Im)2 framework (or ZIF) in a 1SC®1SC manner.
5.6.1.8. 1SC®1SC Flexibility Studies of cag-Zn(Im)2 Suspended in Acetonitrile
We attempted to monitor the guest exchange process of one single crystal (1SC®1SC)
starting with cag-Zn(Im)20.5DMF. Acetonitrile (ACN), was one of the smallest guests
successfully exchanged for DMF and afforded suitable crystals for SCXRD analysis. Moreover,
there is an appreciable change in unit cell volume (∆Vcell,DMFàACN = 6%) from the starting cagZn(Im)20.5DMF single crystal to the fully equilibrated cag-Zn(Im)20.5ACN solvate. A single
crystal of cag-Zn(Im)20.5DMF was indexed at 100 K and then submerged in ACN for a period
of time. The crystal was then retrieved and analyzed via SCXRD at 100 K. The same crystal was
then returned to the solvent for another period of time and the analysis was repeated (Figure
5.30).

207

Figure 5.30. One-single-crystal-to-one-single-crystal solvent exchange studies
with a single-crystal of cag-Zn(Im)20.5DMF in acetonitrile (ACN).
The SCXRD diffraction images, especially those collected after the first hour of soaking
the crystal, showed multiple adjacent intensities (Figure 5.31.a). This may indicate that the
framework is undergoing some sort of structural transformation as a direct consequence of the
solvent exchange process, with the pores of the framework partially occupied with DMF and/or
ACN. Although we were not able to monitor the solvent exchange process to completion (i.e.,
full equilibration of ACN in cag-Zn(Im)2), the unit cell parameters of the crystal, plotted as a
function of its cumulative time in ACN (up to eight hours), are given in Figure 5.30. It is evident
that the unit cell volume of the crystal decreases continuously as a function of soaking time. An
intriguing and counterintuitive phenomena appears to occur, however, after the first hour of the
crystal being submerged in ACN: the unit cell volume of the resulting (presumably) partially
exchanged crystal slightly increases in comparison to the starting unit cell volume of cagZn(Im)20.5DMF. This subtle change in unit cell volume may indicate that the framework
undergoes a structural expansion to facilitate the exchange process. More studies are needed to
determine the diffusion mechanism of the guest inside the pores of the framework.
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Figure 5.31. a) Example of a SCXRD frame (Project #B15288) collected after
one single crystal of cag-Zn(Im)20.5DMF was soaked in ACN for one hour. bd) unit cell of cag-Zn(Im)2xsolvent viewed down the a axis (b), b axis (c), and c
axis (d). Color scheme: Black – cag-Zn(Im)20.5DMF, Red – cagZn(Im)2xsolvent structure after 1 hour in ACN, orange – cag-Zn(Im)2xsolvent
structure after 2 hours in ACN, yellow – cag-Zn(Im)2xsolvent structure after 3
hours in ACN, green – cag-Zn(Im)2xsolvent structure after 4 hours in ACN, blue
– cag-Zn(Im)2xsolvent structure after 6 hours in ACN, indigo – cagZn(Im)2xsolvent structure after 8 hours in ACN, violet indigo – cagZn(Im)2xsolvent structure after 59 hours in ACN, magenta – cagZn(Im)20.5ACN.
5.7. Selectivity Experiments
We briefly explored the equilibrium selectivity (room temperature) of the cag-Zn(Im)2
framework for different solvent guests. It has been previously shown that the inherent flexibility
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stemming from the cag-Zn(Im)2 framework may be utilized for important separation processes.
For example, the host framework has a higher selectivity for paraffin molecules in a
paraffin/olefin mixture.302 It is plausible that this 0D porous framework may be selective toward
other guests as well. To consider the selectivity of a material, the host material must show
preference of one guest over the other guests(s). Microcrystalline/bulk cag-Zn(Im)20.5DMF (or
cag-Zn(Im)20.5solvent) was suspended in a mixture of liquid guests of known fractional
composition. The framework would then show preference of one guest over the other once
equilibrated. Likewise, the filtrate solution would be enriched with the other guest (i.e., the less
selective guest). Pairwise competition experiments, in which the host material is suspended in a
known, binary mixture of guests A and B, are often used to determine the inclusion selectivity of
a guest. The preference in selectivity of a host for guest A in comparison to guest B from the
binary mixture is described by a selectivity coefficient (KA:B, Equation 1),
𝐾7:9 = (𝐾9:7 ):; =

𝑌7 𝑋9
×
(𝑋 + 𝑋9 = 1)
𝑌9 𝑋7 7

(4)

where XA and XB are the mole fractions of the two competing guests in the original, binary
solution and YA and YB are the mole fractions of the two competing guests included inside the
material.
A number of competition experiments using a series of 1:1 DMF:guest (guest =
acetonitrile (ACN), nitromethane (CH3NO2), chloroform (CHCl3), and acetophenone (AcP))
mixtures were performed. These solvents were primarily chosen due to their wide range in
molecular volumes (49 Å3 to 122 Å3) as well as their capability to fully exchange with DMF
inside the host without compromising the framework’s net topology. The only solvent that
successfully competed with DMF for the cag cavity, albeit poor, was CHCl3. By suspending
either cag-Zn(Im)20.5DMF or cag-Zn(Im)20.5CHCl3 in a 1:1 (mol/mol) mixture of
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CHCl3:DMF, the selectivity coefficient (KCHCl3:DMF) was determined to be 0.25 (likewise,
KDMF:CHCl3 = 4.0). The 1H NMR data of the other binary mixtures explored revealed that the cagZn(Im)2 framework contained exclusively DMF inside the framework. This was true whether the
starting

composition

was

the

cag-Zn(Im)20.5DMF

or

the

guest-solvated

cag-

Zn(Im)20.5(solvent) framework, indicating that the material overwhelmingly prefers DMF
rather than the other tested guests.
We also explored the selectivity of the framework for the three different xylene isomers:
o-xylene (oxyl), p-xylene (pxyl), and m-xylene (mxyl). These “C-8 aromatic” isomers, along
with ethylbenzene, are obtained from crude oil and are important starting materials for the
production of a myriad of polymers, resins, plastics, and pigments. Separation of these three
isomers—typically through distillation or crystallization—is expensive and inefficient as a result
of their similar boiling points (bpoxyl = 144.5°C, bppxyl = 138.2°C, bpmxyl = 139.1°C). Other
viable methods have been proposed for separating these isomers from one another.303,304 When
suspending cag-Zn(Im)20.5DMF in a ternary equimolar solution of the xylene isomers,
preliminary results (obtained via 1H NMR, Figure 5.32) indicate a hierarchical selectivity
between the three isomers. It was observed oxyl was incorporated inside cag-Zn(Im)2 the most,
followed by pxyl and finally mxyl. Interestingly, these results coincided with the qualitative
SC®SC success rate in successfully obtaining single crystals of the newly solvated cag-Zn(Im)2
frameworks. That is, the single crystals of cag-Zn(Im)20.5DMF that were suspended in oxyl had
the least amount of observed stress fractures, whereas all the single crystals of the framework
suspended in mxyl became microcrystalline. We also attempted to quantify the selectivity of a
binary mixture of DMF:xylene (guest: either oxyl or mxyl). Through 1H NMR analysis,
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preliminary results showed that the framework had an appreciable selectivity for o-xylene over
m-xylene.

