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ABSTRACT 
 

 Non-covalent molecular interactions are a ubiquitous part of molecular interaction and the 

driving force behind macromolecules and host-guest binding. However, a more recent non-

covalent molecular interaction, the cation-π interaction, has been recognized as another 

fundamental force behind macromolecules and host-guest binding. Along with this cation-π 

interaction, anion-π interactions have been demonstrated with an electron deficient aromatic ring 

and various anions. Naphthalenediimide (NDI) represent a unique class of molecules that exhibit 

electron deficient aromatic rings suitable for anion-π interactions.  Although the anion-pi 

interaction has been available for some time, there has been little known about the mechanism by 

which this interaction occurs. Recently published anion-pi interactions, through the anion-

naphthalenediimide interactions, have given insight to the mechanism by which the phenomena 

occurs. With this recent insight, this research attempts to apply this knowledge to two areas of 

chemistry, metal-organic frameworks and ion-pair recognition chemistry. 

 A metal-organic framework (MOF) is a material defined by its crystallinity and is 

composed of a metal ion, or metal clusters, connected to a rigid organic molecule, known as the 

organic linker or ligand. MOFs have gathered significant attention in the recent decade due to their 

unique properties such as extremely high surface area, ultra-low density, and others. One of the 

primary uses for MOFs is for gas storage and capture. Despite the many advancements of MOFs, 

their synthesis still poses challenges. One such challenge is catenation (interpenetration), which is 

the formation of subunits of MOFs within themselves. This catenation reduces the available space 

within a MOF. Several ways to prevent catenation have been demonstrated by using bulky ligands 

or templating agents. Inspired by this work, this research demonstrates how the anion-π, using 

perchlorate anion and NDI, can be used to direct the assembly of a two dimensional MOF without 
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catenation. In addition, coordination complexes are prepared and give additional insight to the 

effects of solvents on coordination of ligands to metal. At the same time, more insight is gained 

from these coordination complexes and the interaction between the complex and anion.  

 After displaying how the anion-NDI interaction can be applied to prevent the catenation of 

MOFs, this research investigates complex NDI ligands for the assembly of complex MOFs. MOFs 

have expanded into many other areas of chemistry and are no longer thought about for simple gas 

storage. Drug delivery, catalyst, sensors, and many other areas of chemistry are beginning to utilize 

MOFs. However, if these areas are to successfully apply MOFs, a simple MOF with little or no 

complex functionality will not work. Therefore, MOFs displaying complex functionality are 

needed. With complex MOFs in mind, this research set out to build MOFs displaying complex 

functionality, for sensing, redox potential, and other applications yet to be discovered. To impart 

complex functionality upon a MOF, one can use a complex ligand, metal ion, or insert materials 

into the MOFs. Here, research focus is on the synthesis of complex NDI ligands, by adding 

functionality to the core of the NDI, which then imparts complex functionality on the MOF or can 

help with retention of ions so that the MOF can possess functionality, such as a redox potential. 

This part of the research began with the synthesis bromine core-substitution of NDIs that allow for 

post-synthetic modification (PSM) of bromo-core-substituted MOFs with a variety of nucleophiles, 

thereby allowing access to a large variety of complex NDI based MOFs. This work is followed by 

the synthesis of the complex NDI ligand by functionalizing the core of the NDI with ethoxy 

functionality. 

 Although the NDI is identified as viable candidate for the assembly of complex MOFs, 

another building block, tetrathiafulvalene (TTF), is also identified. TTF is a unique molecule with 

exceptional redox ability and is often employed as a building block in many supramolecular 
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systems. In the attempt to address complex MOFs, the synthesis of ligands containing the TTF 

core is demonstrated and future work will allow for assembly of TTF ligand containing MOFs. 

 Lastly, this research shifts direction back to the anion-NDI interaction in an attempt to 

apply the interaction to the area of chemistry known as ion-pair recognition. Due to the ubiquitous 

nature of ionic species in chemistry, biochemistry processes, and in the environment, capturing 

these ions has gained much attention from the chemistry community. Traditional means of 

capturing these ionic species involves capturing either the cation or the anion. However, a more 

recent strategy has been to capture both ionic species at once, using a heteroditopic receptor. The 

traditional heteroditopic receptor relies on well-known non-covalent interactions for capture. This 

research attempts to introduce the anion-π interaction, using naphthalenediimide, for the 

cooperative binding of both ionic species, in which the anion is captured through the anion-π 

interaction. In addition to cooperative binding using the anion-π interaction, recycling of the 

receptor is another aspect of this research, which is often an aspect ignored by the field due to the 

high energy barrier required to overcome. Currently, this research presents successful synthesis of 

heteroditopic receptors with indication of cooperative binding of both ionic species using the 

anion-π interaction. Future studies of these receptors will be done to determine their releasability. 
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CHAPTER ONE 

INTRODUCTION 

 

1.1 Non-covalent Molecular Interactions 
 

 Non-covalent interactions between molecules are ubiquitous and play a significant role in 

everyday interactions between molecules. Today, these non-covalent interactions, first 

acknowledged by J. D. van der Waals in the late 19th century, are well researched and are often 

taken for granted in our understanding of how molecules interact among themselves.1 Non-

covalent interactions, unlike covalent interactions which leads to the molecule itself, are 

responsible for the formation of molecular clusters. At an early stage in studying organic chemistry, 

non-covalent interactions such as induced dipole-induced dipole, dipole-induced dipole 

interactions, and hydrogen bonding are given great consideration and are often the explanation for 

everyday molecular interactions such as boiling and melting points. These non-covalent molecular 

interactions are well-known, and it is these forces that are responsible for the domain of 

supramolecular chemistry. It this chemistry, unlike traditional chemistry and its focus on the 

covalent bond, which investigates systems comprising of discrete ways in which molecules 

assemble in their environment. Because these discretely-assembled non-covalent interactions are 

fundamental to the chemical process, it is important to fully study and elucidate how new 

interactions of this kind fit into our understanding of chemistry. 

1.2 The cation-π Interaction 
 

 Molecular recognition is the interaction of two or more molecules through non-covalent 

bonding, such as the determining of macromolecule structure and drug-receptor interactions, and 

is built upon non-covalent interactions. Forces such as hydrogen bonding, hydrophobic effect, and 
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ion pair are considered to be the cornerstone of these interactions.2 One only needs to consider the 

effect hydrogen bonding has on the secondary structure of proteins or the role hydrophobic effect 

plays in protein folding to see how significant non-covalent bonding is to every aspect of chemical 

and biochemical processes.3 Expanding upon these interactions, the cation-π interaction is a more 

recent non-covalent force that has been introduced, studied, and is now a recognized by the 

chemistry community as an equally important role in molecular recognition.4 The cation-π 

interaction is the non-covalent bond between a cationic species and an electron-rich aromatic ring, 

as shown in figure 1.  

 

Figure 1. The cation-π interaction between the electron rich benzene and NH4
+ cation. 

 

 The cation-π interactions (although they were not called cation-π interactions at the time) 

were first demonstrated in 1981, by Paul Kebarle, when it was shown that a potassium cation binds 

to benzene with a -ΔH of 19 kcal/mol and the same potassium ion binds with water with a -ΔH of 

18 kcal/mol in the gas phase.5 This implies that the lone potassium cation, with a desire to be 
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solvated, and a choice between the lone pair of electrons on the water molecule and the 

hydrocarbon benzene, would prefer to interact with the benzene.  Kebarle’s report placed an 

emphasis on the electrostatic ion-quadrupole interaction with the benzene and the ion-induced 

dipole interactions as an explanation of these findings. 

In addition to Kebarle’s work, Dougherty synthesized water-soluble macromolecules 

(figure 2) with well-defined hydrophobic binding sites. With these macromolecules, Dougherty 

demonstrated that a cationic guest did interact with the aromatic system, while neutral derivatives 

did not. In order to distinguish between fully charged ions and neutral interactions of polar 

molecules, the term cation-π interaction was used.6 Fully synthetic molecules to demonstrate this 

interaction is a good route to establish an understanding this cation-π interaction but is most notable 

(with more attention given to it) to where it is found in nature and how it plays a role.  

 

Figure 2. An Example of Dougherty's series of water-soluble cyclophanes containing well-defined 
hydrophobic binding sites. 
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 In nature, this cation-π interaction is seen in proteins and neurobiology. For example, the 

cation-π interaction significantly contributes to a person’s nicotine addiction. The addiction begins 

when nicotine binds to and activates nAChRs (neuronal nicotinic acetylcholine receptors) in the 

brain. It is reported that nAChRs are found at the neuromuscular junction and, similar to nicotine 

binding to nAChRs in the brain, nicotine should be expected to have the same binding ability at 

all nAChRs. This, however, is not the case and can be explained by the cation-π interaction. 

Although the critical tryptophan is present in all the receptors, there is a difference in the strength 

of cation-π interaction between nicotine and nAChRs found in the brain and those found in the 

neuromuscular junction. The difference is that, in the brain, the cation-π interaction is strong but 

weak, and sometimes non-existent, in the neuromuscular junction.7 The reason is due to a residue 

that has nothing to do with the binding site because when glycine and nicotine cannot make a 

cation-π interaction then the receptor becomes less willing to bind to the nicotine.8 

 Chemists in the area of molecular recognition have come to accept cation-π as another 

important driving force, in addition to the hydrophobic effect and others, in the interactions of 

molecules that dictate macromolecular structure and binder-receptor interactions. First 

demonstrated by Keberle, then elaborated on by Dougherty, and now seen in a variety of 

applications, it can contribute to the understanding of more unique interactions that can’t be 

explained by traditional non-covalent interactions.9-15 

1.3 The Anion-π Interaction 
 

 Another novel non-covalent molecular interaction, which can be considered the opposite 

of the cation-π interaction, is the anion-π interaction. In the previous section, the cation-π 

interaction was characterized by the potassium cation solvated by the benzene ring (shown to be 
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energetically more favorable than water) and was explained by the electron-rich quadrupole of the 

benzene ring and the ion-induced change. Therefore, it is reasonable to explain the anion-pi 

interaction as an anion interacting with a π-system that is electron deficient in the same quadrupole 

manner. Figure 3 shows the electron density of benzene, hexafluorobenzene, and trifluorotetrazine. 

The π clouds above the benzene ring give rise to an electron-rich area for the cation-π interactions, 

while the electron-withdrawing fluorine depletes the benzene ring of electron density, generating 

an electron deficient π-acidic center which allows for the anion-π to occur. Trifluorotetrazine can 

also participate in anion-π interactions because of its electron deficient ring. 

 

 

Figure 3. Structures and electron-density surfaces of C6H6, C6F6, and C3N3F3. The electron density 
is high in the aromatic region of C6H6 (red region) and low in C6F6, and C3N3F3. 

 

The cation-pi interaction is a more intuitive non-covalent interaction than the anion-pi 

interaction, and therefore, the anion-pi interaction went unnoticed until very recently in the early 

1990s. Unlike the cation-pi interaction, where the cation is taking advantage of the electron rich 

aromatic ring, the anion-pi interaction is the anion bonding with an electron-deficient aromatic (pi-
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acidic) ring. Figure 3 represents this difference between the electron rich aromatic system, suitable 

for cation-π interaction and the electron poor aromatic system suitable for anion-π interaction. It 

was Schneider and co-workers who showed experimental evidence for this seemingly 

contradictive anion-pi interaction.16 However, the experimental evidence explored through 

computational methods by Mascal, Alkorta, Deya, and coworkers validated the observed data by 

revealing how the attractive nature of anions and electron deficient pi systems occurs.117-18 

1.4 Naphthalenediimides (NDIs) 
 

 The origin of the anion-π interaction is in computational studies, where it was shown that 

anion-π interactions are mainly derived from electrostatic forces and anion-induced polarization 

effects.19 The electrostatic forces are correlated with the quadrupole of the aromatic order 

corresponding to non-flourinated compounds in an inverse relationship.20 Simply put, the more 

electron deficient the aromatic ring, the more anion-induced dipole moment is observed. The anion 

can also influence the anion-π interaction through its electrostatic nature and polarizability, which 

depends on the distance between the anion and aromatic system.  

 

Figure 4. (a) Generic naphthalenediimide (b) Electron-density surface of a generic 
naphthaleneddimide exhibiting low electron density through the aromatic portion of the molecules. 
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As described earlier, the anion-pi interaction is a recently accepted non-covalent interaction 

between an anion and an electron deficient ring. Earliest examples of this anion-pi interaction used 

an electron deficient benzene ring, by placing electron withdrawing substituents onto the benzene 

ring.  However, there exists another class of molecules that exhibits a highly electron-deficient 

aromatic system - the 1,4,5,8-naphthalenediimides (NDIs). Shown in figure 4, NDIs are rigid, 

aromatic, neutral, planar, chemically robust, redox-active compounds with high melting points. In 

addition, from the electrostatic potential map, the NDI is extremely electron deficient which makes 

it a suitable candidate for the exploration of the anion-pi interaction.21 

 Matile elegantly demonstrated the anion-π interaction, using NDI as the π-acidic ring, when 

he facilitated the transport of an anion across a lipid bilayer membrane. To achieve this anion 

transport, Matile utilized three NDI molecules in a rigid, rod-shaped oligomer, which he called O-

NDI.22 The O-NDI was long enough to span the lipid bilayer membrane, which then allowed for 

the anion to pass from opposite sides (it was assumed to be through the pi-acidic surface). Initial 

results showed excellent activity and anion selectivity but it was unclear whether this was due to 

the anion-π interaction or to other variables. However, in a later study, Matile prepared a collection 

of monomeric, cyclic, and rod-shaped NDI transporters and studied their ability to exert anion-π 

interactions through electrospray tandem mass spectrometry in combination of with theoretical 

calculations.23  

 Rather than an intuitive non-covalent molecular interaction, the anion-π interaction was 

first demonstrated from a computational study, followed by experimental evidence. The anion-π 

interaction is between an anion and electron-deficient aromatic ring and this would imply a 

particular class of NDIs as suitable pi-acceptors, due their highly electron-deficient aromatic core. 

Indeed, this anion-π interaction has been clearly shown to occur through the work of Matile and 
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the transport of anions across a lipid bilayer membrane using NDI in a rigid rod-shaped 

oligomer.24-26 

1.5 Fluoride Ion Sensing by an Anion-π Interaction 
 

 The anion-π interaction was demonstrated to be another example of non-covalent 

molecular interaction and has been found in experimental data, investigated through computational 

methods, and is being explored through applications such as anion transport.27 For this anion-π 

interaction to occur, an electron-deficient aromatic ring is required. One such example of an 

electron-deficient aromatic ring is the 1,4,5,8-naphthalenediimide (NDI). This NDI is a common 

class of compound used in supramolecular chemistry due to its unique chemical and physical 

properties, as will be discussed chapter three. The anion-π interaction has been very clearly shown 

to exist through a variety of studies and applications.28  

Despite this anion-π interaction being accepted, studied, and demonstrated through various 

applications, the mechanism by which the phenomena occur was not known, or not fully 

understood, until a rigorous study of the anion with NDI was conducted by Saha co-workers. Their 

work is instrumental and subsequently the foundation of the work described in proceeding chapters, 

in the understanding how the community can come to understand the anion-π, through the use of 

NDI. Their work began with applications of the anion-π interaction and follows with mechanism 

elucidation and evidence with crystals structure evidence. 
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Figure 5. Molecular structures built by Saha and co-workers for the recognition of F-. Reprinted 
(adapted) with permission from J. Am. Chem. Soc. 2010, 132, 17674. Copyright 2016 American 
Chemical Society.  

 

Saha and co-workers first displayed a unique example of chromogenic anion-π and charge-

transfer (CT) interaction involving the fluoride anion and a π-electron deficient NDI receptor, 

shown in figure 5. The research focused on the synthesis of receptors and the chromogenic 

detection of the fluoride anion. This research was different because previous receptors for the 

fluoride ion employed hydrogen bonding, which does not allow for a chromogenic response.29 

However, these receptors are nonchromogenic because it is the hydrogen-flouride bonding that 

allows for the fluoride to interact with the receptor. In order to achieve a chromogenic response, 

receptors rely on adjacent chromophores or deprotonation which then delocalizes electrons for a 

chromogenic response.20 This limits the receptors and does not allow for them to discern between 

the fluoride ion and other similar ions.30 Building the receptors with the NDI, it is clearly 

demonstrated the fluoride interacts with the receptors through an electron transfer, first reducing 

the NDI to a radical anion then, as the solution becomes saturated with fluoride, a dianion. It is 
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noted that this chromogenic anion-NDI interaction does not occur with other weak Lewis-basic 

anions, such as chloride, bromide, iodide, and others.  

1.6 Boundaries of Anion/Naphthalenediimide Interactions 
 

 Subsequently, a full study of the anion-NDI interaction and the boundaries of this 

interaction was later reported, as shown in figure 6. The research explored π-electron deficient, 

neutral NDI compounds as the foundation. Installing electron-withdrawing functionality at both 

the imide or the core of the NDI allowed for the NDI to increase in electron-withdrawing nature, 

increasing the π-acidity. The π-acidic nature of the compound can be solvent dependent; this 

electrochemistry was explored using cyclic voltammetry. Using different polar solvents (MeCN, 

DMF, and DMSO) and nonpolar solvents (orth-dichlorobenzene), it was found that the non-polar 

solvents did not change the reduction potentials like the polar solvents. The polar solvents were 

found to have the effect of making the reduction easier. This is attributed to the polar solvent being 

able to stabilize the negatively charged NDI. In aprotic solvents, the ability of anions to donate 

their electrons followed their Lewis basicity order. It is reported that strongly Lewis basic anions 

such as the hydroxide and fluoride anions will undergo thermal electron transfer with most NDIs, 

resulting in a NDI radical anion and NDI diradical anion in aprotic solvents. However, anions of 

a weaker Lewis basicity (AcO-, H2PO4
-, Cl-, etc.) often do not undergo the same thermal electron 

transfer with moderately π-acidic NDIs. Rather, the electron transfer takes place upon 

photoexcitation of the NDI, causing a photo-induced electron transfer. Anions of even lower Lewis 

basicity will not participate in either thermal electron transfer or photo-induced electron transfer, 

unless π-acidity of the NDI is significantly increased by installed strong electron withdrawing 

substituents at the core of the NDI (core-substituted dicyano-NDI) and the mode of interaction is 

through an anion-NDI or anion-π complex.31 
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Figure 6. Energy diagram generated by Saha and co-workers to demonstrate how the relative 
positions of the HOMO and LUMO levels of NDIs, with respect to the HOMO of anions channel 
anion/NDI interactions through anion-induced thermal electron transfer and charge-transfer 
interactions. Reprinted (adapted) with permission from J. Am. Chem. Soc. 2012, 134, 13679. 
Copyright 2016 American Chemical Society. 

 

1.7 Anion-π Interactions using a NDI-based Pd(II) Coordination Polymer 
 

Lastly, a clear picture of the anion-NDI interaction is found through crystallographic data. 

Although evidence for the anion-NDI interaction is strong, crystallographic data showing a charge-

transfer complex of an anion and NDI would ensure there are no alternate explanations for 

observed data previously reported. For the crystallographic data, a N,N’-di(4-pyridyl)NDI was 

synthesized into a zig-zag coordinated polymer by treatment with Pd(dppe)(TfO)2 [dppe = 

1,2bis(diphenylphosphino)ethane] in dimethyl formamide (DMF). Tetrahydrofuran (THF) vapor 

diffusion into acetonitrile solution of the complex yielded colorless crystals. Crystallographic data 

presented the zig-zag coordination polymer with non-covalent interactions between the electron-

poor NDI and the lone pair of electrons on the triflate ion (TfO-). In addition, it was found that the 

THF was also non-covalent bonded to the NDI in the anion-π fashion, shown in figure 7.32  
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Figure 7. Crystal structure of coordination polymer [Pd(dppe)DPNDI]n(TfO)2n is seen in (a), with 
TfO- interaction seen in (b), THF interaction in (c), and crystal packing of the polymer backbone 
with both TfO- and THF interaction. Reprinted (adapted) with permission from CrystEngComm. 
2012, 14, 1213. Copyright 2016 Royal Society of Chemistry. 

 

1.8 Research Prospectus 
 

 Supramolecular chemistry is the study of complex molecules and their interaction with 

each other and their environment by non-covalent molecular interactions and extends well beyond 

the chemistry of the single molecule. Because non-covalent interactions are at the foundation of 

this chemistry, it is important to understand and explore how new interactions of this kind can 

further the field of supramolecular chemistry. With this in mind, this research first envisions the 

exploration of the anion-π interaction, through the NDI, with possible influences on the area of 

chemistry dealing with Metal Organic Frameworks (MOFs). This area of self-assembly research 

has grown significantly in the past several decades and will be discussed in detail in the proceeding 

chapter. Despite significant increase in research and its popularity, there are still many challenges 

this field of study faces, such as catenation and MOF complexity. These are the challenges that 
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this research plans to address through the NDI. First, this research employs the anion-π interaction 

to prevent catenation during MOF assembly, as discussed in chapter two. Along with the study of 

MOF catenation, continuation of the anion-NDI interaction is still investigated and intriguing 

results are discussed. Second, in addition to this anion-π interaction, the synthesis of various 

bromo-core-substituted NDIs is demonstrated for the assembly of MOFs containing a readily 

substitutable bromine which can then be replaced with various complex functionalities, as 

discussed in chapter three, thereby allowing access to a variety of complex MOFs through a single 

MOF assembly. The complexity and complex NDIs are discussed in chapters four. Understanding 

the need for MOFs displaying complex functionality, this research looks outside the NDI and to 

the tetrathiafulvalene (TTF) for inspiration as well. In chapter five, the TTF is discussed in detail 

and the implications of the TTF MOF are explored along with synthesis of TTF molecules for 

MOF assembly. Lastly, the research transitions away from the MOFs. There is a return to NDI and 

an exploration of the anion-π interaction using the NDI moiety in ion-pair recognition in chapters 

six and seven. Here the synthesis of NDI “tweezers” is presented along with mass spectrometry 

data of binding. The mass spectrometry data is supplemented with 1H NMR titration studies and 

this is followed by a discussion of further implications of how anion-π interaction can be used to 

capture various anions. Final conclusions and remarks are given in chapter eight.  
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CHAPTER TWO 

 METAL-ORGANIC FRAMEWORKS & NAPHTHALENEDIIMIDES 

 

2.1 Metal-Organic Frameworks 
 

 A metal-organic framework (MOF) is a crystalline material composed of a metal ion, or 

metal clusters, connected by a rigid organic molecule, known as the organic linker or ligand to 

form a one, two, or three-dimensional structure. Although MOF is the most common name, they 

are also referred to as porous coordination networks and/or porous coordination polymers, among 

other various names.33-36 These MOFs have gathered significant attention; both academia and 

industry have devoted large amounts of research to the development of these MOFs since 1997, 

when Omar Yagi published IRMOF-5 (isoreticular metal-organic framework 5) along with a series 

of IRMOFs (figure 8).37 However, MOFs did not begin with IRMOF-5 and have their beginnings 

from organic and inorganic porous materials. Roughly three decades prior (1965) to Yaghi’s 

publication of IRMOF-5, bi-and trivalent aromatic carboxylic acids were used in junction with 

zinc, nickel, iron, aluminum, thorium, and uranium to make metal-organic polymers or 

supramolecular structures.38 Also in 1965, Biondi and co-workers, reported a crystalline polymeric 

material made of Cu(II) and tricyanomethanide.39 Today, these metal-organic polymers would be 

classified as MOFs. The crystalline material reported by Biondi and co-workers, as well as other 

porous materials, have many potential applications, some of which are known and others yet to be 

discovered.40-45 
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Figure 8. IRMOF series with increasing cavities and pores sizes. As the length of the ligand is 
increased, the cavity size increased, as represented by space-filling yellow sphere. Reprinted 
(adapted) with permission from Microporous and Mesoporous Materials. 2004, 73, 3. Copyright 
2016 Elsevier. 

 

2.2 Applications of MOFs 
 

 MOFs have been demonstrated to be extremely useful material in a variety of applications 

such as gas storage, sensors, drug storage/delivery, adsorption-based gas/vapor separation, 

shape/size-selective catalysis, and as templates for the preparation of low-dimensional materials.46-

55 Gas storage is a significant area of research because a container loaded with a porous adsorbent 

MOF enables an amount of gas to be stored at a lower pressure relative to the same container 

without the porous MOF, which has significant impact on the way energy is used. It is in this 

application that MOFs have become the most popular and extensively researched. Many of these 

gas storage studies are devoted to the storage of hydrogen, methane, and carbon dioxide.56-60      
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Before MOFs, porous materials had been either purely organic or inorganic. For example, 

activated carbon is a common example of an organic porous material prepared from the pyrolysis 

of carbon-rich material.61 It has a high surface area and high adsorption capacities, giving it many 

useful applications such as storage of gases and solvent removal/recovery, and is most notable for 

the purification of water.62-65 However, activated carbon does not possess an ordered structure, 

unlike inorganic porous materials such as zeolites. Inorganic porous materials are highly ordered 

and useful in separation and catalysis applications. However, inorganic porous framework 

synthesis requires a template, either organic or inorganic, and often collapses upon the removal of 

this template. They also suffers from a lack of diversity, typically employing silicon, aluminum, 

and chalcogens.66-70 For porous material to have the advantages of both the organic and inorganic 

materials, an overlap of organic and inorganic porous materials (a hybrid) would be appropriate. 

This hybrid is the MOF with its ordered, stable, and high surface area features. Once IRMOF-5 

demonstrated a characterization of both these properties, and an extremely high surface area 

unseen before, the renascence of MOFs began. Today, the research has brought much more insight 

to the synthesis, characterization, and applications of MOFs.  

2.2.1 Gas Storage and Capture 
 

 The area of gas storage and capture might be the most researched and applied area of MOFs, 

and for good reason. Gas storage has direct consequences on world energy sources, and natural 

gas and hydrogen have great potential to become the world’s primary source of fuel. Gas capture 

has an impact on the environment and can lead to the reduction of environmental pollutants such 

as carbon monoxide and carbon dioxide, among others.71 The largest portion of natural gas is 

methane, which has the highest hydrogen to carbon ratio of any fossil fuel, resulting in less carbon 

dioxide and carbon monoxide released per unit of energy related. Some notable MOFs, shown in 
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figure 9, have been studied for gas storage. MOF, 5, 6, and 8, some of the original MOFs assembled 

by Yaghi co-workers, were among the first MOFs to be considered for gas storage, specifically 

hydrogen.72 It was found that with MOF-5 (also referred to as IRMOF-1), assembled from 

benzene-1,4-dicarboxylic acid and zinc, forming a pillar paddlewheel SBU, adsorption of 

hydrogen is 4.5 wt% at 77 Kelvin (K) and pressure less than 1 atm and 1.0 wt% at room 

temperature at 20 bar. HKUST-1 (Hong Kong University of  Science and Technology), assembled 

from benzene-1,3,5-tricarboxylic acid and copper, exhibits exceptionally high volumetric uptake 

of methane and has exceeded most known materials for methane uptake.73 Another MOF explored 

for gas storage is PCN-14 (porous coordination network), which is constructed of dicopper 

paddlewheel secondary building units with the organic linker 5,5’-(9,10-

anthracenediyl)diisophthalate, and exhibits methane adsorption capacity of 230 cm3 at 290 K and 

35 bar.74-75 The MOF-74 was first synthesized by Yahgi and co-workers using Zn(II) metal but has 

since been extensively studied by other groups due to the highest concentration of open metal sites 

reported.76 With the metal in focus, and with open metal sights in mind, Wu and co-workers 

compared methane adsorption properties of the MOF-74 series using Mg, Mn, Co, Ni, and Zn. No 

modifications to the perceived SBU, ligand or conditions was taken so that the effects of different 

metals could be explored. They discovered a difference in absorption based on the metal used to 

assemble MOF-74. Their excess adsorption capacities of methane ranged from 149 to 190 cm3 

(298 K and 35 bar), with MOF-74 containing Ni metal exhibiting the highest absorption.77 
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Figure 9. A representation gas storage MOF-74, MOF-5, HKUST-1, and PCN-14, along with the 
organic ligands from which each MOF is assembled. Reprinted (adapted) with permission from 
Chem. Sci. 2014, 5, 32. Copyright 2016 Royal Chemical Society. 

 

2.2.2 MOF Sensors 
 

 Ideally, due to the tunability of MOF sorption properties, MOFs provide a significant 

advantage over other sensor materials and luminescent frameworks are a popular sensor-based 

MOF due to several key features over other transduction mechanisms. The production of a signal 

that is visible by the eye has obvious benefits and fluorescence spectroscopy is well established, 

with detection limits that can reach the single molecular level.78 Qiu and co-workers demonstrate 

a Zn3btc2 (btc = benzenetricarboxylate) luminescent MOF capable of size-selective sensing of 

amines.79-81 Upon exposure to amines of various sizes, a decrease in fluorescences was observed 

for amines capable of diffusion into the MOF pores, including ethylamine, dimethylamine, and 

propylamine. This is a contrast to larger amines, such as aniline and butylamine, which did not 

quench the fluorescence of the MOF. Similar size exclusion effect can be found for a Cd2+ based 

MOF.82 Introduction of different anions revealed that only nitrite quenches luminescence. The 
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investigators speculate that the quenching is due to the energy transfer (to NO2-) through strut-

based nitrite ions.82 

 Size selectivity isn’t the only advantage MOFs have as sensors. The large surface areas 

combined with capture of analyte inside the MOF cavities can translate into high sensitivity of the 

MOF sensor.83 Lastly, it is possible to facilitate dipolar coupling between neighboring linkers 

through the extended three-dimensional MOF. This strut-to-strut energy transfer is on a short time 

scale compared to the singlet excited-state lifetime. Therefore, when a single analyte binding event 

occurs, a chain of signaling can occur through several other signaling centers, a similar property 

found in conjugated fluorescent polymers.84-85 

2.2.3 MOF Catalysis 
 

 One of the earliest reports of MOFs acting as catalysts was demonstrated by Seo and co-

workers.86 They synthesized what they called a homochiral metal-organic porous material, 

essentially a homochiral MOF, shown in figure 10. This homochiral MOF allows the 

enantioselective inclusion of metal complexes in its cavities and catalyses a transesterification 

reaction in an enantioselective manner. To achieve this transesterification reaction in an 

enantioselective manner, they employed enantiopure metal-organic clusters as secondary building 

units (SBUs). They envisioned that this application of chemically modified cluster components 

will provide access to a wide range of MOFs with enantioselective separation and catalysis 

capabilities, with results shown in figure 11.86  
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Figure 10. Crystal structure of homo-chiral MOF synthesized by Seo and co-workers. Reprinted 
(adapted) with permission from Nature. 2000, 404, 982. Copyright 2016 Nature Publishing Group. 

 

 

Figure 11. Transesferification results obtained from homo-chiral MOF POST-1. 

 

 Since the work of Seo and co-workers, MOF catalysis has quickly grown and new modes 

of interaction between analyte and MOFs have developed. Seo and co-workers determined the 
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SBU as the primary interaction for the catalysis to occur. Today, there exist a diverse set of 

strategies, including metal-node catalysis, privileged metal catalysis, organocatalytic linkers, and 

multifunctional catalysis. Evans and co-workers display metal-node catalysis based on lamellar 

lanthanide phophonates for cyanosilytion of aldehydes; privileged metal catalysis is demonstrated 

by Wu and co-workers by active (BINOLate)Ti(OiPr)2 catalytic sites of a MOF; Hupp and co-

workers demonstrate catalysis by organocatalytic linker by TIF-1 which catalyzes the conjugate 

addition of alcohol to alpha, beta-unsaturated ketones; and multifunctional catalysis is 

demonstrated by Duan and co-workers when the combined organocatalytic and photoactive units 

into a single MOF for the alpha alkylation of aldehydes.87-90  

2.2.4 Biomedical (Drug Delivery) 
 

 Despite major interest in MOFs as high-density gas storage for potential use in separations, 

fuel cells, and other energy related applications, MOFs do pose the ability to be optimal drug 

delivery materials due to the possibility of adjusting the framework’s functionality, by way of the 

organic ligand through traditional synthetic routes, and tuning of the pore size. Recent research 

suggests that MOFs will play a role in drug delivery in the future.91 The MIL (Materials of Institute 

Lavoisier) family of MOFs, synthesized from trivalent metal centers and 1,4-benzene dicarboxylic 

acid bridging ligands, display extremely large surface areas and the possibility for 

functionalization, making them optimal candidates for drug delivery.92  

 The common organic ligands employed in MOFs, such as carboxylates, imidazolates, or 

phosphonates, provide biocompatibility and the capacity for a large amount of drug uptake. The 

inorganic groups can be tuned for optimized controlled release of embedded drug. However, 

design of MOFs with large pores is an important because of drug uptake as demonstrated by the 
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MIL series MOF by uptake of ibuprofen. A small MOF with small pores limit the uptake and drug 

loading ability of the MOF.93 This is demonstrated by MIL-100 and MIL-101. MIL-100 has pore 

diameters of 25-29 Å, pentagonal openings of 4.8 Å, and hexagonal openings of 8.6 Å (figure 12). 

MIL-101, however, contains a larger pore size of 29-34 Å, pentagonal opening of 13 Å, and 

hexagonal opening of 16 Å. Due to the larger pore size and openings of MIL-101, it had the ability 

to uptake 1.4 grams of ibuprofen. This was significantly more than the 0.35 grams uptake by MIL-

100. Neither MIL-100 or 101 lost crystallinity upon uptake of the ibuprofen. The kinetics of 

ibuprofen release was studied with High Performance Liquid Chromatography (HPLC) in a 

simulated body fluid solution. Steady release of the ibuprofen was observed within the first eight 

hours for MIL-101 and a full release in six days. The elongated delivery time was explained by 

the π-π interactions between the aromatic rings of the ligand and the ibuprofen. The drawback of 

MIL-101 is the toxic chromium used in the MOF. However, a less toxic MOF, Fe-MIL-101, is a 

biocompatible replacement for MIL-101.94 

 The MIL series MOFs have demonstrated the importance of MOF pore size, the ability for 

MOFs to uptake and delivery drugs. However, as these MOFs are applied to more specific drugs 

and/or disease, there will be a need to focus on MOFs with a more complex nature, thereby 

allowing for research to go beyond simple uptake and delivery studies. This research uses both the 

need for tunable and large pore size as inspiration. 
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Figure 12. A 3D representation of the tetrahedral groups of MIL-101 and 100, built from trimers 
of chromium octahedral and 1,3,5-BTC or 1,4-BDC carboxylate groups are shown above. Below, 
3D representations of MIL-100 and 101 are shown, with smaller and larger cages represented in 
yellow and green. Reprinted (adapted) with permission from Angew. Chem. 2006, 118, 6120. 
Copyright 2016 John Wiley and Sons. 
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2.2.5 Electroconductive MOFs 
 

 Due to their large surface area and the tunable porosity, MOFs represent great potential for 

the area of conductive materials. In addition, the combination of the crystalline order with the 

ability to conduct electrical charge has the ability to change the energy landscape.95-100 However, 

unlike other areas such as gas storage/adsorption, conductive MOF research has been slower 

because the materials that comprise the MOF are poor electrical conductors due to the organic 

ligands and poor overlap between their π orbital mismatches with the d orbitals of the metal. To 

address this orbital mismatch between the ligand and metal, the use of second or third row 

transition metals have been proposed or redox active ligands have been employed to circumvent 

this problem. In addition this strategy, electroconductive MOFs can be made by employing 

electroactive ligands or doping the cavity of the MOF with organic molecules that promote 

delocalization of the electron density.100-110 Gandara and co-workers have reported a series of 

MOFs consisting of metal triazolate that exhibit ohmic conductivity but do not fully understand 

the mechanism of this conductivity. It does appear the conductivity is highly specific to the 

presence of Fe(II) in the structure. It was found that the exchange of Fe(II) with different divalent 

metals does not conduct.111 In addition to changing the metal or ligand, Talin and co-works have 

successfully utilized the cavities of the MOF to impart electrical conductivity. When molecules 

capable of charge transfer are introduced into the cavities of the MOF (figure 13), these molecules 

can create a mechanism for carrier mobility.112 Talin and co-workers chose to begin with HKUST-

1 because, as they stated, the coordination positions located on opposite ends of Cu(II) axis of the 

paddlewheel are occupied with water molecules which can be exchanged for the redox active 

tetracyanoquinodimethane (TCNQ) molecule. Their idea of utilizing the cavities of the MOF was 

realized upon growing thin silicon wafers consisting of a Cu3(BTC)2 MOF with TCNQ exchanged 
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for water at the SBU. The TCNQ-infiltrated devices were stable in ambient atmosphere and the 

conductivity increased with temperature in a manner similar to high-mobility organic polymeric 

semiconductors such as poly-3-hexylthiophene.113 

 

Figure 13. Cu3(BTC)2 MOF shown with TCNQ entering into cavity is shown in (a). SEM images 
of MOF before and after insertion of TCNQ is shown in (b) and PXRD data and grazing incidence 
for thin films are shown in (c). Reprinted (adapted) with permission from Science, 2014, 343, 66. 
Copyright 2016 The American Association for the Advancement of Science. 

 

2.3 General Design & Synthesis of MOFs 
 

 In principle, design of MOFs is as straightforward as selecting an organic ligand(s) with 

potential reactivity containing lone pair electrons to bind and a metal ion (often a transition metal) 

which has more than one vacant binding site. When combined into a medium to facility binding, 

self-assembly occurs. MOFs can be made of a single ligand and metal, as shown in figure 14, or a 
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combination of ligands a single metal. The metal and ligand(s) are then dissolved into a high 

boiling solvent, usually N,N-dimethylformamide (DMF), N,N-dimethylacetimide (DMAc), N,N-

diethylformamide (DEF), or water and is heated at elevated temperatures. Clearly, an amorphous 

material is not a desired outcome and x-ray quality single crystals are most desirable. Without x-

ray data, it is difficult to understand observed properties of the MOF and interpretation of observed 

data is open to debate. To achieve x-ray quality MOFs, design would take into consideration the 

metal-ligand combination and attempt to ensure it is highly labile, allowing bond formation to be 

reversible so that any kinetic products will have the ability to rearrange and form a single 

thermodynamic product.114 MOFs that are assembled from a combination of ligands, containing 

different functional groups, are referred to as multivariate MOFs (MTV-MOFs). These MTV-

MOFs are controlled by the unchanged length of the ligand and unaltered connectivity through the 

orientation, relative position, and ratio.  

 

Figure 14. General schematic representation of MOF assembly with mixed ligands. Reprinted 
(adapted) with permission from J. of Chem. Ed. 2011, 88, 92. Copyright 2016 American Chemical 
Society. 
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2.3.1 Metals & Secondary Building Units 
 

Among the more popular labile metal ions are Cu+, Cu2+, Ag+, Cd2+, Zn2+, Co2+, and Ni2+ 

and they can be found throughout the literature in the synthesis of MOFs. In theory, the 

coordination number of the metal, paired with the suitable ligand, provides a specific geometry. 