Figure 5.32. Preliminary results on the selectivity of the cag-Zn(Im)20.5DMF
framework using an equimolar amount of oxy, pxyl, and mxyl. Approximately
10 mg of sample was dissolved in DCl/D2O (20 µL) and DMSO-d6 (0.8 mL). d
9.08 (s, 2H, HA), 7.64 (s, 2H, HB), 2.21 (s, 0.6H, CH3 groups of pxyl), 2.20 (s,
0.2H, CH3 groups of mxyl), 2.16 (s, 2H, CH3 groups of oxyl).
5.8. Conclusions: Part 1
The flexibility of the framework was probed through a number of solvent exchange
studies using single crystals and bulk powder of cag-Zn(Im)20.5DMF. We were able to obtain
the most expanded structure of cag-Zn(Im)2 known to date by using DMPU as the crystallizing
solvent/structure-directing agent. In addition, the first single crystal structure determination of
the fully emptied cag-Zn(Im)2 was reported and was found to be consistent with the reported
structure estimated by PXRD. We were also able to pressurize the same empty crystal of cagZn(Im)2 with xenon, making it the first xenon clathrate of a Zn(Im)2 framework topology. We
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hope to obtain the fully expanded version of this network topology, as calculated in the RCSR
database, by pressurizing the framework with other gases at elevated pressures or by expanding
the further cag-Zn(Im)2 by SC®SC exchange.
5.9. Part 2: Toward ZIFs as Crystalline Sponges
5.10. The Crystalline Sponge Technique
Single crystal X-ray diffraction (SCXRD) has arguably been the most powerful technique
for chemical determination. Although both nuclear magnetic resonance (NMR) and mass
spectrometry are extremely useful for the rapid analysis of molecular structures, the analysis may
be tedious, especially when dealing with complex, molecular structures. Indeed, SCXRD is
widely used to unequivocally establish the identity of the target compound. However, the main
challenge of using SCXRD is, of course, growing crystals of the target sample. The process of
finding the ideal conditions to grow crystals of the target compound is often difficult and time
consuming. In addition, the target compound may only be present in limited amounts, making
growth of large crystals difficult. Finally, the target sample may not be able to be obtained as
single crystals of suitable size, making SCXRD irrelevant.
A potentially revolutionary method for the crystallographic characterization of target
compounds called the “Crystalline Sponge Technique” has drawn the attention of the scientific
community, particularly in the fields of supramolecular chemistry, crystallography, and
synthetic/natural product chemistry.305 The fundamental core principle in the “Crystalline
Sponge Technique” is that one can use crystallography to determine the identity and structure of
a small-molecule analyte without the need to grow crystals of that specific analyte. Instead of
growing crystals of the analyte, a pre-grown single crystal of a porous material is used to absorb
the analyte in question. The crystal is then analyzed by SXCRD, post sorption of the target,
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revealing the structure of the porous material and the sorbed guest. The host framework
employed is a doubly interpenetrated (10,3)-b connected framework with the ths network
(formula: [(ZnI2)3(tpt)2]nxsolvent, ligand: 2,4,6-tri(4-pyridyl)-1,3,5-triazine, tpt). The (10,3)-b
net is highly flexible. For example, it exhibits a 22% unit cell volume contraction upon the
removal of the guests used to crystallize the framework (in this case, nitrobenzene and methanol,
(Figure 5.33.a).306 The solvent inside the as-synthesized framework was also observed to
exchange with a wide array of guest solvents (i.e., benzene, mesitylene, cis-stilbene, and
chloroform) while maintaining its single crystallinity. In 2013, Fujita and coworkers proposed a
method to introduce a wide variety of guests—both solvents and, far more importantly, solutes—
inside the framework and structurally characterize the included frameworks via SCXRD (Figure
5.33.b).

Figure 5.33. Fujita’s ‘Crystalline Sponge’, [(ZnI2)3(tpt)2]nxsolvent, as the
NO2Ph solvate (a). An example of the technique being applied to the enantiopure
solute guest, santonin, [(ZnI2)3(tpt)2]nxsolventysantonin (b). Pictures were
generated using the atomic coordinates provided by Fujita et al.305,306
To do this, the nitrobenzene/methanol inside the sponge crystals first have to be
exchanged with an inert solvent, typically cyclohexane, which has low affinity to the pores of the
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framework. By having a low-affinity solvent in the pores, Fujita argues that the analyte of
interest will have a higher affinity for the framework, increasing the probability of analyte
occupancy and facilitate its structure determination. Once the nitrobenzene/methanol is replaced
with cyclohexane, the analyte can then be introduced. For liquid analytes, a few microliters of
the analyte can simply be dropped onto the crystal for exchange (Figure 5.34.a). For solute
analytes, the solute is dissolved in a minimal amount of solvent (e.g., chloroform or
dichloromethane); it is important to note that using an excess of the solvent used to dissolve the
solute-analyte may lead to extraction of the solute from inside the framework, itself. Once the
solute is dissolved, the solution is added to a vial containing a crystal of Fujita’s “crystalline
sponge,” which is typically wet with cyclohexane. The vial is capped and the solvent is
evaporated slowly. Slow evaporation of the solvents, Fujita argues, concentrates the solute
analyte. Once the saturation point of the solute analyte is reached, it is forced to diffuse into the
crystal. The resulting solute-containing ‘sponge’ can then be analyzed via SCXRD (see Figure
5.34.b).

Figure 5.34. Schematic representation of introducing solvents (a) and solutes
(b) into Fujita’s crystalline sponge. Reprinted with permission from reference
305. Copyright (2013) Springer Nature.
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In addition, the power of this technique, often described as “crystallography without
single crystals,”307 is two-fold. First, only micro-to-nanogram amounts of the target compound
are formally required to perform the technique, which preserves the target analyte for other
characterization techniques. Second, by using SCXRD, not only can the overall structure of the
target compound can be elucidated, but also any stereochemistry inherent to the target analyte
(Figure 5.33.b) can be distinguished. Since 2013, over 100 reports have been published using this
technique,

which

has

shown

promise

in

drug

discovery

and

natural

product

identification/synthesis. In these areas of study, the molecular complexity tends to be high and
the amount of available material is often low, making complete characterization difficult. Fujita
also argues that the Crystalline Sponge technique can be used to circumvent the need to do
multiple multistep reactions in order to obtain enough material for analysis.
Fujita and coworkers have demonstrated this technique with a myriad of analytes that
exist either as solvents or solutes, with the latter being the focal point of this technique.
Incorporating and elucidating the structure of solvent/liquid molecules inside a porous material is
relatively trivial, especially in the context of MOF chemistry (e.g., cag-Zn(Im)2, see Part 1 of the
Chapter). One can simply expose a single MOF crystal (either desolvated or with the
crystallizing solvent inside the pores of the framework) to a few microliters305 of the liquid
analyte. Incorporating solutes, on the other hand, is what makes the technique powerful and
attractive. As stated earlier, only small amounts of the analyte (e.g., on the microgram to
nanogram scale) are needed to perform the technique. In terms of structural characterization,
techniques like NMR require the need for, at least, milligrams of the target analyte.
In order for a porous material to qualify as a candidate for the Crystalline Sponge
technique, the material ideally has to meet several following criteria as proposed by Fujita and
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coworkers.308 The sponge must: i) contain interconnected pores that are large enough to
accommodate the analyte guest from outside the crystal, ii) allow the guest exchange to proceed
in single-crystal-to-single crystal manner, iii) display a relatively large asymmetric unit (or low
space group symmetry) to avoid any symmetry imposed disorder, particular of the analyte, iv)
exhibit relatively low porosity so that the crystal survives the guest-soaking process, and v)
exhibit flexibility to aid in the diffusion and the accommodation of the guest into the framework.
The material’s inherent flexibility will allow it to not only accommodate guests of different sizes
and structures, but it will also reduce the stresses that the crystal will undergo during the
diffusion of the analyte. Also, if the host ‘shrink wraps’ around the guest, it is more likely to be
ordered, resulting in less dynamic disorder. Flexible, porous coordination polymers are ideal
candidates for this technique because they fulfill each of the requirements required for the
technique. Fujita and coworkers have also screened in the Cambridge Structural Database (CSD)
for other potential crystalline sponges that may already exist.308 Indeed, with new coordination
polymers being reported constantly, new crystalline sponges are expected to arise.
5.11. Room for Improvement on the Crystalline Sponge Technique
Although Fujita305,309 and others310,311 have published step-wise procedures on this
technique, there remain many challenges in terms of implementation. One (minor) problem in
this technique involves the synthesis of the framework, itself. Although the synthesis is
straightforward, the cost of the commercially available ligand required to make the framework is
quite expensive: one gram of the ligand costs ~$109.00. Second, although it is easy to grow
crystals of the [(ZnI2)3(tpt)2]nxsolvent, the entire technique is predicated on the survivability of
the crystals. This means that the single crystals must: 1) survive an initial solvent exchange to
remove the crystallizing solvents (e.g., nitrobenzene and methanol) with a solvent that has
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minimal interactions with the framework (e.g., cyclohexane) and 2) survive the actual diffusion
of the guest into the framework. Fujita states that the success rate in obtaining high quality
crystals of [(ZnI2)3(tpt)2]nxcyclohexane is extremely low (<5%).312 If the crystals survive these
two steps and meet the criteria mentioned above, they are better candidates for the Crystalline
Sponge technique.
Another challenge is the guest-uptake process, particularly of solute guests, and its
refinement. There exists a myriad of parameters that dictate the overall success rate of obtaining
a solute-containing sponge. These parameters include the following: crystal size, guest soaking
duration, guest soaking temperature, guest concentration, evaporation rate, etc. All these
parameters have to be fined-tuned in order for the technique to be successful. Once the analyte is
accommodated, refinement of the analyte, itself, is tedious. The electron density maps of the
supposed analyte are often questionable, making this technique somewhat controversial. In
addition, the solute identity of the analyte also plays a role in the success of the technique. For
example, Fujita reported the difficulty in using the [(ZnI2)3(tpt)2]nxsolvent “sponge” to
characterize compounds containing nitrogen moieties (heteroaromatic nuclei, amino groups,
amide groups, etc.), which are contained in most drugs.313 Due to the nucleophilicity of these Ncontaining compounds, these specific guests can potentially replace the neutral ligand by
coordinating with the ZnI2 nodes, leading to the compromise of the framework’s (single)
crystallinity. Although they attempted to address the problem by using an analogue of the
‘sponge’—[(ZnCl2)3(tpt)2]nxsolvent—they were still unsuccesful in the inclusion a number of Ncontaining molecules.
Since Fujita’s first report on the Crystalline Sponge technique, there’s an ongoing search
for new MOFs and other porous materials that can act as potential “sponges.” For example,

218

Sanna et al. reported a one-dimensional crystalline, microporous macrocyclic tetraimine (Figure
5.35.a).314 Using SCXRD, they were able to characterize a number of liquid analytes (Figure
1.5.b); however, they showed no examples on the uptake of solute guest, which is the “Holy
Grail” of the technique. In our opinion, a material ought not to be considered a sponge unless it
can be used to sorb and characterize solutes. Nonetheless, exploring the possible use of a new
sponge is likely best done by first demonstrating SC®SC solvent exchange. To be sure, one can
envision a library of crystalline sponges on hand, for a variety of guests with different sizes,
shapes, and chemical groups.

Figure 5.35. A macrocyclic tetraimine crystalline sponge. Reprinted with
permission from reference 314–Published by The Royal Society of Chemistry.
5.12. Attempts at the Crystalline Sponge Technique Using ZIFs
It occurred to us that a certain number of ZIFs may be viable candidates for the
Crystalline Sponge technique pioneered by Fujita and coworkers.305 Such ZIFs display low
symmetry (orthorhombic and below) and (or are) potentially porous. ZIFs with substituted
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imidazoles tend to crystallize with high space group symmetries (tetragonal and above). For
example, simply using 2-methylimidazole as the linker in a ZIF synthesis leads to the formation
of the SOD framework type, SOD-ZIF-8, with the cubic space group I43m. A majority of the
potential ZIFs that fit the criteria above are zinc imidazolate frameworks, Zn(Im)2 (Table 5.4).
Table 5.4. Potential Zn(Im)2 candidates for the Crystalline Sponge technique.
Asymmetric Unit
Solvent
Space
CCDC
ZIF-# Net topology
Volume
Reference
Guest
Group
code
3
(Å )
ZIF-1
crb/BCT
DMA
549
P21/n
VEJYEP
68
ZIF-2
crb/BCT
DMF
713
Pbca
VEJYIT
68
cag
ZIF-4
DMF
543
Pbca
VEJYUF
68
ZIF-64
crb/BCT
DMF
276
P2/n
GITTEJ
68
n/a
nog
DEF
1451
P21/n
HIFWAV
118
n/a
zec
DEF
1687
C2/c
HICGEG
118
n/a
CAN
DBF
2346
Pnma
PAJSAX
109
n/a
10mr
DBF
3296
P212121
GOQSIQ
125
DMA = N,N-dimethylacetamide, DMF = N,N-dimethylformamide, DEF =
N,Ndimethylformamide, DBF = N,N-dibutylformamide.
One approach in which any of these Zn(Im)2 framework crystals can be exploited for use
in the Crystalline Sponge technique is through interactions between the framework imidazolates
and the guest. As detailed in the previous three chapters, hydrogen bonding interactions play a
vital role in the formation of zinc imidazolate topologies. Broadly, it has been shown that the CH groups of N-heterocyclic carbenes, specifically imidazolium type moieties, display slight
acidity and are decent hydrogen bond donors;228 moreover, it is reasonable that this same
attribute can also be found with the imidazolate ligands of Zn(Im)2 framework topologies that
meet the criteria above. The slight acidity from the ligands can be exploited for the Crystalline
Sponge technique using a Zn(Im)2 framework. It is conceivable, therefore, that ZIF sponges may
prove useful for targeting “unique” guests containing any functional groups with hydrogen bond
acceptors (i.e., ethers, carbonyls, amines, etc.).
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We chose to use zec-Zn(Im)2xDEF framework as a potential sponge due to its low space
group symmetry and relatively high asymmetric unit volume. Multiple attempts at using the zecZn(Im)2xDEF framework topology as a potential crystalline sponge were performed. Unlike the
cag network, the zec network is likely a better sponge due to its relatively more open pore
windows and large channels, which may allow more facile diffusion of the guest throughout the
framework (Figure 5.36.a and b). Although we were unsuccessful in the uptake of solutes, we
were able to demonstrate the uptake of a chiral solvent by zec-Zn(Im)2xsolvent, (S)-carvone
(Figure 5.36.c). By employing the same SC®SC solvent-exchange strategy previously
mentioned in Part 1 of this Chapter (i.e., soaking single crystals in a solvent) using zecZn(Im)2xDEF as the host and (S)-carvone as the guest solvent, were able to obtain the crystal
structure of zec-Zn(Im)2x((S)-carvone). Unfortunately, we were unable to fully/confidently
determine and refine the absolute configuration of the molecule; however, this is the first known
structure in which a ZIF has been used for the Crystalline Sponge technique. Ultimately, it
appeared that the zec-Zn(Im)2 framework lacks ability to adequately ‘shrink-wrap’ and so most
of the sites associated with sorbed (S)-carvone were highly disordered. One site was modelled
tolerably (Figure 5.36.c), with the guest molecule and the framework showing subtle C(H)O
interactions (3.404 Å). The overall structural refinement, however, was poor. Other ZIF net
topologies, particularly those adopting a flexible Zn(Im)2 composition (i.e., the crb/BCT and
CAN nets) may also be candidates for this technique.
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Figure 5.36. a,b) the “Solvent Accessible Volume” of zec-Zn(Im)2xDEF viewed
along the b and c axes, respectively (generated by the “Voids…” function in
Mercury® depicted in yellow). Solvent molecules and hydrogen atoms are
omitted for clairty. c) zec-Zn(Im)2(S)-carvone crystal structure. Inset: Thermal
elipsoid plot of the asymmetric unit of (S)-carvone at 30% probability. Hydrogen
atoms are omitted for clarity. Colors: cyan – zinc, blue – nitrogen, grey –
imidazolate carbons, black – (S)-carvone carbons, red – oxygen.
We also attempted to use cag-Zn(Im)2 as a crystalline sponge with a number of solutes.
For example, we tried to introduce N,N-dimethyl-p-nitroaniline (a yellow colored solute) inside
cag-Zn(Im)20.5DMF. The solute was dissolved in a number of solvents (DMF, Me2CO, MTBE)
and a few crystals of cag-Zn(Im)20.5DMF were suspended in that solution. We hoped to see,
qualitatively, the color change of the crystal, indicating the presence of the solute inside the
framework. Unfortunately, the exchange process did not occur as indicated by the same unit cell
parameters of cag-Zn(Im)20.5DMF. Moreover, there were no successful solute exchanges with
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neither cag-Zn(Im)20.5DMF nor with the zec-Zn(Im)2xsolvent. More experiments need to be
performed to explore other potential ZIFs as potential crystalline sponges.
5.13. Conclusions: Part 2
We attempted to demonstrate the Crystalline Sponge technique using a ZIF, zecZn(Im)2xDEF, that exhibits most of the attributes that are required for a material to be
considered as a “Crystalline Sponge.” We were able to introduce a chiral solvent, (S)-carvone,
inside the framework and characterize it via SCXRD. We hope to use other ZIFs as potential
sponge crystals for this same technique.
5.14. Experimental
General Information
Imidazole, n-propylamine, acetonitrile (ACN), benzene (C6H6), methyl ethyl ketone
(MEK), o-xylene (oxyl), m-xylene (mxyl), and zinc acetate dehydrate (Zn(OAc)22H2O) were
purchased from Alfa Aesar (Ward Hill, MA). Methanol (MeOH), dichloromethane (DCM),
acetone (Me2CO), tetrahydrofuran (THF), and anhydrous diethyl ether (Et2O) were purchased
from Fisher Scientific (Hampton, NH). Cyclohexane (Cyhx), N,N-Diethylformamide (DEF),
N,N-Dimethylacetamide (DMA), 1,3-Dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU),
and 1,3-Dimethyl-2-imidazolidinone (DMI) were purchased from TCI Chemicals (Portland,
Oregon). N,N-Dimethylformamide (DMF), 3-methylpyridine (3MePyr), and (S)-carvone were
purchased from Acros Organics (New Jersey, USA). Nitromethane (MeNO2), chloroethane (CE),
chloroform (CHCl3), pyridine (Pyr), 3-chloropyridine (3ClPyr), toluene (PhMe), methyl tertbutyl ether (MTBE), 1,1,2,2-tetrachloroethane (sTCE), deuterium chloride solution 35 wt% in
D2O, and p-xylene were purchased from Sigma-Aldrich (now Millipore Sigma, St. Louis, MO).
Dimethylsulfoxide (DMSO) was purchased from BDH Chemicals (West Chester, PA).
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Acetophenone