For example, a coordination number of two, paired with a linear ligand with two lone pair electrons 

on either end results in a linear geometry. Coordination number 3 yields trigonal planar, etc.115-118 

Despite the popularity of these metal ions, using them can prove to be difficult and they do not 

always show a strong preference for a set geometry which then does not give the ability to predict 

structure of the MOF.  The other consideration when designing a MOF is the organic ligand. It is 

important to use a ligand with a rigid structure with no conformations and flexible ligands can give 

rise to a set of different MOFs within the same batch.119  

In theory MOFs can be tailored with controlled pore size, shape, and functionality for 

specific applications by carefully selecting the correct organic ligand and metal. In order to achieve 

the MOF design, a high degree of predictability must be embedded into the synthesis. Despite a 

well-designed synthesis, the realization of the MOF might be difficult, especially when dealing 

with more complicated cases such as polytopic linkers. In addition, reaction conditions such as 

temperature, solvent, pH, and concentrations will affect the crystallinity and morphology 

(discussed later in this chapter).120 Aside from reaction conditions, MOF assembly can be predicted 

with a high degree of certainty once the synthesis of the secondary building (SBU) unit is 

established. Although SBU is sometimes described as the metal, in reality, the SBU is the way in 

which the metal interacts with the bonding atoms to form a particular cluster with a specific shape 

and geometry. Synthesis of the SBU can be used to direct assembly of the MOF with rigid organic 

linkers. Said differently, the way the MOF might be is assembled is understood through the SBU 
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formed from the metal and ligand(s) used. The way in which the organic ligands are oriented will 

give rise to a predictable structural topology and it is the combination of both SBU and ligands 

that determine the final frame-work topology. For example, 4-connected tetrahedral clusters and 

linear ditopic ligands yield a diamondoid net, 6-connected octahedral clusters and ditopic linear 

ligands yield a cubic net (figure 15). Therefore, the SBU design is crucial to the design and 

synthesis of a MOF, tailored for specific features such as pore size and functionality for specific 

applications.121-124  

 

Figure 15. Graphical illustration of SBUs formed from metals and ligands which dictate the 
morphology and topology of MOF. Reprinted (adapted) with permission from Chem. Soc. Rev. 
2014, 43, 5561. Copyright 2016 Royal Society of Chemistry. 
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2.3.2 Organic Ligands (Linkers) 
 

 The organic ligand used in a MOF simply needs to have a lone electron pair available for 

bonding to the metal. However, it is important that the lone pair be in a sp2 hybridized orbital, 

allowing for the correct geometric shape for binding. It is also important that the lone pair electrons 

be Lewis-basic enough to bind, thereby allowing for a thermo-dynamic stable MOF to form. The 

properties of the MOF, such as pore size and surface area, are controlled by selecting ligands with 

the desired characteristics. The nature of the solvothermal synthesis of a MOF is a Lewis acid-

base reaction, in which the deprotonated ligand acts as the Lewis base and the metal is the Lewis 

acid. However, there are several considerations when designing the ligand and, although other 

functional groups can be used, the most common modes of binding are through rigid carboxylates, 

azoles, and N-pyridyl nitrogens. Carboxylic acids are a popular functional group due to their 

tendency to form metal clusters and ditopic carboxylate ligands are incredibly popular and 

extensively used due to their ease of access and perceivable SBUs.125-126 Figure 16 represents some 

common carboxylate ligands (shown as their conjugate acids) found in the literature. Most 

carboxylate ligands employed will be planar, rigid, and contain two carboxylates on opposite sides. 

This allows for ease of design. Although ditopic ligands are most popular, tri, tetra, and hexa-topic 

carboxylate ligands are reported. 
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Figure 16. A small but common di, tri, and hexatopic carboxylate ligands employed in MOF 
synthesis. 

 

 N-heterocyclic ligands (shown in figure 17) are another type of ligand used in MOF 

assembly and it is known that the strength of the nitrogen-transition metal bond is stronger than 

that of the oxygen-transition metal.127 Unlike carboxylate ligands, n-heterocyclic ligands are often 

straightforward in characteristic with metal coordination number and direction. Often n-

heterocyclic ligands come as pyridyl or azole ligands. Despite the strong nitrogen-transition metal 

bond, pyridyl ligands have a relatively weak donor-ability, decreasing the likelihood of 

coordinating to the metal. The azole ligands, however, have a stronger ability to bind to the metal. 

Azoles are a class of five-membered, nitrogen containing, heterocycles that include imidazole, 
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pyrazole, 1,2,4-triazole, 1,2,3-triazole, and tetrazole. Just like the carboxylic acids, deprotonation 

of the azoles to yield the corresponding azolate is done by the free-based amines obtained from 

the decomposition of amide solvents used in solvothermal reactions. Typically, these N-

heterocyclic ligands, such as those listed in figure 17, are often employed as pillars to knit 2D 

layers into 3D frameworks.126-130 

 

 

Figure 17. A small but common N-heterocyclic ligands employed in MOF synthesis, including 
both N-pyridyl and azolate binding sites. 
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2.3.3 Reaction Conditions  
 

 As previously stated, the goal of MOF synthesis is to obtain a high quality single crystal 

structure so that the properties of the MOF can be sufficiently understood. Therefore, care in the 

conditions must be taken to ensure a single crystal is obtained. The assembly of a MOF is much 

like a polymer in the sense that the MOF, upon formation, becomes an insoluble part of the system 

and does not allow for recrystallization. It differs from the polymers due to the degree of 

reversibility of bond formation, allowing for incoherent bond dissociation of the ligand from the 

metal for a more favorable bond formation, resulting in a defect-free crystal. Formation of the 

MOF occurs in a single step, meaning all the desired attributes of the MOF must be contained 

within the building blocks. Additionally, intermolecular forces can limit the predictability. This 

single step and presence of effects of intermolecular forces means effort must be made to 

manipulate, modify, and identify the synthetic procedure that best allows for the building blocks 

to form in the desired fashion. This often requires manipulation of a combination of reaction 

conditions and it is often observed that subtle changes in concentration, solvent polarity, pH, or 

temperature lead to changes in quality of crystals, changes in yields, or the formation of entirely 

new phases.131-135  

The role, or effect, of the solvent is an important concern in the synthesis of MOFs due to 

the direct or indirect influence it can have on the coordination behavior of the metal and ligand. 

This effect of the solvent on the MOF synthesis is still not quite understood but many examples of 

MOF synthesis clearly indicate that each solvent system can play a part in regulating the formation 

of different coordination environment.136-138 The solvent used in the assembly of the MOF will 

typically coordinate with the metal ion or act as a guest molecule within the final MOF and, even 

if the solvent does not play a direct role in the MOF, solvent can act as a structure directing agent. 
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Banerjee and co-workers demonstrated the dramatic effects of solvents in MOF synthesis with 

Mg(NO3)2·6H2O and 3,5-PDC (PDC = pyridine dicarboxylic acid) in a variety of solvent 

conditions.136 They employed the same reaction conditions and only varied the solvent with a 

single or mixed solvent system. Using DMF, ethanol/water, DMF/methanol, and DMF/ethanol, 

four different modes and dimensions were found. This work and others demonstrate the effect of 

solvents through subtle and drastic changes. Traditional conditions for MOF formation is most 

often solvothermal techniques. The precursor metal and organic ligand are combined in a dilute 

solution in high-boiling polar solvent such as water, DMF, DMAc, and DEF among others into a 

sealed vessel and heated at elevated temperatures for a period of time. DMF, DMAc, and DEF 

undergo hydrolysis releasing free amines, a weak base, which deprotonates carboxylic acids, due 

to the highly acidic protons, forming the carboxylate. Once the carboxylate is formed, the Lewis 

acid-base interaction can occur.  

 The other variables in reaction conditions include pH, ligand ratio, temperature, and 

concentration. It is well understood that the crystallization and growth of the MOFs is highly 

dependent on the acidity or basicity of the reaction medium. The effect of pH value on MOF 

assembly has been extensively studied and it is known that the pH value can have a significant 

impact on the coordination modes of carboxylic acid ligands involved in MOF assembly.138-140 For 

example, Yuan and co-workers synthesized two MOFs using CdCl2·2.5H2O, 4-carboxy-

4,2’,6’,4’’-terpyridine and oxalic acid (CTPY) by changing the pH values. These two MOFs, with 

the formula [Cd2(CTPY)4]n2nH2O] and [Cd2(CTPY)2(ox)]n were obtained at pH 7.5 and 5.5 

respectively.141 It is clear that oxalate does appear in one MOF and not another. It was also found 

that CTPY adopts different coordination modes, depending on the pH of the system and the 

participation of oxalic acid as template agent also depends on pH. Oxalic acid may act as a medium 



34 
 

for the formation of [Cd2(CTPY)4]n2nH2O] at higher pH value, 7.5 leading to 3D interpenetrating 

framework, while it is coordinated with Cd(II) atom in [Cd2(CTPY)2(ox)]n at lower pH value, 

5.5.142 Hence higher pH values have favored the formation of interpenetrating networks and lower 

pH value tends to form a simple uninterpenetrated 3D framework. The effect of temperature is 

reported by Livage and co-workers among many others. Livage and co-workers demonstrate the 

synthesis of hydrothermal and non-hydrothermal MOFs with succinic acid.143 A systematic study 

of succinic acid ligand and holmium metal resulted in two MOFs with the same empirical formula 

and dimensions but with different space groups. The effects of molar ratio are demonstrated by 

Liu and co-workers, among many others. Liu and co-workers studied how the metal-to-ligand ratio 

affected the final product assembled from the Co(II) and flexible 1,2-bis(tetra-1-yl)ethane (btze) 

in the presence of thiocyanate ions and found two coordination polymers formed from 1:1 and 1:2 

ratios.144 

2.3.4 Advancements in MOF Synthesis 
 

 As the area of MOFs grows, so too do the available synthetic procedures. Solvothermal 

assembly of MOFs remains a popular method. Hydrothermal assembly of MOFs provides a 

number of advantages over other methods. When reactions are done in a closed system at a 

temperature above 100 oC and pressure exceeding that of 1 atm, the probability of crystallization 

is significantly higher due to the high solubility of reactants at elevated temperatures. 

Hydrothermal is also useful when the organic ligands are insoluble in the solvent system at room 

temperature. Lastly, hydrothermal assembly allows for any incoherent assembly formation or a 

kenetic product to be undone to form a more thermodynamically stable product.145 However, 

microwave-induced thermal method, centrifugal separation, and ultrasonic irradiation have been 

demonstrated as viable alternatives to solvothermal assembly and have some distinct 
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advantages.146-148 Ni and Masel demonstrate a microwave-assisted solvothermal synthesis of three 

previously reported MOFs assembled under traditional solvothermal conditions.149-150 Through 

rapid microwave-assisted method, they assembled IRMOF-1, 2, and 3. These MOFs were obtained 

by first creating a homogenous solution of the corresponding metal and ligand into DEF and 

allowing to stir for a short period of time. The homogenous solution was then placed into a 

microwave at 150 W power for 25 seconds. The result was a yellow suspension. Upon several 

rinses, the resulting suspended particles were found to be IRMOF-1. Particles of IRMOF-2 and 3 

also display the same morphology, only with different size. The size of the crystals were found to 

be subject to the concentration of the solution. The advantage of the microwave-assisted MOF 

assembly is the significant reduction of time for the MOF to assemble. Wu and co-workers reported 

the synthesis of MOF-74 in under two hours, compared to that of the traditional 24 hours. Duan 

and co-workers also demonstrate the use of microwave-assisted MOFs by assembling high-quality 

crystals of Co-MOF-74 in one hour, and many others reported the short period of time required 

for MOF assembly. MOF assembly by ultrasonic irradiation is demonstrated by Ahn and co-

workers with the synthesis of Zn3(BTC)2 12H2O.151-152 This fluorescent microporous MOF was 

synthesized under ambient temperature and pressure conditions with the assistance of ultrasonic 

radiation for five minutes. Ahn and co-workers report the yield at approximately 75 %, a much 

higher yield than assembly under solvothermal conditions. Masoomi and co-workers reported a 

3D porous Zn(II)-based MOF with double interpenetration in ambient temperature and pressure 

with ultrasonic radiation for under two hours.153 In addition, many others also report the synthesis 

of MOFs at similar conditions and time. 
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2.4 The Catenation of MOFs 
 

 Catenation, also known as interpenetration, is the formation of twin MOFs where one twin 

has its ligand inside the cavity of the other (figure 18), resulting in catenated isomers. Although 

the area of MOFs has grown significantly with many advancements, the ability to control and 

prevent this interpenetration remains a challenge.154 In some applications of MOFs, catenation is 

shown to help the MOF. This catenation was found to increase the ability of MOFs as gas-

absorbing materials due to the larger surface area and van der Waals interactions.155-156 These 

catenated MOFs are also better suited to sensing aromatic guests through charge transfer 

interactions. However, interpenetration significantly reduces the porosity of MOFs and limits the 

ability of MOFs to host guest molecules, a highly desired property if the MOF is needed for binding, 

storage, and delivery of large guest molecules. In addition, when catenated isomers are formed 

alongside non-catenated in the same reaction mixture, separation of the two is difficult and it makes 

crystallographic analysis extremely problematic. This interpenetration is highly likely when strong 

van der Waals and π-stacking can occur between the ligands used and is correlated with longer 

ligands, which are used for larger pores in MOFs.157-160 

 Ways to prevent interpenetration have been demonstrated by several methods. To prevent 

interpenetration, Zhou and co-workers employed oxalate anions as an auxiliary templating agent. 

Hupp and co-workers employed large and bulky ligands so that the bulky group on the ligand 

would occupy the MOF cavity.161 Although these examples report ability to prevent 

interpenetration, it is still uncertain what factors like size and shape play, and whether any specific 

interactions of templating anions are actually responsible for this control. Simpler methods of 

control have also been demonstrated. Solvent, temperature, and concentration have been 
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manipulated to effectively control interpenetration. However, when solvent is evacuated from the 

MOF of a solvent-templated MOF, the MOF often collpases.162-165 

 

Figure 18. An example of catenated MOFs. The left represents MOF without catenation and the 
right is a catenated MOF with the twin occupying the cavity of original MOF. Reprinted (adapted) 
with permission from Nature Materials. 2012, 11, 710. Copyright 2016 Nature Publishing Group. 

 

2.4.1 Bulky Ligands 
 

 In order to prevent catenation in pillar paddlewheel MOF, Hupp and co-workers redesigned 

a tetracarboxylic acid ligand (4,4’,4’’,4’’’-benzene-1,2,4,5-tetraryl-tetrabenzoic acid) by 

introducing bulky bromine atoms for additional steric blockage, shown in figure 19. It was 

reasoned that this newly redesigned tetracarboxylic acid ligand, with addition of two large bromine 

atoms instead of two hydrogen atoms, would prevent any catenation. As the MOF assembles in in 

elevated temperature, the pillars, would be prevented from entering into any cavities due to blocked 

pathway from above. The prevention of the catenation was verified through a series of pillar 

paddlewheel MOFs (figure 20) synthesized under identical conditions, only varying the 

tetracarboxylic acid ligand.166 Xu and co-workers demonstrated the use of bulky phosphane 

ligands to prevent catenation in a 2D hexagonal pores, along with Telfer and others.167-172 
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Figure 19. A top view of tetracarboxylic acid ligand with and without bromine. The left represents 
the tetracarboxylic acid ligand without bromine, leaving an opening for the ligand another to enter. 
The addition of the bromine to the ligand closes this gap, preventing catenation. Reprinted (adapted) 
with permission from J. Am. Chem. Soc. 2010, 132, 950. Copyright 2016 American Chemical 
Society. 

 

 

 

Figure 20. Examples of catenated and non-catenated MOFs using L5 and L6 ligand. Dispite the 
increase in ligand length, the use of L6 ligand prevents catenation. Reprinted (adapted) with 
permission from J. Am. Chem. Soc. 2010, 132, 950. Copyright 2016 American Chemical Society. 
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2.4.2 Auxiliary Templating Agent 
 

 Ma and co-workers demonstrated control over catenation by employing an auxiliary 

oxalate templating agent (figure 21).173 They were able to show this control by employing PCN-6. 

PCN-6 is made up of two identical catenated PCN-6’ nets. Variables in the synthetic procedures 

of PCN-6 and PCN-6’ include basic reaction conditions such as temperature, solvent, and the 

addition of the oxalate templating agent. Controlled experiments were performed to show the 

templating agent is the only factor to determine whether catenation occurs. When the synthesis of 

the MOF was performed without the oxalic acid, the reaction between Cu(NO3)2 2.5H2O and H3 

TATB in DMA, dimethylformamide (DMF), or diethylformamide (DEF) at 75 °C or 120 °C (with 

DMSO as solvent) led to the formation of PCN-6. In contrast, with oxalic-acid addition the same 

reaction in DMA, DMF, or DEF at 75 °C or 120 °C (DMSO) gives PCN-6’. Thus, only template 

addition can account for the presence or absence of catenation. This idea of employing a templating 

agent to prevent catenation was also demonstrated by Lill and co-workers, along with Shekhah 

and others. These groups have also demonstrated the success of a templating agent to prevent 

catenation in MOF assembly through three new lanthanide-adipate frameworks.174-177 All the 

examples presented introduce an additional templating agent to occupy the cavity of the MOF 

during assembly. However, using the naturally counter ions of the metal is not reported and can 

be another route. The benefit to using the already existing counter ion is not having unwanted 

organic molecules occupying the cavity, which would then need to be removed. 
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Figure 21. A graphical representation of oxalate templating agent preventing catenation. Reprinted 
(adapted) with permission from J. Am. Chem. Soc. 2007, 129, 1858. Copyright 2016 American 
Chemical Society. 

 

2.4.3 Catenation to Increase Gas Storage 
 

 Carbon dioxide capture has significant implications and is an ongoing effort due to the 

adverse effects carbon dioxide can have on the environment. Therefore, adsorption-driven 

separation of carbon dioxide from a gas mixture is highly relevant as an economical perspective 

too. The current method of carbon dioxide capture is by liquid amines, but adsorption-driven 

processes could significant reduce the cost. For absorbents to be effective, they should display 

high capacity, rapid uptake, and selectivity for carbon dioxide. With these attributes in mind, 

MOFs would be a reasonable material to apply; however, unlike other applications of MOFs, 

catenation is not a detriment.178 For the separation and purification of small gas molecules such as 

CO2, N2, H2, and CH4, highly catenated MOFs can have great potential due to their pore sizes 

resembling that of the gas molecule. Chen and co-workers showed that a catenated Cu-MOF and 

triply catenated MOF had significant CO2 uptake at 195 K and low uptake of N2 uptake at 77 K.179 

Yao and co-workers also demonstrate catenated MOFs and their uptake of CO2 at relatively low 
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pressures.180 They reported three MOFs composed of Zn4O clusters and rigid dicarboxylate anions 

to form SUMOF (SU = Stockholm University) 2, 3, 4. All MOFs (figure 22) contained small pores 

of two different types and high pore volumes. Synthesis of SUMOF-2 revealed a similar catenated 

structure to MOF-5 with the exception of an extra cation in one of the two types of pores. SUMOF-

3 was designed as a catenated version of IRMOF-8 and SUMOF-4 was assembled from the linkers 

biphenyl-4,4’-dicarboxylic acid and benzene-1,4-dicarboxylic acid. SUMOF-4 possessed the 

largest surface area and pore volume. SUMOF-2 adsorbed more CO2 than non-catenated MOF-5 

under 273 K due to the increased electric field gradient caused by the catenated MOF.181-183  

 

 

Figure 22. A graphical representation of SUMOFs as non-catenated (left) and catenated (right) 
with space filling spheres in yellow and purple for the increased surface area. Reprinted (adapted) 
with permission from J. Mater. Chem. 2012, 22, 10345. Copyright 2016 The Royal Society of 
Chemistry. 
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2.5 MOFs & Naphthalenediimide 

 

 Supramolecular chemistry utilizes various non-covalent molecular interactions such as 

hydrogen-bonding, electrostatics, and anion-π interactions between templating anions and 

strategically designed organic ligands. These non-covalent interactions are often employed to 

guide the formation of supramolecular architectures, macromolecules, and metallomacrocycles. A 

few non-interpenetrated MOFs also have these non-covalent interactions through CH···anion and 

anion-π interactions between the counter ion and organic ligand in the MOF. It is from these 

examples and previous research of tunable anion-π, charge-transfer, and electron-transfer 

interactions between anions and π-acidic NDI derivatives, that our research envisioned using 

anion-NDI interaction as a templating agent to prevent interpenetration by occupying the cavities 

of the MOF through anion-π or CH···anion interactions. 

2.6 Synthesis of NDI Ligands 
 

 The synthesis of symmetric NDI compounds is a straightforward, simple, one-step 

procedure. Commercially available 1,4,5,8-naphthalenetetracarboxylic acid anhydride (NDA) is 

condensed with the appropriate amine in N,N-dimethylformamide (DMF) or DMAc. Despite most 

amines containing long alkyl groups, for the increased solubility, the same simple procedure can 

be adapted to rigid aromatic amine containing a N-pyridyl nitrogen or rigid aromatic ring 

containing a carboxylic acid. Hupp, Zhou, Dinca and others have reported synthesis of NDI ligands 

with the one-step synthesis.  

 With established synthetic procedures available, research into the effects of the anion-NDI 

interactions begins with the synthesis of four NDI ligands (figure 23) with N-pyridyl and 

carboxylic acid for the binding with a metal of choice. To synthesize DPNDI, DCANDI, DQNDI, 
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and TCANDI, commercially available NDA is added to DMF and heated until dissolved. 

Stoicometric amounts of the corresponding aromatic amine is added and the reaction mixture is 

allowed to reflux for twelve hours. The reaction mixture is cooled to room temperature and poured 

over ice, precipitating the desired NDI ligand.  

 

 

Figure 23. General synthesis of NDI ligands for MOF assembly. 
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2.7 Results & Discussion 
 

 Due to the insoluble nature of the NDI, any NDI ligand can prove to be challenging. The 

installation of the imide, with the addition of the carboxylic acid functional group can decrease the 

solubility even further. DPNDI and DQNDI are reported ligands and have been successfully 

incorporated into a MOF. However, both DCANDI and TCANDI pose a more challenging attempt 

to introduce the NDI into a MOF. This solubility was found to be a significant, and ultimately too 

problematic. 

 In attempt to control rate of crystal formation, solubility, and overall topology of MOFs, 

the pH of the solution is often altered.184-185 Due to the insolubility of the DCANDI in DMF or 

DMAc, we attempted to both increase and decrease the pH of the solutions. These adjustments 

were done in addition to changes in the concentration and temperature. Ultimately, the insolubility 

of DCANDI prevented any further research with ligands. 

 MOFs using DPNDI and DQNDI have been reported.186 Hupp co-workers demonstrated 

DQNDI as a potential way to capture carbon dioxide and DPNDI is reported in a variety of MOFs.  

However, neither of seen two ligands have been seen to prevent catenation by employing an anion-

π interactions. In an effort to utilize DPNDI in a novel way within MOFs, we reported several 

ways in which DPNDI can not only display the anion-π and CH···anion interactions but how 

DPNDI can be used to control catenation in MOFs. 

2.7.1 Anion-directed non-catenated MOF 
 

 In an attempt to demonstrate how the NDI can be used to control catenation, we first report 

how a room-temperature reaction of Zn(ClO4)2·6H2O and a DPNDI ligand (1:2 molar equivalent) 

in a solution of DMAc-MeCN mixture will produce a non-interpenetrated square-grid MOF 
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[Zn(DPNDI)2(DMAc)2·2ClO4]n, as shown in figure 24. Portions of the research reported here, 

along with figures, have been published in a peer-reviewed journal.187 It is seen that the 

interpenetration is replaced by two perchlorate (ClO4
-) ions that occupy the MOF cavities by way 

of CH···anion interactions with three DPNDI ligands. This non-interpenetrated square-grid MOF 

is stable up to 375o C. This stability is seen even after the MOF loses solvent molecules from the 

large pores. 

 

 

Figure 24. X-ray crystal structure of a non-interpenetrated square-grid MOF 
[Zn(DPNDI)2(DMAc)22ClO4]n. (a) Two ClO4 ions occupy each cavity by forming CH  O H-
bonds with core-Hs. (b) Top- and (c) side-views of the square grid MOF show that two ClO4 ions 
that form CH O H-bonds with core-DPNDI protons. (d) Octahedral coordination geometry of Zn(II) 
ions. Purple: Zn(II), blue: N, red: O, green: Cl, grey: C, white: H.  
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However, the change in anion will change the results from a square-grid MOF, and in 

contrast, the reaction with DPNDI and Zn(NO3)2·6H2O under identical conditions does not yield 

the same non-interpenetrated square-grid MOF. Instead, a linear coordinated polymer 

[zn(DPNDI)2(DMAc)(NO3)2]n is formed that contains Zn(II)-coordinated monodentate and 

bidentate NO3
- anions (figure 25). The NO3

- anions participate in the anion-π interaction with the 

DPNDI ligand. 

 

 

Figure 25. (a) Crystal structure of the coordination polymer [Zn(DPNDI)(DMAc)(NO3)2]n shows 
that DPNDI-bridged Zn(II) ions are coordinated by a monodentate and a bidentate NO3 anion, 
which form anion–π interactions with p-acidic DPNDI ligands. (b) Octahedral coordination 
geometry of Zn(II) ions. Purple: Zn(II), blue: N, red: O, grey: C. 

 

Single-crystal analysis shows the square-grid MOF (monoclinic, C2/c space group) 

possesses large non-interpenetrated cavities (ca. 20 x 20 Å), along with two well-resolved ClO4
- 

ions and with several disordered solvent molecules occupying the cavities at 41% volume of the 

MOF. Octahedral Zn(II) ions (dZn-Zn = 19.73 Å) are connected by four DPNDI ligands in an 

equatorial fashion (l = 15.5 Å). The connections are made through the pyridyl-N atoms and two 

DMAc molecules occupy the axial positions through the O-atoms, forming what are slightly 
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distorted square shaped cavities (angle Zn-Zn-Zn = 93.7o and 86.3o) in planar square-grid networks. 

The square-grid nature of the MOF can be attributed to the octahedral geometry of the Zn(II) ions. 

However, the tetrahedral ClO4
- ions play important roles in preventing interpenetration of networks 

by partially occupying the cavities and aligning planar network sheets parallel to each other by 

participating in multisite CH···anion interactions with DPNDI ligands. The dihedral angle between 

the mean plane of each network passing through Zn(II) ions and the tilted DPNDI ligand is ca 35. 

This angle projects the DPNDI core hydrogens towards the center of the cavities and allows them 

to form CH···anion hydrogen bonds with encapsulated ClO4
- anions. Each cavity of the square-

grid MOF is occupied by two ClO4
- ions, separated by do-o = 5.33 Å. Both ClO4

- ions form CH—

O H-bonds (dCH---o = 2.59 A, dc—o = 3.14 Å) with the core hydrogens of two opposite (i.e parallel 

to each other) DPNDI ligands. It is seen, that within a given grid, ClO4
-/DPNDI CH···anion 

interactions occurs in an alternating fashion along the east-west and north-south walls. The 

pyridyl-Hs project almost perpendicular to the network plane due to the dihedral angle between 

the DPNDI core and N-pyridyl groups (ca. 80o). This almost perpendicular orientation allows for 

the formation of addition CH···anion interactions (dCH---O = 2.53 Å, dc---O = 3.23 Å) between 

pyridyl-Hs and ClO4
- anions located at the plane of neighboring grids that run parallel to each other. 

This arrangement not only allows for the ClO4
- to occupy the MOF cavities, but it also aligns 

planar grids parallel to each other. This combination allows for the ClO4
- to prevent 

interpenetration by two mechanisms. Yaghi demonstrated a non-interpenetrated MOF through a 

rail-road like MOF derived from Ni(ClO4)2·6H2O and 4,4’-bipyridine (bpy) ligands by way of 

similar CH···anion interactions.188 However, the DPNDI-based non-interpenetrated square-grid 

MOF displays much larger pores (ca. 20 x 20 Å) than Yaghi’s rail-road MOF (pore size = 11 x 11 
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A). Without the employment of counter ions, Robson et al observed a 2-fold interpenetration 

[Zn(bpy)2(H2O)][SiF6] square-grid MOF.189 

 In contrast to the square-grid MOF, the coordination polymer (monoclinic, P2(1)/c space 

group) is derived from the same DPNDI and identical reaction conditions but different counter ion 

from Zn(NO3)2·6H2O. The distorted octahedral Zn(II) ions are bridged by DPNDI ligands located 

at an angle of 151.99 (angle N1-Zn(II)-N2). A DMAc molecule fulfills the remaining four 

coordination site of Zn(II) through its oxygen atoms via a monodentate and a bidentate NO3
- anion. 

Both mono- and bidentate NO3
- ions participate in anion-π interactions with the electron-deficient 

imide rings of DPNDI ligands (centroid distance = 3.01 and 2.90 Å, respectively) of neighboring 

polymer backbones. 

 Freshly-prepared square-grid MOFs were analyzed with powder X-ray diffraction (PXRD). 

Patterns of the freshly-prepared as-synthesized square-grid MOF matched closely with the pattern 

observed from the single crystal analysis. PXRD pattern is significantly changed when the freshly 

prepared material is allowed to lose entrapped solvent molecules such as DMAc, MeCN, and water. 

This change is especially true after exchanging the original entrapped solvent molecules with Et2O, 

followed by evacuation. Despite the changes upon evacuation of the solvents, significant key 

indices matched with the simulated data, implying the preservation of crystallinity with some 

structural modifications. The structural modifications can be expected and is typical of MOFs 

containing large open pores (i.e flexible networks) and differs from tightly packed interpenetrated 

MOFs that lack the same flexibility.  

 These studies demonstrate how counterions can be effectively employed to control 

geometry and interpenetration of MOFs. Two scenarios clearly demonstrate that while a non-

interpenetrated square grid MOF was formed in the presence of ClO4
- ions due to their occupation 
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of the cavities via CH···anion interactions, no square-grid MOF is formed in the presence of NO3
- 

ions that coordinate Zn(II) ions and formed anion-π interactions with DPNDI ligands. The square-

grid MOF displays very large pores (20 x 20 Å) and, despite these large pores, shows reasonable 

high thermal stability. With these properties, applications of anion-templated MOFs could come 

to change and sequester hazardous anions (ClO4
-, TcO4

-, ReO4
-, CrO4

-, SO4
-) inside the cavities.   

2.7.2 NDI Coordination Complexes with anion-π and CH···anion 
interactions 

 

 Research into the tunable anion-π interaction, such as charge transfer (CT) and electron-

transfer interactions between anions and various π-acids, is an ongoing process. This tunable 

anion-π interaction remains an ongoing effort due to its still novel addition to the class of 

supramolecular interactions. This anion-π, along with CH···anion hydrogen bonding and halogen 

bonding, has given rise to a renewed effort to anion recognition chemists. Although there are 

already many receptors in existence, most rely on traditional non-covalent interactions such as 

hydrogen bonding. Hydrogen bonding works well for hard anions but anions with a dispersed 

charge are difficult to capture. A more effective receptor for these softer anions are hydrophobic 

but polarizable, which promotes more interaction between them and CH···anion or anion-π. This 

softer interaction is displayed with the dipyridyl-DPNDI-based square-grid MOF which 

encapsulates ClO4
-  counterions with the cavities by CH···anion interactions. This ongoing 

investigation into the anion-π and CH···anion interactions through various anions and DPNDI has 

given rise to two additional coordination complexes exhibiting anion-π and CH···anion 

interactions. Portions of the research reported here, along with figures, have been in a peer-

reviewed journal.190 Both complexes are Zn(II)-DPNDI complexes displaying binding with ClO4
- 

ions within their interstitial layers through anion-π and CH···anion interactions.  



50 
 

 The composition and geometry of Zn(II) centers - i.e trigonal bipyramidal (TBP) versus 

octahedral- is dictated by the reaction conditions and the solvent system. However, interactions of 

ClO4
- and DPNDI can play a significant role in crystal packing through anion-π and CH···anion 

interactions. We have demonstrated this effect through the synthesis of [Zn(DMAc)4-DPNDI-

Zn(DMAc)4] complex and [Zn(II)-DPNDI]n coordination complex. For example, in N,N-

dimethylacetamide (DMAc), a 1:1 mixture of Zn(ClO4)2·6H2O and DPNDI, yields [Zn(DMAc)4-

DPNDI-Zn(DMAc)4]. However, if the reaction conditions are conducted in a 1:1 MeCN-DMAc 

mixture, the linear [Zn(II)-DPNDI]n coordination polymer is formed, where each octahedral Zn(II) 

ion is coordinated by one MeCN, three DMAc molecules at equatorial positions, and two trans 

DPNDI ligands at the axial positions. Both complex 1 and 2 display a difference in the dihedral 

angle (ca. 62 vs 88) between the NDI plane and N-pyridyl groups of DPNDI. This difference in 

the dihedral angle will dictate whether the ClO4
- ions should participate in both anion-π and 

CH···anion interactions with the same DPNDI unit or with that of different molecules. 

 Computational studies of DPNDI show the electrostatic potential map with the most 

electron-deficient areas at the two imide rings and the most electron-rich areas localized around 

the four carbonyl oxygen atoms, as seen in figure 26. This electrostatic property is consistent with 

B3LYP/6-31 + G ** energy minimized structure of a ClO4
—DPNDI complex which suggests that 

one of the oxygens from the ClO4
- anion preferentially interacts with the DPNDI electron-deficient 

imide ring through the anion-π interaction (d = 3 Å) and another oxygen atom forms a CH···anion 

hydrogen bond (d = 2.3 Å) with the N-pyridyl rings, resulting a dihedral angle of ca. 80 with the 

core NDI plane.  
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Because the interaction between DPNDI and the non-Lewis basic ClO4
- is an anion-π 

interaction and not a CT or ET, the interaction with the DPNDI does not change the spectrum of a 

UV-Vis. For the same reason, the Zn(II)-DPNDI complexes also display similar absorption spectra 

of that of a free DPNDI ligand. This absence of a UV-Vis absorption change is corroborated with 

1H NMR titration of DPNDI ligand with Bu4NClO4. No change in characteristic signals of the 

DPNDI is observed upon titration, supporting previous observations that weak anion-π interactions 

do not perturb the electronic properties of the ligand. Previous studies have demonstrated that 

while strong Lewis basic anions, such as OH and F, reduce NDIs to the corresponding radical 

anions and dianions by thermal ET and weak Lewis basic I may forma CT complex, anions with 

a distributed charge such as TfO-, ClO4
-, and NO3

- only form weak anion-π and CH···anion 

interactions which do not give rise to any spectroscopic response. This phenomenon is also 

observed with other π-acids, such as perylenediimides, 1,4,5,8,9,12-hexaazatriphenylene-hexa-

carbonitrile (HAT(CN)6), tetracyanoquinodimethane (TCNQ) and C60. Despite the inability to 

Figure 26. (a) Structure and electrostatic potential map of DPNDI showing that imide rings are 
the most electrondeficient areas. (b) B3LYP/6-31 þ G** energy minimised structure ClO24 –
DPNDI complex showing anion–p interaction through the electron-deficient imide ring of 
DPNDI: side and top views. 
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observe this ClO4
—DPNDI complex formation through UV-Vis and 1H NMR, ESI-MS analysis 

reveals the complex formation in a 1:1 ratio. 

The [Zn(DMAc)4-DPNDI-Zn(DMAc)4], shown in figure 27, is a dumbbell-shaped 

dinuclear Zn(II) complex that crystallizes as a triclinic system with P – 1 space group. Two slightly 

distorted TBP Zn(II) centers, located 19.658 Å apart, are bridged by a linear DPNDI ligand (15.442 

Å) along the z-axis. Each Zn(II) ion is coordinated with four DMAc ligands by the oxygen atoms. 

Three of the DMAc atoms occupy the x/y plane, nearly perpendicular to the DPNDI ligand (angle 

Npy-an-ODMAc angles = 91.75o, 89.74o, and 89.53o) and one DMAc occupies the z-axis, trans to the 

DPNDI ligand ( angle Npy-Zn-ODMAc angles = 171.14o). The dihedral angles between the NDI-

core and N-pyridyl rings are 62 on both sides (see figure in appendix B). Upon further analysis of 

the crystal structure, it is revealed that each imide ring of the DPNDI ligand binds a ClO4
- ion 

through the anion-π interaction, where one ClO4
- is position above and another below the DPNDI 

plane. The shortest distance between the oxygen of the ClO4
- ion and the imide ring of the DPNDI 

participating in the anion-π interactions is 2.770 Å. Another oxygen atom of the same ClO4
- ion 

forms bifurcated CH···anion hydrogen bonds (2.441 and 2.604 Å) with two pyridyl hydrogens of 

an adjacent Zn(II) complex. Two NDI planes belonging to two neighboring complexes are 

separated by 9.038 Å and offset by 2.768 Å, which corresponds to the length of a pyridine ring. 

The dihedral angle between the NDI-core and pyridine planes is 63o and prevents a ClO4
- anion 

from participating in both anion-π and CH···anion interactions with the same DPNDI ligand. The 

shortest distance between the Zn(II) and ClO4
- in complex 1 is 5 Å. This is a much longer distance 

than either the anion-π or CH···anion interactions with DPNDI ligands, suggesting that the ClO4
—

DPNDI interactions are preferred over electrostatic interactions. 
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Figure 27. Crystal structure of complex 1 shows (a) coordination environment of two slightly 
distorted TBP Zn(II) centers and conformation of the bridging DPNDI ligand and (b) synergistic 
anion–p and CH···anion interactions of ClO2 4 ions with imide rings and N-pyridyl groups, 
respectively, that hold these anions in interstitial spaces. Short contacts indicating these 
interactions are annotated (Å). (c) Oak Ridge Thermal Ellipsoid Plot Program (ORTEP) 
representation shows crystal packing. Purple, Zn(II); blue, N; red, O; green, Cl; grey, C; white, H. 

 The linear [Zn(II)-DPNDI]n, seen in figure 28., coordination polymer cystallizes as a 

triclinic system with a Pa space group. Each Zn(II) ion in this complex is hexa-coordinated and 
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possesses slightly distorted octahedral geometry. Each Zn(II) is coordinated with two axial DPNDI 

ligands, creating angle Npy-Zn-Npy angle of 176.84o and one MeCN and three DMAc ligands at 

the equatorial positions. (figure in appendix). The distance between the two Zn(II) ions bridged by 

a DPNDI ligand is 19.646 Å. In this Zn(II)-DPNDI polymer, the core NDI plane and N-pyridine 

rings are almost perpendicular to each other (dihedral angle = 88). This feature, unlike complex 1, 

allows for the ClO4
- ion to participate in both anion-π and CH···anion interactions with the same 

DPNDI. 

 Anion-π interaction between the ClO4
- anions and each DPNDI is observed through the 

binding of the ClO4
- and electron-deficient imide ring and positions one ClO4

- above and below 

the plane of the DPNDI, same as in complex 1. The shortest distance between the oxygen atom of 

the ClO4
- and the center of the imide ring participating in the anion-π interaction is 3.124 Å. The 

ClO4
- ion also forms a CH···anion hydrogen bond (2.384 Å) with a N-pyridyl group attached to 

the same DPNDI by another of its oxygen atoms.  The anion-π distance between the other imide 

ring and another ClO4
- ion located at the opposite side of the NDI plane is 3.279 Å. Like the other 

ClO4
- ion, it too forms a CH···anion hydrogen bond (2.459 Å) by another oxygen atom with the 

pyridyl ring. The ClO4
- ions affect the crystal packing by forming CH···anion hydrogen bonds 

with the neighboring molecules. The distance between two overlapping NDI planes is 9.450 Å, 

which is filled by anions and solvent molecules and the large separation of the two NDIs prevent 

pi stacking.  In complex 2, the shortest distance between Zn(II) and ClO4
- is 5.5 Å, which is longer 

than the anion-π and CH···anion interactions with DPNDI ligands. 
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Figure 28. Crystal structure of complex 2 shows (a) coordination environment of two slightly 
distorted octahedral Zn(II) centers and conformation of DPNDI ligand and (b) synergistic anion–
p and CH···anion interactions of ClO2 4 ions with imide rings and N-pyridyl groups, respectively, 
that hold these anions in interstitial spaces. Short contacts indicating these interactions are 
annotated (Å). (c) ORTEP representation. Purple, Zn(II); blue, N; red, O; green, Cl; grey, C; white, 
H. 
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Analysis of complex 1 and 2 through crystallographic methods reveals that while metal 

coordination determines composition and geometry of the complexes, the anion-π and CH···anion 

interactions play significant roles in the crystal packing. In the dumbbell-shaped Zn(II)-DPNDI-

Zn(II) complex, the oxygen atoms of DMAc occupy four coordination sites of penta-coordinated 

TBP Zn(II) center. This occupation by the DMAc prevents another DPNDI ligand from binding to 

the Zn(II) centers to form a polymeric structure. Each imide ring of the DPNDI binds to a ClO4
- 

anion through anion-π interaction, where each DPNDI interaction with two ClO4
-, one above and 

one below on opposite faces of the DPNDI. These ClO4
- cannot also participate in CH···anion 

interactions in addition to the anion-π due to the smaller dihedral angle (62) between the NDI-core 

and N-pyridyl rings. However, CH···anion interactions are found between ClO4
- ions and pyridyl 

hydrogens of another molecule, positioning the two parallel NDI planes 9.038 Å apart. When the 

solvent conditions are changed to 1:1 MeCN-DMAc, some coordination sites of Zn(II) ions are 

initially occupied by linear MeCN ligands, allowing two DPNDI ligands to approach from 

opposite sides along the z-axis to form an octahedral Zn(II) complex 2. In this complex, nearly 

perpendicular orientation of NDI-core and N-pyridyl rings positions a ClO4
- anion above the amide 

ring, allowing it to interact with the same DPNDI ligand by both anion-π and CH···anion 

interactions. The same ClO4
- anion also participates in intermolecular CH···anion interactions, 

positioning the adjacent coordination polymer chains 9.450 Å apart. Pi stacking is prevented due 

to the solvent and anions occupying interstitial layers. The ClO4
- anion is a poor Lewis base and 

does not induce any CT or ET interactions to the NDIs. Application of this study can be extended 

to the sequestration of soft anions, such as radioactive 99TcO- by selective crystallization of MOFs 

and coordinated polymers based on hydrophobic receptors that provide soft interactions. 
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CHAPTER THREE 

 BROMINE-CORE-SUBSTITUTED NAPHTHALENEDIIMIDE LIGANDS 

 

3.1 Highly Functionalized Metal-Organic Frameworks 

 

 Metal-organic frameworks have garnered much attention and enthusiasm due to their 

tunable pore size and high surface area which allows for applications such as the capture of large 

quantities of gases such as hydrogen, carbon dioxide, and methane; gas capture using these MOFs 

is well researched. In addition to gas capture and storage, MOFs have also begun to be important 

in other areas of applications including catalysis, luminescence, sensing, and biotechnology (see 

chapter 2 for details). With the expansion of MOFs into these other fields, and some becoming 

reliant upon MOFs, it is becoming apparent there is a need for MOFs that possess complex 

functionality which can impart sophisticated and nuanced chemical and physical properties onto 

its environment, thereby allowing for a broader interaction between the MOF and its environment. 

For example, MOFs used for sensing would need to display a signal upon detecting the desired 

analyte. Although different signals can be used, a chromogenic response would be most convenient 

and therefore would require the MOF to contain a chromophore within or adjacent to it.191 If an 

electrical response is desired, then the MOF would need to be capable of producing and carrying 

delocalized electrons. Capture of various ionic species would require the MOF to display a site 

where the ionic species can interact with the MOF through various non-covalent interactions. Drug 

delivery is another area in need of a highly functionalized MOF. Delivering the MOF to the desired 

location might require installation of complex functionality for cell recognition.192-193   In the 

previous chapter, examples of common ligands used for MOFs were shown and it can be said that 

those ligands would be considered inert and have little to no functionality. However, MOFs have 
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a distinct advantage in this respect, relative to other porouse materials such as zeolites because of 

the partial organic nature of MOFs through the organic ligand. Installing complex functionality 

into MOFs can be as straightforward as installing complex functional groups onto the organic 

ligands of MOFs. Once the organic ligand is synthesized, it is then utilized in the assembly of the 

MOF and the functional group on the ligand is displayed in the MOF, giving it complex 

functionality (figure 29). 

 In order to make MOFs with complex functionality, research into new ligands altogether 

is important. However, this wouldn’t necessarily imply that consideration of commonly used 

ligands, such as the NDI, is discarded. In fact, the NDI is a versatile building block in 

supramolecular self-assembly (discussed in detail in chapter 4). Alone, the NDI displays unique 

chemical and physical properties. However, changing the core of the NDI, at positions 2, 3, 6, and 

7, can give a more diverse set of complex functionality to the NDI that would then be imparted 

upon the MOF, and therefore allowing for the expansion of the utility of the MOF.  

 

 

Figure 29. Graphical representation of functionalized MOF by employing functionalized organic 
ligand. Reprinted (adapted) with permission from Chem. Soc. Rev. 2011, 40, 498. Copyright 2016 
The Royal Society of Chemistry. 

 

From the understanding of how MOFs are synthesized, described in the previous chapter, 

it would seem that the introduction of these complex functional ligands would be a straightforward 
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process; this especially true when compared to introducing complexity to inorganic solids. With 

MOFs, there is an organic linker (the ligand) that allows for the addition of an organic functional 

group, added through typical organic synthetic routes. However, the synthesis of MOFs with 

highly functionalized ligands has proven to be more difficult. Since the typical conditions that 

allow the MOFs to form are solvothermal conditions, many functionalized ligands will lose their 

functional group. In addition, some functional groups might impede the coordination of the metal 

or simply change the solubility of the ligand in a negative manner.194-195  

Yaghi and co-workers best demonstrate these limitations with their IRMOF series. 

IRMOFs were prepared from a series of rigid aromatic ligands such as 1,4-benzenedicarboxylate 

(DBC) and an elongated version (see chapter 3, figure 8 and 16).196 Despite the successful 

incorporation of this ligand series into IRMOFs, it is clear that the range of chemical functionality 

within this series of rigid aromatic ligands is limited, and therefore the IRMOFs, are limited and 

unsuitable for many of the applications described in the previous chapter. In an attempt to increase 

the functionality of the IRMOF series, functional groups such as alcohols (phenols), carboxylic 

acids, aldehydes, nitriles, amines, and many others, were added to the backbone of the organic 

ligand.197 In many cases, installation of the functional group prevented MOF formation for many 

of the reasons mentioned. Other examples of complex ligands interfering with MOF formation 

have been demonstrated by Yamada, Tefler, among others.198-199 In order to form a MOF from 

these ligands containing complex functional groups, an in-depth study of new reaction conditions 

such as temperature, time, and metal would be needed. 
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3.2 Post-Synthetic Modification of MOFs 

 

 Although the synthesis of MOFs from highly functional ligands has been shown to be 

difficult due to the functionalized ligand, another approach has been demonstrated to allow 

researchers to circumvent the previously defined problems. Pioneered by the likes of Cohen and 

expanded upon by Hupp, Post-synthetic modification (PSM) of MOFs allows for the MOF to be 

assembled using simpler, ligands (containing less functionality) not likely to cause problems, then 

functionalized through traditional heterogeneous synthesis, after the MOF is constructed (figure 

30).200 This post-synthetic modification is a method that had been shown to successfully produce 

MOFs that could not be prepared otherwise.  

 

 

Figure 30. Graphical representation of PSM by assembling a MOF with no functionality followed 
by the addition of functionality to the assembled MOF to synthesize a MOF with high functionality. 
Reprinted (adapted) with permission from Chem. Soc. Rev. 2011, 40, 498. Copyright 2016 The 
Royal Society of Chemistry. 

 

As the applications of MOFs expand into other disciplines and the full utility of MOFs is 

realized, the need to synthesize MOFs using PSM is likely to increase. Despite the simplistic 

description, PSM of a MOF can be done in several different manners and at the organic or 

inorganic portion of the MOF, depending on the needs of the applications (figure 31). Covalent 

PSM is described as simple modification of the organic ligand, coordination PSM is the 

modification of the metal, or SBU, and post-synthetic deprotection is the removal of a protecting 
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group after the MOF is assembled. Although traditionally limited to these three types, assembling 

the MOF with a less complex functional group and exchanging it for a more complex group can 

also be thought of as another type of PSM. 

 

Figure 31. Graphical representation of three traditional approaches to PSM, using covalent PSM, 
covalent PSM, and post-synthetic deprotection. Reprinted (adapted) with permission from Chem. 
Soc. Rev. 2012, 112, 970. Copyright 2016 The Royal Society of Chemistry. 

 

3.2.1 Covalent PSM 
 

 Covalent PSM is the modification of a fully formed MOF by various reagents to form a 

covalent bond in a heterogenous manner. The organic linker of the MOF is often the ideal location 

to form the covalent bond; however, modification of the SBU has been reported.201 Covalent PSM 

of the organic linker was nicely demonstrated by Wang and Cohen when they reacted IRMOF-3 

with acetic anhydride. IRMOF-3 is part of IRMOF series and made from 2-amino-1,4-

benzenedicarboxylate (NH2-BDC) and Zn(II) ions which form the SBU.202-203 The amines located 

on the aromatic organic linker do not participate in SBU in any way which allows for a handle to 

perform PSM under mild conditions. Covalent PSM was conducted at room temperature resulting 
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in over 90% yield. Following this work, it was shown quantitative conversion can be achieved 

under optimized conditions.  Wang and Cohen used the term covalent PSM to describe their results. 

Following this work, applications of the of PSM involving amine-substituted MOFs were 

published.204 Gamez and co-workers employed a lanthanide-based MOF (MOF-LIC-1, LIC = 

Leiden Institute of Chemistry) containing the same NH2-BDC organic linker. MOF-LIC-1 was 

treated with ethyl isocyanate or acetic acid vapor at elevated temperatures (120 C, 1h) to yield a 

modified MOF.205 These examples of coordinate PSM are shown in figure 32. 

 

 

Figure 32. Examples of covalent PSM as described. 
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3.2.2 Coordinate PSM (Dative PSM) 
 

 Coordinate PSM can be defined as the formation of a covalent bond at the SBU of the MOF 

and has become a popular approach for tuning the functionality of the pore. First reported in 1999, 

HKUST-1 (HKUST = Hong Kong University of Science and Technology) is aCu(II) MOF with a 

paddlewheel SBU. HKUST-1 is heated in air at 100 oC and the resulting material is then placed 

into dry pyridine (figure 33).206 The water molecules occupying the axial positions are removed 

and replaced with pyridine. The authors also noted the direct insertion of the pyridine into the SBU 

could not be done through traditional solvothermal methods. Hupp and co-workers performed a 

systemaic study coordinate PSM at the SBU using a Zn(II) paddlewheel MOF (figure 34). Hupp 

and co-workers demonstrated that the DMF solvent molecules occupying the axial positions could 

be removed by applying a vacuum and heat to the MOF. Once the removal of DMF is complete, 

the MOF is treated with pyridine derivatives in DCM and the pyridines bind to the Zn(II) through 

the vacant spot left behind upon removal of DMF.  Like HKUST-1, Hupp and co-workers found 

that traditional methods of MOF synthesis was not available to some of the pyridine derivatives 

due to decomposition of the pyridine derivative. In addition, tuning of the H2 was found to be 

dependent on the pyridine derivatives which implies coordinate PSM allows for tuning of H2 

uptake.207 
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Figure 33. Example of coordinate PSM by exchange of non-bridging DMF with N-pyridyl ligand. 

 

Figure 34. Example of coordinate PSM by exchange of non-bridging water for N-pyridyl ligand 
followed by oxidation of N-pyridyl ligand. 

 

3.2.3 Postsynthetic Deprotection 
 

 Postsynthetic deprotection is a form of PSM where the functional group on the organic 

linker is rendered inert due to the sensitive nature of the functional group or its ability to interfere 

with the formation of the MOF. Once the functional group in question is protected, standard 

solvothermal conditions can be used to form the MOF. Once fully formed, the protecting group is 

removed in a postsynthetic manner, revealing the desired functional group. First reported by 

Yamada and Kitagawa, an incidental in situ deprotection of an organic linker was observed, 
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resulting in a functionalized MOF (figure 35).208 They termed this observation “protection-

complexation-deprotection” (PCD) process. Acetylation of 2,5-dihydroxyterephthalic acid with 

acetic acid to 2,5-diacetoxyterephthalic acid (H2dacobdc) is the protection step. H2dacobdc was 

combined with Zn(II) and bypyridine in a DMF solution to yield a layered-pillared topology. As 

they reported, it was an unexpected discovery to find the free hydroxyl group on the MOF, 

implying a complexation-deprotection scenario.  

 

Figure 35. Examples of post-synthetic deportection as described by Yamada and Kitagawa. 

 

 The work done by Yamada and Kitagawa was later supported by Telfer and co-workers 

who clearly demonstrated the utility of postsynthetic deprotection in their work to control 

interpenetration of MOFs through bulky functional groups on the organic linkers (figure 36).209 

The amine functional group on the 2-aminobiphenyl-4,4-dicarboxylate was protected with a large 

bulky tert-butylcarbamate (Boc) protecting group. This ligand was used in combination with Zn(II) 

under the usual solvothermal conditions to yield IRMOF-10 analogue without interpenetration. 

The cavities of IRMOF-10 analogue were occupied by the tert-butyl group, thereby preventing 

interpenetration. Upon further heating to 150 oC in DMF, deprotection occurred while preserving 

crystallinity. Although these results demonstrate the role of postsynthetic deprotection as a way to 

prevent interpenetration, Telfer and co-workers produced a similar result by using a more 
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thermolabile Boc group to introduce a proline substituent in an IRMOF. Solvothermal synthesis 

yielded a noninterpenetrated IRMOF (IRMOF-Pro-Boc) with minimal racemization of the 

protected proline groups. Like their previous studies, deprotection of Boc group from the proline 

was achieved by applying heat (under microwave irradiation conditions). It is important to note 

that the IRMOF-Pro could not be synthesized without first protecting the proline on the organic 

linker.209  

 

Figure 36. Post-synthetic deportection of MOF allowing for non-catenated MOFs and introduction 
of bulky ligands into MOF cavities. 
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3.2.4 Beyond PSM: Building Block Replacement (BBR) 
 

 Recent work by Hupp and co-workers have recently gone beyond simple PSM and 

demonstrated a total exchange of ligands in MOFs, with the assistance of solvent, a technique they 

are calling solvent-assisted ligand exchange (SALE).210 This exchange of ligands (SALE) is done 

by exposing a parent MOF to a concentrated solution of desired ligands of exchange in a carefully 

selected solvent. Although the concept of SALE is first described by Robson in the early 1990s, it 

wasn’t until 2004 when Chen and co-workers converted a 2D MOF to a 3D MOF by exposing the 

parent MOF to bypyridyl pillars. Extending the 2D MOF into a 3D MOF can be considered a 

SALE type but only exchanges non-bridging ligands.211-213 SALE, by exchange of bridging ligands, 

in MOFs, was demonstrated by Zhou and co-workers, when they replaced existing pillars with 

monodenstate and bidentate ligands.214-16 Hupp and co-workers reported the first example of this 

SALE in zeolitic imidazolate frameworks (ZIFs) by treating a ZIF CdIF-4 to a solution of 2-

nitroimidazole and 2-methylimidazole, in excess, under solvothermal conditions. They were able 

to obtain a previously reported CdIF-9 in high yield, as well as a new ZIF, which they named 

Solvent-Assisted-Exchanged Material-1 (SALEM-1). This work was followed by SALEM-2 from 

a zeolitic imidazolate framework of SOD topology possessing primarily unsubstituted imidazolate 

ligands from ZIF-8. In addition, Hupp and co-workers have demonstrated control over catenation 

in pillar paddlewheel MOFs with the help of SALE. However, this control over catenation is not 

like traditional methods, discussed in chapter 3, but requires the exchange of ligands in a fully 

assembled MOF.217-219 This is demonstrated through the assembly of non-catenated SALEM-3 and 

4. In order to assemble SALEM-3 and 4 in a non-catenated MOF, the non-catenated DO-MOF, is 

first assembled followed by exchange of the pillar for either 4,4’-bipyridine or 4,4’-azobis(pyridine) 

as ligands to assemble SALEM-3 and 4. If 4,4’-pyridine or 4,4’-azobis(pyridine) were employed 
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in the beginning, to directly insert as the pillar, two-fold catenation is observed. The model system 

for SALE is pillar paddlewheel MOFs due to the composition of the materials facilitating a facile 

replacement of the weakly bound pillars. Recently Hupp and co-workers demonstrated how the 

use of SALE can be used to assemble pillar paddlewheel MOFs with longer ligands (figure 37), 

thereby opening the MOF to large pores.220 

 

Figure 37. Example of SALE for the synthesis of non-catenated MOFs with long ligands, resulting 
in large cavities. Reprinted (adapted) with permission from Chem. Mater. 2013, 25, 3499. 
Copyright 2016 American Chemical Society. 
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 Although SALE has been demonstrated as a way to assembly MOFs of a complex nature, 

prevent catenation, and extend the length of the ligand in pillar paddlewheel MOF (increasing the 

pore), transmetalation at the nodes or ligands is also improving the variety and complexity of 

MOFs. The most obvious benefit of transmetalation is the ability to assembly MOFs featuring 

metals that are a challenge to incorporate through traditional synthesis. Much like how a complex 

ligand can complicate the assembly of a MOF, so too can the metal. This is especially true when 

a structurally or functionally interesting MOF is reported with a specific metal node. Attempts to 

diversify the MOF by adapting the established synthetic route to other metal ions are not always 

successful due to the variation in size, geometric restriction on the preferred coordination sphere 

with the reported MOF. An example of how transmetalation can overcome this problem is 

demonstrated by Denysenk and co-workers in their attempts to synthesize a Co2+ based MOF-5 

with large btdd (btdd = bis(1,2,3-triazolato-[4,5-b],[4’,5’-i]dibenzo-[1,4]-dioxin) ligands.221 

 Another benefit of transmetalation is through the introduction of new chemical 

functionality in MOFs. MOFs that display redox-activity properties could be valuable for both 

chemical and electrochemical catalysis, among other applications discussed in chapter 2. However, 

incorporating redox-active metals can prove to be a challenge due to the vulnerability of cations 

in lower oxidation state towards oxidation during assembly. Brozek and co-workers demonstrated 

the utility of transmetalation by assembling seven MOF-5 derivatives, represented in figure 38, 

employing Ti3+, V2+, V3+, Cr2+, Cr3+, Mn2+, and Fe2+ ions. The Cr2+ in Cr-MOF-5 was oxidized to 

Cr3+ using NOBF4. In addition, the Fe2+ in Fe-IRMO5 was oxidized to Fe3+ by coordination of NO 

to highlight the redox activity of the transmetalated product.222 Shultz and co-workers expanded 

the family of M-salen-containing pillar paddlewheel MSO-MOFs by replacing the Mn3+ with Co2+, 

Zn2+, Cr2+, Cu2+, Ni2+, or Mn2+.223 
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Figure 38. Example of transmetalation. After assembly of MOF-5, Zn is exchanged for  Ti, V, Cr, 
Mn, or Fe. Reprinted (adapted) with permission from Chem. Soc. Rev. 2014, 43, 5896. Copyright 
2016 The Royal Society of Chemistry. 

 

3.2.5 Bromine-Core-NDI Ligands 
 

 PSM has become a very popular and useful application in the synthesis of complex 

functional MOFs. Cleary it will further the applications of MOFs and, as Hupp and co-workers 

have demonstrated, such techniques as SALE have gone even further than simple modification of 

preexisting functionality of a MOF. However, this research has identified another, simpler, route 

to synthetic a variety of MOFs containing amine, alkoxy, and thiol, among other core-substituted 

NDI MOFs. Core-substituted NDI have become extremely popular due to the unique properties 

they have displayed (a detailed discussion is presented in chapter 5). This core substitution has 

gone beyond the simple modification of the imide and as a result research and synthesis has 

increased. Traditionally, synthesis of core-substituted NDIs will be made from the corresponding 

bromo-NDA. Matile, Zhou, and others report the synthesis of the cNDIs by introducing a 

nucleophile to the bromo-NDA (figure 41) for imidation and substitution.224 Selective imidation 

can be done by introducing acetic acid to prevent bromine substitution, as demonstrated by Matile 

and co-workers.225 This research proposes this same substitution of the bromine, but, unlike typical 

routes, it is done after the assembly of a MOF. This overall goal is shown in figure 39. In this 

research, the bromination of the of NDI can occur at the core, then imidation uses amines 
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containing carboxylate or n-pyridyl for MOF assembly, unlike typical imidation which employs 

amines with aromatic carboxylates of n-pyridyl. Once the MOF is assembled, addition of the 

nucleophile allows access to a wide range of cNDI containing MOFs. An example of a pillar 

paddlewheel MOF is given in figure 40. 

 

Figure 39. Graphical representation of research prospectus. Original ligand will have a bromine 
which will then be exchanged for a nucleophile of choice. Reprinted (adapted) with permission 
from Chem. Soc. Rev. 2011, 40, 498. Copyright 2016 The Royal Society of Chemistry. 

 

 

 

Figure 40. Example of desired SBU for the assembly of a pillar paddlewheel MOF with bromine 
containing pillar followed by nucleophilic substitution. 
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3.3 Synthesis of Dibromo-core Substituted NDI Ligands 
 

 The interest in the synthesis of core-substituted NDIs have increased significantly due to 

the discovery of optical properties that was found within them. For example, the instillation of 

electron-withdrawing groups at the core of the NDI will induce in a change in the HOMO-LUMO 

gap (HOMO = highest occupied molecular orbital and LUMO = lowest uncopied molecular 

orbital). Electron-donating groups, on the other hand, have the opposite effect and it is these two 

types of groups that are of great interest this research. Today, the most common way to install 

functionality is through the synthesis of bromo-NDA (figure 41). Matile and co-workers report a 

library of cNDIs by way of bromo-NDA. In order to make the desired MOFs with DBNDI ligands, 

bromo-NDA was made using established synthetic procedures.226 Although several variations of 

bromination are reported, typical installation of the bromine onto the NDA core is achieved by 

heating NDA in concentrated sulfuric acid, or oleum (containing 65 % SO3), and heating at 60 oC 

followed by the addition of dimethyl dibromohydrantoin or dibromoisocynuric acid in a dropwise 

manner. The degree of substitution, mono, di, tri, and tetra-bromo NDA, is dependent upon heating 

time, the use of DMDBH or DBI, and acid strength. For example, if the reaction mixture is allowed 

to stir for 24 to 48 hours in oleum with DBI, the tetra-NDA is obtained.  In order to achieve di-

bromo-NDA, DMDBH or DBI was used in sulfuric acid for sixteen hours. Once the appropriate 

substitution is obtained, the reaction mixture is quenched by pouring the reaction mixture over ice 

and filtering bromo-NDA followed by methanol wash.  
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Figure 41. General synthetic procedure for the bromination of NDA as mono, di, tri, and tetra 
bromo NDA. 

 

 Installation of the primary amine is achieved through condensation of the anhydride (figure 

42). As discussed, in chapter 2, the imide transformation is a simple one-step synthesis. However, 

the installation of the bromine at either position 2, 3, 6, or 7, allows for an alternate reaction to 

occur. The bromine, a good leaving group, can undergo a nucleophilic aromatic substitution. In 

order to overcome this Matile and co-workers report the use of mild acid, such as acidic acid, to 
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prevent any substitution of the bromine. Despite the use of different primary amines, the same 

reaction conditions are applied in the synthesis of DBNDI ligands.226 

 

 

Figure 42. General synthetic procedure for the synthesis of DBNDI ligands for the assembly of 
MOFs. The synthesis is the same as general imidation of NDIs with the addition of acetic acid to 
prevent nucleophilic substitution of bromine. 
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3.3.1 Synthesis of DBNDI-DP 
 

 Despite successful synthesis of most DBNDI ligands, DBNDI-DP proved to be 

unsuccessful through previous outlined synthetic route.  Matile and co-workers, among others, 

describe the substitution of the bromine on the core as rapid without the presence of acetic acid.227-

229 It is likely the 4-aminopyridine is reacting faster with the bromines, undergoing the substitution, 

much faster than with the anhydride. This is observed with the 4-aminopyridine, through 1H NMR 

and mass spectrometry, because it is a stronger nucleophile than the other primary amines used, 

through the resonance structures. With this in mind, various attempts at imidation were preformed 

under varying conditions. Conditions such as equivalents, acidity, and solvents explored. However, 

no optimal conditions were found and standard literature procedures could not be applied and there 

was either no reaction or substitution of the bromine. Several other attempts to synthesize DBNDI-

DP through catalytic zinc acetate and electrophilic addition were attempted (see appendix B for 

details).  

3.4 Synthesis of DBNDI-AMQ MOFs 
 

 Pillar paddlewheel MOFs with carboxylate and pyridine ligands are well studied due to 

their flexibility, catenation, and framework elasticity.227-230 In addition, unlike other SBUs, the 

pillar paddlewheel is simpler to perceive. Often, it is the pyridyl ligand used as the pillar to link 

the 2D sheets of the paddle wheel layer, often requiring the ligand to have the N-pyridyl nitrogens 

in exact opposite of each to ensure correct insertion. When the system of 2D sheets is a scaffold 

for the dipyridyl linkers, there is an opportunity to incorporate functionality into the MOF. 

Modification of the dipyridyl not only allows for functionalization of the MOF, it allows for change 

of the channel size, as well as adjusting flexibility and hydrophobicity of the MOF while 
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maintaining the pillared-layer structure. With this in mind, this research envisions the assembly of 

DBNDI-AMQ pillar paddlewheel MOFs, shown in figure 43. Although this ligand is not the most 

ideal, with the N-pyridyl nitrogens orienting in different possible conformations and without the 

straight alignment of each N-pyridyl nitrogen, there is literature to support the use of DBNDI-

AMQ ligand for the assembly of pillar paddlewheel MOFs. Ditopic carboxylate ligands connected 

by a 4-connected paddle wheel clusters are common. This ditopic carboxylate 4-connected 

paddlewheel 2D layer sheet will be connected by DBNDI-AMQ. Various rigid aromatic 

dicarboxylate ligands can be used for the paddle wheel cluster. However, this research can be 

guided by previously reported pillar paddlewheel MOFs, using NDI-AMQ as the pillar. Hupp and 

co-workers employed N,N’-di-(5-aminoquinoline)-1,4,5,8-naphthalenetetracarboxydimide 

(diQuNI) ligand in a pillar paddlewheel MOF.231 This doubly interwoven pillar paddlewheel 

Zn2(NDC)2(diQuNI) MOF was assembled by reacting 2,6-naphthelene dicarboxylic acid (NDC), 

diQuNI, and Zn(NO3)2·6H2O in diethylformamide (DEF). It is from this MOF that this research 

envisioned the use of DBNDI-AMQ ligand with DNC to form a pillar paddlewheel MOF by 

keeping the same concentration, stoichiometry, solvent, and time but with the installation of the 

bromine on the pillars. In addition, the installation of the bromines can prevent catenation and pore 

size of the MOF can be adjusted with the carboxylic acid ligands by either expanding, or if possible, 

contracting.  



77 
 

 

Figure 43. DBNDI-AMQ ligand with various dicarboxylic acid ligands to assembly pillar 
paddlewheel MOFs. 
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3.4.1 DBNDI-AMQ MOF Results 
 

 Select MOF trials employing DBNDI-AMQ as a pillar are reported in table 1. First attempts 

to assemble the pillar paddlewheel were adapted procedures from Hupp and co-workers. DBNDI-

AMQ, appropriate carboxylic acid ligand and zinc metal were dissolved in a selected solvent of 

DMF, DEF, or DMAc. The reaction mixture was sealed in a vial and allowed to sit idle in an oven 

for a selected period of time. Due to the failure to assemble the DBNDI-AMQ as a pillar, various 

other solvents and conditions were attempted (see appendix C). Multiple attempts at assembly 

were performed and varying results in MOFs formed. Most attempts resulted in the formation of 

high quality single crystals that allowed for analysis. However, it was found that the carboxylic 

acids assembled into previous MOFs, such as IRMOF-5, and failed to incorporate the DBNDI-

AMQ. From the work of Hupp and co-workers, it appears the bromine does not allow for the 

assembly of the desired pillar paddlewheel MOF. During several trials, the crystals contained 

layered sheets of the DBNDI-AMQ. It is seen that the solvothermal conditions do not undo the 

functionality of the bromine and the ligand remains intact (figure 44). DMF, DMAc, and DEF 

decompose to produce a Bronsted-Lowry base, which is the primary source for deprotonating the 

carboxylic acid to produce the carboxylate. The amine can also serve as a nucleophile, which can 

then undergo a nucleophilic substitution of the bromine. However, this is not seen under 

solvothermal conditions. Because the DBNDI-AMQ ligand remains intact during the solvothermal 

conditions, decomposition of the ligand is not preventing MOF assembly. However, the fact that 

the MOF is not assembling implies the Lewis-basicity of the nitrogen on N-pyridyl  is affected by 

the bromine. 

 



79 
 

 

Figure 44. Crystal structure of DBNDI-AMQ found during attempted MOF assembly. 

 

 Even if a high quality single crystal is obtained, characterization of the MOF crystal can 

prove to be problematic. A number of trials utilizing the DBNDI-AMQ as the pillar in pillar 

paddlewheel MOF were attempted with varying conditions, such as concentration, pH, and other 

parameters. Despite the formation of a crystal, deemed useful, it was often found that the 

characterization could not be completed due to decomposition while undergoing analysis.  Within 

the MOF community, it is a widely understood that characterization of MOFs can be challenging 

due to collapse of the MOF during solvent evacuation. This proved to be problematic here, 

resulting in the loss in the ability to characterize many crystals obtained from MOF assembly trials. 
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Table 1. A general representation of DBNDI-AMQ MOF trials with various dicarboxylic ligands. 

Carboxylic Acid 

Ligand 

 

DBNDI-AMQ 

Ligand 

Metal(s) Solvent(s) Results 

 

 

 

 

 

 

 

Zn(NO3)2·6H2O 

OR 

Zn(ClO4)2·6H2O 

DMF 

 

DMAc 

 

DEF 

 

Single Crystals 

(IRMOF) 

 

 

 

 

 

 

Zn(NO3)2·6H2O 

OR 

Zn(ClO4)2·6H2O 

DMF 

 

DMAc 

 

DEF 

 

 

Single Crystals 

(IRMOF) 

 

 

 

 

 

 

Zn(NO3)2·6H2O 

OR 

Zn(ClO4)2·6H2O 

DMF 

 

DMAc 

 

DEF 

 

Crystals 

(DBNDI-
AMQ) 

 

 

 

 

 

 

 

Zn(NO3)2·6H2O 

OR 

Zn(ClO4)2·6H2O 

DMF 

 

DMAc 

 

DEF 

 

 

Suspension 
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3.5 DBNDI-DCA MOF Trials 
 

 Unlike with DBNDI-AMQ, there is no work reporting MOF assembly with NDI-DCA, 

most likely due to the insolubility as reported here in chapter 2. However, ditopic carboxylate 

ligands have been extensively studied and with the rigid linearity of DBNDI-DCA, it is possible 

to adapt previously reported synthetic procedures. For example, it is known that ditopic ligands 

can assemble into 4-connected paddle-wheel, 6-connected octahedral, 6-connected trigonal-

prismatic, and other SBU clusters. Here, this research envisioned the assembly of two types of 

MOFs with the DBNDI-DCA (figure 45). The first is another pillar paddlewheel MOF using the 

DBNDI-DCA as the paddlewheel and 4,4’-bipyridine as the pillar. Numerous groups have reported 

the synthesis of pillar paddlewheel MOFs but none with a ligand similar to DBNDI-DCA. 

However, reaction conditions, stoichiometric ratios, and other synthetic procedures can be adapted 

from other groups such as Hupp and co-workers. The second type of MOF is from the IRMOF 

series with the simple dicarboxylic acid ligands. Here, the research can use previously reported 

synthetic procedures from a variety of IRMOFs. 232-233 

 Table 2 represents an overview of MOF trials performed. Despite the increased solubility 

of DBNDI-DCA over NDI-DCA, the ability of the ligand to bind through the carboxylate, and 

available synthetic procedures, neither the paddlewheel MOF or IRMOF were synthesized. Like 

all new MOF assembly, variations of concentration, time, and other variable were explored with 

no assembly. However, a more rigorous study of conditions is needed to fully understand the 

binding ability of the carboxylate. There is no indication or reason to suspect loss of functionality, 

decomposition, or bromine binding interference.  
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Figure 45. A general scheme for DBNDI-DCA ligands and MOF assembly. The dicarboxylate 
ligand can be employed two ways. First, pillar paddlewheel MOFs can be assembled if a di N-
pyridyl ligand is introduced. Second is the IRMOF series with the dicarboxylate ligand alone. 
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Table 2. A general representation of DBNDI-DCA MOF trials to form IRMOFs and pillar 
paddlewheel MOFs. 

DBNDI-DCA 

Ligand 

 

Bipyridine 

Ligand 

Metal(s) Solvent(s) Results 

 

 

 

 

 

 

 

Zn(NO3)2·6H2O 

 

OR 

 

Zn(ClO4)2·6H2O 

DMF 

 

DMAc 

 

DEF 

 

 

Suspension 

 

 

 

 

 

 

Zn(NO3)2·6H2O 

 

OR 

 

Zn(ClO4)2·6H2O 

DMF 

 

DMAc 

 

DEF 

 

 

Suspension 

 

 

 

 

 

 

NA 

 

Zn(NO3)2·6H2O 

 

OR 

 

Zn(ClO4)2·6H2O 

DMF 

 

DMAc 

 

DEF 

 

 

Suspension 

 

 

 

 

 

 

NA 

 

Zn(NO3)2·6H2O 

OR 

Zn(ClO4)2·6H2O 

DMF 

 

DMAc 

 

DEF 

 

 

Suspension 
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3.6 DBNDI-TCA MOF Trials 
 

 Table 3 represents the overall results. Tetratopic carboxylate ligands have become popular 

due to their ability to generate MOFs with exceptionally large pore size and symmetrical SBUs. 

Despite the growing popularity, tetratopic carboxylate ligands are still less explored, relative to 

linear ditopic ligands. Here, this research envisions to assemble MOFs of a tetrahedral carboxylate 

DBNDI-TCA ligand through a variety of different SBUs (figure 46). In addition to MOFs with 

only DBNDI-TCA, this research envisions the use of the DBNDI-TCA tetratopic carboxylate 

ligand to form 2D sheets connected by a pyridyl pillar. Pillar paddlewheel MOFs with tetratopic 

carboxylate ligands connected by pyridyl pillars is reported by Hupp and co-workers.234  

 Due to the complexity associated with carboxylate ligands with more than two carboxylates, 

the synthetic conditions will need to explored even further. Tetratopic carboxylate ligands have 

been reported; however, they do not all give insight to a specific SBU, suggesting a more difficult 

design. Furthermore, the literature does support the use of metals other than Zn(II), which has been 

used extensively with this research. With this in mind, addition metals such a Cu(II) and Mg(I) 

will be used.  
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Figure 46. A general representation of DBNDI-TCA ligand for the assembly of MOFs. The 
tetracarboxylate ligands pose a more challenging MOF prediction due to the increased SBUs 
available. 
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Table 3. A general representation of DBNDI-TCA MOF trials to form IRMOFs and pillar 
paddlewheel MOFs. 

DBNDI-TCA 

Ligand 

 

Bipyridine 

Ligand 

Metal(s) Solvent(s) Results 

 

 

 

 

 

 

 

Zn(NO3)2·6H2O 

OR 

Zn(ClO4)2·6H2O 

DMF 

 

DMAc 

 

DEF 

 

Suspension 

 

 

 

 

 

 

Zn(NO3)2·6H2O 

OR 

Zn(ClO4)2·6H2O 

DMF 

 

DMAc 

 

DEF 

 

Suspension 

 

 

 

 

 

NA 

 

Cu(NO3)2·6H2O 

OR 

Zn(NO3)2·6H2O 

DMF 

 

DMAc 

 

DEF 

 

 

Suspension 

 

 

 

 

 

 

NA 

 

 

Mg(NO3)2·6H2O 

OR 

Zn(NO3)2·6H2O 

DMF 

 

DMAc 

 

DEF 

 

 

Suspension 
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3.7 Results & Discussion 
 

 Although MOFs display tunable pores and extremely high surface area, the applications of 

the MOFs will be limited in many applications if they do not display complex functionality. Gas 

storage and selectivity are natural applications because the gas interacts with the MOF through 

Vander Waals forces. However, in order to realize the full potential of MOFs in a variety of other 

applications, MOFs with complex functionality are needed. To meet this demand, this research 

envisioned PSM as a viable route to assembly a variety of MOFs containing pillar NDI ligands 

with bromines. Once the MOFs are assembled, functionality can be imparted onto the MOF 

through the addition of carefully selected nucleophiles which would substitute with the bromine, 

through nucleophilic substitution. Here, the synthesis of core-substituted NDI ligand containing 

bromine are described along with MOF assembly results and their implications for future work.  

3.7.1 Challenges Encountered 

 

 The first point of challenge in this research is the synthesis of the DBNDI-DP. As 

mentioned previously, it appears the 4-aminopyridine is undergoing a nucleophilic aromatic 

substitution of the bromine in addition to inserting itself into the anhydride. The second challenge 

to this research is the assembly of MOFs containing the bromine-core-substituted ligands. Despite 

MOF assembly employing the same NDI without the bromine-core-substitution, a sweeping study 

of reaction conditions, from concentration, temperature, time, and ratios, could not force the 

assembly of any MOF containing any DBNDI ligand.  
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3.7.2 Future Work 

 

  The primary challenges here are the assembly of pillar paddlewheel MOFs containing core-

substituted NDI ligands. Despite the non-assembly of the MOFs, it is clear the bromine 

functionality is not removed during the solvothermal conditions and all NDI ligands remain intact. 

However, the non-decomposition of the DBNDI ligands and the non-assembly of the MOFs do 

indicate that the bromine might change the Lewis-basicity of the nitrogen of the N-pyridyl. 

Although the Lewis-basicity might be the reason for non-assembly of the MOF, techniques such 

as SALE might allow for the assembly of the desired pillar paddlewheel MOFs containing, at the 

very least, DBNDI-AMQ, as described in figure 47. Although SALE does provide an opportunity 

to incorporate the DBNDI-AMQ ligand into a pillar paddle wheel MOF, another opportunity might 

be through the exchange of a non-bridging ligand, such as a solvent molecule that occupies the 

axial position of a 2D MOF.  

 

Figure 47. General scheme for SALE to form DBNDI-AMQ pillar paddlewheel MOFs. 

 

 Despite challenges encountered here in this research, it is possible to assemble a MOF 

containing dibromine-core-substituted NDI ligands by following examples provided by Dinca and 
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coworkers and their synthesis of H2NDI-Br.235 Figure 48 shows bromine-core-substituted NDI 

ligands that can be made by adapting for from Dinca and co-workers. 

 

 

Figure 48. Representation of DBNDI-AZOLATE ligands for possible assembly of MOFs. 

 

 Despite the non-assembly of DBNDI-TCA into any usable MOF, recent work by Banerjee 

and co-works gives an alternate strategy. They very recently reported the synthesis of a porous 

solvatochromic MOF assembled from Mg(II) and NDI-TCA capable of sensing a diverse range of 

solvents. In addition, the MOF also has the ability to detect new incoming solvents during fast 

analyte-solvent exchange. However, it is the synthetic procedure that give this research a guide to 

the synthesis of DBNDA-TCA MOFs. Banerjee successfully assembled a NDI-TCA MOF, in 

solvothermal conditions, using Mg(NO3)2·6H2O, in DMF with hydrochloric acid (HCl) at elevated 

temperatures for 24 hours.236 
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CHAPTER FOUR 

CORE-FUNCTIONALIZED NAPHTHALENEDIIMIDES 

 

4.1 Functional NDIs & Applications 
 

 A brief introduction to NDI was given in chapter one but a detailed description is given 

here. NDI an important homologue of rylenediimides (RDI), along with perylenediimide (PDI), 

shown in figure 49. NDIs and RDIs are important due to their ability to posses high electron affinity, 

good charge carrier mobility, and their resistance to decomposition upon oxidation. NDIs are 

neutral, planar, redox-active, and have high melting points. They also display unique absorption 

and emission properties. NDIs can form a stable radical anion under mild, single reversible one-

electron, reduction. The radical anions can be characterized by visible and near-infrared 

absorption.237-240 These properties make NDIs excellent candidates for organic electronics 

applications, photovoltaic devices, and flexible displays. In addition, the NDI can be easily 

functionalized through the anhydride and is often used as a precursor for the production of 

industrially relevant perinone pigments. With the physical and chemical properties of NDIs, it is 

not surprising to find them employed in a variety of applications such as sensors, host-guest 

complexes, ion-channels, artificial photosynthesis, electrochemical donor-acceptor systems, and 

many others.241-245  
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Figure 49. Structure of PMI, NDI, and RDI. All three structures are important building blocks in 
supramolecular chemistry. 