(AcP)

was

purchased

from

Baker

Analyzed

(Phillipsburg,

NJ).

Hexamethylphosphoramide (HMPA) was purchased from AK Scientific, Inc. (Union City, CA).
Xenon (Xe) was purchased from Praxair (Danbury, CT). Dimethylsulfoxide-d6 and acetone-d6
were purchased from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA). The 7 mL
scintillation vials (VWR Solvent-SaverTM, borosilicate glass, with screw cap) were purchased
from VWR (Radnor, PA). The 20 mL vials (LS vial with 22-400 urea cap, PE cone) were
purchased from Wheaton (Millville, NJ). All starting materials and solvents were used without
further purification. All ZIF syntheses were performed in air. For the characterization of the
product, 1H NMR spectra were carried out on a Varian 400-NMR spectrometer at room
temperature. Single crystal X-ray diffraction data (SCXRD) were collected on a Bruker APEX
DUO with an APEX II CCD detector (Bruker-AXS) and an Oxford Cryosystems 700
Cryostream (unless specified otherwise) using graphite monochromated Mo-K<α> radiation
(0.71073 Ǻ). Powder X-ray diffraction data (PXRD) were collected on the same instrument
using graphite monochromated Cu-K<α> radiation (λ = 1.54187 Å) from an Incoatec IµS source
using a 0.3 mm thin-walled capillary tube purchased from Charles Supper (Natick, MA).
5.15. Synthesis
Microcrystalline (Bulk Powder) Synthesis of cag-Zn(Im)20.5DMF
A scaled-up synthesis was performed similar to that reported by Tian et al.118 In a round
bottom flask equipped with a magnetic stir bar, imidazole (1.36 g, 20 mmol) was dissolved in 60
mL of DMF. In a separate flask, Zn(OAc)22H2O (2.20 g, 10 mmol) was dissolved in 40 mL of
n-propylamine. This resulting solution was then added dropwise to the imidazole/DMF solution
and stirred for four hours. The resulting white powder was separated from the mother liquor via
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vacuum filtration, washed with DMF (~10 mL), and then stored in fresh DMF for later use
(yield: 1.97 g, 83 %).
Single-crystal Synthesis of cag-Zn(Im)20.5DMF
The synthesis was performed similar to that reported by Park et al.68 In a 20 mL vial,
Zn(NO3)24H2O (9.8 mg, 0.038 mmol) and imidazole (31 mg, 0.46 mmol) were dissolved in 3
mL of DMF. The resulting mixture was filtered through a cotton plug into a clean 20 mL vial.
The vial was placed in an oven at 120°C for three days to yield colorless crystals. The crystals
were separated from the mother liquor via vacuum filtration. The as-synthesized crystals were
then washed in DMF and stored in fresh DMF for later use. No yield was obtained for this
procedure.
Synthesis of cag-Zn(Im)2xDMPU
In a 20 mL vial, imidazole (0.068 g, 1.0 mmol) and Zn(OAc)22H2O (0.11 g, 0.5 mmol)
were dissolved in DMPU (3 mL). The vial was capped and placed in an oven at 85°C for thirty
days. The single crystals were analyzed via SCXRD. No yield was obtained for this procedure.
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Figure 5.37. 1H NMR of cag-Zn(Im)21.5DMPU. Approximately 10 mg of
sample was dissolved in DCl/D2O (20 µL) and DMSO-d6 (0.8 mL). d 9.10 (s, 2H,
HA), 7.65 (s, 2H, HB), 3.15 (t, 6H, HC), 2.73 (s, 9H, HD), 1.83 (q, 3H, HE).
Synthesis of cag-Zn(Im)20.5DEF
In a 7 mL screwcap vial, N,N-diethylformamide (DEF, 3.0 mL) and imidazole (69.0 mg,
1.0 mmol) were mixed until all the imidazole dissolved. In a separate vial or flask,
Zn(OAc)22H2O (109.0 mg, 0.50 mmol) was dissolved in n-propylamine (2.0 mL, 24 mmol).
The resulting solution was carefully layered onto the imidazole/DEF solution. The vial was then
capped and set aside. After 9 days, the obtained crystals were analyzed via SCXRD. No yield
was obtained for this procedure.
5.16. Solvent Exchange Experiments
Solvent Exchange-Procedure Using Microcrystalline/Bulk cag-Zn(Im)2xsolvent
As-synthesized microcrystalline/bulk cag-Zn(Im)20.5DMF (~50 mg) was added to a 20
mL scintillation vial containing approx. 10 mL of the guest solvent. The vial was capped and set
aside at room temperature for up to three months. The powder was then separated from the guest
solvent via vacuum filtration and analyzed via 1H NMR and PXRD.
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To obtain cag-Zn(Im)20.5CE (CE = chloroethane), a few crystals of cagZn(Im)20.5DMF were added to an empty 20 mL screwcap vial. The vial was then cooled using a
saltwater ice-bath. Next, CE was liquefied by flowing the gas from the lecture bottle to the
cooled vial containing the crystals. This process was performed by securely attaching a piece of
Tygon tubing onto the outlet of the lecture bottle and attaching a glass pipette at the other open
end of the Tygon tubing to help dispense the liquefied gas. After ~3 mL of chloroethane was
collected, the vial was tightly capped and placed in the refrigerator for one month. The crystals
were separated from the CE bulk solvent by retrieving an aliquot of the solution containing the
crystals and placing the aliquot on a watch glass using a cold, glass pipette. After the
chloroethane evaporated, the crystals were analyzed using SCXRD.
Solvent-Exchange SC®SC Procedure Using Single-Crystals of cag-Zn(Im)2xsolvent
Suitable as-synthesized single crystals of cag-Zn(Im)20.5DMF were placed in a 7 mL
screwcap vial containing 3-5 mL of the guest solvent. The vial was then capped and set aside at
room temperature for up to three months with periodic decanting of the vial and replacing with
fresh guest solvent. The crystals were then analyzed via SCXRD.
Solvent-Exchange