 

4.2 Core-Substituted NDIs  
 

Until the last few decades, NDIs were studied with modification of only the imide position, 

and the core positions at 2, 3, 6, or 7 were often ignored. However, in 2002, Wurthner and co-

workers demonstrated the effects of placing a heteroatom (N, O, or S) at the core of the NDI, 

displaying change in color, optical properties, and a wide range of frontier molecular orbital 

levels.246 Since this work, the 2, 3, 6, and 7 positions of the NDI have been functionalized in a 

variety of ways through the amine, alkoxy, sulfur, aryl, thiophene, cyano, and metallo-bridging, 

resulting in highly colorful and conductive functional materials. Soon after, these core-

functionalized NDIs were incorporated into supramolecular functional materials. 247-250 

As briefly discussed earlier, the NDI itself is a far reaching molecule and is shown to play 

a role in supramolecular self-assembly, host-guest complexes, molecular sensors, electrochemical 

donor-acceptor systems, and many more that are not mentioned here.251-255 However, there is a 

growing interest in functionalizing NDI at the core 2, 3, 6, and 7 locations. This functionalization 

doesn’t simply give a color change as previously stated, but the implications in supramolecular 
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self-assembly can be significant. Bhosale and co-workers demonstrate the effect of cNDIs on self-

assembly by functionalizing the 2 and 3 positions with long alkyl chains. They describe the self-

assembled cNDIs as “worm-like nanostructures” in MeOH/CHCl3 solvent. They describe Atomic 

Force Microscopy (AFM) images showing the structure to be well-organized and approximately 

1-2 mm in length and the height anywhere from 27 to 82 mm. Upon replacement of the long alkyl 

chains with triethylene glycol motifs, formation of multilamellar vesicles are reported in DMSO 

and MeOH/CHCl3 solvent. They report AFM and Tunneling Electron Microscopy (TEM) imaging 

as clear evidence of cNDIs self-assembling into sepherical vesicles. In addition to Bhosale and co-

workers, many others have reported cNDI self-assembly.256  

4.2.1 Molecular Sensors 
 

 Owing to their small size, ease of functionalization at the imide, solubility in a range of 

solvents, and tunable fluorescent properties, incorporating NDIs into a sensor is highly desirable. 

Within this research, along with work done prior, NDIs have been employed to give insight to the 

relevance of the anion-NDI interaction with halogens, despite the complex nature. In addition, its 

chromogenic response is demonstrated when NDI is reduced by hard Lewis-bases such as the 

fluoride ion. Despite these examples, NDI itself has a weak fluorescence emission but cNDIs are 

able to fluoresce and this is especially true when the core is substituted with groups such as 

alkylamines. As discussed earlier, the rich electronic and spectroscopic properties, reported by 

Matile and others, make them ideal candidates for applications within sensor design. Balakrishnan 

and co-worker demonstrate the advantages of the near IR (infrared radiation) emission of cNDIs 

by synthesizing cNDIs with chromophores appended with N,N’-bissulfonanmide-quinoxalines, a 

new fluorescent, neutral and selective colorimetric sensor for fluoride ions at micromolar 

concentration.257 Tian and others have also shown the relevance of cNDIs as sensors.258 In addition 



93 
 

to anion sensing, NDIs can be employed in cation and pH sensing, as demonstrated by many 

groups.259-261 

4.2.2 Host-Guest Complexes 
 

 A particularly useful application of NDIs is in the building of host-guest charge transfer 

complexes. Examples of these NDIs as building blocks include ion-channels, intercalates, 

rotaxanes for the applications in catalysis, sensing, and molecular machines. Some of the earliest 

work can be seen from Nobel laureate Jean-Marie Lehn’s work.262 His work included a cyclophane 

with two NDI units linked by two alkyl chains and its interaction and molecular recognition with 

nitrobenzene. Following this work, an exponential increase of foldamer, catenanes, rotaxanes, and 

ion channels were reported based on NDI complexes. Electrochemically switchable [2]rotaxane-

based molecular shuttles featuring succinamide and NDI hydrogen-bonding stations on benzylic-

amide macrocycle were synthesized by Leigh and co-workers.263 They demonstrated how the 

shuttles switch between three different oxidation states, in solution and a monolayer. They point 

out that the NDI exhibits a different binding affinity to the macrocycle at these different oxidation 

states. 

4.2.3 Electrochemical Donor-Acceptor Systems 
 

 cNDIs are becoming a growing interest in electron donor-acceptor systems for applications 

such as solar cells. Lin and co-workers demonstrate a donor-acceptor-donor system consisting of 

cNDIs with triphenylamine as the donor.264 The derivatives are capable of absorbing two photons 

and in optical studies, all the derivatives presented distinct absorption bands. Li and co-workers 

synthesized a series of cNDIs containing arylacetylenes and demonstrated the dual functions they 

pose because of the n-type semiconducting wave properties.265 In addition to showing wave 
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guiding properties when assembled into rods, the series also showed aggregate-induced emission. 

Tuning of the NDI series is done by changing the aryl group. Polander and many others performed 

a study to determine the overall electrochemical and optical properties of cNDIs at positions 2 and 

6.266 Their work clearly demonstrates that core-substitution with NDIs is an effectively simple way 

to tune NDIs for optoelectronic applications. Etheridge and co-workers reported the synthesis of 

thionated NDIs and the effects of substitution on the optical and electrical properties.267 Gabutti 

and co-workers demonstrate cofacial NDI dimer separated by meta-dimethylenebenzene spacers, 

exhibiting Foster resonance energy transfer (FRET). FRET takes place through dipole-dipole 

interactions, which makes it extremely sensitive to changes in distance as well as the optical 

characteristics, including the spectral overlap of donor and acceptor units.268 Tuning the core of 

the NDI with methoxy derivatives, they found intramolecular FRET occurred, but inhibited by 

other core substitutions such as sulfanyl and piperidinyl substitution. 

4.3 MOFs Assembled from cNDIs 
 

 In the past decade, there has been more attention and interest in electroactive organic 

electrode materials stemming from natural organic sources as a precursor, which also have a 

benign effect on the environment. Redox active compounds with organic electrodes based on bulk 

crystals can be used to address these concerns. George and co-workers demonstrated the potential 

of NDI as viable ligand, which can be introduced to impart redox ability onto the MOF, through 

the synthesis of a mixed chromophoric system in which the 4,4’-biphenyldicarboxylic acid ligands 

were supported with N, N’-di(4-pyridyl)-NDI.269 As discussed in chapter 2, MOFs are a unique 

hybrid material, made of organic and inorganic precursors and have gained significant amount of 

attention due to their tunable pore size and high surface area. Currently, MOFs are being explored 

in a variety of applications, but, as discussed in in chapter 3, these MOFs are limited unless the 
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complex functionality can be imparted upon them. This research attempted to gain access to this 

complex functionality by assembling MOFs with DBNDI ligands, which would then undergo PSM, 

resulting in MOFs containing cNDIs. However, due to the non-assembly of the MOFs, this 

research turns its attention to funtionalizing the NDI ligand before MOF assembly.  

4.3.1 Synthetic Strategies of Core-Substituted NDIs 
 

 In recent decades, extensive synthetic investigation has been done so that chemo- and 

regioselective functionalization of the NDI core through aromatic substitution is achieved and it is 

thanks to the work of those such as Matile and co-workers there exists synthetic developments that 

allow access to a variety of cNDIs.270-271 One of the more original synthetic routes to access cNDIs 

is through a four-step process. This includes the oxidation of pyrene and the use of harsh 

environments due to reagents such as strong acids (HNO3), strong bases, and chlorine gas (figure 

50).272 This process yields a resulting NDA dianhydride with chlorines at positions 2 and 6. The 

NDA dianhydride is converted into the diimide by addition of two amines and acetic acid, to 

prevent the amines from substituting at the core. Once the diimide is formed with the chlorines at 

positions 2 and 6, cNDIs are accessed through a nucleophilic substitution of the chlorines. 

However, Matile and co-workers pointed to the oxidation and the harsh environments as a reason 

for discouragement of this synthetic route. Instead, they proposed an alternate route that has 

allowed for the harsh conditions to be circumvented. From their approach, Matile and co-workers 

start with the commercially available dianhydride which is brominated with dibromocyanuric acid. 

The brominated NDA can then converted into the diimide with the appropriate amine in acidic 

conditions. They report no problem in the isolation and purification of the resulting 2,6-dibromo 

cNDIs.  
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Figure 50. Traditional synthesis of core-subsituted NDIs (cNDIs). 

 

 It is this 2,6-dibromo cNDI that they report as the key intermediate to an extensive variety 

of cNDIs through nucleophilic aromatic substitution of essentially any nucleophile. They describe 

the addition of dicyano groups at the 2 and 6 positions, resulting in red cNDIs, alkylamines 

resulting in blue cNDIs, whether it is one or two amines at the core. In addition to the simple 

introduction of a nucleophile, they report Suzuki-Miyaura coupling with boronate esters, yielding 

cNDIs with phenyls at the core. Therefore, with the work of Matile and co-workers, it is a good 

point of entry into cNDIs for this research.273  

 This research envisions the synthesis of a variety of NDI ligands, containing alkylamine, 

alkoxides, and sulfides, for the assembly of complex MOFs. However, the goal is to achieve the 

ligand with best opportunity to assemble into a MOF. Therefore, as shown in figure 51, cNDI 

containing N-pyridyl is the highest priority. However, in chapter 3, it was demonstrated that access 

to the DBNDI-DP is unavailable. Therefore, an alternate route is proposed for this specific ligand. 
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Figure 51. General synthesis of cNDIs desired. The N-pyridyl nitrogen is most desired for metal 
binding. However, other imidation opportunities exist and are represented. 
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4.3.2 Synthesis by Alternative Route 
 

 Despite synthetic procedures available for the synthesis of cNDIs, all of these synthetic 

routes employ the bromination of the NDA, followed by the diimide transformation, and finally 

the substitution of the bromine at the core of the NDI. A closer look at the literature will reveal 

that the amine inserted into the imide is often one of little or no functionality. In order to synthesize 

the cNDIs ligands for this research, adaptation of the available procedures was used. However, the 

typical procedure failed to produce the desired cNDI ligand in usable form.  

 The alternate route proposed is adapted from Berezin and co-workers for the specific 

synthesis of ethoxy-core-substituted NDI ligand.274 As shown in figure 52, the synthesis begins 

with the bromination of NDA to generate cNDA with bromines at positions 2 and 6. The cNDA is 

alkylated with methyl sulfate and potassium hydroxide to yield tetramethyl 2,6-dibromophathalene, 

which is then treated with sodium ethoxide to give the diethoxynaphthalene derivative. At this 

point, there are two pathways that can used. The first is to close the anhydride on one side, followed 

by imide formation. This is repeated for the opposite side of the unsymmetrical NDI to access the 

desired cNDI ligand. The second route is to close both sides of the diethoxynaphthalene derivative, 

then form the imide as the final step. 

 Following the previously reported procedure, successful synthesis of tetraethyl 2,6-

diethoxynaphthalene-1,4,5,8-tetracarboxylate 4 was prepared. The first attempt to the synthesis of 

the desired ligand was to prepare 5’. In order to condense the esters, into anhydrides, on both sides, 

thereby allowing for symmetrical insertion for 4-aminopyridine at once, compound 4 was allowed 

to reflux in an acetic acid/hydrochloric acid (5:1) solution for 48 hours. It was thought that simply 

allowing the reaction proceed under identical conditions, with an extended time, would afford the 
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desired diethyl 4,8-diethoxy-1,3-dioxo-1,3-dihydrobenzo[de]isochromene-6,7-dicarboxylate 5’. 

However, extending the reaction time did not afford the desired product. It was found that, what 

appears to be, a mixture of the desired 5’ and reported 5 (see appendix E for 1H NMR of mixture 

containing both 5 and 5’). Although initial attempts to condense both anhydride didn’t results in 

the desired product, it was observed, through both 1H NMR and mass spectrometry, that the desired 

product was being formed. The first evidence for the formation of 5’ comes mass spectrometry. 

Through the use of Matrix-Assisted-Laser-Desorption (MALDI) Mass Spectrometry, both 5, with 

mass of 504 amu, and 5’, with a mass of 356 amu, are observed. In order to prevent extending the 

synthesis, focus on optimizing the synthesis of 5’ was performed. 

 

 

Figure 52. Alternate synthetic route to obtain ethoxy-core substituted NDI ligand with N-pyridyl 
for metal binding. Synthesis of 5’, the dianhydride, allows for a shorter synthetic route. 
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 Initial attempts to condense both sides of 4, to yield 5’ involved extending the reaction time. 

Allowing the reaction mixture to proceed for a longer duration, under the conditions reported, 

produce a mixture of 5 and 5’, with approximately 50% of each forming. Therefore, a combination 

of reaction conditions were varied. Currently, the optimal conditions for the synthesis are 5’ is by 

the addition of 4 to a solution of acetic acid/hydrochloric acid solution (2:1) and allowing for the 

reaction to reflux for forty-eight hours to obtain a quantitative yield, figure 53. The dianhydride 

was characterized by 1H NMR and mass spectrometry. Although 1H NMR does show pure 5’, 

mass spectrometry data is inconsistent. In order ensure the dianhydride is formed, recrystallization 

of 5’ was performed. Analysis of the crystal structure will be done at a later date. 

 

 

Figure 53. Optimal reaction conditions for the synthesis of diethyl 4,8-diethoxy-1,3-dioxo-1,3-
dihydrobenzo[de]isochromene-6,7-dicarboxylate 5’ from tetraethyl 2,6-diethoxynaphthalene-
1,4,5,8-tetracarboxylate 4. 

 

 The final step in the synthesis of 4,9-Diethoxy-7-(pyridin-4-yl)-1H-isochromeno[6,5,4-

def]isoquinoline-1,3,6,8(7H)-tetraone is the insertion of the 4-aminopyridine. This final step will 

be done at a later time. However, some initial work has been performed and spectroscopic evidence 

does suggest a successful synthesis. 
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 The insertion of the 4-aminopyridine was investigated through a variety of reaction 

conditions. In addition, the insertion 4-aminobenzoic was also investigated (figure 54). One of the 

initial concerns was the use of zinc acetate. Therefore, the insertion studies involved the use of 

different solvents such as quinoline, DMF, and DMAc. There are mixed results and no conclusive 

evidence is drawn from the study of solvents on the reaction. However, the use of zinc acetate 

catalysis does help for the insertion of 4-aminopyridine. Both mass spectrometry and 1H NMR 

(see appendix E) indicate successful condensation of 5’ with 4-aminopyridine. The condensation 

with 4-aminobenzoic acid is still ongoing. Mass spectrometry does suggest the successful synthesis 

of carboxylic acid ligand due to the observed mass 594 amu from the reaction mixture. 1H NMR 

is inconclusive and will be studied at a later date. 

 

 

Figure 54. Two final ethoxy-core-substituted NDI ligands observed through spectroscopic data. 

 

The final insertion of 4-aminopyridine is ongoing and will be completed at a later date. 

Currently, initial attempts at inserting 4-aminopyridine has provided insight to whether or not this 

condensation will be successful. First attempts to insert the 4-aminopyridine involved study of 

solvents, time, and the addition of zinc acetate. Currently, evidence does suggest that the 
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condensation, the insertion of the 4-aminopyridine, is successful with using 5’ with two 

equivalents of 4-aminopyridine in DMF and reflux overnight. Both 1H NMR and mass 

spectrometry suggests a successful synthesis (see appendix E). However, further study is needed 

and the purification is important. With this in mind, before MOF assembly can be attempted, 

complete synthesis and purification will be done at a later date. 

4.4 Results & Discussion 
 

 Due to the versatile nature and electrochemical properties of cNDIs, this research envisions 

the assembly of MOFs containing cNDI ligands. The tunable pore size and the high surface area 

will, along with the electrochemical properties of cNDIs, enrich the applications of MOFs. In order 

to achieve this goal, synthesis of novel cNDIs is ongoing. Traditional synthetic routes proposed by 

Matile and co-workers, among many others, have proven to be unattainable here. Unsucessful 

attempts with the typical cNDI procedure has forced the proposal of an alternate route. 

4.4.1 Future Work 
 

 The full realization of the ethoxy-core substituted NDI is not far away. The synthetic 

procedure proposed is promising and further optimization is needed. Although this synthesis is 

promising, another alternate route to realization of pillar paddlewheel MOFs with ethoxy cNDI is 

to exchange the N-pyridyl of the cNDI for another nitrogen containing aromatic compound with 

nitrogen to coordinate with the metal. 

 

 

 

 



103 
 

CHAPTER FIVE 

 TETRATHIALFULVALENE CONTAINING METAL-ORGANIC 

FRAMEWORKS 

 

5.1 Tetrathiafulvalene (TTF) 

 

 Tetrathiafulvalene (TTF), a nonaromatic 14-π-electron system, is derived from the fulvene 

compound, one of the simplest conjugated non-benzene hydrocarbon, and was first synthesized by 

Wudl in 1970.276 It is a fully conjugated molecule, highly electron rich, displays strong electron-

donating ability, and is redox active (figure 55). It is these properties that have given TTF and its 

derivatives significant attention. It wasn’t long after the publication of the TTF synthesis, in 1973, 

that the first report of organic tetrahiafulvalene-tetracyano-p-quinodimethane (TTF-TCNQ) 

molecules containing “metal-like” redox properties were reported.277-278 In 1979 Bechgaard salts 

[TMTSF]2X (X = PF6
-, AsF6

-) were prepared by using selenium containing TTF derivatives, 

mostly tetramethyltetraselenafulvalene (TMTSF) and were used for the first molecule-based 

superconductor.279-280 Since this extraordinary display of physical and chemical properties, large 

amounts of research into various derivatives have been performed in an attempt to enhance the 

electron-donating ability of TTF, thereby increasing the conductivities of salts and charge-transfer 

complexes derived from such derivatives. Despite the unique properties of TTF itself, it is the 

incorporation of the TTF into macromolecules and supramolecular structures, the display of 

ferromagnetic properties, and the donor-acceptor ability within synthetic organic chemistry that 

have given rise to a large portion of the TTF research. 
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Figure 55. TTF as electron rich neutral, first oxidation state, and second oxidation state. 

 

5.2 Advancement in TTF Synthesis 
 

Since the discovery of TTF and its derivatives, synthesis of reported intermediates and TTF 

derivatives was through trapping reactions of lithiated TTFs.281-283 However, it was often found 

that the reports for the TTF derivatives or key intermediates were incomplete or difficult to 

reproduce. TTF, at the time, was expensive and these combined problems limited TTF research.284-

285 However, Bryce and co-workers developed a cheap, reliable, large-scale synthesis of TTF 

through modification of previous literature. Today, access to TTF derivatives by electrophilic 

substitution of lithiated TTF, selective protection/deprotection of 1,3-Dithiole-2-Thione-4,5-

Dithiolate, and discovery of the cyanomethyl protecting group have allowed for a more readily 

available TTF building blocks capable of being tuned for a variety of applications.286-288 

5.3 TTF Macromolecules & Supramolecular Systems 
 

 TTF is a molecule with well-defined redox properties, and coupled with the electron 

donating properties, it should be no surprise that it is well researched for the synthesis of electron-

rich supramolecular systems such as building blocks displaying redox-responsive switchable 

properties. In general, these macromolecules will contain and utilize the TTF by associating a 

binding unit to the electroactive TTF, forming a host-guest system containing the TTF core.  Upon 

complexation with the guest, whether it be neutral or ionic, the host-guest complex undergoes a 

change in the redox and/or optical properties. TTF donor-acceptor systems, by photoinduced 

electron-transfer process, are another popular are of research and both photovoltaic and 
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fluorescence studies can be performed. Clearly, designs of such macromolecules will need to 

include both binding and redox communication between both subunits. With this design, TTF has 

displayed a very useful building block in supramolecular chemistry with development of sensors, 

donor-acceptor systems, molecular switches, and others.289-295 

5.3.1 TTF Donor-Acceptor Systems 
 

 Macromolecules displaying a covalent donor-acceptor system are of significant interest 

due to the electron shuttle process and are valuable in organic materials.296 These organic donor-

acceptor systems are applied in a variety of fields such as photovoltaics, nonlinear optics, and 

molecular electronics. Therefore, TTF is a prime molecule of interest due its properties, as 

discussed, and is well studied as the donor precursor. It can be seen in many examples of donor-

acceptor derivatives.297 Often, the TTF donor-acceptor systems attempt to control the redox 

potential of the TTF through charge transfer, thereby obtaining tunable electrochemical and/or 

emission properties. This is often achieved by segregation or alternation of the donors and 

acceptors, as shown in figure 56. Figure 56 represents some of the earliest TTF-TCNAQ (TCNAQ 

= tetracyanoanthraquinodimethane) donor-acceptor systems, as reported by Bryce and co-workers, 

among others. Today, there has been significant advancements in the TTF donor-acceptor systems 

and have contributed to the area of photovoltaics and molecular electronics, which are interested 

in observing charge separation.298-299  
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Figure 56. General TTF donor-acceptor systems as described. 

 

5.3.2 Sensors 
 

 Sensors, using the redox sensitive TTF to capture cationic guests, are a well-developed 

area of study.300 Upon the capture of the ionic species, and the interaction with the TTF subunit, a 

disruption or change in π-donating ability is observed. This inductive effect, TTF-bound-cation, is 

observed through cyclic voltammetry and is often seen as a positive shift in the redox potential of 

the TTF subunit.301 Some of the earlier work to employ TTF in sensors for cationic guests was 

done by Bether and co-workers, along with other teams.302 These receptors incorporated TTF 

derivatives and crown-ethers for binding of the cationic species, shown in figure 55. Here, the two 

crown ethers accommodate one cation each and communicate through the TTF bridge. It was 

found that the sensors did bind to alkaline cations well but with a only moderate change in the 

redox potential of the TTF. This moderate change in the redox potential of the TTF ligand is 

thought to be due to the S2C=CS2 of the TTF bridge, the area highest in electron density. Other 

derivatives of the same sensor, also shown in figure 57, were placed in the vicinal position of the 



107 
 

TTF, also shows binding to alkaline metals, and again demonstrate a weak change in redox 

potential. However, strong changes in redox potential of the TTF, upon binding to a cationic 

species, is seen for TTF-based sensors developed by Angers and co-workers (figure 58).303 Here, 

Angers and co-workers report a good affinity with Pb2+, inferred from 1H NMR spectroscopic 

titration, and the formation of a strong electrolytic solution, leading to drastic changes in CV 

activity. In addition to the work described here, others have also reported cationic sensing with 

TTF-based sensors, using the TTF-cation to produce a change in redox potential of the sensor. 

 

Figure 57. Bether’s TTF sensors for the binding of cations to give change in redox potential. 

 

 

Figure 58. Anger’s TTF sensors for the binding of cations with enhanced redox signal. 
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5.4 TTF MOFs 

 

 Conductive materials displaying high surface area are the future for energy, and today, the 

typical microporous conductive material used for high temperature fuel cells and supercapacitors 

are ceramics and activated carbons.304 Porous chalcogenide semiconductors and conductive 

polymers can be employed for applications in electrocatalysis, separation, and sensing 

technologies.305 Due to the high surface area, of MOFs, discussed in chapter two, it is a logical 

progression to employ MOFs as conductive materials. However, traditional MOFs exhibit 

extremely low electronic conductivity, a fact that limits their ability to be high surface area 

conductors.306 This redox-inactivity of MOFs is not surprising due to the traditional redox-inactive 

ligand and hard metals employed in MOFs (see chapter two for details). Since neither the metal or 

the ligand have redox ability, the overall MOF composed of the two redox-inactive pieces does 

not provide for a pathway to transfer a charge. 

In chapter two, a discussion of the ways to activate the electrochemical properties of a 

MOF was given and in chapter three, the need for MOFs with complex functionality was discussed 

as well as how this complex functionality can be imparted upon the MOF by the functionality of 

the organic ligand. Although the initial efforts to impart this functionality was through the NDI 

and used the core of the NDI as a scaffold for more complex functional groups, here the research 

turns to the tetrathialfulvalene ligand as another potential ligand that will give rise to another MOF 

containing an electron rich ligand. 

 To address this problem of a neutral, redox-inactive MOF, Dinca and co-workers identified 

the ligand as the first point of access.307 Since the ligand is organic, it would be an easy target to 

manipulate through traditional organic synthesis. Dinca and co-workers synthesized a tetratopic 
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tetrathiafulvalene tetrabenzoate (H4TTFTB) ligand in two steps through a palladium-catalyzed 

cross-coupling between TTF and ethyl-4-bromobenzoate (figure 57). The ligand was used to form 

a MOF, by traditional solvothermal conditions, containing columnar stacks of TTF and benzoate-

lined infinite one-dimensional channels (figure 59). The MOF was found to remain porous upon 

desolvation and exhibits charge mobility similar to that of best organic semiconductors known 

today. Long and co-workers, along with others also employed the TTF as a way to impart electron 

delocalization onto MOFs, (figure 60).308-310  

 

Figure 59. Synthetic procedure for TTF ligand with tetracarbxylate binding units. 

. 

 

Figure 60. Crystal structure of TTF MOF. (a) indicates the helical carboxylate chains, (b) is a side 
view of the TTF stacking with short s-s intermolecular bonding, and (c) is the top-down view of 
the TTF stacking. Reprinted (adapted) with permission from J. Am. Chem. Soc. 2012, 134, 12932. 
Copyright 2016 American Chemical Society. 
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 Another example of an electronic conductive MOF, employing a similar TTF-like ligand, 

is Cu[Ni(pdt)2] (figure 61). This MOF was assembled from a previous reported analog and was 

found to display redox-active nickel bis-dithiolate complexes, connected through square planar 

Cu(pyrazine)4 units, forming a tetrahedral MOF containing one-dimensional channels.  Due to the 

resonance structures of the pdt2- ligand, it was demonstrated that solvated Cu[Cu(pdt)2] had room 

temperature conductivity. In addition to the TTF MOFs described here, many others have 

employed TTF in various ways to demonstrate TTF MOF electronic conductivity.  

 

Figure 61. Crystal structure of electroconductive TTF MOF with the redox of TTF depicted. 
Reprinted (adapted) with permission from Chem. Mater. 2010, 22, 4120. Copyright 2016 
American Chemical Society. 

 

5.5 TTF Pillar Paddlewheel MOFs 
 

 It is from the fully conjugated and electron rich system of the TTF, along with work from 

Dinca and co-workers, among others, and the need to explore conducting MOFs, that this research 

set out to continue the work of incorporating electrochemical properties into MOFs, with an 

example of SBU shown in figure 62. This is a continuation of work done with core-substituted 
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NDIs (see chapter 4) and is a natural progression. As stated before, imparting this 

electroconductivity onto MOFs can be done several ways and, just like with the cNDIs, this 

research focuses on the organic ligand, with the possibility of doping MOFs as needed.  

 

Figure 62. General depiction of desired SBU with TTF ligand 1. 

 

5.5.1 TTF Ligand Synthesis 

 

 In order for the MOF to have electroconductive properties, this research has identified the 

ligand as an opportunity, specifically, the TTF ligand due to the chemical properties discussed 

earlier. It is the core of the TTF that is most relevant to this research. Therefore, the ligand design 

would need to contain the TTF core and the binding site capable of MOF assembly. This research 

has identified TTF ligand 1 (figure 63) as a viable option due to the TTF core connected by two 

aromatic pyridines, with N-pyridyl nitrogens for metal binding, as reported by Salle and co-

workers.311 
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Figure 63. Desired TTF ligand (TTF Ligand 1). 

 

5.5.2 Alkyne Synthesis 

 

 The synthesis of TTF Ligand 1 is shown in figure 64. However, the overall synthesis of 

TTF ligand 1 begins with the synthesis of 4,4-dimethoxy-2-butynal. Despite being commercially 

available, purchasing 4,4-dimethoxy-2-butynal through a small specialty company was extremely 

costly, especially considering that it can be synthesized in four steps at significant yield, as shown 

in figure 64. The synthesis of 4,4-dimethoxy-2-butynal, as described in figure 62, is available 

through previously published synthetic route. 4,4-dibromo-2,5-dimethoxytetrahydrofuran 2 is 

obtained through the addition of bromine to 2,5-dimethoxy-2,5-dihydrofurna 1. Without 

purification of 2, the anhydrofuran is ring-opened with sulfuric acid and methanol over a period of 

three days yielding 2,3-dibromo-1,1,4,4-tetramethoxybutane 3. Following a quench of the acidic 

conditions with triethyl amine, a double elimination of the bromines was done using potassium 

hydroxide for two days to yield 1,1,4,4-tetramethoxybutyne 4. 4,4-dimethoxybut-2-ynal is 

obtained from the selective oxidation of one side of 4 with formic acid over three days.312 The 

synthesis of the 4,4-dimethoxy-2-butynal was successful and the spectroscopic data obtained 

matches that of previously reported literature (see appendix E for 1H NMR). In addition to small-

scale trials, a large-scale synthesis provided yield similar to the previous attempts. 
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Figure 64. Synthetic route for 4,4-dimethoxy-2-butanyl. 

 

5.5.3 TTF Ligand 1 Synthesis 

 

 The synthesis of TTF Ligand1 is described in figure 63. The starting key compound 4,4-

dimethoxy-2-butynal is synthesized in figure 65. The synthesis begins with the electrophilic alkyne 

addition onto the ethylenetrithiocarbonate (commercially available) to produce the1,3,-dithiol-2-

thione derivative 2. The imine is obtained by condensation of 3 with iminophosphorane 4 

(synthesized by previously reported literature) through an aza-Wittig reaction. The imino 

derivative intermediate 5 is not isolated and is directly reduced with sodium borohydride to 

produce amino-acetal 6. The final thione is obtained from a key step of 6 with Amberlyst A15. 

This reaction corresponds to three chemical steps: acetal deprotection, intramolecular cyclization, 

and dehydration to obtain 7. The final step in the synthetic route of TTF 1 is the coupling of the 

final thione 7 with trimethylphosphite. Although the synthetic strategy outlined here is supported 

by previously reported synthesis, it was found that the cycloaddition of the 4,4-dimethyl-2-butanyl 
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with ethylenetrithiocarbonate often produces inadequate results, yielding impurities that were 

unable to be removed from the desired addition product.313 

 

 

Figure 65. Synthetic route for TTF Ligand 1. 
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5.5.4 Cycloaddition of Alkyne onto Ethylenetrithiocarbonate 

 

 The electrophilic cycloaddition of the 4,4-dimethoxy-2-butanyl to the ethylene 

trithiocarbonate to produce the derivative 1,3-dithiol-2-thione has been reported by Balandier and 

co-workers as a successful synthetic route.314 However, they did not report a synthetic procedure, 

yield, or characterization. Instead, Balandier directed readers to a previous synthesis of the 1,3-

dithiol-2-thione derivative from Salle and co-workers.  Upon further investigation into the work 

of Salle and co-workers, it was found that the cycloaddition of the alkyne and trithiocarbonate is 

greatly affected by the substituents of the alkyne. Salle and co-workers report the synthesis of 

acetylene dialdehyde and ethylene trithiocarbonate as unsuccessful. They did find, however, that 

the cycloaddition of 4,4-ethoxy-2-butanyl was successful. This is contrary to the idea because the 

ethoxy groups decrease the electrophilicy of the alkyne but the alkyne, with the ethoxy groups, is 

much more thermally stable. Therefore, the stability of the alkyne is important to the outcome of 

the reaction. Despite a successful cycloaddition of 4,4-diethoxy-2-butanyl to ethylene 

trithiocarbonate, Salle and co-workers reported a large amounts of impurities as tar and special 

care was taken to remove this through silica plug, sublimation, and recrystallization. They reported 

a significant portion of the ethylene trithiocarbonate found in the reaction mixture along with tar. 

The results reported and described by Salle and co-workers were identical to the results obtained 

here. Due to the challenges, no pure 1,3,-dithiol-2-thione derivative 2 was obtained.315 However, 

the crude mixture of 2 was carried forward and crude mixtures of 4 and 5 (see appendix E for 1H 

NMR spectra of crude products) were obtained and a pure sample of 6 obtained. Many attempts to 

increase the yield, decrease the tar, and recycle unreacted trithiocarbonate were performed. 

Reaction conditions were studied and optimization studies found that most product can be obtained 

by limiting the time of reaction to three hours. However, due to extremely low yielding synthetic 
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route, the research looked for other possible TTF ligands and proposed an alternative TTF 2 ligand 

(figure 66) until the reaction conditions of the cycloaddition of the alkyne could be improved. 

 

 

Figure 66. Alternate TTF ligand (TTF Ligand 2) which contains the same TTF core, allowing for 
the delocalization of electrons. 

 

5.5.5 TTF 2 Ligand Synthesis 
 

 The synthesis of TTF ligand 2 is shown in figure 67. This ligand contains the same TTF 

core, the redox active portion, and can be thought to have the same properties of as TTF ligand 1. 

With the low yielding results over a long synthetic route, the research decided to move in the 

direction of TTF ligand 2.The synthesis of TTF 2 is shorter and involves a cycloaddition of an 

alkyne with two electron withdrawing groups to trithiocarbonate. The electron withdrawing groups 

have been shown to increase the reactivity/stability and are easily obtained in high yield and readily 

purified. Saponification of the ester yields the corresponding carboxylates, followed by the 

formation of the carboxylic acids with acidic conditions. Previous literature of the tetracaboxylic 

acid is reported by Qiao and co-workers.316 They use the TTF scaffold and employ it to assemble 

a MOF with electrical conductive ability. The final two steps in the synthesis of TTF ligand 2 is 

the condensation of the anhydride followed by the insertion of the 4-aminopyridine, through imide 

formation.  
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Figure 67. Synthetic route for TTF ligand 2. 

 

5.5.6 2,2’-Bis(4,5-dicarboxy anhydride-1,3-dithiolidene) 

 

 Yoshida and co-workers report the quantitative synthesis of 2,2’-Bis(4,5-dicarboxy 

anhydride-1,3-dithiolidene) 5 from 2,2’-Bis(4,5-dicarboxy-1,3-dithiolidene) 4 with thionyl 

chloride in DCM.317 They report previous attempts through traditional methods with acetic acid 

result in decarboxylation of 2,2’-Bis(4,5-dicarboxy anhydride-1,3-dithiolidene)  to yield 2,2’-

Bis(4(5)-carboxy-1,3-dithiolidene). However, they characterized 5 by infrared absorptions of the 
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carbonyl stretches at 1850 and 1870 cm-1. In addition, most likely due to the insolubility of 2,2’-

Bis(4,5-dicarboxy anhydride-1,3-dithiolidene), they do not report any other character information. 

Upon synthesis of same of the 2,2’-Bis(4,5-dicarboxy anhydride-1,3-dithiolidene), it was found 

that solubility did not allow for characterization through 1H NMR, as was suspected from previous 

reports. This insolubility also prevented any analysis through chromatography and purification 

was reported as crystallized from n-hexane. Despite the lack of characterization, insertion of the 

4-aminopyridine, to form the final TTF ligand, was attempted and more insoluble and unknown 

products formed. Due to the inability to characterize the products obtained, it is uncertain whether 

insertion of the aminopyridine occurred. In addition, also due to a lack of ability to characterize 

the precursor anhydride 4, questions regarding the formation of 5 were asked. In order to determine 

whether insertion of 4-aminopyridine occurred, 2,2’-Bis(4,5-dicarboxy-1,3-dithiolidene) was 

reacted with 4-tert-butyl aniline (figure 68). It is understood that the insertion of an aniline with a 

large hydrocarbon will increase the solubility and will allow for characterization by 1H NMR, 

among other spectroscopic techniques. To insert the 4-tert-butyl aniline, various solvents, 

temperature, and time were studied. The optimal conditions for the insertion of 4-tert-aniline was 

found to be at room temperature with DCM solution. Final synthetic procedure was adding two 

equivalents of the aniline to a solution of DCM containing one equivalent of 5. The solution is 

stirred at room temperature for two hours to yield a nearly quantitative yield. Analysis of the 

reaction mixture resulted in a soluble product. Analysis with thin-layer chromatography (TLC), 

observed through UV-Vis light, produced three different products, all with different retention 

factor (Rf) values. The 4-tert-butyl aniline was identified by TLC. 
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Figure 68. TTF with tert-butyl groups to promote solubility. 

 

 Analysis of the reaction mixture, without purification, yielded an observed change in 

chemical shift for the hydrogens of the tert-butyl aniline. Figure 69 represents 1H NMR of the 

aromatic region of the perceived product (see Appendix E for full spectrum). From the spectrum, 

there appears to be three products in the mixture. The two doublets at 7.37 and 7.02 ppm 

correspond to unreacted aniline. The major product, with a doublet at 7.45 and 7.43 ppm, 

corresponds to the desired TTF derivative. 

 

 

Figure 69. Aromatic region of 1H NMR showing the chemical shift in the two hydrogen 
environments of the 4-tert-butyl aniline. 
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 In addition to the TLC, aromatic region, and integration, it is understood that the successful 

condensation of the anhydride 5 with the aniline would be followed by a change in chemical shift 

for the hydrogens located at carbon number two. Figure 69, hydrogen b, is seen to undergo the 

perceived chemical shift. The initial chemical shift for hydrogen b is found at 7.02 ppm. Upon 

condensation, hydrogen b is shifted down field to 7.43 ppm, implying the hydrogen has lost 

electron density. This loss in electron density is explained by being near an electron-rich atom (the 

nitrogen in the amine with its lone pair of electrons) followed by being near an electron poor atom 

(the nitrogen in the imide). 

 The successful condensation of anhydride 5 with 4-tert-butyl aniline gives insight and 

confirmation that the desired products are being formed. Due to the insolubility of the final product, 

by insertion of the 4-aminopyridine, the research can look to other, more soluble promoting N-

pyridyl type, derivatives for MOF assembly. However, it is now seen that the synthetic route 

proposed is viable and TTF ligands for MOF assembly is near complete. Further studies and 

development are need and will be done at a later date. 

5.6 Results & Discussion 
 

 MOFs displaying electroconducting properties will prove extremely useful in the near 

future and will help fulfill the increasing demand for energy. Here, this research envisioned the 

use of redox-active ligands, containing the TTF core, as a way to impart electrochemical ability 

onto a pillar paddlewheel MOF, due to the electron rich and redox abilities TTF had demonstrated. 

To begin, a TTF ligand was identified as a viable candidate and, through previously published 

literature, was shown to be synthetically accessible. Successful synthesis of the original TTF ligand 

was shown to be difficult and required additional steps and studies. Optimization and changes in 
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synthetic route did yield compounds near the final sequence of synthesis. However, overall yield 

was determined to be poor and costly, in both time and money. Therefore, TTF ligand 2 was also 

identified as another viable ligand and both TTF ligand 1 and 2 displayed the same TTF core, 

where the central electron density is located. The synthesis of these ligands are still undergoing 

optimization for the assembly of the desired pillar paddle wheel MOFs. 

5.6.1 Future Work 
 

 The first challenge encountered are the incomplete synthesis of the first FFT ligand 1. Here, 

the synthesis is disrupted by the cycloaddition of the 4,4-dimethoxy-2-butanyl alkyne to the 

ethylene trithiocarbonate. Unlike Balandier and co-worker’s work, the yields obtained in this 

research were small and the product was unable to be purified. However, modification of the 

synthesis was performed and the ligand can be made following the modified procedure. If desired, 

the synthesis of the ligand can be completed at a later date and will provide for a redox-active 

ligand for the overall  objective of assembling redox-active MOFs. Although the alkyne 

cycloaddition did prove to be difficult, the reactions reported here are small scale and did not allow 

for large scale. It is demonstrated that the proceeding synthetic steps after the cycloaddition do 

allow for purification. If done on a larger scale, the cycloaddition reaction could be performed, 

carried to the next step with its impurities, and purified at a later point in the synthesis. Although 

the cycloaddition might be lower yield, the 4,4-dimethoxy-2-butanyl can be synthesized cheaply 

in bulk and the trithiocarbonate can be obtained cheaply.  

 The second challenge encountered is the characterization of TTF ligand 2. Due to the 

insoluble nature of the precursor 5 and the final product, formed from the condensation of 5 with 

4-aminopyridine, the ability to characterize is under investigation. However, it is believed that was 
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synthesized. Insertion of 4-tert-butyl aniline has allowed for characterization through 1H NMR 

(see appendix E). Therefore, final steps in the synthesis will be done at a later date and more 

soluble versions if TTF ligand 2 can be made by adjusting the N-pyridyl choice. 
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CHAPTER SIX 

 ION-PAIR RECOGNITION & NAPHTHALENEDIIMIDE 

 

6.1 The Role of Ionic Species in Nature 
 

 Both positively and negatively charged species, from a simple sodium cation to a complex 

amino acid as a zwitterion, play a significant role in everyday life and are ubiquitous in chemical, 

biochemical, medical, biological, environmental, and industrial process.318 A common example of 

how charged species place a role is the enzyme and how it relies on an ionic species to function 

correctly, such as iron in the heme proteins. Ionic species don’t only play a role in biological 

functions but they also found to impact environmental conditions. From an environmental 

perspective, the use of fertilizers can lead to a buildup of phosphates and nitrates.319 

6.2 Sequestration of Ionic Species 
 

 The sequestration of individual cationic species has been given much attention in the past 

decades. Design and of synthesis to capture various cations based on size has given rise to now 

common host systems as crown ethers. Crown ethers are now a common tool to chemists in 

synthetic chemistry. The crown ether captures cations such as sodium and potassium. This allows 

for a more nucleophilic nucleophile, resulting in a more efficient interaction of nucleophile and 

electrophile.320 The crown ether is an example of how sequestration can help in synthesis. A more 

important use of ion capture can be seen from an environmental perspective. As the population 

increases, more efficient crops need to be. To increase the yield of a crop, fertilizers are often 

employed and as more fertilizer is employed, nitrates and phosphates are left behind and find their 

way into lakes, residential, and other areas which can pose problems. Therefore, scholars are 

interested in ways to extract these ionic species.321 More recently, host systems are being designed 
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for the anion. However, both these systems capture only one of the ionic species and simply 

capturing a single ionic species means there is a difficult energetic barrier required to overcome 

when separating one ionic species from its counter ion.322  

6.3 Ion-Pair Recognition & Cooperativity 
 

 To overcome this energetic barrier problem, current research is designing ion host systems 

that will accommodate both the anion and the cation at the same time. The host systems are 

heteroditopic receptors and have distinct advantages over monotopic receptors. This is a relatively 

new area of research referred to as ion-pair recognition. Despite having its origins in capturing 

both anion and cation, ion-pair recognition can play an important role in applications such as 

membrane transport, salt extraction and salt solubilization agents, and sensors.323 

The advantages of capturing both anion and cation at the same time was first demonstrated 

by Smith and co-workers.324 The energetic barrier (binding affinity) can be reduced with an ion-

paired species. They compared the binding affinities of a monoreceptor and heteroditopic receptor. 

The monoreceptor employed a urea-based functionality to bind the anion and the heteroditopic 

receptor employed the same urea-based functionality and a crown ether for the cation (figure 70). 

Alone, the anion receptor was inhibited by the alkali metal cation, simply due to the competing 

ion pair outside of the receptor. However, addition of the crown-ether eliminated this competition 

and enhanced the binding affinity. 
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Figure 70. Urea-based receptor is shown in (a) and the binding of the cation is enhanced with the 
addition of the crown ether, shown in (b). 

 

6.3.2 Applications of Heteroditopic Receptors 
 

 Briefly discussed earlier, heteroditopic receptors have a variety of applications. They serve 

as salt extracting agents, salt solubilizing agents, membrane transport agents, and sensors.325-328 

Possibly the most relevant application is the removal of toxic salts from the environment. For 

example, sodium pertechnetate is a toxic radioactive by-produce of nuclear waste. To address this 

sodium pertechnetate, Beer and co-workers synthesized a tren-based ion-pair receptor and binding 

studies revealed perrhenate (structurally similar to pertechnetate) was captured along with chloride 

and iodide, and enhanced in the presence of the sodium cation.325 Experiments with pertechnetate 

demonstrated that the receptor selectively and efficiently extracts the desired sodium 

peertechnetate from water, where sodium pertechnetate is found.  

6.4 Heteroditopic Receptor Design 
 

Currently, when designing these heteroditopic receptors, three common designs are 

employed, depicted in figure 71. The first design relies on a cascade complex where the two ionic 

species are bridged by a solvent molecule. The two other common designs employ a strategy of 

isolating each ionic species in separate compartments, with either no or minimal interaction 

between the two ionic species. 
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Figure 71. Three typical heteroditopic designs. (a) represent contact receptors, (b) solvent-
separated receptors, and (c) host-separated receptors. Reprinted (adapted) with permission from 
Chem. Soc. Rev. 2010, 39, 3784. Copyright 2016 The Royal Society of Chemistry. 

 

6.4.1 Contact Receptors 
 

 Contact receptors can increase ion-pair recognition by binding both ions as a contact ion 

pair and is demonstrated as an ideal way to capture ionic species. This binding of both ions as a 

contact pair is energetically favorable due to the minimization of Coulombic penalty, resulting 

from the separation of two ions as they bind to a receptor. Smith and co-workers demonstrate a 

contact receptor (figure 72) with a macrobicyclic receptor exhibiting cooperative binding of the 

contact ion pairs of KCl and NaCl in DMSO. In a less competitive system of CHCl3/DMSO (85:15), 

a 300-fold enhancement of the chloride binding was observed with potassium.326 Smith and co-

workers, as well as others, have expanded upon the work by varying the anion binding group to 

include a 2,5-diamidopyrrole, indolocarbazole, and ferrocene. Smith and co-workers report that 

ferrocence receptor binds to NaBr more strongly than other sodium and potassium halide ion pairs 

in CH3CN/CHCl3 (95:5).327-330 
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Figure 72. Contact receptors as reported by Smith and co-workers. Reprinted (adapted) with 
permission from Angew. Chem. Int. Ed. 2012, 51, 2. Copyright 2016 John Wiley and Sons. 

 

6.4.2 Solvent Bridge Receptors 
 

 Sessler and co-workers demonstrate a solvent bridged receptor with the synthesis of 

calix[4]pyrrole-calix[4]arene pseudodimer bearing a strong anion-recognition site but not a weak 

cation-recognition site (figure 73).331-332 In 10 % methanol/chloroform solution (by volume), it is 

reported that the calix[4]pyrrole-calix[4]arene pseudodimer will not bind Cs+ or F- when either 

one is introduced with a different counter ion. However, when these two are introduced together 

as CsF, a stable 1:1 solvent-separated CsF complex is formed. This interaction and complexation 

was studied with single X-ray diffraction analysis. In addition, solvent bridge receptors have been 

demonstrated as effective heterodiptic receptors for the capture of ionic species Jabin, Gattuson, 

and others.333-336 
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Figure 73. Calix[4]pyrrole-calix[4]arene pseudodimer receptors reported by Sessler and co-
workers. Reprinted (adapted) with permission from Angew. Chem. Int. Ed. 2012, 51, 2. Copyright 
2016 John Wiley and Sons. 

 

6.4.3 Host-Separated Receptors 
 

 An example of a host-separated receptor is given by Scheerder and co-workers with the 

synthesis of calix[4]arene-based receptor shown in figure 74. Here, the receptor was designed to 

promote the solubility of sodium halide ion pair in chloroform.337 The sodium is interacting with 

the receptor through the electrostatic interaction with the lone pair electrons on the oxygen atom 

of the ester. It was found that the binding of the sodium cation was needed in order for the binding 

of the anion due to the preorganization of the urea upon sodium binding. Romanski and Piatek also 

demonstrate the usefulness of host-separated receptors through selective capture of ammonium 

nitrate via 2,4,6-triethylbenzene-1,3,4-tris(acetic acid) macrotricyclic ion-pair receptor. In addition, 

Hamilton and others have also demonstrated the role of host-separated receptors in environmental 

applications. 
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Figure 74. Calix[4]arene-based receptor synthesized by Scheeder and co-workers. Reprinted 
(adapted) with permission from Angew. Chem. Int. Ed. 2012, 51, 2. Copyright 2016 John Wiley 
and Sons. 

 

6.5 Modes of Heteroditopic Receptor Binding 
 

Heteroditopic receptors, in principle, seem to have significant advantages over monotopic 

receptors due to the cooperativity of binding the ionic species at once. However, capturing both 

ionic species at once can be complex due to the variety of binding moieties that can occur, as 

shown in figure 75. For example, both ionic species might not be captured. The capture of only on 

ionic species (anion or cation) can be represented by K1 and K3. K2 would represent the ideal 

capture of both ionic species. Kip can represent the capture of both ionic species outside of the 

receptor.338-340 Binding outside of the receptor can lead to the precipitation of the ion pair and is 

more problematic in solutions of low polarity, when ion-pairing is strongest. Another significant 

factor in binding mode is cooperativity due to the increased number of sites at which to bind. In 

terms of non-cooperativity, each ion binds independently. Therefore, to achieve the optimal 

binding of K2, binding would need to occur through K1 then K3, or in opposite order. For this to 
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occur, the receptor would be required to display a rigid binding site separated through space or 

solvent. The complex nature of binding can be seen from Venturi and co-workers as they 

investigated the binding of tetrameylammonium (TMA) chloride to a monotopic receptor designed 

to bind only to the cation, or anion, and the corresponding ditopic receptor for both.341 Although 

the increased binding sites increase the complexity of binding, many examples of heteroditopic 

receptors have been reported and demonstrate successful cooperative binding. 

 

 

Figure 75. Various modes of binding represented by K1, K2, K3, and Kip. 

 

6.6 NDI-Based Heterditopic Receptors (Tweezers) 
 

The capture of the ionic species has progressed in many ways and currently ion-pair, 

employing heteroditopic receptors to capture both ion and counter ion at once, is where the 

research currently is focused. However, the non-covalent interactions that are employed are more 

traditional non-covalent interactions such as hydrogen bonding, electrostatic interaction and 

cation-π interaction. In the earlier chapters, “boundaries of anion-π interaction”, it was discussed 



131 
 

how the mechanism of this interaction works. Now ion-pair recognition chemistry may add another 

tool to the research. Using the anion-NDI interaction, macromolecules no longer need to rely on 

traditional non-covalent interactions for the capture of the anion. Not only would the anion-π 

interaction give another way to bind anions, it would introduce another aspect that has yet to be 

discussed in the research. After capturing the ionic species, the binding affinity would be 

significant in order to pull it from its environment. Therefore, restoring the receptors would require 

significant energies to release the ionic species, returning the macromolecule to original condition 

for reuse. The introduction of the NDI as an ion capture through the anion-π interaction allows for 

possible release of the ionic species (see chapter three for details). 

 Through the use of supramolecular chemistry, there has developed the construction of a 

variety of receptors consisting of shape and structural features that allow for selective binding of 

various guests through non-covalent interactions. Within this variety of receptors are the molecular 

tweezers, defined by the flat aromatic walls. These aromatic walls allow for a recognition platform 

for intercalation of appropriate substrates inside the cavity of the receptor. Recent revelation into 

the different modes anion-NDI interaction have inspired the use of the NDI in heteroditopic 

receptors for the cooperative binding of both ionic species through traditional non-covalent 

bonding and the anion-π interaction.  

 This research envisions the use of heteroditopic receptors for the capture of two ionic 

species, the cation and the corresponding anion. The receptor will employ traditional non-covalent 

interactions for the capture of the cation. However, the receptor will employ two NDI derivatives 

for the capture of the anion, through the anion-π interaction. To employ the NDIs, it is perceived 

that the receptor will take a tweezer shape upon capture in a dynamic fashion, controlled by the 

binding of the cation. The shape of the receptor can be considered in flux with no preorganization. 



132 
 

Ulrich and co-workers give insight to similar tweezers and what they describe as a “W” shape 

before a capture of cationic metal.342 
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CHAPTER SEVEN 

 SYNTHESIS AND BINDING STUDIES OF NAPHTHALENEDIIMIDE 

“TWEEZERS” 

 

7.1 General Design & Principles of Heteroditopic Receptors 

 

The exploitation of the anion-NDI interaction is the cornerstone of this research and it is 

this non-covalent interaction that is built into heteroditopic receptors for the capture of anions. The 

cation capture can be done through more traditional non-covalent interactions, such as electrostatic 

interaction.  With this in mind, and the three traditional ion-pair recognition designs, the 

macromolecules are designed by connecting two NDI molecules with a tether containing 

functionality designed to capture cations (figure 76). The heteroditopic receptors do not need to be 

pre-organized; however, the binding of the cation will induce the capture of the anion. Once both 

ionic species are captured, the receptor can be reduced, which then releases the anion followed by 

the release of the cation. Due to the envisioned shape and orientation of the receptors, they will be 

referred to as “tweezers”. In addition to the anion-NDI interaction, the tweezers must be built to 

meet additional requirement for effective application. Recent observations from previously 

reported studies employing the tweezer shape illustrate the need for the tweezers here to contain a 

rigid tether that connects the two NDI moieties, to ensure there is an appropriate distance between 

the NDIs, and the orientation.343-344 In addition to distance and orientation, the rigid tether is needed 

to prevent collapse of the tweezer, thereby allowing for the stacking of the arms of the tweezers, 

the NDI in this case, which then prevents optimal interaction of NDIs with desired anion. With 

this in mind, the rigid tether used here is the benzene ring. The optimal distance between the arms 

is 7 Å and the orientation of the tweezers is unknown but thought to exist as a “W” in the absence 

of the ionic species and a “U” shape upon binding. 
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Figure 76. General tweezer design, incorporating the NDI and imine functionality for ion pair 
recognition. 

 

The design of the “tweezers” incorporates two NDI moieties tethered a benzene or pyridine 

ring and connected through the imine functional group. Due to the lone pair electrons on the 

nitrogen, the cation has opportunity to bind non-covalently through electrostatic interactions. The 

tether containing the nitrogens is made up of a rigid aromatic ring which allows for a 

preorganization of the nitrogens and prevents the collapse of the tweezers, as previously discussed. 

Although a pre-organized arrangement is preferable because this allows for a more favorable 

energy barrier when capturing the cation, the shape and orientation of the tweezers before ionic 

species capture is unknow. Figure 77 represents the tweezers as “U” shaped. However, figure 74 

represents the probable tweezers shapes (through T2) as both “W” and “U”. Computational studies 

to suggest a more stable “U” shape. Low-level theory suggest there does exist a difference of seven 

kcal/more when the “W” conformation is changed to the “U” conformation (figure 78). The two 

shapes possible arise from the sp3 hybridized carbon that connects the imine nitrogen to the 
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benzene/pyridine ring. The free rotation about this carbon allows for the only non-stagnant position. 

The tweezers are allowed to be open and a tert-butyl group is installed on the open end of the 

tweezers. These tert-butyl groups are installed to help with solubility of the tweezers.  

 

 

Figure 77. T2 representing the possible “W” and “U” shape. 

 

 The first series of tweezers differ only in the number of nitrogens, by employing either 

benzene or pyridine, built into the tether that ties the two NDI molecules together. Each nitrogen 

contains a single lone pair of electrons which can allow selective cation captures, especially 

transition metals due to the prevalence of the coordination number. The higher the coordination 

number would require a larger number of nitrogens, while more simple cations would require 

fewer nitrogens.  
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Figure 78. Tweezer conformers and their corresponding energy levels starting with “W” conformer 
(left)and ending with the “U” conformer (right). 

 

 Another series of tweezers have been synthesized. In this additional series, nitrogens have 

been replaced with methoxy functionality and additional tert-butyl groups are installed in the 

tweezers (see appendix B for structures and discussion). Although a series of tweezers can be made 

with different tethers, series T2-T4 have a viable synthetic route, shown to be robust, and are 

soluble for studies. Therefore, it is these tweezers that will be discussed, and used to study the 

anion-π interaction, cooperative binding, and potential release ability of the ionic species. 

7.2 Tweezer Synthesis 
 

 The general synthesis of all tweezers are described in figure 79, for the synthesis of T2, 

and the addition or reduction of the number of nitrogens is changed as needed for each tweezer by 

replacing the appropriate substituted benzene(s) for appropriate substituted pyridine(s). The 

synthesis of the tweezers begins with the reduction, followed by the protection with di-tert-butyl 



137 
 

decarbonate (Boc2O), of 5-aminopicolinonitrile (1) to form Tert-butyl ((5-aminopyridin-2-

yl)methyl)carbamate (2). The reduction is done with sodium borohydride, in methanol and nickel 

chloride, followed by immediate protection with tert-butyl carbonate and purified over silica gel. 

The synthesis of each NDI moiety is done by the unsymmetrical condensation of 1,4,5,8-

tetracarboxylic naphthalene anhydride (NDA) by first adding half equivalents of 4-tert-butyl 

aniline to a solution of DMF with NDA, followed by the addition of half equivalents of 2 to 

produce a 61% yield of Tert-butyl(4-(7-(4-(tert-butyl)phenyl)-1,3,6,8-tetraoxo-3,6,7,8-

tetrahydrobenzo[imn] [3,8]phenanthrolin-2(1H)-yl)benzyl)carbamate (4), after purification over 

silica gel. Once the NDI moiety is synthesized, the primary amine protecting group is deprotected 

with triflouroacetic acid to yield 2-(4-(aminomethyl)phenyl)-7-(4-(tert-

butyl)phenyl)benzo[imn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone to yield a quantitavie yield 

and is transferred to the next step without further purification. The final step to form the tweezers, 

is the condensation of 5 with isophthaldehyde (6) in solvent mixture of isopropyl alcohol and 

acetonitrile to produce the final T2 product, giving a 90% yield.  
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Figure 79. General synthetic route for tweezers discussed. 

 

 An alternate synthetic route involves the neutralization of the ammonium salt 5 by the 

addition of a weak base to produce the free base amine of 5 then followed by the condensation for 

the final tweezer, with acetic acid catalyst. However, it is found that the ammonium salt of 5 gives 

good results without an additional step to the overall synthesis. 
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7.3 Titration Studies 

 

 Quantitative analysis of intermolecular interactions between species of interest is always 

an issue of concern for the area of supramolecular chemistry. When dealing with host-guest 

interactions, how the guest behaves in the presence of the host is the primary concern. To address 

this question of interaction between species, titration methods are the most common approach, 

where one species, the guest, is slowly added to a system containing the second species, the host.345 

The slow addition of one species into a system containing the other is all done while monitoring 

any change in any sensitive physical properties such as specific chemical resonance through use 

of Nuclear Magnetic Resonance (NMR) or absorption band through Ultra-Violet Spectroscopy 

(UV-Vis).346 The information obtained from this titration is then compared and fitted to binding 

models resulting in information such as the association constant (Ka), energetics (ΔG, ΔH, and ΔS), 

and stoichiometry.347-349 

7.3.1 1H NMR Titration Studies 

 

 In most situations, the most powerful tool to observe physical properties during a titration 

is NMR; and while many forms of NMR (13C, 19F, etc.) can be used, 1H NMR is most common. 

Modern NMR instruments have increased in sensitivity and with it the possibility to obtain good 

quality spectra with sub-millimolar concentrations (routinely as low as 10-4).347 Not only can the 

NMR titration yield the obvious quantitative information, it yields valuable information about how 

the host and guest(s) are interacting and the stoichiometry of interaction through the relative shifts 

and change in symmetry.350 The information obtained from 1H NMR titration is significant even 

when complete quantitative data is not obtained. Thordarson et al. demonstrate the value of 1H 

NMR through their study of binding a ditopic porphyrin host to violgen. Despite an incomplete 
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quantitative data, symmetry changes in the 1H NMR revealed that changes were due to 1:1 and 1:2 

complex formation.351 

 In order to successfully utilize the NMR spectrometric method, the difference in the 

exchange rate of the host-guest must fall outside of the exchange rate of the NMR time scale. If it 

is the case where the host-guest complexation equilibrium has a similar exchange rate to that of 

the NMR time scale, the data is impossible to measure due to the broadening, or in some cases 

disappearance, of desired peaks corresponding to the host-guest interaction. If, however, the 

exchange rate of the host-guest complex is faster or slower than that of the NMR time scale, 1H 

NMR titration gives rise to either a change in measurable integration (figure 80) or chemical shift 

(figure 81).  

 

Figure 80. Measurements taken for slow binding. As the binding occurs, changes in the integration 
are observed and measured. 
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Figure 81. Measurements taken for fast binding. As the binding occurs, changes in the chemical 
shift are observed and measured. 

 

7.3.2 UV-Vis Titration Studies 

 

 Another popular method for supramolecular titration studies is UV-Vis spectroscopy. 

Obviously, the employment of UV-Vis spectroscopy implies the use of a chromophore; however, 

with the correct chromophore (e.g., in the case of porphyrins), sub-micromolar (10-7 M) 

concentrations can be employed. Despite a convenient method, UV-Vis spectroscopy titrations are 

vulnerable to dilution, temperature and any impurities of either host or guest solutions. If low 

concentrations are required, special care needs to be taken for accurate weight.352 

7.3.3 Additional Titration Studies 
 

 Another popular study is with fluorescence spectroscopy due to its sensitivity. With 

fluorescence titration, it is not uncommon to make measurements in the sub-micromolar and 

nanomolar range. Therefore, fluorescence titrations are ideal for ideal for systems with large 

association constants. If only one of the species is fluorescently active, i.e. when either the free 
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host or guest fluorescent inactive and the fluorescence of the remaining species is either quenched 

or activated when complexation occurs. Calorimetry (usually a isothermal calorimeter) is also used 

along with any of the previously mentioned techniques. This method measures the enthalpy (H) of 

the host system as the guest is titrated in through an apparatus that measures the heat (formed or 

absorbed) of the overall host-guest system (Q).353 

7.4 Electrospray-Ionization Mass Spectrometry Studies 
 

 In order to gain an understanding of capture of Zn(II), mass spectrometry studies can be 

employed to determine whether the tweezers have captured the desired analyte through the mass 

of the tweezers and salt. However, the mode of binding is not determined and further titration data 

will supplement any mass spectrometry data. The mass spectrometry data represented here is 

anecdotal evidence of T3 binding performed at Florida State University. Further investigation is 

required and will be performed at Clemson University at a later point in time. 

7.4.1 T3 & Cu(NO3)2 

 

 Initial studies of T3 through mass spectrometry clearly demonstrate the binding of Cu2+ 

and possible anion-π interaction of the NO3
- with the naphthalenediimide through the anion-π 

interaction. Figure 82 shows the results after introduction of Cu(NO3)2·6H2O to a solution of DCM 

containing T3.  It is seen that two complexes are clearly formed. The mass corresponding to 1137 

amu is that of Cu2+ and two T3 tweezers. However, the mass at 1233 amu corresponds to the mass 

of T3, Cu2+, and NO3
-.  This preliminary data strongly suggests the lone pair electrons of the 

nitrogens built into the tweezers are binding with cationic transition metals. Although the mass 

corresponding to 1233 amu does suggest the nitrate is binding with the tweezers, the modes of 

binding is not established. Due to the planar nature of the NDI, and the anion-π interaction’s 
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disregard for preference for a particular side, the NO3
- anion can interact inside (sandwiched) the 

Tweezer or outside. A “U” shaped tweezer is represented due to the perceived binding of nitrogen 

to the transition metal. The lone pair electrons on the nitrogen reside in an sp2 hybridized orbital, 

within the same plain, and it is conceivable that binding of the transition metal induces the “U” 

shape. However, these studies are not complete and further investigation, such as crystallization 

of complex will be completed at Clemson University. 

 

 

Figure 82. ESI-MS of T3 and copper nitrate. Perceived modes of binding through two tweezers 
and one copper (green) (a), one tweezer and one copper and nitrate (gold) where the nitrate is 
sandwiched between the two NDIs built into the tweezer, and one tweezer and one copper and 
nitrate (gold) where the nitrate is outside, on either side, of the two NDIs built into the tweezer. 
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7.4.2 T3 & Zn(NO3)2 

 

 The mass spectrometry data of T3 with Zn(NO3)2 clearly demonstrates binding of the Zn2+, 

much like the case of copper. Like the copper binding, it is presumed that the binding of the zinc 

is through the electrostatic interaction of the nitrogens and the zinc cation. However, unlike the 

Cu(NO3)2, the binding of the NO3
+ is not found (figure 83). This is not expected, due to the similar 

Lewis-basicity of both anions, despite the different coordination number and possible geometryies 

the copper might have. Like Cu(NO3)2, Zn(NO3)2 added to a solution of DCM containing T3and 

subsequently injected into ESI-MS. The mass corresponding to 1138 is that of Zn2+ and two 

tweezers. This preliminary data is similar to that of Cu(NO3)2, with the noticeable absence of the 

anion-NDI interaction. Cu2+ and Zn2+ have the same oxidation state, but the coordination number 

for Cu2+ is four and six, while Zn2+ has a coordination number of four. In addition to the difference 

in coordination number, Cu2+ has two geometries it can take (square planar and tetragonal), unlike 

Zn2+, which has the geometry of tetrahedral. Two additional signals are found when T3 is 

introduced to Zn(NO3)2. The signal at 1106 amu represents T3 alone and the signal at 1274 amu 

does not correspond to any desired binding complex. However, the signal at 1274 might be an 

indication of T3 with Zn2+ and the desired NO3
-. The mass of T3 is 1106 amu, as seen in figure 79, 

and T3 zinc nitrate complex is 1233 amu. The difference, 41 amu, is the mass of one H2O and 

sodium, two species sometimes found in mass spectrometers as slight contaminants. However, 

furthers studies are need and will also be performed at Clemson University. 
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Figure 83. ESI-MS of T3 and zinc nitrate. The unbound T3, (a), is found along perceived modes 
of binding modes two T3 and one zinc (b), and T3 with one zinc, nitrate, sodium, and water (c). 

 

7.5 Tweezer 1H NMR Titration Studies 
 

 An understanding of how the tweezers interaction with Zn(II) and other weak Lewis-bases 

is provided by the mass spectrometry studies. However, these mass spectrometry studies are not 

substantial and only give in indication to whether capture is occurring. To determine more insight 

to how the ionic species are interacting with the tweezers, further, more comprehensive studies 

were taken. Among some of the ways to investigate this interaction, 1H NMR titration studies are 

considered to be a reliable and sensitive method to gain insight into how the tweezers are binding. 
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Other methods, such as UV-Vis (ultra-violet visible), ITC (isothermal titration calorimetry) , and 

fluorescence are available to this area of study but might not be possible in this research (discussed 

later). 

7.5.1 1H NMR Titration of T2 With Zn(NO3)2 

 

 The binding/complexation of T2 was investigated through serial titration with zinc nitrate 

hexahydrate and monitored by 1H NMR spectroscopy. Figure 84 represents stacked 1H NMR data 

starting at 0 equivalents followed by addition of 0.25, 0.5, 0.75, 1.0, 2.0,3.0, and 5.0 equivalents 

of zinc nitrate hexahydrate (see appendix D for individual 1H NMR spectra). It is seen, through 

this titration, that the binding of the Zn(II) by the lone pair electrons of the imine is fast relative to 

the exchange rate on the 1H NMR time scale. Figure 80 also shows that T2 is completely consumed 

at 1 equivalent of zinc nitrate hexahydrate, indicating a 1:1 metal-ligand complex is formed. The 

titration of T2 also reveals that there are no significant changes in chemical shits of any hydrogens, 

other than the imine hydrogens. Therefore, no information regarding the anion-π interaction 

between the NDI and nitrate can be gathered from the 1H NMR. However, the absence of change 

in chemical shift, caused by interaction of the NDI and nitrate, does not indicate whether the nitrate 

is, or is not, interacting with the NDI through the anion-π interaction. Previously discussed research 

supports the anion-π interaction with the absence of any chemical shift change due to the poor 

Lewis basicity of the nitrate anion. However, interaction of the anion with the NDI is seen through 

the mass spectrometry data.  
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Figure 84. Stacked 1H NMR spectra of T2 with Zn(NO3)2, equivalents from 0 to 5 equivalents. 

 

 Further studies into the mechanism of binding/complexation is needed to fully understand 

the binding of the anion. Despite the lack of chemical shift observed in the titration of T2 with zinc 

nitrate hexahydrate, it is reasonable to infer anion-NDI interaction through the anion-π interaction, 

or even a ClO4
—H interaction. It is already known that the anion-π does interaction occur between 

various weak Lewis-base and the NDI, as shown in figure 85 and discussed previously. In addition 

to the known interaction between the anion and NDI, previous studies have demonstrated a lack 
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of change in the NDI as a results of the anion-NDI interaction. The absence of any observable 

change in the NDI due to its interaction with an anion, through the anion-π interaction, is 

demonstrated in figure 86 and 87. Figure 81 is the UV-Vis absorption spectrum of DPNDI obtained 

with and without a weak Lewis-base. As it is seen in figure 82, the anion interaction does not 

change the absorption, but it is known to be occurring, from figure 81. Figure 83 represents the 

stacked titration spectra of DPNDI with same weak Lewis-base. Like the absorption spectrum, a 

chemical shift is noticeable absent upon formation of the anion-NDI. 

 

 

Figure 85. ESIMS spectrum indicating DPNDI·ClO4
- complex through the anion-π interaction. 
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Figure 86. UV-Vis spectrum of DPNDI in the absence and presence of Bu4NClO4. No change in 
absorption is detected. 

 

 

Figure 87. 1H NMR (400 MHz, DMF-d6, 25 o C) titration of DPNDI ligand with Bu4NClO4. No 
discernable shift in DPNDI signals are observed, indicating no change in electronic properties of 
PDNDI due to anion-π interaction. 
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7.5.2 1H NMR Titration of T3 With Zn(NO3)2 
 

The binding/complexation of T3 was investigated through serial titration with zinc nitrate 

hexahydrate and monitored by 1H NMR spectroscopy. Figure 88 represents stacked 1H NMR data 

starting at 0 equivalents followed by addition of 0.25, 0.5, 0.75, 1.0, 2.0, and 5.0 equivalents of 

zinc nitrate hexahydrate (see appendix D for individual 1H NMR spectra). The behavior of T3 is 

different than that of T2 in the presence of Zn(NO3)2. Like T2, the imine peaks of T3 shift 

immediately upon addition of Zn(NO3)2. Unlike T2, the imine hydrogens are lost. In addition to 

this difference, it appears the hydrogens of the NDI are affected by the titration. As previously 

discussed, the chemical shift of the NDI should not be affected if the nitrate anion if  they are 

interacting through the anion-π interaction. In addition to the NDI hydrogens, all hydrogen 

environments are affected. Clearly, though, there is a slow shift of the all hydrogen environment, 

relative to the NMR time scale.  

The titration data of T3 with the mass spectrometry data, presented earlier, suggests that 

there is a clear binding of the transition metal zinc and a possible binding of the nitrate. The 

titration data of T3 with zinc nitrate gives a clear shift in all hydrogen environments of T3. The 

observed shifts indicate possible different modes of binding/complexation between the NDI 

moieties and the nitrate anion. As found in previous work, ClO4
- interacts with NDI through ClO4

- 

-CH interactions (figure 89), found in the non-catenated square-grid MOF. If this interaction is 

occurring, a change in chemical shift would be observed. The observed shift is small and it appears 

a small number of hydrogens shift. The shifts observed at the benzene rings attached to the tert-

butyl might be due to the interaction of the sodium ion through the cation-π interaction. 
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Figure 88. Stacked 1H NMR spectra of T3 with Zn(NO3)2, equivalents from 0 to 5 equivalents. 
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Figure 89. Two modes of anion-NDI interaction, through CH---anion interaction (a) and anion-π 
interaction. 

 

7.5.3 1H NMR Titration T4 With Zn(NO3)2 
 

The binding/complexation of T4 was investigated through serial titration with zinc nitrate 

hexahydrate and monitored by 1H NMR spectroscopy. Figure 90 represents stacked 1H NMR data 

starting at 0 equivalents followed by addition of 0.25, 0.5, 0.75, 1.0, 2.0, 3.0 and 5.0 equivalents 

of zinc nitrate hexahydrate (see appendix D for individual 1H NMR spectra).  It is seen, through 

this titration, that the behavior of T4 is similar to that of T2 and binding of the Zn(II) by the lone 

pair electrons of the imine is fast relative to the exchange rate on the 1H NMR time scale. Figure 

86 also shows that T4 is completely consumed at 1 equivalent of zinc nitrate hexahydrate, 

indicating a 1:1 metal-ligand complex is formed. The titration of T4 also reveals that there are no 

significant changes in chemical shits of any hydrogens, other than the imine hydrogens. Therefore, 

no information regarding the anion-π interaction between the NDI and nitrate can be gathered from 

the 1H NMR. However, the absence of change in chemical shift, caused by interaction of the NDI 

and nitrate, does not indicate the whether the nitrate is, or is not, interacting with the NDI through 

the anion-π interaction. Previously discussed research supports the anion-π interaction with the 
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absence of any chemical shift change due to the poor Lewis basicity of the nitrate anion. However, 

interaction of the anion with the NDI is seen through the mass spectrometry data.  

 

 

Figure 90. Stacked 1H NMR spectra of T4 with Zn(NO3)2, equivalents from 0 to 5 equivalents. 

 

 Currently, there is no mass spectrometry data to supplement the titration data. However, 

mass spectrometry data of T3 can help infer binding of the desired ionic species. It should be noted, 

however, that there is slight distortion of NDI and benzene hydrogen signals.  



154 
 

7.5.4 1H NMR Titration of T5 With Zn(NO3)2 
 

The binding/complexation of T5 was investigated through serial titration with zinc nitrate 

hexahydrate and monitored by 1H NMR spectroscopy. Figure 91 represents stacked 1H NMR data 

starting at 0 equivalents followed by addition of 0.25, 0.5, 0.75, 1.0, and 2.0 equivalents of zinc 

nitrate hexahydrate (see appendix D for individual 1H NMR spectra). The behavior of T5 is similar 

to that of T3. Like T3, the imine hydrogens disappear at 0.25 equivalents and do not reappear. 

Also, like T3, all aromatic hydrogen environments are affected and the shifts appear to be slow 

relative to the NMR time scale. Although there is no mass spectrometry data to supplement the T5 

titration data, T3 mass spectrometry data would support, especially given the similar behavior 

during titration studies, that T3 and T5 behave very similarly in binding/complexation. Like T3, 

T5 appears to have a tweezer-metal binding appears to be 2:1 (tweezer: zinc) and is a tight binding, 

as indicated by the absence of change in chemical shift after the addition of 0.5 equivalents of zinc 

nitrate. 

With the titration data of T2, T3, T4, and T5 observed, it appears the number of nitrogens 

is not the most important factor. However, the placement of nitrogens does has a significant effect 

on the behavior binding/complexation of zinc nitrate. Specifically, whether or not the pyridyl 

nitrogen of the connecting benzene is available for binding.  Both T2 and T4 lack the nitrogen in 

the benzene and the only hydrogens observed to shift are the imine hydrogens. Placing a nitrogen 

in the central benzene appears to cause chemical shifts of all aromatic hydrogens. This difference 

in nitrogen will be investigated at a future date.  
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Figure 91. Stacked 1H NMR spectra of T5 with Zn(NO3)2, equivalents from 0 to 2 equivalents. 

 

7.6 Stoichiometry and Binding Constant 
 

 Complete stoichiometry and binding constant calculations can be determined at a future 

date at Clemson University, where original and relevant information is being stored. However, 

appendix D contains some initial calculations and plots for T2. These calculations are extremely 

preliminary and will require further refinement. No conclusions will be given at the present time. 
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7.7 Anion-NDI Tweezer Interaction 

 

 1H NMR studies clearly demonstrate a tight binding of the nitrogens of imine functional 

group to the Zn(II) ion with an exchange rate faster than that of the NMR time scale. However, 1H 

NMR titrations also reveal an absence of a chemical shift from the protons on the core of the NDI 

for some tweezers. Despite the absence of a chemical shift from core-NDI protons, interactions of 

an anion-NDI cannot be dismissed because the anion in question is a soft ClO4
- ion. It was 

demonstrated earlier that the Lewis basicity of the anion affects whether or not a chromogenic 

response occurs.  

7.8 Results & Discussion 

 

 This research has demonstrated successful synthesis of heteroditopic receptors by 

incorporating two NDI derivatives tethered together by the imine functionality for the capture of 

Zn(NO3)2 and Zn(ClO4)3. 1H NMR titration studies reveal capture of Zn(II) through the lone pair 

electrons of the nitrogen from the imine. Despite the absence of a chemical shift from the 

hydrogens located on the NDI, the poor Lewis-bases are known not to affect the chemical 

environment of the NDI and are consistent with the literature. To investigate the anion-NDI 

interaction, ES-MS studies reveal the complexation of the anion with the tweezers. 

7.8.1 Future Work 
 

 In order to establish a clear understanding of mode of binding, a crystal structure is 

important. Additional studies to determine the full range of applications are need, in addition to 

determine the mechanism/mode of binding/complexation. To determine the full range of 

applications, scanning of additional transition metals through both mass spectrometry and titration 
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studies are required. Computational studies can also be useful to help give insight to the shape of 

the tweezers with and without the ionic species. Once the full range of applications and mechanism 

is found, reduction of the tweezers, can be performed to investigate the release of ionic species. At 

the moment, the most immediate studies are the recrystallization of the tweezers with the ionic 

species. Therefore, future work includes crystallization of single X-ray quality crystals and 

calculation of both stoichiometry and binding constant.  
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CHAPTER EIGHT 

CONCLUSION & FUTURE DIRECTION 

 

8.1 Summary  
 

 With the appreciation of non-covalent molecular interactions and the cation-π interaction, 

this research begins with recently discovered modes of the anion-π interactions through the anion-

NDI interaction. Having an understanding of the three modes of interaction, based on the Lewis-

basicity, this research has utilized this understanding to demonstrate how a weak Lewis base, along 

with the NDI, can prevent catenation in MOFs. The interaction of the anion-NDI is always a part 

of this research and it has demonstrated to have an effect on NDI-metal coordination. The research 

then advances the NDI to help further the applications of MOFs through bromine-core-substituted 

NDI ligands. Successful synthesis of a variety of ligands are reported along with their MOF trials 

and results. Synthesis of ethoxy, amine, and sulfur core-substituted ligands are proposed and 

results are reported along with solutions to challenges encountered. Lastly, with the three modes 

of interaction between an anion and NDI, synthesis of heteroditopic receptors are reported and 

clear binding of Zn2+ is observed.   

8.2 Future Work 
 

 The development of MOFs remains as ongoing research. Despite the many advances in the 

synthesis of MOFs through PSM and other techniques such as SALE, other fields can benefit 

significantly from the high surface area and tunable porosity of MOFs and there is still a need for 

MOFs with complex functionality. This research has engaged this demand through the NDI and 

various cNDIs in order to meet such challenges as electrochemical MOFs. In addition to cNDIs, 

TTF has been shown great promise to give MOFs conductive properties.  
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8.2.1 DBNDI MOFs 
 

 Further investigation into reaction conditions is needed for DBNDI MOFs. It is known n-

pyridyls don’t bind as well in MOFs but previous work supports the vision of the research here. 

Since it is found that the ligands remain unaffected by the solvothermol conditions, new reactions 

conditions are needed for assembly. A solution to the non-assembly of these DBNDI MOFs can 

come from work done by Dinca and co-workers. Rather than limiting the functional group used to 

bind to the metal, scanning a wider variety can give greater chances of MOF assembly.  

8.2.2 Ethoxy-Core-Substituted NDI Synthesis 
 

 The synthesis of the ethoxy-core-substituted NDI ligand has shown great promise. This 

research proposed a viable synthetic route a for synthesis of cNDI with 4-aminopyridine as the 

imide and two ethoxy groups at positions 2 and 6. Further investigation into the remaining steps 

will complete ligand and allow for assembly of the MOF. Another alternative route is the synthesis 

of H, as reported by Dinca and co-workers, followed by the nucleophilic substitution of the 

bromine with ethoxide.  

8.2.3 TTF Ligands & MOFs 
 

 Owing to its unique properties, this research identified that the TTF has a potential way to 

impart complex functionality on a MOF. Specifically, the research envisioned the TTF would 

allow for the MOF to display a delocalization of electrons, resulting in a conductive material with 

high surface area. To begin, a possible TTF ligand was identified as viable candidate for MOF 

assembly. However, current literature, reporting ligand synthesis, failed to yield a usable amount 

TTF ligand. In particular, as found in the literature, a single step within the synthesis is difficult to 

reproduce here. Several attempts at modification and enhancement of the synthesis were attempted 
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with results varying, leaving no concrete solution. With this in mind, another ligand was identified. 