1SC®1SC

Procedure

Using

a

Single-Crystal

of

cag-

Zn(Im)2xsolvent
A single crystal of cag-Zn(Im)20.5DMF was placed in a 7 mL screwcap vial containing
the guest solvent (solvents: acetonitrile, acetone, and chloroform). The solvent-exchange process
was allowed to take place for 4, 2.5, and 7 days, respectively, and then analyzed via SCXRD.
Timed 1SC®1SC Exchange Using Acetonitrile as the Guest Solvent
One single crystal of cag-Zn(Im)20.5DMF was handpicked and placed into a 7 mL
screwcap vial containing approximately 3 mL of acetonitrile. After one to two hours in the guest
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solvent at room temperature, the crystal was analyzed via SCXRD at 100 K. After the data
collection was complete, the crystal was then added back to the same vial containing fresh
acetonitrile. This process was repeated seven times. Unfortunately, we were not able to collect
the fully exchanged cag-Zn(Im)20.5ACN using the same crystal; we were, however, able to
obtain the fully exchanged cag-Zn(Im)20.5ACN from a previous 1SC®1SC exchange
experiment to compare the unit cell parameters.
Table 5.5. 1SC®1SC solvent exchange experiment monitoring the
contraction of cag-Zn(Im)2xsolvent using ACN as the guest solvent.
a
b
c
Vcell Soak Time in ACN
Composition
(Å)
(Å)
(Å) (Å3)
(hrs/days)
cag-Zn(Im)20.5DMF 15.53 14.88 18.32 4233
0
n/aa
15.31 15.32 18.09 4242
1
a
n/a
14.88 15.60 18.09 4197
2
n/aa
14.86 15.65 18.04 4197
3
a
n/a
14.70 15.68 18.10 4172
4
n/aa
14.55 15.71 18.12 4140
6
a
n/a
14.51 15.67 18.09 4113
8
n/aa
14.21 15.64 18.04 4012
59
cag-Zn(Im)20.5ACNb 14.16 15.61 18.13 4006
4 days
a
Due to the high disorder of the DMF/ACN solvents within the crystal lattice,
their respective occupancies were unable to be refined. bThis fully exchanged cagZn(Im)20.5ACN crystal was a separate crystall obtained using the method
described in Section 5.16.2.
5.17. Gas Cell Experiments
Obtaining Desolvated cag-Zn(Im)2 for SC®SC Studies
Crystals of cag-Zn(Im)2xMe2CO were obtained in three days using the solvent-exchange
procedure described above (Section 5.16.2.). After the DMF was traded with acetone (monitored
via 1H NMR), the cag-Zn(Im)2xMe2CO crystals were then placed in an oven at 150°C for at
least four hours to obtain desolvated cag-Zn(Im)2 crystals. The same process was performed with
microcrystalline/bulk

cag-Zn(Im)20.5DMF

Zn(Im)2xMe2CO.
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afford

microcrystalline/bulk

cag-

Figure 5.38. 1H NMR of empty cag-Zn(Im)2 obtained after thermal
treatment. Approximately 10 mg of sample was dissolved in DCl/D2O (20 µL)
and DMSO-d6 (0.8 mL). d 9.10 (s, 2H, HA), 7.64 (s, 2H, HB).
Mounting Empty cag-Zn(Im)2 Into the Environmental Gas Cell

Figure 5.39. Left: Setup of the environmental gas cell 1SC®SC studies.
Right: Environmental gas cell mounted on the diffractometer. All data collections
were performed at room temperature. Images courtesy of Ivana Brekalo.
It was important to note that there was still residual electron density (calculated by
SQUEEZE219) inside the framework. This may have been attributed to the epoxy residue that
was used to glue the crystal to the glass fiber. However, due to the small number of electrons per
cavity (5.6 electrons), we deemed that this was an empty framework.
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Pressurized Xe Studies
The same evacuated crystal obtained using the method above was then pressurized with
xenon gas (at 5, 10, and 20 bar) for 1SC®1SC gas sorption experiments. Two data sets were
collected at each delivery pressure to ensure full equilibration of xenon inside the pores of cagZn(Im)2.
5.18. Selectivity Experiments
1:1 Competition Experiments
A solution containing a 1:1 (mol/mol) ratio of both DMF and a competitive, guest solvent
(solvent = acetonitrile, nitromethane, chloroform, o-xylene, acetophenone) was mixed. Around
100 mg of microcrystalline/bulk cag-Zn(Im)20.5DMF (see Solvent Exchange Procedure,
Section 5.16.1. Note: full exchange of DMF with the proposed guest solvents typically takes one
week or less) was placed in a 20 mL vial containing approximately 10 mL of the binary mixture.
1

H NMR analysis was performed on a portion of the bulk powder to monitor exchange and

ensure full equilibrium between the framework and the guest(s). The same procedure was
applied using cag-Zn(Im)20.5solvent.
Competition Experiments Using a 1:1:1 oxyl:pxyl:mxyl Solution
Approximately 50 mg of cag-Zn(Im)20.5DMF was added to a 20 mL vial containing a
~15 mL of a 1:1:1 solution (mol/mol/mol) of the three xylene isomers. After three days of
soaking, the powder was separated from the solution via vacuum filtration and analyzed via 1H
NMR. To ensure full equilibration between the guests and the framework, the framework was
analyzed after a total of 11 days. The same integrations in the 1H NMR specturm were observed
(Figure 5.32).
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Pairwise Competition Experiments Using Different Solvent Ratios
Binary solutions containing DMF and a competing /guest solvent (solvents = acetonitrile,
nitromethane, m-xylene, and o-xylene) were prepared in 20 mL vials. A 50-mg portion of cagZn(Im)20.5DMF, dried through vacuum filtration, was added to each bottle containing the
binary DMF:guest solution.
5.19. Crystallography
Single Crystal Structures
The crystal structures were solved by direct methods using SHELXS, and all structural
refinements were conducted using SHELXL-2016-6. All hydrogen atoms were placed in
calculated positions and were refined using a riding model with coordinates and isotropic
displacement parameters depending upon the atom to which they are) attached unless otherwise
specified. The program X-Seed220 was used as a graphical interface for the SHELX software
suite and for the generation of the figures. The crystallographic tables of all structures are
appended at the end of this Chapter. For structural analysis, the program package ToposPro was
used to verify that the cag topology was retained throughout the SC®SC exchange process.289 In
addition, for porosity analysis, all C–H bonds were normalized to a distance of 1.08 Å before
pore analysis (suggested by neutron diffraction data).315
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Table 5.6. Summary of crystallographic data for cag-Zn(Im)2 structures and
their solvates.
Crystal Parameters
Empirical formula
Formula weight
Temperature
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 25.000°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