Although the synthesis is supported by published literature, current inability to characterize and 

ensure purity prevents the use in MOF assembly. Both of these projects require further 

investigation optimal synthesis. 

8.2.4 NDI-Based Heteroditopic Receptors 
 

 Successful synthesis of heteroditopic receptors incorporating two NDI molecules is 

reported. These NDI-based heteroditopic receptors clearly display the capture of Zn2+ cation 

through electrostatic interactions with the lone pair of electrons on the imine functional groups. It 

is shown, through previous work, that NDI interaction with a weak Lewis-base does not display 

chemical changes in the NDI. Therefore, other techniques, such as mass spectrometry, give clues 

to how the Zn2+ counter ion is interacting with the NDIs of the heteroditopic receptors. Further 

studies, such as crystallization with encapsulated ionic species, will provide clear insight to the 

nature of the NDI-based receptors. To achieve this, synthesis of alternate receptors containing less 

soluble imide portions can be appropriate. 
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APPENDIX A 

CRYSTALOGRAPHIC DATA 

 

Crystallographic data collection and refinement. Suitable single crystals of the square-grid 
MOF,1D coordination polymer, coordination complex 1, coordination complex 2, and DBNDI-
AMQ crystal were mounted on a goniometer head of a Bruker SMART APEX II diffractometer 
using a nylon loop with a small amount of Paratone oil (Hampton Research). Crystals were cooled 
to 153 K in a cold stream of N2 gas. After finding a crystal that indexed to give a satisfactory unit 
cell, a full low-temperature data set at 173 K was recorded using a sample-to-detector distance of 
6 cm. Diffraction data of the compound was measured with Mo K (λ = 0.71073 Å) radiation. 
Reflections were found at  = 20 (Sinmax/wavelength = 0.504 < 0.550 caused an A-level alert) 
for the square-grid MOF crystal and at ca. 28° for the 1D coordination polymer. The Bruker suite 
of programs on the APEX II was used to integrate the data and SADABS was used for absorption 
corrections.S1,S2 Both structures were readily solved by direct methods and refined using the 
SHELXTL.S3 The non-interpenetrated square-grid MOF crystal has very large pores (ca. 20 x 20 
Å) containing disordered solvent molecules, which contributed to an A-level alert. SQUEEZE 
routine implemented on PLATON was used to remove electron densities corresponding to 
disordered solvent molecules. All atoms of the complex backbones (Zn(II), DPNDI ligands, 
Zn(II)-coordinated DMAc and NO3

– ions, and ClO4
– anions were fully accounted for. 

Crystallographic data has been deposited at the Cambridge Crystallographic Data Center with 
reference numbers CCDC 929885 and 929886. These data can be obtained free of charge from 
The Cambridge Crystallographic Data Centre via http://www.ccdc.cam.ac.uk/data_request/cif. 

Powder X-ray crystal diffraction (PXRD) analysis. PXRD analysis of the square-grid MOF was 
conducted on Siemens D500 powder diffractometer using Ni-filtered unmonochromated Cu K 
radiation with a graphite diffracted beam monochromater. One degree divergence apertures and 
0.15 degree receiving aperture. Scanning was done between 5 θ and 65 θ, at 0.02 steps, 0.5 °/min. 
Samples were dispersed on quartz zero-background holder. Data were processed using MDI Jade 
6.5 software. 
 

Bond Length and angles of square-grid MOF: 

Table 4. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Å2 x 103) 
for the square-grid MOF.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 x y z U(eq) 
 
N(41) 1832(4) 157(2) 12180(3) 68(2) 
O(41) 964(2) 26(1) 11000(2) 34(1) 
Zn(1) 0 0 10000 26(1) 
C(1) 1341(3) 498(2) 9566(3) 45(2) 
C(2) 1727(3) 828(2) 9219(3) 50(2) 
C(3) 1304(3) 1178(2) 8711(3) 33(1) 
C(4) 530(3) 1194(2) 8562(3) 36(1) 

http://www.ccdc.cam.ac.uk/data_request/cif
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Table 4 continued. Atomic coordinates (x 104) and equivalent isotropic displacement parameters 
(Å2 x 103) for the square-grid MOF.  U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor. 
 x y z U(eq) 
C(5) 192(3) 856(2) 8942(3) 32(1) 
C(6) 1781(3) 1391(2) 7598(3) 38(1) 
C(7) 2198(3) 1740(2) 7233(3) 34(1) 
C(8) 2483(3) 2187(2) 7625(3) 31(1) 
C(9) 2383(3) 2303(2) 8369(3) 43(1) 
C(10) 1972(3) 1954(2) 8752(3) 48(2) 
C(11) 2669(4) 2733(2) 8745(3) 62(2) 
C(12) 3034(3) 3076(2) 8376(3) 55(2) 
C(13) 3122(3) 2975(2) 7643(3) 36(1) 
C(14) 2859(3) 2527(2) 7261(3) 31(1) 
C(15) 2961(3) 2410(2) 6518(3) 38(1) 
C(16) 2714(3) 1964(2) 6158(3) 53(2) 
C(17) 2323(4) 1630(2) 6512(3) 57(2) 
C(18) 3338(3) 2771(2) 6116(3) 40(1) 
C(19) 3472(3) 3352(2) 7241(3) 37(1) 
C(20) 3869(3) 3592(2) 6097(3) 31(1) 
C(21) 3411(3) 3885(2) 5525(3) 36(1) 
C(22) 4642(3) 3652(2) 6302(3) 41(1) 
C(23) 4930(3) 4031(2) 5939(3) 36(1) 
C(24) 3761(3) 4249(2) 5192(3) 40(1) 
N(1) 596(2) 506(1) 9436(2) 31(1) 
N(2) 1684(2) 1527(1) 8325(2) 36(1) 
N(3) 3533(2) 3226(1) 6488(2) 33(1) 
N(4) 4499(2) 4340(1) 5405(2) 29(1) 
O(1) 1516(2) 1004(1) 7291(2) 54(1) 
O(2) 1863(3) 2027(1) 9385(2) 73(1) 
O(3) 3693(2) 3751(1) 7534(2) 48(1) 
O(4) 3465(2) 2692(1) 5492(2) 59(1) 
C(41) 1178(4) 60(2) 11737(5) 57(2) 
C(42) 658(8) 75(3) 12302(9) 177(6) 
C(43) 2073(5) 179(3) 13022(4) 106(3) 
C(44) 2435(6) 234(6) 11783(7) 218(8) 
Cl(31) 1569(1) 4520(1) 4612(2) 137(1) 
O(31) 1430(8) 4229(5) 5236(8) 389(9) 
O(32) 1895(5) 4224(4) 4186(5) 256(6) 
O(33) 918(4) 4711(3) 4150(7) 278(6) 
O(34) 2086(3) 4877(2) 4983(4) 127(2) 
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Table 5. Bond lengths (Å) and angles (°) of the square-grid MOF. 

_____________________________________________________  
N(41)-C(41)  1.258(8) 
N(41)-C(43)  1.422(8) 
N(41)-C(44)  1.480(11) 
O(41)-C(41)  1.246(7) 
O(41)-Zn(1)  2.112(3) 
Zn(1)-O(41)#1  2.112(4) 
Zn(1)-N(1)  2.159(3) 
Zn(1)-N(1)#1  2.159(3) 
Zn(1)-N(4)#2  2.213(4) 
Zn(1)-N(4)#3  2.213(4) 
C(1)-N(1)  1.320(6) 
C(1)-C(2)  1.383(7) 
C(1)-H(1)  0.9500 
C(2)-C(3)  1.377(7) 
C(2)-H(2)  0.9500 
C(3)-C(4)  1.370(7) 
C(3)-N(2)  1.451(6) 
C(4)-C(5)  1.380(6) 
C(4)-H(4)  0.9500 
C(5)-N(1)  1.353(6) 
C(5)-H(5)  0.9500 
C(6)-O(1)  1.212(6) 
C(6)-N(2)  1.388(6) 
C(6)-C(7)  1.473(7) 
C(7)-C(17)  1.382(7) 
C(7)-C(8)  1.414(6) 
C(8)-C(9)  1.406(6) 
C(8)-C(14)  1.407(6) 
C(9)-C(11)  1.365(7) 
C(9)-C(10)  1.484(7) 
C(10)-O(2)  1.201(6) 
C(10)-N(2)  1.395(6) 
C(11)-C(12)  1.403(7) 
C(11)-H(11)  0.9500 
C(12)-C(13)  1.370(7) 
C(12)-H(12)  0.9500 
C(13)-C(14)  1.402(6) 
C(13)-C(19)  1.484(7) 
C(14)-C(15)  1.407(6) 
C(15)-C(16)  1.375(7) 
C(15)-C(18)  1.485(7) 
C(16)-C(17)  1.404(7) 
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Table 5 continued. Bond lengths (Å) and angles (°) of the square-grid MOF. 

C(16)-H(16)  0.9500 
C(17)-H(17)  0.9500 
C(18)-O(4)  1.203(5) 
C(18)-N(3)  1.389(6) 
C(19)-O(3)  1.214(6) 
C(19)-N(3)  1.402(6) 
C(20)-C(21)  1.365(7) 
C(20)-C(22)  1.371(7) 
C(20)-N(3)  1.439(6) 
C(21)-C(24)  1.389(7) 
C(21)-H(21)  0.9500 
C(22)-C(23)  1.388(7) 
C(22)-H(22)  0.9500 
C(23)-N(4)  1.335(6) 
C(23)-H(23)  0.9500 
C(24)-N(4)  1.323(6) 
C(24)-H(24)  0.9500 
N(4)-Zn(1)#4  2.213(4) 
C(41)-C(42)  1.561(12) 
C(42)-H(42A)  0.9800 
C(42)-H(42B)  0.9800 
C(42)-H(42C)  0.9800 
C(43)-H(43A)  0.9800 
C(43)-H(43B)  0.9800 
C(43)-H(43C)  0.9800 
C(44)-H(44A)  0.9800 
C(44)-H(44B)  0.9800 
C(44)-H(44C)  0.9800 
Cl(31)-O(33)  1.342(7) 
Cl(31)-O(32)  1.346(6) 
Cl(31)-O(34)  1.381(5) 
Cl(31)-O(31)  1.431(9) 
C(41)-N(41)-C(43) 127.9(7) 
C(41)-N(41)-C(44) 116.5(6) 
C(43)-N(41)-C(44) 115.5(7) 
C(41)-O(41)-Zn(1) 144.2(4) 
O(41)-Zn(1)-O(41)#1 179.997(1) 
O(41)-Zn(1)-N(1) 86.98(14) 
O(41)#1-Zn(1)-N(1) 93.02(14) 
O(41)-Zn(1)-N(1)#1 93.02(14) 
O(41)#1-Zn(1)-N(1)#1 86.98(14) 
N(1)-Zn(1)-N(1)#1 179.999(1) 
O(41)-Zn(1)-N(4)#2 91.79(13) 
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Table 5 continued. Bond lengths (Å) and angles (°) of the square-grid MOF. 

O(41)#1-Zn(1)-N(4)#2 88.20(13) 
N(1)-Zn(1)-N(4)#2 87.10(13) 
N(1)#1-Zn(1)-N(4)#2 92.90(13) 
O(41)-Zn(1)-N(4)#3 88.21(13) 
O(41)#1-Zn(1)-N(4)#3 91.80(13) 
N(1)-Zn(1)-N(4)#3 92.90(13) 
N(1)#1-Zn(1)-N(4)#3 87.10(13) 
N(4)#2-Zn(1)-N(4)#3 180.000(1) 
N(1)-C(1)-C(2) 123.2(5) 
N(1)-C(1)-H(1) 118.4 
C(2)-C(1)-H(1) 118.4 
C(3)-C(2)-C(1) 117.6(5) 
C(3)-C(2)-H(2) 121.2 
C(1)-C(2)-H(2) 121.2 
C(4)-C(3)-C(2) 120.6(4) 
C(4)-C(3)-N(2) 120.0(4) 
C(2)-C(3)-N(2) 119.4(4) 
C(3)-C(4)-C(5) 118.1(5) 
C(3)-C(4)-H(4) 120.9 
C(5)-C(4)-H(4) 120.9 
N(1)-C(5)-C(4) 122.2(4) 
N(1)-C(5)-H(5) 118.9 
C(4)-C(5)-H(5) 118.9 
O(1)-C(6)-N(2) 120.0(4) 
O(1)-C(6)-C(7) 123.3(4) 
N(2)-C(6)-C(7) 116.8(4) 
C(17)-C(7)-C(8) 119.8(4) 
C(17)-C(7)-C(6) 120.3(4) 
C(8)-C(7)-C(6) 119.9(4) 
C(9)-C(8)-C(14) 119.2(4) 
C(9)-C(8)-C(7) 121.1(4) 
C(14)-C(8)-C(7) 119.7(4) 
C(11)-C(9)-C(8) 120.4(4) 
C(11)-C(9)-C(10) 119.8(5) 
C(8)-C(9)-C(10) 119.9(4) 
O(2)-C(10)-N(2) 119.9(4) 
O(2)-C(10)-C(9) 123.7(5) 
N(2)-C(10)-C(9) 116.4(4) 
C(9)-C(11)-C(12) 120.4(5) 
C(9)-C(11)-H(11) 119.8 
C(12)-C(11)-H(11) 119.8 
C(13)-C(12)-C(11) 120.2(5) 
C(13)-C(12)-H(12) 119.9 
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Table 5 continued. Bond lengths (Å) and angles (°) of the square-grid MOF. 

C(11)-C(12)-H(12) 119.9 
C(12)-C(13)-C(14) 120.3(4) 
C(12)-C(13)-C(19) 119.7(4) 
C(14)-C(13)-C(19) 119.9(4) 
C(13)-C(14)-C(15) 121.4(4) 
C(13)-C(14)-C(8) 119.4(4) 
C(15)-C(14)-C(8) 119.1(4) 
C(16)-C(15)-C(14) 120.8(4) 
C(16)-C(15)-C(18) 119.5(4) 
C(14)-C(15)-C(18) 119.7(4) 
C(15)-C(16)-C(17) 120.0(5) 
C(15)-C(16)-H(16) 120.0 
C(17)-C(16)-H(16) 120.0 
C(7)-C(17)-C(16) 120.5(5) 
C(7)-C(17)-H(17) 119.8 
C(16)-C(17)-H(17) 119.8 
O(4)-C(18)-N(3) 119.7(4) 
O(4)-C(18)-C(15) 123.7(5) 
N(3)-C(18)-C(15) 116.7(4) 
O(3)-C(19)-N(3) 120.6(4) 
O(3)-C(19)-C(13) 122.9(5) 
N(3)-C(19)-C(13) 116.4(4) 
C(21)-C(20)-C(22) 120.0(4) 
C(21)-C(20)-N(3) 119.6(4) 
C(22)-C(20)-N(3) 120.5(4) 
C(20)-C(21)-C(24) 117.3(5) 
C(20)-C(21)-H(21) 121.3 
C(24)-C(21)-H(21) 121.3 
C(20)-C(22)-C(23) 117.8(5) 
C(20)-C(22)-H(22) 121.1 
C(23)-C(22)-H(22) 121.1 
N(4)-C(23)-C(22) 123.9(4) 
N(4)-C(23)-H(23) 118.1 
C(22)-C(23)-H(23) 118.1 
N(4)-C(24)-C(21) 124.8(5) 
N(4)-C(24)-H(24) 117.6 
C(21)-C(24)-H(24) 117.6 
C(1)-N(1)-C(5) 118.3(4) 
C(1)-N(1)-Zn(1) 123.0(3) 
C(5)-N(1)-Zn(1) 118.6(3) 
C(6)-N(2)-C(10) 125.9(4) 
C(6)-N(2)-C(3) 117.5(4) 
C(10)-N(2)-C(3) 116.4(4) 
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Table 5 continued. Bond lengths (Å) and angles (°) of the square-grid MOF. 

C(18)-N(3)-C(19) 125.5(4) 
C(18)-N(3)-C(20) 118.1(4) 
C(19)-N(3)-C(20) 116.4(4) 
C(24)-N(4)-C(23) 116.0(4) 
C(24)-N(4)-Zn(1)#4 123.0(3) 
C(23)-N(4)-Zn(1)#4 120.8(3) 
O(41)-C(41)-N(41) 128.6(6) 
O(41)-C(41)-C(42) 126.4(8) 
N(41)-C(41)-C(42) 104.4(8) 
C(41)-C(42)-H(42A) 109.5 
C(41)-C(42)-H(42B) 109.5 
H(42A)-C(42)-H(42B) 109.5 
C(41)-C(42)-H(42C) 109.5 
H(42A)-C(42)-H(42C) 109.5 
H(42B)-C(42)-H(42C) 109.5 
N(41)-C(43)-H(43A) 109.5 
N(41)-C(43)-H(43B) 109.5 
H(43A)-C(43)-H(43B) 109.5 
N(41)-C(43)-H(43C) 109.5 
H(43A)-C(43)-H(43C) 109.5 
H(43B)-C(43)-H(43C) 109.5 
N(41)-C(44)-H(44A) 109.5 
N(41)-C(44)-H(44B) 109.5 
H(44A)-C(44)-H(44B) 109.5 
N(41)-C(44)-H(44C) 109.5 
H(44A)-C(44)-H(44C) 109.5 
H(44B)-C(44)-H(44C) 109.5 
O(33)-Cl(31)-O(32) 110.6(6) 
O(33)-Cl(31)-O(34) 113.1(5) 
O(32)-Cl(31)-O(34) 108.9(5) 
O(33)-Cl(31)-O(31) 110.7(7) 
O(32)-Cl(31)-O(31) 107.7(7) 
O(34)-Cl(31)-O(31) 105.6(6) 
_____________________________________________ 

Symmetry transformations used to generate equivalent atoms:  
#1 -x,-y,-z+2    #2 x-1/2,-y+1/2,z+1/2    #3 -x+1/2,y-1/2,-z+3/2       
#4 -x+1/2,y+1/2,-z+3/2    
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Table 6. Anisotropic displacement parameters (Å2x 103) for the square-grid MOF.  The 
anisotropic displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* 
U12] 

 U11 U22  U33 U23 U13 U12 
____________________________________________________________________________
_  
N(41) 72(4)  71(4) 53(4)  -12(3) 6(3)  3(3) 
O(41) 44(2)  30(2) 31(2)  -2(2) 17(2)  1(2) 
Zn(1) 38(1)  14(1) 36(1)  1(1) 28(1)  0(1) 
C(1) 39(4)  46(3) 61(4)  25(3) 32(3)  6(3) 
C(2) 37(3)  56(4) 61(4)  25(3) 25(3)  1(3) 
C(3) 46(4)  28(3) 33(3)  -3(2) 25(3)  -13(2) 
C(4) 50(4)  29(3) 32(3)  5(2) 17(3)  -7(2) 
C(5) 39(3)  24(3) 37(3)  2(2) 16(3)  -3(2) 
C(6) 49(3)  31(3) 36(3)  -6(3) 18(3)  -14(3) 
C(7) 53(3)  22(3) 34(3)  -1(2) 20(3)  -15(2) 
C(8) 40(3)  32(3) 25(3)  1(2) 16(2)  -8(2) 
C(9) 70(4)  32(3) 35(3)  -8(3) 26(3)  -25(3) 
C(10) 71(4)  43(3) 38(4)  -2(3) 28(3)  -22(3) 
C(11) 109(5)  54(4) 39(4)  -14(3) 47(4)  -45(4) 
C(12) 96(5)  38(3) 44(4)  -17(3) 40(3)  -40(3) 
C(13) 49(3)  30(3) 33(3)  -2(2) 15(3)  -14(2) 
C(14) 34(3)  25(3) 38(3)  0(2) 17(2)  -9(2) 
C(15) 59(3)  23(3) 41(3)  2(2) 29(3)  -13(2) 
C(16) 98(5)  39(3) 40(3)  -8(3) 45(3)  -25(3) 
C(17) 109(5)  29(3) 48(4)  -13(3) 44(4)  -28(3) 
C(18) 59(4)  36(3) 35(3)  -1(3) 29(3)  -8(3) 
C(19) 40(3)  30(3) 46(4)  3(3) 20(3)  -9(2) 
C(20) 41(3)  20(3) 43(3)  -3(2) 29(3)  -8(2) 
C(21) 34(3)  32(3) 47(3)  7(3) 17(3)  -11(2) 
C(22) 52(4)  29(3) 47(3)  19(3) 20(3)  2(3) 
C(23) 28(3)  26(3) 60(4)  -2(3) 21(3)  -2(2) 
C(24) 49(4)  35(3) 38(3)  7(3) 18(3)  3(3) 
N(1) 42(3)  24(2) 37(3)  2(2) 28(2)  -3(2) 
N(2) 56(3)  28(2) 32(3)  -2(2) 25(2)  -18(2) 
N(3) 45(3)  22(2) 36(3)  -2(2) 20(2)  -13(2) 
N(4) 34(3)  26(2) 35(3)  0(2) 21(2)  -2(2) 
O(1) 88(3)  40(2) 46(2)  -9(2) 37(2)  -33(2) 
O(2) 129(4)  61(3) 49(3)  -22(2) 58(3)  -51(3) 
O(3) 71(3)  31(2) 52(2)  -7(2) 33(2)  -24(2) 
O(4) 104(3)  37(2) 55(3)  -10(2) 56(2)  -25(2) 
C(41) 71(5)  36(3) 65(5)  9(3) 22(4)  14(3) 
C(42) 239(14)  98(7) 263(16)  -45(8) 183(14)  -33(8) 
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Table 6 continued. Anisotropic displacement parameters (Å2x 103) for the square-grid MOF.  The 
anisotropic displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* 
U12] 

 U11 U22  U33 U23 U13 U12 
C(43) 150(8)  94(6) 50(5)  -15(4) -12(5)  24(5) 
C(44) 95(8)  440(20) 110(9)  3(11) 17(7)  -118(11) 
Cl(31) 71(2)  123(2) 200(3)  -54(2) 9(2)  11(1) 
O(31) 401(18)  343(18) 458(18)  75(12) 180(14)  -182(14) 
O(32) 206(8)  274(10) 202(7)  -165(7) -79(6)  156(7) 
O(33) 89(5)  179(8) 463(15)  -124(8) -90(7)  68(5) 
O(34) 67(3)  138(5) 184(6)  -68(4) 48(4)  -34(3) 
 
 

 
Table 7. Hydrogen coordinates (x 104) and isotropic displacement parameters (Å2x 103) 
for the square-grid MOF. 
 
 x  y  z  U(eq) 
 
  
H(1) 1626 254 9916 54 
H(2) 2264 814 9326 59 
H(4) 236 1433 8208 43 
H(5) -343 868 8853 39 
H(11) 2621 2801 9258 74 
H(12) 3220 3378 8635 66 
H(16) 2808 1882 5668 64 
H(17) 2142 1326 6255 69 
H(21) 2876 3842 5361 44 
H(22) 4970 3440 6680 49 
H(23) 5466 4073 6079 44 
H(24) 3446 4447 4782 47 
H(42A) 125 50 11988 266 
H(42B) 738 387 12598 266 
H(42C) 785 -204 12674 266 
H(43A) 1635 132 13228 159 
H(43B) 2304 503 13192 159 
H(43C) 2448 -83 13227 159 
H(44A) 2307 51 11281 327 
H(44B) 2920 114 12128 327 
H(44C) 2476 588 11678 327 
____________________________________________________________________________
__ 
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Table 8. Torsional angles (°) in the square-grid MOF. 

C(41)-O(41)-Zn(1)-O(41)#1 45(5) 
C(41)-O(41)-Zn(1)-N(1) 136.1(5) 
C(41)-O(41)-Zn(1)-N(1)#1 -43.9(5) 
C(41)-O(41)-Zn(1)-N(4)#2 49.1(5) 
C(41)-O(41)-Zn(1)-N(4)#3 -130.9(5) 
N(1)-C(1)-C(2)-C(3) -0.3(9) 
C(1)-C(2)-C(3)-C(4) 0.1(8) 
C(1)-C(2)-C(3)-N(2) -179.2(5) 
C(2)-C(3)-C(4)-C(5) 0.7(7) 
N(2)-C(3)-C(4)-C(5) 180.0(4) 
C(3)-C(4)-C(5)-N(1) -1.4(7) 
O(1)-C(6)-C(7)-C(17) -1.7(8) 
N(2)-C(6)-C(7)-C(17) 179.5(5) 
O(1)-C(6)-C(7)-C(8) 179.3(5) 
N(2)-C(6)-C(7)-C(8) 0.5(7) 
C(17)-C(7)-C(8)-C(9) -178.2(5) 
C(6)-C(7)-C(8)-C(9) 0.8(7) 
C(17)-C(7)-C(8)-C(14) 3.1(7) 
C(6)-C(7)-C(8)-C(14) -177.9(4) 
C(14)-C(8)-C(9)-C(11) -2.1(8) 
C(7)-C(8)-C(9)-C(11) 179.2(6) 
C(14)-C(8)-C(9)-C(10) 178.5(5) 
C(7)-C(8)-C(9)-C(10) -0.1(8) 
C(11)-C(9)-C(10)-O(2) 0.8(9) 
C(8)-C(9)-C(10)-O(2) -179.9(6) 
C(11)-C(9)-C(10)-N(2) 178.9(5) 
C(8)-C(9)-C(10)-N(2) -1.8(8) 
C(8)-C(9)-C(11)-C(12) 3.1(9) 
C(10)-C(9)-C(11)-C(12) -177.6(6) 
C(9)-C(11)-C(12)-C(13) -1.6(10) 
C(11)-C(12)-C(13)-C(14) -0.9(9) 
C(11)-C(12)-C(13)-C(19) 176.8(5) 
C(12)-C(13)-C(14)-C(15) -178.2(5) 
C(19)-C(13)-C(14)-C(15) 4.2(7) 
C(12)-C(13)-C(14)-C(8) 1.8(8) 
C(19)-C(13)-C(14)-C(8) -175.8(4) 
C(9)-C(8)-C(14)-C(13) -0.3(7) 
C(7)-C(8)-C(14)-C(13) 178.3(4) 
C(9)-C(8)-C(14)-C(15) 179.7(5) 
C(7)-C(8)-C(14)-C(15) -1.6(7) 
C(13)-C(14)-C(15)-C(16) 178.6(5) 
C(8)-C(14)-C(15)-C(16) -1.4(8) 
C(13)-C(14)-C(15)-C(18) -1.7(7) 
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Table 8 continued. Torsional angles (°) in the square-grid MOF. 

C(8)-C(14)-C(15)-C(18) 178.3(5) 
C(14)-C(15)-C(16)-C(17) 3.0(9) 
C(18)-C(15)-C(16)-C(17) -176.7(5) 
C(8)-C(7)-C(17)-C(16) -1.6(9) 
C(6)-C(7)-C(17)-C(16) 179.4(5) 
C(15)-C(16)-C(17)-C(7) -1.5(9) 
C(16)-C(15)-C(18)-O(4) -2.5(8) 
C(14)-C(15)-C(18)-O(4) 177.8(5) 
C(16)-C(15)-C(18)-N(3) 176.2(5) 
C(14)-C(15)-C(18)-N(3) -3.5(7) 
C(12)-C(13)-C(19)-O(3) 0.5(8) 
C(14)-C(13)-C(19)-O(3) 178.1(5) 
C(12)-C(13)-C(19)-N(3) -179.0(5) 
C(14)-C(13)-C(19)-N(3) -1.4(7) 
C(22)-C(20)-C(21)-C(24) -2.3(7) 
N(3)-C(20)-C(21)-C(24) 177.0(4) 
C(21)-C(20)-C(22)-C(23) 3.1(7) 
N(3)-C(20)-C(22)-C(23) -176.1(4) 
C(20)-C(22)-C(23)-N(4) 0.1(7) 
C(20)-C(21)-C(24)-N(4) -2.0(7) 
C(2)-C(1)-N(1)-C(5) -0.4(8) 
C(2)-C(1)-N(1)-Zn(1) -178.7(4) 
C(4)-C(5)-N(1)-C(1) 1.3(7) 
C(4)-C(5)-N(1)-Zn(1) 179.6(3) 
O(41)-Zn(1)-N(1)-C(1) 33.7(4) 
O(41)#1-Zn(1)-N(1)-C(1) -146.3(4) 
N(1)#1-Zn(1)-N(1)-C(1) 104(32) 
N(4)#2-Zn(1)-N(1)-C(1) 125.7(4) 
N(4)#3-Zn(1)-N(1)-C(1) -54.3(4) 
O(41)-Zn(1)-N(1)-C(5) -144.5(3) 
O(41)#1-Zn(1)-N(1)-C(5) 35.5(3) 
N(1)#1-Zn(1)-N(1)-C(5) -74(32) 
N(4)#2-Zn(1)-N(1)-C(5) -52.6(3) 
N(4)#3-Zn(1)-N(1)-C(5) 127.4(3) 
O(1)-C(6)-N(2)-C(10) 178.5(5) 
C(7)-C(6)-N(2)-C(10) -2.6(7) 
O(1)-C(6)-N(2)-C(3) 3.8(7) 
C(7)-C(6)-N(2)-C(3) -177.4(4) 
O(2)-C(10)-N(2)-C(6) -178.6(5) 
C(9)-C(10)-N(2)-C(6) 3.2(8) 
O(2)-C(10)-N(2)-C(3) -3.8(8) 
C(9)-C(10)-N(2)-C(3) 178.0(5) 
C(4)-C(3)-N(2)-C(6) -89.8(6) 



172 
 

Table 8 continued. Torsional angles (°) in the square-grid MOF. 

C(2)-C(3)-N(2)-C(6) 89.5(6) 
C(4)-C(3)-N(2)-C(10) 94.9(6) 
C(2)-C(3)-N(2)-C(10) -85.8(6) 
O(4)-C(18)-N(3)-C(19) -174.6(5) 
C(15)-C(18)-N(3)-C(19) 6.6(7) 
O(4)-C(18)-N(3)-C(20) 1.3(7) 
C(15)-C(18)-N(3)-C(20) -177.4(4) 
O(3)-C(19)-N(3)-C(18) 176.2(5) 
C(13)-C(19)-N(3)-C(18) -4.2(7) 
O(3)-C(19)-N(3)-C(20) 0.2(7) 
C(13)-C(19)-N(3)-C(20) 179.7(4) 
C(21)-C(20)-N(3)-C(18) 83.4(6) 
C(22)-C(20)-N(3)-C(18) -97.4(5) 
C(21)-C(20)-N(3)-C(19) -100.3(5) 
C(22)-C(20)-N(3)-C(19) 78.9(5) 
C(21)-C(24)-N(4)-C(23) 5.0(7) 
C(21)-C(24)-N(4)-Zn(1)#4 -169.5(4) 
C(22)-C(23)-N(4)-C(24) -4.0(7) 
C(22)-C(23)-N(4)-Zn(1)#4 170.6(4) 
Zn(1)-O(41)-C(41)-N(41) -165.4(4) 
Zn(1)-O(41)-C(41)-C(42) 4.0(10) 
C(43)-N(41)-C(41)-O(41) -177.7(6) 
C(44)-N(41)-C(41)-O(41) -1.1(12) 
C(43)-N(41)-C(41)-C(42) 11.1(9) 
C(44)-N(41)-C(41)-C(42) -172.3(9) 
________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  
#1 -x,-y,-z+2    #2 x-1/2,-y+1/2,z+1/2    #3 -x+1/2,y-1/2,-z+3/2       
#4 -x+1/2,y+1/2,-z+3/2       
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Figure 92. The PXRD pattern of solvent exchanged and evacuated non-interpenetrated square grid 
MOF. Green bars represent simulated peaks obtained from single crystal analysis of the as-
synthesized crystalline MOF. 

 

Figure 93. PXRD pattern of the as-synthesized square-grid MOF (top) and the diffraction pattern 
shown by single crystal analysis (bottom). 
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Bond Length and Bond angle table of 1D coordination polymer. 

 

Table 9. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Å2x 103) 
for the 1D coordination polymer.  U(eq) is defined as one third of the trace of the orthogonalized 
Uij tensor. 

 
 x y z U(eq) 
 
Zn(1) 5240(1) 1802(1) 4311(1) 20(1) 
N(1) 3495(2) 1277(1) 4904(1) 26(1) 
O(1) 3902(2) 1891(1) 5269(1) 29(1) 
O(2) 2668(2) 980(1) 5045(1) 36(1) 
O(3) 3973(1) 972(1) 4384(1) 28(1) 
N(4) 6621(2) 3087(1) 4410(1) 26(1) 
O(4) 6519(1) 2457(1) 3992(1) 26(1) 
O(5) 6018(2) 3197(1) 4908(1) 31(1) 
O(6) 7305(2) 3562(1) 4308(1) 39(1) 
C(1) 7036(2) 908(1) 5577(1) 22(1) 
C(2) 7742(2) 650(1) 6368(1) 22(1) 
C(3) 7709(2) 1018(1) 7132(1) 20(1) 
C(4) 7013(2) 1641(1) 7089(1) 21(1) 
C(5) 6340(2) 1861(1) 6266(1) 21(1) 
C(6) 9208(2) 1204(1) 8485(1) 22(1) 
C(7) 8132(2) -13(1) 8190(1) 19(1) 
C(8) 10685(2) 1338(1) 9898(1) 22(1) 
C(9) 9871(2) 894(1) 9347(1) 19(1) 
C(10) 9672(2) 148(1) 9593(1) 18(1) 
C(11) 8832(2) -314(1) 9044(1) 18(1) 
C(12) 8662(2) -1046(1) 9291(1) 22(1) 
C(13) 4033(2) 2567(2) 2687(2) 34(1) 
C(14) 3278(2) 2993(2) 2057(2) 36(1) 
C(15) 2460(2) 3381(1) 2300(1) 23(1) 
C(16) 2405(2) 3334(2) 3149(2) 38(1) 
C(17) 3200(2) 2896(2) 3737(2) 39(1) 
C(18) 867(2) 3484(1) 1005(1) 24(1) 
C(19) 135(2) 3978(1) 322(1) 21(1) 
C(20) 342(2) 4769(1) 334(1) 19(1) 
C(21) 1220(2) 5110(1) 991(1) 20(1) 
C(22) 1944(2) 4633(1) 1694(1) 21(1) 
C(23) 1418(2) 5882(1) 985(1) 23(1) 
N(11) 6334(2) 1496(1) 5519(1) 20(1) 
N(12) 8362(1) 734(1) 7974(1) 19(1) 
N(13) 4007(2) 2510(1) 3517(1) 23(1) 
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Table 9 continued. Atomic coordinates (x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for the 1D coordination polymer.  U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor. 

 x y z U(eq) 
N(14) 1690(2) 3853(1) 1662(1) 22(1) 
O(11) 9378(2) 1827(1) 8223(1) 33(1) 
O(12) 7387(1) -379(1) 7703(1) 25(1) 
O(13) 777(2) 2797(1) 1012(1) 35(1) 
O(14) 2731(1) 4880(1) 2264(1) 27(1) 
C(41) 5228(2) 522(1) 2967(1) 22(1) 
C(42) 5117(2) -156(1) 3503(2) 26(1) 
C(43) 4668(2) -261(2) 1628(2) 36(1) 
C(44) 5211(2) 1084(2) 1574(2) 35(1) 
N(41) 5016(2) 451(1) 2101(1) 26(1) 
O(41) 5533(1) 1153(1) 3328(1) 25(1) 
C(45) 731(2) 6343(1) 325(2) 25(1) 
C(46) 746(6) 9430(4) 7998(4) 171(4) 
C(47) 1897(3) 9601(2) 8844(2) 44(1) 
C(48) 1265(3) 8139(2) 8469(2) 47(1) 
C(49) -478(3) 8569(2) 7197(2) 46(1) 
N(46) 761(4) 8823(2) 8024(3) 93(2) 
O(46) 243(2) 9972(2) 7602(2) 65(1) 
____________________________________________________________________________
__ 

 

Table 10. Bond lengths [Å] and angles [°] for the 1D coordination polymer. 

Zn(1)-O(41)  2.0496(16) 
Zn(1)-N(11)  2.0839(17) 
Zn(1)-N(13)  2.0973(18) 
Zn(1)-O(4)  2.1409(17) 
Zn(1)-O(3)  2.1791(17) 
N(1)-O(2)  1.232(3) 
N(1)-O(1)  1.263(3) 
N(1)-O(3)  1.267(3) 
N(4)-O(6)  1.237(3) 
N(4)-O(5)  1.252(3) 
N(4)-O(4)  1.279(3) 
C(1)-N(11)  1.341(3) 
C(1)-C(2)  1.388(3) 
C(1)-H(1)  0.9500 
C(2)-C(3)  1.386(3) 
C(2)-H(2)  0.9500 
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Table 10 continued. Bond lengths [Å] and angles [°] for the 1D coordination polymer. 

C(3)-C(4)  1.387(3) 
C(3)-N(12)  1.443(2) 
C(4)-C(5)  1.391(3) 
C(4)-H(4)  0.9500 
C(5)-N(11)  1.349(3) 
C(5)-H(5)  0.9500 
C(6)-O(11)  1.213(3) 
C(6)-N(12)  1.402(3) 
C(6)-C(9)  1.487(3) 
C(7)-O(12)  1.211(3) 
C(7)-N(12)  1.408(3) 
C(7)-C(11)  1.486(3) 
C(8)-C(9)  1.378(3) 
C(8)-C(12)#1  1.410(3) 
C(8)-H(8)  0.9500 
C(9)-C(10)  1.412(3) 
C(10)-C(11)  1.413(3) 
C(10)-C(10)#1  1.418(4) 
C(11)-C(12)  1.380(3) 
C(12)-C(8)#1  1.410(3) 
C(12)-H(12)  0.9500 
C(13)-N(13)  1.331(3) 
C(13)-C(14)  1.383(3) 
C(13)-H(13)  0.9500 
C(14)-C(15)  1.371(3) 
C(14)-H(14)  0.9500 
C(15)-C(16)  1.371(3) 
C(15)-N(14)  1.443(3) 
C(16)-C(17)  1.387(3) 
C(16)-H(16)  0.9500 
C(17)-N(13)  1.339(3) 
C(17)-H(17)  0.9500 
C(18)-O(13)  1.213(3) 
C(18)-N(14)  1.399(3) 
C(18)-C(19)  1.484(3) 
C(19)-C(45)#2  1.380(3) 
C(19)-C(20)  1.415(3) 
C(20)-C(21)  1.413(3) 
C(20)-C(20)#2  1.414(4) 
C(21)-C(23)  1.381(3) 
C(21)-C(22)  1.480(3) 
C(22)-O(14)  1.211(3) 
C(22)-N(14)  1.406(3) 
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Table 10 continued. Bond lengths [Å] and angles [°] for the 1D coordination polymer. 

C(23)-C(45)  1.407(3) 
C(23)-H(23)  0.9500 
C(41)-O(41)  1.258(3) 
C(41)-N(41)  1.330(3) 
C(41)-C(42)  1.495(3) 
C(42)-H(42A)  0.9800 
C(42)-H(42B)  0.9800 
C(42)-H(42C)  0.9800 
C(43)-N(41)  1.462(3) 
C(43)-H(43A)  0.9800 
C(43)-H(43B)  0.9800 
C(43)-H(43C)  0.9800 
C(44)-N(41)  1.455(3) 
C(44)-H(44A)  0.9800 
C(44)-H(44B)  0.9800 
C(44)-H(44C)  0.9800 
C(45)-C(19)#2  1.380(3) 
C(45)-H(45)  0.9500 
C(46)-N(46)  1.069(7) 
C(46)-O(46)  1.214(4) 
C(46)-C(47)  1.690(9) 
C(47)-H(47A)  0.9800 
C(47)-H(47B)  0.9800 
C(47)-H(47C)  0.9800 
C(48)-N(46)  1.447(4) 
C(48)-H(48A)  0.9800 
C(48)-H(48B)  0.9800 
C(48)-H(48C)  0.9800 
C(49)-N(46)  1.775(6) 
C(49)-H(49A)  0.9800 
C(49)-H(49B)  0.9800 
C(49)-H(49C)  0.9800 
O(41)-Zn(1)-N(11) 110.14(7) 
O(41)-Zn(1)-N(13) 97.61(7) 
N(11)-Zn(1)-N(13) 151.99(7) 
O(41)-Zn(1)-O(4) 79.26(6) 
N(11)-Zn(1)-O(4) 91.17(7) 
N(13)-Zn(1)-O(4) 90.32(7) 
O(41)-Zn(1)-O(3) 87.47(6) 
N(11)-Zn(1)-O(3) 94.09(7) 
N(13)-Zn(1)-O(3) 90.75(7) 
O(4)-Zn(1)-O(3) 166.71(6) 
O(2)-N(1)-O(1) 121.7(2) 



178 
 

Table 10 continued. Bond lengths [Å] and angles [°] for the 1D coordination polymer. 