None
C12 H12 N8 Zn2
399.08
298(2) K
Orthorhombic
Pbca
15.4776(8)
15.4928(8)
18.0438(10)
90
90
90
4326.7(4)
8
1.225 Mg/m3
2.223 mm-1
1600
0.462 x 0.270 x 0.165 mm3
2.176 to 26.415°.
-19<=h<=19, -19<=k<=19,
-22<=l<=22
49395
4449 [R(int) = 0.0755]
100.0 %
Semi-empirical from equivalents
0.7454 and 0.4283
Full-matrix least-squares on F2
4449 / 661 / 336
1.023
R1 = 0.0350, wR2 = 0.0751
R1 = 0.0915, wR2 = 0.0879
n/a
0.381 and -0.334 e.Å-3

None (SQUEEZE)
C12 H12 N8 Zn2
399.08
298(2) K
Orthorhombic
Pbca
15.4776(8)
15.4928(8)
18.0438(10)
90
90
90
4326.7(4)
8
1.225 Mg/ m3
2.223 mm-1
1600
0.462 x 0.270 x 0.165 mm
2.176 to 26.415°.
-19<=h<=19, -19<=k<=19,
-22<=l<=22
49395
[R(int) = 0.0755]
100.0 %
Semi-empirical from equivalents
0.7454 and 0.4283
Full-matrix least-squares on F2
4449 / 645 / 336
1.007
R1 = 0.0351, wR2 = 0.0798
R1 = 0.0899, wR2 = 0.0919
n/a
0.359 and -0.305 e.Å-3

Xe (20 bar)
C12 H12 N8 Xe0.89 Zn2
515.56
298(2) K
Orthorhombic
Pbca
15.4014(9)
15.5406(9)
17.9546(10)
90
90
90
4297.4(4)
8
1.594 Mg/m3
3.616 -1
1983
0.462 x 0.270 x 0.165 mm3
2.180 to 26.469°.
-19<=h<=19, -19<=k<=19,
-22<=l<=22
49284
4434 [R(int) = 0.0826]
100.0 %
Semi-empirical from equivalents
0.7454 and 0.3975
Full-matrix least-squares on F2
4434 / 45 / 249
1.028
R1 = 0.0398, wR2 = 0.0923
R1 = 0.1050, wR2 = 0.1082
n/a
0.364 and -0.491 e.Å-3

Nitromethane
C13 H15 N9 O2 Zn2
460.08
100(2) K
Orthorhombic
Pbca
13.7582(10)
15.5874(11)
18.6337(13)
90
90
90
3996.1(5)
8
1.529 Mg/m3
2.426 mm-1
1856
0.220 x 0.218 x 0.208 mm3
2.186 to 27.998°.
-18<=h<=18, -20<=k<=20,
-24<=l<=24
52554
4829 [R(int) = 0.0376]
100.0 %
Semi-empirical from equivalents
0.7462 and 0.6235
Full-matrix least-squares on F2
4829 / 7 / 257
1.059
R1 = 0.0219, wR2 = 0.0547
R1 = 0.0305, wR2 = 0.0571
n/a
0.338 and -0.354 e.Å-3

Dichloromethane
C13 H14 Cl2 N8 Zn2
483.96
100(2) K
Orthorhombic
Pbca
13.1700(7)
15.3597(9)
19.2242(11)
90
90
90
3888.8(4)
8
1.653 Mg/m3
2.755 mm-1
1936
0.210 x 0.190 x 0.100 mm3
2.119 to 27.999°.
-17<=h<=17, -20<=k<=20,
-25<=l<=25
51529
4696 [R(int) = 0.0478]
99.9 %
Semi-empirical from equivalents
0.7462 and 0.6435
Full-matrix least-squares on F2
4696 / 0 / 226
1.054
R1 = 0.0346, wR2 = 0.0988
R1 = 0.0438, wR2 = 0.1028
n/a
0.661 and -1.245 e.Å-3

Table 5.6. (continued)
Crystal Parameters
Empirical formula
Formula weight
Temperature
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 25.000°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

Acetonitrile
C14 H15 N9 Zn2
440.09
100(2) K
Orthorhombic
Pbca
14.1560(9)
15.6053(9)
18.1333(11)
90
90
90
4005.8(4)
8
1.459 Mg/m3
2.410 mm-1
1776
0.300 x 0.270 x 0.250 mm3
2.244 to 27.996°.
-18<=h<=18,-20<=k<=20,
-23<=l<=23
52737
4836 [R(int) = 0.0345]
100.0 %
Semi-empirical from equivalents
0.7457 and 0.6283
Full-matrix least-squares on F2
4836 / 21 / 227
1.059
R1 = 0.0238, wR2 = 0.0564
R1 = 0.0340, wR2 = 0.0598
n/a
0.309 and -0.350 e.-3
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Table 5.6. (continued)
Crystal Parameters
Empirical formula
Formula weight
Temperature
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 25.000°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

Chloroethane
C14 H17 Cl N8 Zn2
463.55
100(2) K
Orthorhombic
Pbca
13.5863(19)
15.380(2)
19.011(3)
90
90
90
3972.7(9)
8
1.550 Mg/m3
2.563 mm-1
1872
0.28 x 0.25 x 0.15 mm3
2.142 to 27.999°.
-17<=h<=17, -20<=k<=20,
-25<=l<=25
52231
4785 [R(int) = 0.0292]
100.0 %
Semi-empirical from equivalents
0.7466 and 0.6174
Full-matrix least-squares on F2
4785 / 0 / 227
1.038
R1 = 0.0231, wR2 = 0.0599
R1 = 0.0271, wR2 = 0.0619
n/a
0.517 and -0.957 e.Å-3

Acetone
C15 H18 N8 O Zn2
457.11
100(2) K
Orthorhombic
Pbca
14.3155(5)
15.8373(5)
18.2825(6)
90
90
90
4145.0(2)
8
1.465 Mg/m3
2.334 mm-1
1856
0.450 x 0.310 x 0.300 mm3
2.218 to 27.329°.
-18<=h<=18, -20<=k<=20,
-23<=l<=23
42650
4650 [R(int) = 0.0230]
100.0 %
Semi-empirical from equivalents
0.7455 and 0.5882
Full-matrix least-squares on F2
4650 / 0 / 237
1.093
R1 = 0.0323, wR2 = 0.0754
R1 = 0.0392, wR2 = 0.0782
n/a
0.743 and -0.426 e.Å-3

Acetone
C15 H18 N8 O Zn2
457.11
298(2) K
Orthorhombic
Pbca
14.5873(10)
15.8051(11)
18.4453(13)
90
90
90
4252.6(5)
8
1.428 Mg/m3
2.275 mm-1
1856
0.373 x 0.167 x 0.162 mm3
2.197 to 28.000°.
-19<=h<=19, -20<=k<=20,
-24<=l<=24
56393
5136 [R(int) = 0.0351]
100.0 %
Semi-empirical from equivalents
0.7459 and 0.5607
Full-matrix least-squares on F2
5136 / 0 / 217
1.051
R1 = 0.0361, wR2 = 0.1019
R1 = 0.0512, wR2 = 0.1092
n/a
0.664 and -0.537 e.Å-3

Table 5.6. (continued)
Crystal Parameters
Empirical formula
Formula weight
Temperature
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 25.000°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

Dimethylsulfoxide/
Dimethylformamide
C14.22 H18.22 N8.22 O S0.78 Zn2
476.07
100(2) K
Orthorhombic
Pbca
14.4596(8)
16.0407(9)
17.9598(10)
90
90
90
4165.6(4)
8
1.518 Mg/m3
2.401 mm-1
1933
0.202 x 0.187 x 0.121 mm3
2.209 to 28.000°.
-19<=h<=19, -21<=k<=21,
-23<=l<=23
52268
5031 [R(int) = 0.0758]
100.0 %
Semi-empirical from equivalents
0.7457 and 0.5661
Full-matrix least-squares on F2
5031 / 357 / 285
1.038
R1 = 0.0318, wR2 = 0.0743
R1 = 0.0621, wR2 = 0.0822
n/a
0.573 and -0.632 e.Å-3
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Chloroform