O(2)-N(1)-O(3) 120.9(2) 
O(1)-N(1)-O(3) 117.39(19) 
N(1)-O(3)-Zn(1) 103.47(14) 
O(6)-N(4)-O(5) 122.6(2) 
O(6)-N(4)-O(4) 119.2(2) 
O(5)-N(4)-O(4) 118.21(19) 
N(4)-O(4)-Zn(1) 108.34(13) 
N(11)-C(1)-C(2) 123.2(2) 
N(11)-C(1)-H(1) 118.4 
C(2)-C(1)-H(1) 118.4 
C(1)-C(2)-C(3) 118.1(2) 
C(1)-C(2)-H(2) 121.0 
C(3)-C(2)-H(2) 121.0 
C(2)-C(3)-C(4) 119.96(18) 
C(2)-C(3)-N(12) 120.01(19) 
C(4)-C(3)-N(12) 119.97(19) 
C(3)-C(4)-C(5) 117.9(2) 
C(3)-C(4)-H(4) 121.0 
C(5)-C(4)-H(4) 121.0 
N(11)-C(5)-C(4) 123.0(2) 
N(11)-C(5)-H(5) 118.5 
C(4)-C(5)-H(5) 118.5 
O(11)-C(6)-N(12) 120.78(19) 
O(11)-C(6)-C(9) 122.8(2) 
N(12)-C(6)-C(9) 116.43(18) 
O(12)-C(7)-N(12) 120.92(18) 
O(12)-C(7)-C(11) 122.50(19) 
N(12)-C(7)-C(11) 116.57(18) 
C(9)-C(8)-C(12)#1 120.1(2) 
C(9)-C(8)-H(8) 119.9 
C(12)#1-C(8)-H(8) 119.9 
C(8)-C(9)-C(10) 120.46(18) 
C(8)-C(9)-C(6) 119.50(19) 
C(10)-C(9)-C(6) 120.04(18) 
C(9)-C(10)-C(11) 121.45(17) 
C(9)-C(10)-C(10)#1 119.5(2) 
C(11)-C(10)-C(10)#1 119.0(2) 
C(12)-C(11)-C(10) 120.50(18) 
C(12)-C(11)-C(7) 119.66(19) 
C(10)-C(11)-C(7) 119.84(18) 
C(11)-C(12)-C(8)#1 120.33(19) 
C(11)-C(12)-H(12) 119.8 
C(8)#1-C(12)-H(12) 119.8 
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Table 10 continued. Bond lengths [Å] and angles [°] for the 1D coordination polymer. 

N(13)-C(13)-C(14) 123.6(2) 
N(13)-C(13)-H(13) 118.2 
C(14)-C(13)-H(13) 118.2 
C(15)-C(14)-C(13) 118.3(2) 
C(15)-C(14)-H(14) 120.8 
C(13)-C(14)-H(14) 120.8 
C(16)-C(15)-C(14) 119.7(2) 
C(16)-C(15)-N(14) 121.0(2) 
C(14)-C(15)-N(14) 119.3(2) 
C(15)-C(16)-C(17) 118.0(2) 
C(15)-C(16)-H(16) 121.0 
C(17)-C(16)-H(16) 121.0 
N(13)-C(17)-C(16) 123.4(2) 
N(13)-C(17)-H(17) 118.3 
C(16)-C(17)-H(17) 118.3 
O(13)-C(18)-N(14) 120.4(2) 
O(13)-C(18)-C(19) 123.4(2) 
N(14)-C(18)-C(19) 116.18(19) 
C(45)#2-C(19)-C(20) 120.84(19) 
C(45)#2-C(19)-C(18) 119.5(2) 
C(20)-C(19)-C(18) 119.64(19) 
C(21)-C(20)-C(19) 121.91(18) 
C(21)-C(20)-C(20)#2 118.9(2) 
C(19)-C(20)-C(20)#2 119.2(2) 
C(23)-C(21)-C(20) 121.08(19) 
C(23)-C(21)-C(22) 119.36(19) 
C(20)-C(21)-C(22) 119.56(19) 
O(14)-C(22)-N(14) 120.19(19) 
O(14)-C(22)-C(21) 123.4(2) 
N(14)-C(22)-C(21) 116.37(19) 
C(21)-C(23)-C(45) 120.0(2) 
C(21)-C(23)-H(23) 120.0 
C(45)-C(23)-H(23) 120.0 
C(1)-N(11)-C(5) 117.84(17) 
C(1)-N(11)-Zn(1) 120.45(14) 
C(5)-N(11)-Zn(1) 121.68(14) 
C(6)-N(12)-C(7) 125.59(17) 
C(6)-N(12)-C(3) 117.64(17) 
C(7)-N(12)-C(3) 116.67(17) 
C(13)-N(13)-C(17) 116.9(2) 
C(13)-N(13)-Zn(1) 114.79(15) 
C(17)-N(13)-Zn(1) 128.28(15) 
C(18)-N(14)-C(22) 126.15(18) 
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Table 10 continued. Bond lengths [Å] and angles [°] for the 1D coordination polymer. 

C(18)-N(14)-C(15) 117.07(18) 
C(22)-N(14)-C(15) 116.12(18) 
O(41)-C(41)-N(41) 120.0(2) 
O(41)-C(41)-C(42) 120.7(2) 
N(41)-C(41)-C(42) 119.3(2) 
C(41)-C(42)-H(42A) 109.5 
C(41)-C(42)-H(42B) 109.5 
H(42A)-C(42)-H(42B) 109.5 
C(41)-C(42)-H(42C) 109.5 
H(42A)-C(42)-H(42C) 109.5 
H(42B)-C(42)-H(42C) 109.5 
N(41)-C(43)-H(43A) 109.5 
N(41)-C(43)-H(43B) 109.5 
H(43A)-C(43)-H(43B) 109.5 
N(41)-C(43)-H(43C) 109.5 
H(43A)-C(43)-H(43C) 109.5 
H(43B)-C(43)-H(43C) 109.5 
N(41)-C(44)-H(44A) 109.5 
N(41)-C(44)-H(44B) 109.5 
H(44A)-C(44)-H(44B) 109.5 
N(41)-C(44)-H(44C) 109.5 
H(44A)-C(44)-H(44C) 109.5 
H(44B)-C(44)-H(44C) 109.5 
C(41)-N(41)-C(44) 120.4(2) 
C(41)-N(41)-C(43) 123.7(2) 
C(44)-N(41)-C(43) 115.8(2) 
C(41)-O(41)-Zn(1) 137.97(15) 
C(19)#2-C(45)-C(23) 120.0(2) 
C(19)#2-C(45)-H(45) 120.0 
C(23)-C(45)-H(45) 120.0 
N(46)-C(46)-O(46) 143.7(10) 
N(46)-C(46)-C(47) 98.4(5) 
O(46)-C(46)-C(47) 118.0(7) 
C(46)-C(47)-H(47A) 109.5 
C(46)-C(47)-H(47B) 109.5 
H(47A)-C(47)-H(47B) 109.5 
C(46)-C(47)-H(47C) 109.5 
H(47A)-C(47)-H(47C) 109.5 
H(47B)-C(47)-H(47C) 109.5 
N(46)-C(48)-H(48A) 109.5 
N(46)-C(48)-H(48B) 109.5 
H(48A)-C(48)-H(48B) 109.5 
N(46)-C(48)-H(48C) 109.5 
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Table 10 continued. Bond lengths [Å] and angles [°] for the 1D coordination polymer. 

H(48A)-C(48)-H(48C) 109.5 
H(48B)-C(48)-H(48C) 109.5 
N(46)-C(49)-H(49A) 109.5 
N(46)-C(49)-H(49B) 109.5 
H(49A)-C(49)-H(49B) 109.5 
N(46)-C(49)-H(49C) 109.5 
H(49A)-C(49)-H(49C) 109.5 
H(49B)-C(49)-H(49C) 109.5 
C(46)-N(46)-C(48) 148.3(7) 
C(46)-N(46)-C(49) 102.8(6) 
C(48)-N(46)-C(49) 108.5(3) 
_____________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  
#1 -x+2,-y,-z+2    #2 -x,-y+1,-z 
 
Table 11. Anisotropic displacement parameters (Å2x 103) for the 1D coordination polymer. The 
anisotropic displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* 
U12]. 

 

 U11 U22  U33 U23 U13 U12 
____________________________________________________________________________  
Zn(1) 22(1)  21(1) 14(1)  5(1) 1(1)  4(1) 
N(1) 25(1)  33(1) 19(1)  6(1) 5(1)  4(1) 
O(1) 34(1)  32(1) 20(1)  3(1) 6(1)  4(1) 
O(2) 27(1)  50(1) 35(1)  5(1) 12(1)  -3(1) 
O(3) 29(1)  34(1) 22(1)  1(1) 9(1)  2(1) 
N(4) 31(1)  26(1) 17(1)  5(1) 2(1)  -1(1) 
O(4) 32(1)  25(1) 21(1)  0(1) 6(1)  -1(1) 
O(5) 39(1)  31(1) 23(1)  0(1) 10(1)  3(1) 
O(6) 47(1)  36(1) 32(1)  2(1) 10(1)  -17(1) 
C(1) 23(1)  26(1) 15(1)  2(1) 5(1)  2(1) 
C(2) 20(1)  27(1) 18(1)  4(1) 4(1)  6(1) 
C(3) 18(1)  23(1) 14(1)  6(1) 0(1)  0(1) 
C(4) 24(1)  21(1) 15(1)  2(1) 2(1)  0(1) 
C(5) 23(1)  19(1) 18(1)  3(1) 2(1)  3(1) 
C(6) 23(1)  24(1) 17(1)  4(1) 1(1)  0(1) 
C(7) 19(1)  22(1) 15(1)  3(1) 3(1)  3(1) 
C(8) 26(1)  20(1) 19(1)  4(1) 1(1)  0(1) 
C(9) 20(1)  21(1) 15(1)  4(1) 2(1)  2(1) 
C(10) 18(1)  20(1) 14(1)  3(1) 2(1)  2(1) 
C(11) 18(1)  22(1) 14(1)  2(1) 1(1)  3(1) 
C(12) 23(1)  22(1) 17(1)  1(1) 0(1)  -1(1) 
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Table 11 continued. Anisotropic displacement parameters (Å2x 103) for the 1D coordination 
polymer. The anisotropic displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 
2 h k a* b* U12]. 

 U11 U22  U33 U23 U13 U12 
C(13) 39(1)  40(1) 23(1)  9(1) 11(1)  21(1) 
C(14) 46(2)  43(2) 18(1)  9(1) 10(1)  22(1) 
C(15) 24(1)  22(1) 19(1)  6(1) 2(1)  6(1) 
C(16) 43(2)  48(2) 27(1)  14(1) 16(1)  26(1) 
C(17) 50(2)  48(2) 21(1)  12(1) 14(1)  24(1) 
C(18) 28(1)  22(1) 20(1)  4(1) 3(1)  6(1) 
C(19) 23(1)  20(1) 20(1)  3(1) 4(1)  5(1) 
C(20) 19(1)  21(1) 18(1)  3(1) 5(1)  5(1) 
C(21) 19(1)  22(1) 18(1)  4(1) 4(1)  5(1) 
C(22) 20(1)  24(1) 20(1)  5(1) 5(1)  4(1) 
C(23) 22(1)  24(1) 21(1)  1(1) 3(1)  1(1) 
N(11) 21(1)  21(1) 15(1)  5(1) 2(1)  1(1) 
N(12) 19(1)  22(1) 13(1)  4(1) 0(1)  2(1) 
N(13) 26(1)  23(1) 16(1)  4(1) 3(1)  6(1) 
N(14) 24(1)  22(1) 18(1)  5(1) 2(1)  6(1) 
O(11) 35(1)  29(1) 25(1)  12(1) -6(1)  -7(1) 
O(12) 23(1)  26(1) 20(1)  3(1) -3(1)  -1(1) 
O(13) 44(1)  20(1) 32(1)  5(1) -4(1)  5(1) 
O(14) 22(1)  30(1) 24(1)  6(1) -1(1)  0(1) 
C(41) 17(1)  24(1) 23(1)  2(1) 4(1)  2(1) 
C(42) 27(1)  24(1) 26(1)  4(1) 6(1)  0(1) 
C(43) 37(1)  41(2) 29(1)  -9(1) 5(1)  -4(1) 
C(44) 47(2)  37(1) 26(1)  7(1) 16(1)  6(1) 
N(41) 26(1)  30(1) 22(1)  1(1) 6(1)  2(1) 
O(41) 30(1)  22(1) 25(1)  -1(1) 10(1)  1(1) 
C(45) 28(1)  20(1) 24(1)  2(1) 4(1)  2(1) 
C(46) 254(8)  159(6) 188(6)  145(5) 205(7)  175(6) 
C(47) 40(2)  59(2) 35(1)  11(1) 12(1)  16(1) 
C(48) 57(2)  31(1) 48(2)  -2(1) 8(1)  11(1) 
C(49) 53(2)  44(2) 42(2)  -4(1) 16(1)  13(1) 
N(46) 139(4)  50(2) 137(4)  48(2) 117(3)  54(2) 
O(46) 72(2)  72(2) 70(2)  45(1) 51(1)  50(1) 
 
 

 

 

 



183 
 

Table 12. Hydrogen coordinates (x 104) and isotropic displacement parameters (Å2x 103) for the 
1D coordination polymer. 

 
 x  y  z  U(eq) 
 
  
H(1) 7051 655 5052 26 
H(2) 8233 234 6385 26 
H(4) 6997 1909 7604 25 
H(5) 5863 2288 6230 25 
H(8) 10806 1842 9731 27 
H(12) 8102 -1354 8914 26 
H(13) 4601 2299 2518 41 
H(14) 3326 3017 1471 43 
H(16) 1840 3595 3328 46 
H(17) 3171 2867 4327 47 
H(23) 2019 6101 1427 28 
H(42A) 5448 -43 4127 39 
H(42B) 5508 -589 3336 39 
H(42C) 4324 -282 3396 39 
H(43A) 5320 -509 1519 55 
H(43B) 4111 -154 1066 55 
H(43C) 4341 -597 1981 55 
H(44A) 4507 1356 1320 53 
H(44B) 5499 892 1101 53 
H(44C) 5759 1432 1946 53 
H(45) 862 6874 325 30 
H(47A) 1852 9310 9359 67 
H(47B) 1941 10144 8984 67 
H(47C) 2566 9447 8680 67 
H(48A) 2081 8197 8661 70 
H(48B) 1065 7706 8066 70 
H(48C) 992 8050 8981 70 
H(49A) -1043 8394 7473 69 
H(49B) -310 8161 6834 69 
H(49C) -763 9013 6828 69 
 
 

 
 

 



184 
 

Table 13. Torsion angles [°] for the 1D coordination polymer. 

O(2)-N(1)-O(3)-Zn(1) 174.61(17) 
O(1)-N(1)-O(3)-Zn(1) -5.6(2) 
O(41)-Zn(1)-O(3)-N(1) -171.88(13) 
N(11)-Zn(1)-O(3)-N(1) 78.10(13) 
N(13)-Zn(1)-O(3)-N(1) -74.29(13) 
O(4)-Zn(1)-O(3)-N(1) -168.9(2) 
O(6)-N(4)-O(4)-Zn(1) -178.64(16) 
O(5)-N(4)-O(4)-Zn(1) 1.3(2) 
O(41)-Zn(1)-O(4)-N(4) 171.99(14) 
N(11)-Zn(1)-O(4)-N(4) -77.72(14) 
N(13)-Zn(1)-O(4)-N(4) 74.30(14) 
O(3)-Zn(1)-O(4)-N(4) 168.9(2) 
N(11)-C(1)-C(2)-C(3) 0.5(3) 
C(1)-C(2)-C(3)-C(4) -2.2(3) 
C(1)-C(2)-C(3)-N(12) 175.12(19) 
C(2)-C(3)-C(4)-C(5) 1.9(3) 
N(12)-C(3)-C(4)-C(5) -175.46(19) 
C(3)-C(4)-C(5)-N(11) 0.2(3) 
C(12)#1-C(8)-C(9)-C(10) 0.8(3) 
C(12)#1-C(8)-C(9)-C(6) -178.6(2) 
O(11)-C(6)-C(9)-C(8) 3.0(4) 
N(12)-C(6)-C(9)-C(8) -177.4(2) 
O(11)-C(6)-C(9)-C(10) -176.4(2) 
N(12)-C(6)-C(9)-C(10) 3.2(3) 
C(8)-C(9)-C(10)-C(11) 179.1(2) 
C(6)-C(9)-C(10)-C(11) -1.5(3) 
C(8)-C(9)-C(10)-C(10)#1 -0.8(4) 
C(6)-C(9)-C(10)-C(10)#1 178.6(2) 
C(9)-C(10)-C(11)-C(12) 179.1(2) 
C(10)#1-C(10)-C(11)-C(12) -0.9(4) 
C(9)-C(10)-C(11)-C(7) -0.3(3) 
C(10)#1-C(10)-C(11)-C(7) 179.6(2) 
O(12)-C(7)-C(11)-C(12) 2.0(3) 
N(12)-C(7)-C(11)-C(12) -179.14(19) 
O(12)-C(7)-C(11)-C(10) -178.5(2) 
N(12)-C(7)-C(11)-C(10) 0.3(3) 
C(10)-C(11)-C(12)-C(8)#1 0.9(3) 
C(7)-C(11)-C(12)-C(8)#1 -179.6(2) 
N(13)-C(13)-C(14)-C(15) 0.1(5) 
C(13)-C(14)-C(15)-C(16) -0.3(4) 
C(13)-C(14)-C(15)-N(14) 177.6(2) 
C(14)-C(15)-C(16)-C(17) 0.6(4) 
N(14)-C(15)-C(16)-C(17) -177.2(3) 
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Table 13 continued. Torsion angles [°] for the 1D coordination polymer. 

C(15)-C(16)-C(17)-N(13) -0.7(5) 
O(13)-C(18)-C(19)-C(45)#2 3.0(4) 
N(14)-C(18)-C(19)-C(45)#2 -176.9(2) 
O(13)-C(18)-C(19)-C(20) -176.1(2) 
N(14)-C(18)-C(19)-C(20) 3.9(3) 
C(45)#2-C(19)-C(20)-C(21) 179.7(2) 
C(18)-C(19)-C(20)-C(21) -1.1(3) 
C(45)#2-C(19)-C(20)-C(20)#2 -0.9(4) 
C(18)-C(19)-C(20)-C(20)#2 178.3(2) 
C(19)-C(20)-C(21)-C(23) 179.1(2) 
C(20)#2-C(20)-C(21)-C(23) -0.3(4) 
C(19)-C(20)-C(21)-C(22) -0.5(3) 
C(20)#2-C(20)-C(21)-C(22) -179.9(2) 
C(23)-C(21)-C(22)-O(14) -1.8(3) 
C(20)-C(21)-C(22)-O(14) 177.8(2) 
C(23)-C(21)-C(22)-N(14) 179.6(2) 
C(20)-C(21)-C(22)-N(14) -0.8(3) 
C(20)-C(21)-C(23)-C(45) 1.0(3) 
C(22)-C(21)-C(23)-C(45) -179.5(2) 
C(2)-C(1)-N(11)-C(5) 1.6(3) 
C(2)-C(1)-N(11)-Zn(1) -176.46(17) 
C(4)-C(5)-N(11)-C(1) -1.9(3) 
C(4)-C(5)-N(11)-Zn(1) 176.07(16) 
O(41)-Zn(1)-N(11)-C(1) -4.76(18) 
N(13)-Zn(1)-N(11)-C(1) -176.62(16) 
O(4)-Zn(1)-N(11)-C(1) -83.75(17) 
O(3)-Zn(1)-N(11)-C(1) 84.03(17) 
O(41)-Zn(1)-N(11)-C(5) 177.28(16) 
N(13)-Zn(1)-N(11)-C(5) 5.4(3) 
O(4)-Zn(1)-N(11)-C(5) 98.30(17) 
O(3)-Zn(1)-N(11)-C(5) -93.92(17) 
O(11)-C(6)-N(12)-C(7) 176.3(2) 
C(9)-C(6)-N(12)-C(7) -3.4(3) 
O(11)-C(6)-N(12)-C(3) 0.0(3) 
C(9)-C(6)-N(12)-C(3) -179.62(18) 
O(12)-C(7)-N(12)-C(6) -179.5(2) 
C(11)-C(7)-N(12)-C(6) 1.7(3) 
O(12)-C(7)-N(12)-C(3) -3.2(3) 
C(11)-C(7)-N(12)-C(3) 177.93(18) 
C(2)-C(3)-N(12)-C(6) 116.7(2) 
C(4)-C(3)-N(12)-C(6) -65.9(3) 
C(2)-C(3)-N(12)-C(7) -59.8(3) 
C(4)-C(3)-N(12)-C(7) 117.5(2) 
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Table 13 continued. Torsion angles [°] for the 1D coordination polymer. 

C(14)-C(13)-N(13)-C(17) -0.2(4) 
C(14)-C(13)-N(13)-Zn(1) 178.7(2) 
C(16)-C(17)-N(13)-C(13) 0.5(4) 
C(16)-C(17)-N(13)-Zn(1) -178.2(2) 
O(41)-Zn(1)-N(13)-C(13) -23.1(2) 
N(11)-Zn(1)-N(13)-C(13) 149.22(19) 
O(4)-Zn(1)-N(13)-C(13) 56.14(19) 
O(3)-Zn(1)-N(13)-C(13) -110.61(19) 
O(41)-Zn(1)-N(13)-C(17) 155.7(2) 
N(11)-Zn(1)-N(13)-C(17) -32.0(3) 
O(4)-Zn(1)-N(13)-C(17) -125.1(2) 
O(3)-Zn(1)-N(13)-C(17) 68.2(2) 
O(13)-C(18)-N(14)-C(22) 174.4(2) 
C(19)-C(18)-N(14)-C(22) -5.6(3) 
O(13)-C(18)-N(14)-C(15) 4.1(3) 
C(19)-C(18)-N(14)-C(15) -175.91(19) 
O(14)-C(22)-N(14)-C(18) -174.5(2) 
C(21)-C(22)-N(14)-C(18) 4.1(3) 
O(14)-C(22)-N(14)-C(15) -4.1(3) 
C(21)-C(22)-N(14)-C(15) 174.49(18) 
C(16)-C(15)-N(14)-C(18) -108.4(3) 
C(14)-C(15)-N(14)-C(18) 73.8(3) 
C(16)-C(15)-N(14)-C(22) 80.3(3) 
C(14)-C(15)-N(14)-C(22) -97.5(3) 
O(41)-C(41)-N(41)-C(44) 4.4(3) 
C(42)-C(41)-N(41)-C(44) -174.6(2) 
O(41)-C(41)-N(41)-C(43) 179.4(2) 
C(42)-C(41)-N(41)-C(43) 0.4(3) 
N(41)-C(41)-O(41)-Zn(1) 139.75(19) 
C(42)-C(41)-O(41)-Zn(1) -41.3(3) 
N(11)-Zn(1)-O(41)-C(41) 87.2(2) 
N(13)-Zn(1)-O(41)-C(41) -96.7(2) 
O(4)-Zn(1)-O(41)-C(41) 174.4(2) 
O(3)-Zn(1)-O(41)-C(41) -6.3(2) 
C(21)-C(23)-C(45)-C(19)#2 -0.7(3) 
O(46)-C(46)-N(46)-C(48) -175.5(5) 
C(47)-C(46)-N(46)-C(48) 5.6(8) 
O(46)-C(46)-N(46)-C(49) -4.7(7) 
C(47)-C(46)-N(46)-C(49) 176.4(2) 
________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  
#1 –x+2,-y,-z+2    #2 –x,-y+1,-z     
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Bond Length and angles MOF complex 1: 

Table 14. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Å2 x 103) 
for the square-grid MOF.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 
 x y z U(eq) 
 

Zn(1)     8600(1)  5631(1)  2241(1)  23(1)  
C(1)     8286(2)  3375(2) 2 928(2)   28(1)  
C(2)     7772(2)  2542(2)  3266(2)  28(1)  
C(3)     6867(2)  2783(2)  3596(2)  23(1)  
C(4)     6498(2)  3834(2)  3576(2)  24(1)  
C(5)     7053(2)  4615(2)  3217(2)  24(1)  
C(6)     7062(2)  1465(2)  4828(2)  24(1)  
C(7)     6495(2)  619(2)   5224(2)  23(1)  
C(8)     5264(2)  399(2)   4801(1)  21(1)  
C(9)     4548(2)  961(2)   3992(2)  23(1)  
C(10)     5093(2)  1779(2)  3547(2)  24(1)  
C(11)     7182(2)  45(2)   6006(2)  27(1)  
C(12)     6657(2)  -749(2)  6400(2)  27(1)  
N(1)     7934(2)  4400(1)  2895(1)  23(1)  
N(2)    6329(2)  1943(1)  3976(1)  22(1)  
O(1)     8098(1)  1733(1)  5184(1)  30(1)  
O(2)     4531(1)  2275(1)  2838(1)  32(1)  
C(31)     7036(2)  4923(2)  278(2)   32(1)  
C(32)     7759(3)  3946(3)  293(2)   53(1)  
C(33)     5929(3)  4601(3)  -1426(2)  64(1)  
C(34)     5570(3)  6202(2)  -591(2)  43(1)  
N(31)     6247(2)  5231(2)  -539(2)  38(1)  
O(31)     7163(2)  5424(1)  1038(1)  30(1)  
C(35)     11059(2)  4830(2)  3320(2)  32(1)  
C(36)     11085(3)  5369(3)  4227(2)  64(1)  
C(37)     13057(3)  4133(3)  4159(3)  57(1)  
C(38)     11941(3)  3761(3)  2434(3)  64(1)  
N(35)     11978(2)  4275(2)  3319(2)  38(1)  
O(35)     10169(1)  4900(1)  2562(1)  30(1)  
C(41)     8008(2)  7611(2)  3078(2)  34(1)  
C(42)     7155(4)  7932(3)  2128(3)  65(1)  
C(43)     7751(4)  9369(2)  3698(3)  70(1)  
C(44)     9043(3)  7978(4)  4741(3)  74(1)  
N(41)     8277(2)  8293(2)  3794(2)  44(1)  
O(41)     8460(2)  6692(1)  3195(1)  30(1)  
C(45)     9972(2)  7312(2)  1534(2)  34(1)  
C(46)     10761(3)  7696(3)  2500(2)  47(1)  
C(47)     11179(3)  8376(3)  837(3)   59(1)  
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Table 14 continued. Atomic coordinates (x 104) and equivalent isotropic displacement parameters 
(Å2 x 103) for the square-grid MOF.  U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor. 

 x y z U(eq) 

C(48)     9381(3)  7299(3)  -171(2)  54(1)  
N(45)     10177(2)  7650(2)  773(2)   41(1)  
O(45)     9104(2)  6691(2)  1419(1)  43(1)  
C(51)     6010(2)  1120(2)  9856(2)  43(1)  
C(52)     6326(3)  926(3)   10901(2)  52(1)  
C(53)     6981(4)  -574(3)  9726(4)  80(1)  
C(54)     5970(3)  526(3)   8302(3)  62(1)  
N(51)     6346(2)  404(2)   9332(2)  51(1)  
O(51)     5451(2)  1920(2)  9488(2)  65(1)  
Cl(21)     4638(1)  6981(1)  3728(1)  35(1)  
O(21)     5154(2)  5991(2)  3624(2)  61(1)  
O(22)     4322(2)  6951(2)  4562(1)  45(1)  
O(23)     3634(2)  7160(2)  2900(2)  70(1)  
O(24)     5476(3)  7846(3)  3846(2)  96(1)  
Cl(25)     9880(1) 981(1)   2176(1)  55(1)  
O(25)     9215(3)  73(4)   2146(6)  236(4)  
O(26)     10344(5)  1390(6)  3098(2)  243(4)  
O(27)     9143(2)  1774(2)  1586(1)  42(1)  
O(28)     10841(2)  725(2)   1900(2)  48(1) 
____________________________________________________________________________
__ 

 

Table 15. Bond lengths (Å) and angles (°) of complex 1. 

 

Zn(1)-O(41)     1.9944(16)  
Zn(1)-O(35)     2.0135(16)  
Zn(1)-O(31)     2.0205(16)  
Zn(1)-O(45)     2.0325(18)  
Zn(1)-N(1)    2.1137(18)  
C(1)-N(1)     1.345(3)  
C(1)-C(2)     1.382(3)  
C(1)-H(1)     0.9500  
C(2)-C(3)     1.385(3)  
C(2)-H(2)     0.9500  
C(3)-C(4)     1.383(3)  
C(3)-N(2)     1.440(3)  
C(4)-C(5)     1.382(3)  
C(4)-H(4)     0.9500  
C(5)-N(1)     1.344(3)  
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Table 15 continued. Bond lengths (Å) and angles (°) of complex 1. 

C(5)-H(5)     0.9500  
C(6)-O(1)     1.209(3)  
C(6)-N(2)     1.412(3)  
C(6)-C(7)     1.479(3)  
C(7)-C(11)     1.382(3)  
C(7)-C(8)     1.412(3)  
C(8)-C(8)#1     1.412(4)  
C(8)-C(9)     1.412(3)  
C(9)-C(12)#1    1.379(3)  
C(9)-C(10)     1.481(3)  
C(10)-O(2)     1.217(3)  
C(10)-N(2)     1.407(3)  
C(11)-C(12)     1.403(3)  
C(11)-H(11)     0.9500  
C(12)-C(9)#1    1.379(3)  
C(12)-H(12)     0.9500  
C(31)-O(31)     1.255(3)  
C(31)-N(31)     1.321(3)  
C(31)-C(32)     1.503(4)  
C(32)-H(32A)    0.9800  
C(32)-H(32B)    0.9800  
C(32)-H(32C)    0.9800  
C(33)-N(31)     1.465(3)  
C(33)-H(33A)    0.9800  
C(33)-H(33B)    0.9800  
C(33)-H(33C)    0.9800  
C(34)-N(31)     1.455(4)  
C(34)-H(34A)    0.9800  
C(34)-H(34B)    0.9800  
C(34)-H(34C)    0.9800  
C(35)-O(35)     1.260(3)  
C(35)-N(35)     1.316(3)  
C(35)-C(36)     1.504(4)  
C(36)-H(36A)    0.9800  
C(36)-H(36B)    0.9800  
C(36)-H(36C)    0.9800  
C(37)-N(35)     1.470(3)  
C(37)-H(37A)    0.9800  
C(37)-H(37B)    0.9800  
C(37)-H(37C)    0.9800  
C(38)-N(35)     1.457(4)  
C(38)-H(38A)    0.9800  
C(38)-H(38B)    0.9800  
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Table 15 continued. Bond lengths (Å) and angles (°) of complex 1. 

C(38)-H(38C)    0.9800  
C(41)-O(41)     1.259(3)  
C(41)-N(41)     1.307(3)  
C(41)-C(42)     1.493(4)  
C(42)-H(42A)    0.9800  
C(42)-H(42B)    0.9800  
C(42)-H(42C)    0.9800  
C(43)-N(41)     1.475(4)  
C(43)-H(43A)    0.9800  
C(43)-H(43B)    0.9800  
C(43)-H(43C)    0.9800  
C(44)-N(41)     1.453(5)  
C(44)-H(44A)    0.9800  
C(44)-H(44B)    0.9800  
C(44)-H(44C)    0.9800  
C(45)-O(45)     1.248(3)  
C(45)-N(45)     1.319(3)  
C(45)-C(46)     1.493(4)  
C(46)-H(46A)    0.9800  
C(46)-H(46B)    0.9800  
C(46)-H(46C)    0.9800  
C(47)-N(45)     1.467(4)  
C(47)-H(47A)    0.9800  
C(47)-H(47B)    0.9800  
C(47)-H(47C)    0.9800  
C(48)-N(45)     1.459(4)  
C(48)-H(48A)    0.9800  
C(48)-H(48B)    0.9800  
C(48)-H(48C)    0.9800  
C(51)-O(51)     1.230(4)  
C(51)-N(51)     1.343(4)  
C(51)-C(52)     1.499(4)  
C(52)-H(52A)    0.9800  
C(52)-H(52B)    0.9800  
C(52)-H(52C)    0.9800  
C(53)-N(51)     1.459(4)  
C(53)-H(53A)    0.9800  
C(53)-H(53B)    0.9800  
C(53)-H(53C)    0.9800  
C(54)-N(51)     1.458(4)  
C(54)-H(54A)    0.9800  
C(54)-H(54B)    0.9800  
C(54)-H(54C)    0.9800  
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Table 15 continued. Bond lengths (Å) and angles (°) of complex 1. 

Cl(21)-O(23)     1.416(2)  
Cl(21)-O(21)     1.421(2)  
Cl(21)-O(24)     1.425(3)  
Cl(21)-O(22)     1.4314(19)  
Cl(25)-O(25)     1.360(4)  
Cl(25)-O(26)     1.384(4)  
Cl(25)-O(28)     1.403(2)  
Cl(25)-O(27)     1.423(2)  
 
O(41)-Zn(1)-O(35)   116.69(7)  
O(41)-Zn(1)-O(31)   116.55(7)  
O(35)-Zn(1)-O(31)   126.75(7)  
O(41)-Zn(1)-O(45)   97.55(8)  
O(35)-Zn(1)-O(45)   89.46(8)  
O(31)-Zn(1)-O(45)   82.73(7)  
O(41)-Zn(1)-N(1)   89.74(7)  
O(35)-Zn(1)-N(1)   91.75(7)  
O(31)-Zn(1)-N(1)   89.52(7)  
O(45)-Zn(1)-N(1)   171.14(7)  
N(1)-C(1)-C(2)   122.9(2)  
N(1)-C(1)-H(1)   118.5  
C(2)-C(1)-H(1)   118.5  
C(1)-C(2)-C(3)   118.2(2)  
C(1)-C(2)-H(2)   120.9  
C(3)-C(2)-H(2)   120.9  
C(4)-C(3)-C(2)   119.9(2)  
C(4)-C(3)-N(2)   120.13(19)  
C(2)-C(3)-N(2)   119.97(19)  
C(3)-C(4)-C(5)   118.07(19)  
C(3)-C(4)-H(4)   121.0  
C(5)-C(4)-H(4)   121.0  
N(1)-C(5)-C(4)   123.06(19)  
N(1)-C(5)-H(5)   118.5  
C(4)-C(5)-H(5)   118.5  
O(1)-C(6)-N(2)   120.39(19)  
O(1)-C(6)-C(7)   123.4(2)  
N(2)-C(6)-C(7)   116.14(18)  
C(11)-C(7)-C(8)   120.54(19)  
C(11)-C(7)-C(6)   119.42(19)  
C(8)-C(7)-C(6)   120.04(19)  
C(8)#1-C(8)-C(9)   119.3(2)  
C(8)#1-C(8)-C(7)   119.2(2)  
C(9)-C(8)-C(7)   121.56(19)  
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Table 15 continued. Bond lengths (Å) and angles (°) of complex 1. 

C(12)#1-C(9)-C(8)   120.6(2)  
C(12)#1-C(9)-C(10)   119.4(2)  
C(8)-C(9)-C(10)   120.00(19)  
O(2)-C(10)-N(2)   120.39(19)  
O(2)-C(10)-C(9)   123.3(2)  
N(2)-C(10)-C(9)   116.29(18)  
C(7)-C(11)-C(12)   120.2(2)  
C(7)-C(11)-H(11)   119.9  
C(12)-C(11)-H(11)   119.9  
C(9)#1-C(12)-C(11)   120.2(2)  
C(9)#1-C(12)-H(12)   119.9  
C(11)-C(12)-H(12)   119.9  
C(1)-N(1)-C(5)   117.88(18)  
C(1)-N(1)-Zn(1)   122.28(15)  
C(5)-N(1)-Zn(1)   119.58(14)  
C(10)-N(2)-C(6)   125.53(18)  
C(10)-N(2)-C(3)   117.33(17)  
C(6)-N(2)-C(3)   116.49(17)  
O(31)-C(31)-N(31)   120.6(2)  
O(31)-C(31)-C(32)   120.3(2)  
N(31)-C(31)-C(32)   119.1(2)  
C(31)-C(32)-H(32A)   109.5  
C(31)-C(32)-H(32B)   109.5  
H(32A)-C(32)-H(32B)  109.5  
C(31)-C(32)-H(32C)   109.5  
H(32A)-C(32)-H(32C)  109.5  
H(32B)-C(32)-H(32C)  109.5  
N(31)-C(33)-H(33A)   109.5  
N(31)-C(33)-H(33B)   109.5  
H(33A)-C(33)-H(33B)  109.5  
N(31)-C(33)-H(33C)   109.5  
H(33A)-C(33)-H(33C)  109.5  
H(33B)-C(33)-H(33C)  109.5  
N(31)-C(34)-H(34A)   109.5  
N(31)-C(34)-H(34B)   109.5  
H(34A)-C(34)-H(34B)  109.5  
N(31)-C(34)-H(34C)   109.5  
H(34A)-C(34)-H(34C)  109.5  
H(34B)-C(34)-H(34C)  109.5  
C(31)-N(31)-C(34)   120.8(2)  
C(31)-N(31)-C(33)   123.6(2)  
C(34)-N(31)-C(33)   115.5(2)  
C(31)-O(31)-Zn(1)   130.72(16)  
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Table 15 continued. Bond lengths (Å) and angles (°) of complex 1. 

O(35)-C(35)-N(35)   119.6(2)  
O(35)-C(35)-C(36)   120.9(2)  
N(35)-C(35)-C(36)   119.4(2)  
C(35)-C(36)-H(36A)   109.5  
C(35)-C(36)-H(36B)   109.5  
H(36A)-C(36)-H(36B)  109.5  
C(35)-C(36)-H(36C)   109.5  
H(36A)-C(36)-H(36C)  109.5  
H(36B)-C(36)-H(36C)  109.5  
N(35)-C(37)-H(37A)   109.5  
N(35)-C(37)-H(37B)   109.5  
H(37A)-C(37)-H(37B)  109.5  
N(35)-C(37)-H(37C)   109.5  
H(37A)-C(37)-H(37C)  109.5  
H(37B)-C(37)-H(37C)  109.5  
N(35)-C(38)-H(38A)   109.5  
N(35)-C(38)-H(38B)   109.5  
H(38A)-C(38)-H(38B)  109.5  
N(35)-C(38)-H(38C)   109.5  
H(38A)-C(38)-H(38C)  109.5  
H(38B)-C(38)-H(38C)  109.5  
C(35)-N(35)-C(38)   118.8(2)  
C(35)-N(35)-C(37)   124.3(2)  
C(38)-N(35)-C(37)   116.9(2)  
C(35)-O(35)-Zn(1)   133.17(16)  
O(41)-C(41)-N(41)   120.0(3)  
O(41)-C(41)-C(42)   120.7(2)  
N(41)-C(41)-C(42)   119.3(3)  
C(41)-C(42)-H(42A)   109.5  
C(41)-C(42)-H(42B)   109.5  
H(42A)-C(42)-H(42B)  109.5  
C(41)-C(42)-H(42C)   109.5  
H(42A)-C(42)-H(42C)  109.5  
H(42B)-C(42)-H(42C)  109.5  
N(41)-C(43)-H(43A)   109.5  
N(41)-C(43)-H(43B)   109.5  
H(43A)-C(43)-H(43B)  109.5  
N(41)-C(43)-H(43C)   109.5  
H(43A)-C(43)-H(43C)  109.5  
H(43B)-C(43)-H(43C)  109.5  
N(41)-C(44)-H(44A)   109.5  
N(41)-C(44)-H(44B)   109.5  
H(44A)-C(44)-H(44B)  109.5  
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Table 15 continued. Bond lengths (Å) and angles (°) of complex 1. 