Tetrahydrofuran

C13 H13 Cl3 N8 Zn2
518.40
100(2) K
Orthorhombic
Pbca
15.572(5)
14.634(5)
18.288(6)
90
90
90
4167(2)
8
1.652 Mg/m3
2.701 mm-1
2064
0.210 x 0.190 x 0.090 mm3
2.211 to 24.995°.
-18<=h<=18, -17<=k<=17,
-21<=l<=21
28962
3674 [R(int) = 0.0677]
100.0 %
Semi-empirical from equivalents
0.7457 and 0.5817
Full-matrix least-squares on F2
3674 / 0 / 235
1.062
R1 = 0.0433, wR2 = 0.1091
R1 = 0.0623, wR2 = 0.1157
n/a
0.982 and -0.744 e.Å-3

C16 H20 N8 O Zn2
471.14
100(2) K
Orthorhombic
Pbca
15.2629(7)
15.2037(7)
18.2768(9)
90
90
90
4241.2(3)
8
1.476 Mg/m3
2.283 mm-1
1920
0.260 x 0.250 x 0.160 mm3
2.195 to 27.996°.
-20<=h<=20, -20<=k<=20,
-24<=l<=24
56036
5115 [R(int) = 0.0379]
100.0 %
Semi-empirical from equivalents
0.7462 and 0.6161
Full-matrix least-squares on F2
5115 / 5 / 278
1.198
R1 = 0.0406, wR2 = 0.0849
R1 = 0.0478, wR2 = 0.0866
n/a
0.735 and -0.694 e.Å-3

Table 5.6. (continued)
Crystal Parameters
Empirical formula
Formula weight
Temperature
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 25.000°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

Dimethylformamide
C15 H19 N9 O Zn2
472.13
100(2) K
Orthorhombic
Pbca
15.6515(7)
14.6784(7)
18.3920(8)
90
90
90
4225.4(3)
8
1.484 Mg/m3
2.293 mm-1
1920
0.500 x 0.400 x 0.300 mm3
2.201 to 27.998°.
-20<=h<=20, -19<=k<=18,
-23<=l<=24
36316
5049 [R(int) = 0.0287]
100.0 %
Semi-empirical from equivalents
0.7457 and 0.6646
Full-matrix least-squares on F1
5049 / 0 / 246
1.077
R1 = 0.0244, wR2 = 0.0618
R1 = 0.0318, wR2 = 0.0638
n/a
0.388 and -0.282 e.Å-3

Dimethylformamide
C14.51 H17.86 N8.84 O0.84 Zn2
460.25
298(2) K
Orthorhombic
Pbca
15.4003(12)
15.4375(12)
18.4592(14)
90
90
90
4388.5(6)
8
1.393 Mg/m3
2.205 mm-1
1868
0.404 x 0.219 x 0.163 mm3
2.169 to 27.999°.
-20<=h<=20, -20<=k<=20,
-24<=l<=24
58116
5305 [R(int) = 0.0332]
100.0 %
Semi-empirical from equivalents
0.7462 and 0.5249
Full-matrix least-squares on F2
5305 / 266 / 239
1.069
R1 = 0.0432, wR2 = 0.1329
R1 = 0.0588, wR2 = 0.1434
n/a
0.991 and -0.604 e.Å-3

3-chloropyridine
C17 H16 Cl N9 Zn2
512.58
100(2) K
Orthorhombic
Pbca
16.4290(18)
14.6472(16)
18.236(2)
90
90
90
4388.2(8)
8
1.552 Mg/m3
2.330 mm-1
2064
0.150 x 0.110 x 0.100 mm3
2.172 to 24.991°.
-19<=h<=19, -17<=k<=17,
-21<=l<=21
45519
3856 [R(int) = 0.0519]
100.0 %
Semi-empirical from equivalents
0.7463 and 0.6241
Full-matrix least-squares on F2
3856 / 0 / 262
1.040
R1 = 0.0222, wR2 = 0.0503
R1 = 0.0320, wR2 = 0.0519
n/a
0.287 and -0.262 e.Å-3

3-methylpyridine
C18 H19 N9 Zn2
492.16
100(2) K
Orthorhombic
Pbca
15.0725(9)
14.3202(9)
19.7688(12)
90
90
90
4266.9(5)
8
1.532 Mg/m3
2.271 mm-1
2000
0.203 x 0.168 x 0.102 mm3
2.060 to 27.997°.
-19<=h<=19, -18<=k<=18,
-26<=l<=26
53869
5143 [R(int) = 0.0754]
100.0 %
Semi-empirical from equivalents
0.7462 and 0.5825
Full-matrix least-squares on F2
5143 / 0 / 263
1.048
R1 = 0.0307, wR2 = 0.0588
R1 = 0.0550, wR2 = 0.0626
n/a
0.472 and -0.489 e.Å-3

Acetophenone
C20 H20 N8 O Zn2
519.18
100(2) K
Orthorhombic
Pbca
14.4150(9)
17.0718(10)
18.0012(11)
90
90
90
4429.9(5)
8
1.557 Mg/m3
2.194 mm-1
2112
0.201 x 0.195 x 0.186 mm3
2.168 to 27.994°.
-19<=h<=19, -22<=k<=22,
-23<=l<=23
57569
5346 [R(int) = 0.0321]
100.0 %
Semi-empirical from equivalents
0.7462 and 0.6264
Full-matrix least-squares on F2
5346 / 0 / 281
1.079
R1 = 0.0233, wR2 = 0.0593
R1 = 0.0317, wR2 = 0.0625
n/a
0.393 and -0.430 e.Å-3

Table 5.6. (continued)
Crystal Parameters
Empirical formula
Formula weight
Temperature
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 25.000°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

Diethylformamide
C16.04 H21.43 N8.68 O0.68 Zn2
477.47
100(2) K
Orthorhombic
Pbca
15.521(3)
14.903(3)
18.455(3)
90
90
90
4268.9(13)
8
1.486 Mg/m3
2.269 mm-1
1951
0.118 x 0.114 x 0.111 mm3
2.192 to 27.998°.
-20<=h<=20, -19<=k<=19,
-24<=l<=24
56627
5161 [R(int) = 0.0543]
100.0 %
Semi-empirical from equivalents
0.7462 and 0.6216
Full-matrix least-squares on F2
5161 / 18 / 274
1.094
R1 = 0.0442, wR2 = 0.1212
R1 = 0.0589, wR2 = 0.1278
n/a
0.814 and -0.741 e.Å-3
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Table 5.6. (continued)a
Crystal Parameters
Empirical formula
Formula weight
Temperature
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 25.000°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole

Methyl ethyl ketone
C16 H20 N8 O Zn2
471.14
100(2) K
Orthorhombic
Pca21
19.3298(11)
14.8174(9)
14.5985(8)
90
90
90
4181.3(4)
8
1.497 Mg/m3
2.316 mm-1
1920
0.193 x 0.183 x 0.153 mm3
1.374 to 28.000°.
-25<=h<=25, -19<=k<=19,
-19<=l<=19
56455
10098 [R(int) = 0.0392]
100.0 %
Semi-empirical from equivalents
0.7462 and 0.6362
Full-matrix least-squares on F2
10098 / 1 / 490
1.043
R1 = 0.0239, wR2 = 0.0520
R1 = 0.0353, wR2 = 0.0546
0.460(13)
n/a
0.339 and -0.383 e.Å-3

Methyl ethyl ketone
C16 H20 N8 O Zn2
471.14
100(2) K
Orthorhombic
P21ca
14.5985(8)
14.8174(9)
19.3298(11)
90
90
90
4181.3(4)
8
1.497 Mg/m3
2.316 mm-1
920
0.193 x 0.183 x 0.153 mm3
1.374 to 28.000°.
-19<=h<=19, -19<=k<=19,
-25<=l<=25
56455
10098 [R(int) = 0.0392]
100.0 %
Semi-empirical from equivalents
0.7462 and 0.6362
Full-matrix least-squares on F2
10098 / 590 / 530
1.044
R1 = 0.0236, wR2 = 0.0510
R1 = 0.0350, wR2 = 0.0535
0.540(12)
n/a
0.333 and -0.388 e.Å-3

o-xylene
C20 H22 N8 Zn2
505.19
100(2) K
Orthorhombic
Pca21
18.209(2)
17.858(2)
14.8019(17)
90
90
90
4813.0(10)
8
1.394 Mg/m3
2.015 mm-1
2064
0.202 x 0.175 x 0.133 mm3
1.140 to 25.000°.
-21<=h<=21, -21<=k<=21,
-17<=l<=17
44758
8447 [R(int) = 0.0795]
99.9 %
Semi-empirical from equivalents
0.7454 and 0.5103
Full-matrix least-squares on F2
8447 / 1 / 546
1.098
R1 = 0.0507, wR2 = 0.1157
R1 = 0.0790, wR2 = 0.1276
0.50(3)
n/a
0.827 and -0.784 e.Å-3

p-xylene
C20 H22 N8 Zn2
505.19
100(2) K
Orthorhombic
Pca21
18.6936(13)
17.2539(12)
15.0136(11)
90
90
90
4842.4(6)
8
1.386 Mg/m3
2.002 mm-1
2064
0.149 x 0.133 x 0.110 mm3
1.180 to 28.000°.
-24<=h<=24, -22<=k<=22,
-19<=l<=19
65430
11687 [R(int) = 0.0677]
100.0 %
Semi-empirical from equivalents
0.7462 and 0.5775
Full-matrix least-squares on F2
11687 / 7 / 546
1.047
R1 = 0.0328, wR2 = 0.0649
R1 = 0.0480, wR2 = 0.0685
0.415(11)
n/a
0.562 and -0.504 e.Å-3

p-xylene
C20 H22 N8 Zn2
505.19
100(2) K
Orthorhombic
P21ca
15.0136(11)
17.2539(12)
18.6936(13)
90
90
90
4842.4(6)
8
1.386 Mg/m3
2.002 mm-1
2064
0.149 x 0.133 x 0.110 mm3
1.180 to 28.000°.
-19<=h<=19, -22<=k<=22,
-24<=l<=24
65430
11687 [R(int) = 0.0677]
100.0 %
Semi-empirical from equivalents
0.7462 and 0.5775
Full-matrix least-squares on F2
11687 / 7 / 546
1.047
R1 = 0.0328, wR2 = 0.0653
R1 = 0.0480, wR2 = 0.0688
0.585(11)
n/a
0.558 and -0.484 e.Å-3

Table 5.6. (continued)a
Crystal Parameters
Empirical formula
Formula weight
Temperature
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 25.000°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole

o-xylene
C20 H22 N8 Zn2
505.19
100(2) K
Orthorhombic
P21ca
14.8019(17)
17.858(2)
18.209(2)
90
90
90
4813.0(10)
8
1.394 Mg/m3
2.015 m-1
2064
0.202 x 0.175 x 0.133 mm3
1.140 to 25.000°.
-17<=h<=17, -21<=k<=21,
-21<=l<=21
44758
8447 [R(int) = 0.0795]
99.9 %
Semi-empirical from equivalents
0.7454 and 0.5103
Full-matrix least-squares on F2
8447 / 1 / 546
1.097
R1 = 0.0507, wR2 = 0.1160
R1 = 0.0790, wR2 = 0.1280
0.50(3)
n/a
0.808 and -0.777 e.Å-3
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Table 5.6. (continued)a
Crystal Parameters
Empirical formula
Formula weight
Temperature
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges

a

Reflections collected
Independent reflections
Completeness to theta = 25.000°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole

DMPU
C36 H48 N20 O2 Zn4
1054.42
100(2) K
Orthorhombic
Pca21
18.4606(12)
17.2567(11)
15.2588(10)
90
90
90
4861.0(5)
4
1.441 Mg/m3
2.003 mm-1
2160
0.166 x 0.165 x 0.140 mm3
1.180 to 24.995°.
-21<=h<=21, -20<=k<=20,
-18<=l<=18
51754
8543 [R(int) = 0.0466]
100.0 %
Semi-empirical from equivalents
0.7455 and 0.5855
Full-matrix least-squares on F2
8543 / 22 / 622
1.094
R1 = 0.0447, wR2 = 0.0939
R1 = 0.0525, wR2 = 0.0963
0.21(2)
n/a
0.588 and -0.451 e.Å-3

DMPU (SQUEEZE)
C12 H12 N8 Zn2
399.04
100(2) K
Orthorhombic
P21ca
15.2535(10)
17.2509(12)
18.4548(12)
90
90
90
4856.1(6)
8
1.092 Mg/m3
1.981 mm-1
1600
0.166 x 0.165 x 0.140 mm3
1.180 to 24.990°.
-18<=h<=18, -20<=k<=20,
-21<=l<=21
51634
8539 [R(int) = 0.0482]
100.0 %
Semi-empirical from equivalents
0.7455 and 0.5855
Full-matrix least-squares on F2
8539 / 1 / 398
1.056
R1 = 0.0442, wR2 = 0.1113
R1 = 0.0517, wR2 = 0.1140
0.24(2)
n/a
1.118 and -0.778 e.Å-3

Both the Pca21 and the non-standard setting P21ca structures are reported.
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5.20. Crystalline Sponge Technique
Synthesis of zec-Zn(Im)2xDEF for Crystalline Sponge Technique
The as-synthesized zec-Zn(Im)2xDEF crystals were synthesized using the liquid layering
technique employed by Tian et al.118 No yield was obtained for this procedure.
5.21. Using zec-Zn(Im)2xDEF for Crystalline Sponge Technique
The as-synthesized zec-Zn(Im)2xDEF crystals were added to a 7 mL vial containing (S)carvone (~ 2 mL). The vial was then set aside for 50 days and analyzed via SCXRD. Although
the crystal was collected with both Mo-K<α> and Cu-K<α> radiation (Project #16120), it was
difficult to model the chiral center of (S)-Carvone. However, we were able to show that the zecZn(Im)2 framework may be a potential candidate for this technique.
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Figure A.2. Permission to use Figures 2.1 – 2.21 and Tables 2.1 – 2.3 in
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Figure A.3. Permission to use Figure 3.1 given by the American Chemical
Society.

239

Figure A.4. Permission to use Figure 4.1 given by the American Chemical
Society.

Figure A.5. Permission to use Figure 5.2 given by the American Chemical
Society.
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Figure A.6. Permission to use Figure 5.4 given by the American Association
for the Advancement of Science.
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Figure A.7. Permission to use Figure 5.6 given by the American Chemical
Society.

Figure A.8. Permission to use Figure 5.7 given by IUPAC/De Gruyter.
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Figure A.9. Permission to use Figure 5.34 given by Springer Nature.
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Figure A.10. Permission to use Figure 5.35 given by the Royal Society of
Chemistry.
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Appendix B: Internal Project Numbers of All cag-Zn(Im)2 Structures Collected via
SCXRD.
Solvent
Project Number
Empty_SC
18144
Xe(g)
18164 (20 bar)
Acetonitrile (MeCN)
14246
Nitromethane (MeNO2)
17054
Dichloromethane (DCM)
18022
Chloroethane (CE)
14274
Acetone (Me2CO)
14004
Me2CO(RT)
18032
Dimethylsufloxide (DMSO)
16325
Chloroform (CHCl3)
13378
Tetrahydrofuran (THF)
16310
Dimethylformamide (DMF)
13058
DMF(RT)
17003
Methyl ethyl ketone (MEK)
16326
3-chloropyridine (3ClPyr)
17046
Diethylformamide (DEF)
17126
3-methylpyridine (3MePyr)
18022
(o-xylene) oxyl
17001
(p-xylene) pxyl
17123
Acetophenone (AcP)
17002
3-Dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone
16292
(DMPU)
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