N(41)-C(44)-H(44C)   109.5  
H(44A)-C(44)-H(44C)  109.5  
H(44B)-C(44)-H(44C)  109.5  
C(41)-N(41)-C(44)   120.5(3)  
C(41)-N(41)-C(43)   122.1(3)  
C(44)-N(41)-C(43)   117.3(3)  
C(41)-O(41)-Zn(1)   130.13(16)  
O(45)-C(45)-N(45)   118.5(2)  
O(45)-C(45)-C(46)   121.9(2)  
N(45)-C(45)-C(46)   119.6(2)  
C(45)-C(46)-H(46A)   109.5  
C(45)-C(46)-H(46B)   109.5  
H(46A)-C(46)-H(46B)  109.5  
C(45)-C(46)-H(46C)   109.5  
H(46A)-C(46)-H(46C)  109.5  
H(46B)-C(46)-H(46C)  109.5  
N(45)-C(47)-H(47A)   109.5  
N(45)-C(47)-H(47B)   109.5  
H(47A)-C(47)-H(47B)  109.5  
N(45)-C(47)-H(47C)   109.5  
H(47A)-C(47)-H(47C)  109.5  
H(47B)-C(47)-H(47C)  109.5  
N(45)-C(48)-H(48A)   109.5  
N(45)-C(48)-H(48B)   109.5  
H(48A)-C(48)-H(48B)  109.5  
N(45)-C(48)-H(48C)   109.5  
H(48A)-C(48)-H(48C)  109.5  
H(48B)-C(48)-H(48C)  109.5  
C(45)-N(45)-C(48)   119.3(2)  
C(45)-N(45)-C(47)   122.4(3)  
C(48)-N(45)-C(47)   118.3(2)  
C(45)-O(45)-Zn(1)   135.97(18)  
O(51)-C(51)-N(51)   120.9(3)  
O(51)-C(51)-C(52)   120.3(3)  
N(51)-C(51)-C(52)   118.8(3)  
C(51)-C(52)-H(52A)   109.5  
C(51)-C(52)-H(52B)   109.5  
H(52A)-C(52)-H(52B)  109.5  
C(51)-C(52)-H(52C)   109.5  
H(52A)-C(52)-H(52C)  109.5  
H(52B)-C(52)-H(52C)  109.5  
N(51)-C(53)-H(53A)   109.5  
N(51)-C(53)-H(53B)   109.5  



195 
 

Table 15 continued. Bond lengths (Å) and angles (°) of complex 1. 

H(53A)-C(53)-H(53B)  109.5  
N(51)-C(53)-H(53C)   109.5  
H(53A)-C(53)-H(53C)  109.5  
H(53B)-C(53)-H(53C)  109.5  
N(51)-C(54)-H(54A)   109.5  
N(51)-C(54)-H(54B)   109.5  
H(54A)-C(54)-H(54B)  109.5  
N(51)-C(54)-H(54C)   109.5  
H(54A)-C(54)-H(54C)  109.5  
H(54B)-C(54)-H(54C)  109.5  
C(51)-N(51)-C(54)   120.0(3)  
C(51)-N(51)-C(53)   123.2(3)  
C(54)-N(51)-C(53)   116.5(3)  
O(23)-Cl(21)-O(21)   109.19(14)  
O(23)-Cl(21)-O(24)   109.0(2)  
O(21)-Cl(21)-O(24)   109.91(19)  
O(23)-Cl(21)-O(22)   111.21(14)  
O(21)-Cl(21)-O(22)   109.70(13)  
O(24)-Cl(21)-O(22)   107.86(14)  
O(25)-Cl(25)-O(26)   110.3(5)  
O(25)-Cl(25)-O(28)   109.4(3)  
O(26)-Cl(25)-O(28)   107.3(2)  
O(25)-Cl(25)-O(27)   109.05(19)  
O(26)-Cl(25)-O(27)   108.2(2)  
O(28)-Cl(25)-O(27)   112.64(13) 
_____________________________________________________________  

\par Symmetry transformations used to generate equivalent atoms: \par #1 -x+1,-y,-z+1     

Table 16. Anisotropic displacement parameters (Å2x 103) for complex 1.  The anisotropic 
displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* U12]. 

 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________ 
Zn(1)   25(1)    23(1)   21(1)    -1(1)   7(1)    -2(1)  
C(1)   32(1)    24(1)   35(1)    -2(1)   19(1)    2(1)  
C(2)   34(1)    21(1)   34(1)    -1(1)   18(1)    3(1)  
C(3)   26(1)    22(1)   21(1)    -2(1)   8(1)    -2(1)  
C(4)   25(1)    24(1)   25(1)    -2(1)   10(1)    1(1)  
C(5)   25(1)    22(1)   26(1)    -1(1)   9(1)    3(1)  
C(6)   26(1)    21(1)   25(1)    -3(1)   10(1)    0(1)  
C(7)   25(1)    20(1)   25(1)    -3(1)   11(1)    -1(1)  
C(8)   26(1)    18(1)   22(1)    -4(1)   10(1)    1(1)  
C(9)   26(1)    21(1)   23(1)    -2(1)   9(1)    -1(1)  
C(10)   26(1)    22(1)   24(1)    -3(1)   9(1)    0(1)  
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Table 16 continued. Anisotropic displacement parameters (Å2x 103) for complex 1.  The 
anisotropic displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* 
U12]. 
 

 U11 U22  U33 U23 U13 U12 
C(11)   24(1)    26(1)   29(1)    0(1)   8(1)    -2(1)  
C(12)   27(1)    27(1)   26(1)    2(1)   6(1)    1(1)  
N(1)   26(1)    22(1)   23(1)    0(1)   10(1)    0(1)  
N(2)   25(1)    20(1)   24(1)    -2(1)   11(1)    -1(1)  
O(1)   25(1)    32(1)   32(1)    2(1)   8(1)    -5(1)  
O(2)   30(1)    32(1)   30(1)    7(1)   7(1)    -3(1)  
C(31)   34(1)    30(1)   29(1)    -3(1)   8(1)    -2(1)  
C(32)   65(2)    46(2)   43(2)    -6(1)   11(1)              19(2)  
C(33)   74(2)    76(2)   30(2)    -17(2)   4(2)    -1(2)  
C(34)   40(1)    45(2)   40(1)    10(1)   7(1)    7(1)  
N(31)   41(1)    42(1)   25(1)    -5(1)   4(1)    0(1)  
O(31)   31(1)    31(1)   25(1)    -4(1)   5(1)    -2(1)  
C(35)   30(1)    31(1)   32(1)    -1(1)   5(1)    0(1)  
C(36)   64(2)    75(2)   35(2)    -15(2)   -5(1)             33(2)  
C(37)   34(2)    55(2)   65(2)    -4(2)   -6(1)            10(1)  
C(38)   45(2)    91(3)   58(2)    -14(2)   20(2)      21(2)  
N(35)   25(1)    39(1)   43(1)    -5(1)   4(1)    1(1)  
O(35)   22(1)    36(1)   29(1)    -4(1)   7(1)    -1(1)  
C(41)   36(1)    25(1)   44(1)    -5(1)   20(1)    -4(1)  
C(42)   83(3)    45(2)   59(2)    6(2)   14(2)             29(2)  
C(43)   93(3)    32(2)   110(3)   -22(2)   66(3)    -5(2)  
C(44)   63(2)    98(3)   61(2)    -45(2)   22(2)    -2(2)  
N(41)   46(1)    35(1)   61(2)    -20(1)   31(1)            -10(1)  
O(41)   35(1)    24(1)   31(1)    -5(1)   10(1)    0(1)  
C(45)   35(1)    28(1)   41(1)    -1(1)   16(1)    0(1)  
C(46)   43(2)    52(2)   46(2)    -10(1)   16(1)            -12(1)  
C(47)   72(2)    53(2)   72(2)    -15(2)   51(2)            -25(2)  
C(48)   58(2)    68(2)   40(2)    4(1)   22(1)    -5(2)  
N(45)   48(1)    37(1)   45(1)    -5(1)   27(1)    -9(1)  
O(45)   42(1)    49(1)   33(1)    9(1)   8(1)             -15(1)  
C(51)   35(1)    42(2)   52(2)    -5(1)   15(1)    -2(1)  
C(52)   37(2)    64(2)   52(2)    -2(2)   11(1)    -4(1)  
C(53)   93(3)    46(2)   126(4)   9(2)   68(3)            -18(2)  
C(54)   66(2)    70(2)   59(2)    -18(2)   35(2)            -14(2)  
N(51)   52(2)    40(1)   67(2)    -2(1)   31(1)    0(1)  
O(51)   74(2)    58(1)   58(1)    -3(1)   15(1)             25(1)  
Cl(21)   40(1)    36(1)   32(1)    -4(1)   17(1)    6(1)  
O(21)   71(2)    69(2)   42(1)    -8(1)   18(1)              40(1)  
O(22)   65(1)    37(1)   45(1)    -3(1)   35(1)    7(1)  
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Table 16 continued. Anisotropic displacement parameters (Å2x 103) for complex 1.  The 
anisotropic displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* 
U12]. 

 U11 U22  U33 U23 U13 U12 
O(23)   66(2)    92(2)   47(1)    5(1)   10(1)              42(1)  
O(24)   124(3)   95(2)   92(2)    -33(2)   72(2)            -61(2)  
Cl(25)   39(1)    89(1)   41(1)    26(1)   19(1)              28(1)  
O(25)   70(2)    168(4)   486(11)   243(6)   114(4)            55(3)  
O(26)   192(5)   486(10)  33(2)    -18(3)   5(2)            257(6)  
O(27)   37(1)    45(1)   44(1)    2(1)   14(1)              10(1)  
O(28)   42(1)    55(1)   47(1)    -5(1)   16(1)              16(1) 
 

 

Table 17. Hydrogen coordinates (x 104) and isotropic displacement parameters (Å2x 10 3) 
for complex 1. 

 
 x  y  z  U(eq) 
________________________________________________________________________________ 
H(1)     8915   3216   2710   34  
H(2)     8033   1823   3272   34  
H(4)     5881   4014   3802   29  
H(5)     6800   5338   3198   29  
H(11)     8012   189   6278   32  
H(12)     7132   -1142   6937   33  
H(32A)    8349   3860   933   80  
H(32B)    8164   4036   -166   80  
H(32C)    7235   3306   119   80  
H(33A)    6566   4102   -1384   96  
H(33B)    5817   5088   -1962   96  
H(33C)    5190   4190   -1527   96  
H(34A)    5823   6550   39   65  
H(34B)    4723   6011   -799   65  
H(34C)    5710   6699   -1048   65  
H(36A)    10310   5683   4128   96  
H(36B)    11700   5940   4408   96  
H(36C)    11260   4836   4736   96  
H(37A)    12918   4381   4731   86  
H(37B)    13714   4555   4085   86  
H(37C)    13258   3369   4222   86  
H(38A)    11345   3173   2266   97  
H(38B)    12722   3470   2518   97  
H(38C)    11732   4293   1923   97  
H(42A)    7064   7346   1665   98  
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Table 17 continued. Hydrogen coordinates (x 104) and isotropic displacement parameters (Å2x 10 
3) for complex 1. 

 x  y  z  U(eq) 
H(42B)    7458   8583   1916   98  
H(42C)    6383   8077   2179   98  
H(43A)    7712   9681   3089   106  
H(43B)    8242   9838   4223   106  
H(43C)    6948   9304   3718   106  
H(44A)    8657   8137   5200   111  
H(44B)    9799   8381   4919   111  
H(44C)    9189   7204   4741   111  
H(46A)    10460   7412   2981   71  
H(46B)    10773   8485   2524   71  
H(46C)    11567   7442   2629   71  
H(47A)    10997   9112   973   89  
H(47B)    11315   8361   231   89  
H(47C)    11893   8141   1350   89  
H(48A)    9644   6610   -337   81  
H(48B)    9391   7841   -641   81  
H(48C)    8572   7212   -167   81  
H(52A)    5958   1473   11173   78  
H(52B)    7190   971   11218   78  
H(52C)    6035   208   10995   78  
H(53A)    7565   -417   10362   120  
H(53B)    7390   -832   9308   120  
H(53C)    6415   -1130   9771   120  
H(54A)    5278   52   7989   93  
H(54B)    6619   331   8088   93  
H(54C)    5758   1276   8136   93 
 

 

Table 18. Torsional angles (°) in complex 1. 

 
 

N(1)-C(1)-C(2)-C(3)   -0.9(4)  
C(1)-C(2)-C(3)-C(4)   0.3(3)  
C(1)-C(2)-C(3)-N(2)   -178.4(2)  
C(2)-C(3)-C(4)-C(5)   0.3(3)  
N(2)-C(3)-C(4)-C(5)   179.07(19)  
C(3)-C(4)-C(5)-N(1)   -0.4(3)  
O(1)-C(6)-C(7)-C(11)  -4.3(3)  
N(2)-C(6)-C(7)-C(11)  174.07(19)  
O(1)-C(6)-C(7)-C(8)   176.0(2)  
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Table 18 continued. Torsional angles (°) in complex 1. 

N(2)-C(6)-C(7)-C(8)   -5.7(3)  
C(11)-C(7)-C(8)-C(8)#1  1.4(3)  
C(6)-C(7)-C(8)-C(8)#1  -178.9(2)  
C(11)-C(7)-C(8)-C(9)  -178.9(2)  
C(6)-C(7)-C(8)-C(9)   0.8(3)  
C(8)#1-C(8)-C(9)-C(12)#1  1.0(3)  
C(7)-C(8)-C(9)-C(12)#1  -178.7(2)  
C(8)#1-C(8)-C(9)-C(10)  -178.2(2)  
C(7)-C(8)-C(9)-C(10)  2.0(3)  
C(12)#1-C(9)-C(10)-O(2)  -0.8(3)  
C(8)-C(9)-C(10)-O(2)  178.4(2)  
C(12)#1-C(9)-C(10)-N(2)  -179.14(19)  
C(8)-C(9)-C(10)-N(2)  0.1(3)  
C(8)-C(7)-C(11)-C(12)  -1.2(3)  
C(6)-C(7)-C(11)-C(12)  179.1(2)  
C(7)-C(11)-C(12)-C(9)#1  -0.1(3)  
C(2)-C(1)-N(1)-C(5)   0.8(3)  
C(2)-C(1)-N(1)-Zn(1)  -173.22(18)  
C(4)-C(5)-N(1)-C(1)   -0.1(3)  
C(4)-C(5)-N(1)-Zn(1)  174.07(16)  
O(41)-Zn(1)-N(1)-C(1)  -147.00(18)  
O(35)-Zn(1)-N(1)-C(1)  -30.30(18)  
O(31)-Zn(1)-N(1)-C(1)  96.45(18)  
O(45)-Zn(1)-N(1)-C(1)  67.5(6)  
O(41)-Zn(1)-N(1)-C(5)  39.07(16)  
O(35)-Zn(1)-N(1)-C(5)  155.77(16)  
O(31)-Zn(1)-N(1)-C(5)  -77.48(16)  
O(45)-Zn(1)-N(1)-C(5)  -106.4(5)  
O(2)-C(10)-N(2)-C(6)  176.0(2)  
C(9)-C(10)-N(2)-C(6)  -5.6(3)  
O(2)-C(10)-N(2)-C(3)  5.6(3)  
C(9)-C(10)-N(2)-C(3)  -176.01(17)  
O(1)-C(6)-N(2)-C(10)  -173.3(2)  
C(7)-C(6)-N(2)-C(10)  8.3(3)  
O(1)-C(6)-N(2)-C(3)   -2.8(3)  
C(7)-C(6)-N(2)-C(3)   178.80(17)  
C(4)-C(3)-N(2)-C(10)  58.2(3)  
C(2)-C(3)-N(2)-C(10)  -123.0(2)  
C(4)-C(3)-N(2)-C(6)   -113.0(2)  
C(2)-C(3)-N(2)-C(6)   65.7(3)  
O(31)-C(31)-N(31)-C(34)  4.6(4)  
C(32)-C(31)-N(31)-C(34)  -177.0(3)  
O(31)-C(31)-N(31)-C(33)  -170.8(3)  
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Table 18 continued. Torsional angles (°) in complex 1. 

C(32)-C(31)-N(31)-C(33)  7.5(4)  
N(31)-C(31)-O(31)-Zn(1)  -150.96(19)  
C(32)-C(31)-O(31)-Zn(1)  30.7(4)  
O(41)-Zn(1)-O(31)-C(31)  170.39(19)  
O(35)-Zn(1)-O(31)-C(31)  -8.3(2)  
O(45)-Zn(1)-O(31)-C(31)  75.6(2)  
N(1)-Zn(1)-O(31)-C(31)  -100.1(2)  
O(35)-C(35)-N(35)-C(38)  0.3(4)  
C(36)-C(35)-N(35)-C(38)  -179.8(3)  
O(35)-C(35)-N(35)-C(37)  -179.6(3)  
C(36)-C(35)-N(35)-C(37)  0.3(4)  
N(35)-C(35)-O(35)-Zn(1)  179.35(17)  
C(36)-C(35)-O(35)-Zn(1)  -0.6(4)  
O(41)-Zn(1)-O(35)-C(35)  13.5(2)  
O(31)-Zn(1)-O(35)-C(35)  -167.8(2)  
O(45)-Zn(1)-O(35)-C(35)  111.7(2)  
N(1)-Zn(1)-O(35)-C(35)  -77.1(2)  
O(41)-C(41)-N(41)-C(44)  -3.6(4)  
C(42)-C(41)-N(41)-C(44)  175.9(3)  
O(41)-C(41)-N(41)-C(43)  -178.6(3)  
C(42)-C(41)-N(41)-C(43)  0.9(4)  
N(41)-C(41)-O(41)-Zn(1)  -161.77(18)  
C(42)-C(41)-O(41)-Zn(1)  18.8(4)  
O(35)-Zn(1)-O(41)-C(41)  136.6(2)  
O(31)-Zn(1)-O(41)-C(41)  -42.2(2)  
O(45)-Zn(1)-O(41)-C(41)  43.4(2)  
N(1)-Zn(1)-O(41)-C(41)  -131.6(2)  
O(45)-C(45)-N(45)-C(48)  0.7(4)  
C(46)-C(45)-N(45)-C(48)  -178.0(3)  
O(45)-C(45)-N(45)-C(47)  -179.7(3)  
C(46)-C(45)-N(45)-C(47)  1.6(4)  
N(45)-C(45)-O(45)-Zn(1)  160.2(2)  
C(46)-C(45)-O(45)-Zn(1)  -21.2(4)  
O(41)-Zn(1)-O(45)-C(45)  63.4(3)  
O(35)-Zn(1)-O(45)-C(45)  -53.4(3)  
O(31)-Zn(1)-O(45)-C(45)  179.4(3)  
N(1)-Zn(1)-O(45)-C(45)  -151.4(4)  
O(51)-C(51)-N(51)-C(54)  -4.8(4)  
C(52)-C(51)-N(51)-C(54)  175.1(3)  
O(51)-C(51)-N(51)-C(53)  -178.2(3)  
C(52)-C(51)-N(51)-C(53)  1.6(5) 
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Bond lengths and bond angles of Complex 2: 

 
Table 19. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Å2 x 103) 
for complex 2.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 

 x y z U(eq) 
 
C(31)    4405(11)  8532(8)  3447(5)  29(2)  
C(32)    6035(7)  7446(6)  3399(4)  34(2)  
C(33)    6125(8)  10226(7)  3497(4)  47(2)  
C(34)    2971(8)  10862(6)  3423(4)  47(2)  
N(31)    4529(7)  9787(5)  3450(3)  32(1)  
O(31)    2953(7)  8230(5)  3488(3)  23(1)  
C(41)    4310(11)  5590(8)  1732(5)  39(2)  
C(42)    4591(11)  6984(7)  1236(5)  35(2)  
C(43)    5066(13)  4667(9)  223(5)   49(3)  
C(44)    4551(12)  3234(8)  1678(5)  42(2)  
N(41)    4597(7)  4529(4)  1241(3)  25(1)  
O(41)    3892(7)  5438(5)  2581(3)  25(1)  
C(35)    -688(12) 7 963(13)  5096(6)  78(4)  
C(36)    -995(13)  6024(8)  5738(7)  56(3)  
C(37)    -1354(13)  8147(10)  6711(5)  60(3)  
C(38)    -839(12)  9725(7)  5170(6)  46(3)  
N(35)    -844(8)  7562(10)  5804(4)  89(3)  
O(35)    -373(7)  7595(5)  4354(3)  26(1)  
Zn(1)    1812(2)  6581(1)  3453(1)  22(1)  
C(1)    241(9)   6926(7)  1772(5)  21(2)  
C(2)    -438(9)  7560(7)  1066(5)  20(2)  
C(3)    -755(10)  8976(8)  993(5)   19(2)  
C(4)    -406(10)  9677(7)  1625(5)  23(2)  
C(5)    300(10)  8940(7)  2306(5)  25(2)  
C(6)    -3339(10)  10134(7)  357(5)   24(2)  
C(7)    -340(11)  10000(8)  -513(5)  24(2)  
C(8)    -4064(10)  10842(7)  -379(5)  17(2)  
C(9)    -1118(10)  10723(7)  -1265(5)  15(2)  
C(10)    -5821(10)  11253(7)  -324(5)  18(2)  
C(11)    -2917(10)  11132(7)  -1185(5)  17(2)  
C(12)    18(11)   10988(8)  -2050(5)  26(2)  
C(13)    -6495(11)  11955(8)  -1056(5)  24(2)  
C(14)    -3603(10)  11817(7)  -1911(4)  17(2)  
C(15)    -742(11)  11703(8)  -2748(5)  31(2)  
C(16)    -5464(10)  12234(7)  -1819(5)  20(2)  
C(17)    -6180(11)  13007(7)  -2566(5)  21(2)  
C(18)    -3178(11)  12877(7)  -3489(5)  22(2)  
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Table 19 continued. Atomic coordinates (x 104) and equivalent isotropic displacement parameters 
(Å2 x 103) for complex 2.  U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor. 
                          x                      y                      z U(eq) 
C(19)    -2480(10)  12108(7)  -2684(5)  22(2)  
C(20)    -5671(11)  14056(8)  -4077(5)  23(1)  
N(1)    650(8)   7546(6)  2424(4)  21(2)  
N(2)    -1515(9)  9704(6)  234(4)   24(2)  
N(3)    -4967(8)  13283(5)  -3363(4)  14(1)  
N(4)    2931(9)  5500(6)  4525(4)  20(2)  
O(1)    -4226(7)  9873(5)  1106(3)  25(1)  
O(2)    1196(8)  9606(6)  -522(3)  33(1)  
O(3)    -7731(7)  13375(5)  -2560(3)  29(1)  
O(4)    -2286(7)  13143(5)  -4190(3)  31(2)  
C(51)    -712(11)  4316(8)  3506(5)  29(2)  
C(52)    -1972(10)  3463(7)  3589(4)  42(2)  
N(51)    303(9)   4912(6)  3485(4)  27(2)  
Cl(11)    9756(3)  3538(2)  998(1)   38(1)  
O(11)    9234(9)  2734(5)  401(4)   46(2)  
O(12)    10526(9)  2645(6)  1684(4)  53(2)  
O(13)    8305(7)  4506(6)  1412(4)  38(2)  
O(14)    11062(8)  4218(6)  485(4)   45(2)  
Cl(16)    3938(3)  9432(2)  6052(1)  37(1)  
O(16)    5385(8)  8495(6)  5548(4)  58(2)  
O(17)    4596(9)  10175(6)  6597(4)  55(2)  
O(18)    2793(10)  8651(6)  6611(5)  72(2)  
O(19)    3027(9)  10350(6)  5443(4)  53(2)  
C(21)    -5949(10)  15424(7)  -4147(5)  23(1)  
C(24)    -6132(11)  13376(8)  -4724(5)  28(2)  
C(22)    3319(10)  6133(7)  5144(5)  21(2)  
C(23)    3209(10)  4157(7)  4588(5)  22(2) 

 

Table 20. Bond lengths (Å) and angles (°) of complex 2. 

_____________________________________________________ 
C(31)-O(31)     1.266(9)  
C(31)-N(31)     1.301(8)  
C(31)-C(32)     1.502(9)  
C(32)-H(32A)    0.9800  
C(32)-H(32B)    0.9800  
C(32)-H(32C)    0.9800  
C(33)-N(31)     1.473(7)  
C(33)-H(33A)    0.9800  
C(33)-H(33B)    0.9800  
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Table 20 continued. Bond lengths (Å) and angles (°) of complex 2. 

C(33)-H(33C)    0.9800  
C(34)-N(31)     1.467(7)  
C(34)-H(34A)    0.9800  
C(34)-H(34B)    0.9800  
C(34)-H(34C)    0.9800  
O(31)-Zn(1)     2.098(5)  
C(41)-O(41)     1.279(8)  
C(41)-N(41)     1.324(8)  
C(41)-C(42)     1.579(10)  
C(42)-H(42A)    0.9800  
C(42)-H(42B)    0.9800  
C(42)-H(42C)    0.9800  
C(43)-N(41)     1.529(8)  
C(43)-H(43A)    0.9800  
C(43)-H(43B)    0.9800  
C(43)-H(43C)    0.9800  
C(44)-N(41)     1.418(8)  
C(44)-H(44A)    0.9800  
C(44)-H(44B)    0.9800  
C(44)-H(44C)    0.9800  
O(41)-Zn(1)     2.104(6)  
C(35)-N(35)     1.115(11)  
C(35)-O(35)     1.192(10)  
C(35)-C(38)     1.778(14)  
C(36)-N(35)     1.608(11)  
C(36)-H(36A)    0.9800  
C(36)-H(36B)    0.9800  
C(36)-H(36C)    0.9800  
C(37)-N(35)     1.506(10)  
C(37)-H(37A)    0.9800  
C(37)-H(37B)    0.9800  
C(37)-H(37C)    0.9800  
C(38)-H(38A)    0.9800  
C(38)-H(38B)    0.9800  
C(38)-H(38C)    0.9800  
O(35)-Zn(1)     2.124(6)  
Zn(1)-N(1)     2.054(6)  
Zn(1)-N(4)     2.126(6)  
Zn(1)-N(51)     2.295(7)  
C(1)-C(2)     1.354(9)  
C(1)-N(1)     1.364(9)  
C(1)-H(1)     0.9500  
C(2)-C(3)     1.397(9)  
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Table 20 continued. Bond lengths (Å) and angles (°) of complex 2. 

C(2)-H(2)     0.9500  
C(3)-C(4)     1.368(10)  
C(3)-N(2)     1.481(8)  
C(4)-C(5)     1.368(9)  
C(4)-H(4)     0.9500  
C(5)-N(1)     1.378(9)  
C(5)-H(5)     0.9500  
C(6)-O(1)     1.260(9)  
C(6)-N(2)     1.413(10)  
C(6)-C(8)     1.433(10)  
C(7)-O(2)     1.209(9)  
C(7)-N(2)     1.384(9)  
C(7)-C(9)     1.476(10)  
C(8)-C(10)     1.369(10)  
C(8)-C(11)     1.431(10)  
C(9)-C(11)     1.397(10)  
C(9)-C(12)     1.398(10)  
C(10)-C(13)     1.408(10)  
C(10)-H(10)     0.9500  
C(11)-C(14)     1.398(5)  
C(12)-C(15)     1.400(11)  
C(12)-H(12)     0.9500  
C(13)-C(16)     1.335(10)  
C(13)-H(13)     0.9500  
C(14)-C(19)     1.386(10)  
C(14)-C(16)     1.443(10)  
C(15)-C(19)     1.353(11)  
C(15)-H(15)     0.9500  
C(16)-C(17)     1.466(10)  
C(17)-O(3)     1.219(9)  
C(17)-N(3)     1.446(10)  
C(18)-O(4)     1.207(9)  
C(18)-N(3)     1.384(10)  
C(18)-C(19)     1.531(9)  
C(20)-C(21)     1.351(10)  
C(20)-C(24)     1.416(10)  
C(20)-N(3)     1.421(8)  
N(4)-C(22)     1.322(9)  
N(4)-C(23)     1.326(9)  
C(51)-N(51)     1.118(9)  
C(51)-C(52)     1.459(10)  
C(52)-H(52A)    0.9800  
C(52)-H(52B)    0.9800  
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Table 20 continued. Bond lengths (Å) and angles (°) of complex 2. 

C(52)-H(52C)    0.9800  
Cl(11)-O(13)     1.423(6)  
Cl(11)-O(14)     1.445(6)  
Cl(11)-O(12)     1.462(6)  
Cl(11)-O(11)     1.466(6)  
Cl(16)-O(17)     1.429(6)  
Cl(16)-O(19)     1.440(6)  
Cl(16)-O(18)     1.447(6)  
Cl(16)-O(16)     1.458(7)  
C(21)-C(22)#1  1  .402(9)  
C(21)-H(21)     0.9500  
C(24)-C(23)#1    1.377(9)  
C(24)-H(24)     0.9500  
C(22)-C(21)#2    1.402(9)  
C(22)-H(22)     0.9500  
C(23)-C(24)#2    1.377(9)  
C(23)-H(23)     0.9500  
  
O(31)-C(31)-N(31)   121.1(7)  
O(31)-C(31)-C(32)   120.8(6)  
N(31)-C(31)-C(32)   118.2(7)  
C(31)-C(32)-H(32A)   109.5  
C(31)-C(32)-H(32B)   109.5  
H(32A)-C(32)-H(32B)  109.5  
C(31)-C(32)-H(32C)   109.5  
H(32A)-C(32)-H(32C)  109.5  
H(32B)-C(32)-H(32C)  109.5  
N(31)-C(33)-H(33A)   109.5  
N(31)-C(33)-H(33B)   109.5  
H(33A)-C(33)-H(33B)  109.5  
N(31)-C(33)-H(33C)   109.5  
H(33A)-C(33)-H(33C)  109.5  
H(33B)-C(33)-H(33C)  109.5  
N(31)-C(34)-H(34A)   109.5  
N(31)-C(34)-H(34B)   109.5  
H(34A)-C(34)-H(34B)  109.5  
N(31)-C(34)-H(34C)   109.5  
H(34A)-C(34)-H(34C)  109.5  
H(34B)-C(34)-H(34C)  109.5  
C(31)-N(31)-C(34)   118.6(6)  
C(31)-N(31)-C(33)   124.9(6)  
C(34)-N(31)-C(33)   116.5(5)  
C(31)-O(31)-Zn(1)   142.2(5)  
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Table 20 continued. Bond lengths (Å) and angles (°) of complex 2. 

O(41)-C(41)-N(41)   119.3(7)  
O(41)-C(41)-C(42)   122.8(7)  
N(41)-C(41)-C(42)   117.8(7)  
C(41)-C(42)-H(42A)   109.5  
C(41)-C(42)-H(42B)   109.5  
H(42A)-C(42)-H(42B)  109.5  
C(41)-C(42)-H(42C)   109.5  
H(42A)-C(42)-H(42C)  109.5  
H(42B)-C(42)-H(42C)  109.5  
N(41)-C(43)-H(43A)   109.5  
N(41)-C(43)-H(43B)   109.5  
H(43A)-C(43)-H(43B)  109.5  
N(41)-C(43)-H(43C)   109.5  
H(43A)-C(43)-H(43C)  109.5  
H(43B)-C(43)-H(43C)  109.5  
N(41)-C(44)-H(44A)   109.5  
N(41)-C(44)-H(44B)   109.5  
H(44A)-C(44)-H(44B)  109.5  
N(41)-C(44)-H(44C)   109.5  
H(44A)-C(44)-H(44C)  109.5  
H(44B)-C(44)-H(44C)  109.5  
C(41)-N(41)-C(44)   118.8(6)  
C(41)-N(41)-C(43)   121.2(6)  
C(44)-N(41)-C(43)   119.9(6)  
C(41)-O(41)-Zn(1)   128.7(5)  
N(35)-C(35)-O(35)   141.4(14)  
N(35)-C(35)-C(38)   103.7(10)  
O(35)-C(35)-C(38)   114.7(9)  
N(35)-C(36)-H(36A)   109.5  
N(35)-C(36)-H(36B)   109.5  
H(36A)-C(36)-H(36B)  109.5  
N(35)-C(36)-H(36C)   109.5  
H(36A)-C(36)-H(36C)  109.5  
H(36B)-C(36)-H(36C)  109.5  
N(35)-C(37)-H(37A)   109.5  
N(35)-C(37)-H(37B)   109.5  
H(37A)-C(37)-H(37B)  109.5  
N(35)-C(37)-H(37C)   109.5  
H(37A)-C(37)-H(37C)  109.5  
H(37B)-C(37)-H(37C)  109.5  
C(35)-C(38)-H(38A)   109.5  
C(35)-C(38)-H(38B)   109.5  
H(38A)-C(38)-H(38B)  109.5  
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Table 20 continued. Bond lengths (Å) and angles (°) of complex 2. 

C(35)-C(38)-H(38C)   109.5  
H(38A)-C(38)-H(38C)  109.5  
H(38B)-C(38)-H(38C)  109.5  
C(35)-N(35)-C(37)   136.7(12)  
C(35)-N(35)-C(36)   103.1(9)  
C(37)-N(35)-C(36)   117.9(7)  
C(35)-O(35)-Zn(1)   137.6(6)  
N(1)-Zn(1)-O(31)   90.4(2)  
N(1)-Zn(1)-O(41)   92.7(2)  
O(31)-Zn(1)-O(41)   96.9(2)  
N(1)-Zn(1)-N(4)   176.8(3)  
O(31)-Zn(1)-N(4)   92.7(2)  
O(41)-Zn(1)-N(4)   87.5(2)  
N(1)-Zn(1)-O(35)   88.1(2)  
O(31)-Zn(1)-O(35)   87.5(2)  
O(41)-Zn(1)-O(35)   175.5(3)  
N(4)-Zn(1)-O(35)   91.4(2)  
N(1)-Zn(1)-N(51)   88.0(2)  
O(31)-Zn(1)-N(51)   174.1(3)  
O(41)-Zn(1)-N(51)   88.8(2)  
N(4)-Zn(1)-N(51)   88.8(2)  
O(35)-Zn(1)-N(51)   86.7(2)  
C(2)-C(1)-N(1)   125.8(7)  
C(2)-C(1)-H(1)   117.1  
N(1)-C(1)-H(1)   117.1  
C(1)-C(2)-C(3)   117.5(7)  
C(1)-C(2)-H(2)   121.2  
C(3)-C(2)-H(2)   121.2  
C(4)-C(3)-C(2)   120.4(6)  
C(4)-C(3)-N(2)   120.6(6)  
C(2)-C(3)-N(2)   119.0(6)  
C(5)-C(4)-C(3)   117.5(6)  
C(5)-C(4)-H(4)   121.3  
C(3)-C(4)-H(4)   121.3  
C(4)-C(5)-N(1)   125.5(7)  
C(4)-C(5)-H(5)   117.3  
N(1)-C(5)-H(5)   117.3  
O(1)-C(6)-N(2)   118.1(7)  
O(1)-C(6)-C(8)   124.1(7)  
N(2)-C(6)-C(8)   117.8(7)  
O(2)-C(7)-N(2)   119.2(7)  
O(2)-C(7)-C(9)   125.5(7)  
N(2)-C(7)-C(9)   115.2(7)  
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Table 20 continued. Bond lengths (Å) and angles (°) of complex 2. 

C(10)-C(8)-C(11)   119.7(7)  
C(10)-C(8)-C(6)   121.4(7)  
C(11)-C(8)-C(6)   118.9(7)  
C(11)-C(9)-C(12)   121.8(7)  
C(11)-C(9)-C(7)   120.9(7)  
C(12)-C(9)-C(7)   117.3(7)  
C(8)-C(10)-C(13)   120.1(7)  
C(8)-C(10)-H(10)   120.0  
C(13)-C(10)-H(10)   120.0  
C(9)-C(11)-C(14)   119.2(5)  
C(9)-C(11)-C(8)   121.2(6)  
C(14)-C(11)-C(8)   119.6(5)  
C(15)-C(12)-C(9)   116.5(8)  
C(15)-C(12)-H(12)   121.8  
C(9)-C(12)-H(12)   121.8  
C(16)-C(13)-C(10)   121.8(8)  
C(16)-C(13)-H(13)   119.1  
C(10)-C(13)-H(13)   119.1  
C(19)-C(14)-C(11)   119.2(6)  
C(19)-C(14)-C(16)   122.2(7)  
C(11)-C(14)-C(16)   118.6(5)  
C(19)-C(15)-C(12)   122.6(8)  
C(19)-C(15)-H(15)   118.7  
C(12)-C(15)-H(15)   118.7  
C(13)-C(16)-C(14)   120.1(7)  
C(13)-C(16)-C(17)   121.2(7)  
C(14)-C(16)-C(17)   118.6(7)  
O(3)-C(17)-N(3)   119.0(6)  
O(3)-C(17)-C(16)   123.4(7)  
N(3)-C(17)-C(16)   117.6(7)  
O(4)-C(18)-N(3)   120.3(6)  
O(4)-C(18)-C(19)   124.7(8)  
N(3)-C(18)-C(19)   114.9(7)  
C(15)-C(19)-C(14)   120.7(7)  
C(15)-C(19)-C(18)   118.5(7)  
C(14)-C(19)-C(18)   120.8(7)  
C(21)-C(20)-C(24)   119.0(7)  
C(21)-C(20)-N(3)   121.9(7)  
C(24)-C(20)-N(3)   119.1(7)  
C(1)-N(1)-C(5)   113.3(6)  
C(1)-N(1)-Zn(1)   125.8(5)  
C(5)-N(1)-Zn(1)   120.8(5)  
C(7)-N(2)-C(6)   125.8(7)  



209 
 

Table 20 continued. Bond lengths (Å) and angles (°) of complex 2. 

C(7)-N(2)-C(3)   115.8(7)  
C(6)-N(2)-C(3)   118.2(6)  
C(18)-N(3)-C(20)   116.9(6)  
C(18)-N(3)-C(17)   125.8(6)  
C(20)-N(3)-C(17)   117.2(6)  
C(22)-N(4)-C(23)   119.0(6)  
C(22)-N(4)-Zn(1)   121.8(5)  
C(23)-N(4)-Zn(1)   119.2(5)  
N(51)-C(51)-C(52)   175.2(8)  
C(51)-C(52)-H(52A)   109.5  
C(51)-C(52)-H(52B)   109.5  
H(52A)-C(52)-H(52B)  109.5  
C(51)-C(52)-H(52C)   109.5  
H(52A)-C(52)-H(52C)  109.5  
H(52B)-C(52)-H(52C)  109.5  
C(51)-N(51)-Zn(1)   165.8(7)  
O(13)-Cl(11)-O(14)   110.0(4)  
O(13)-Cl(11)-O(12)   109.4(4)  
O(14)-Cl(11)-O(12)   107.8(4)  
O(13)-Cl(11)-O(11)   110.8(4)  
O(14)-Cl(11)-O(11)   108.8(4)  
O(12)-Cl(11)-O(11)   109.9(4)  
O(17)-Cl(16)-O(19)   110.0(4)  
O(17)-Cl(16)-O(18)   109.7(4)  
O(19)-Cl(16)-O(18)   110.3(5)  
O(17)-Cl(16)-O(16)   109.0(4)  
O(19)-Cl(16)-O(16)   109.5(4)  
O(18)-Cl(16)-O(16)   108.3(4)  
C(20)-C(21)-C(22)#1   119.3(7)  
C(20)-C(21)-H(21)   120.3  
C(22)#1-C(21)-H(21)   120.3  
C(23)#1-C(24)-C(20)   117.5(7)  
C(23)#1-C(24)-H(24)   121.3  
C(20)-C(24)-H(24)   121.3  
N(4)-C(22)-C(21)#2   121.9(7)  
N(4)-C(22)-H(22)   119.0  
C(21)#2-C(22)-H(22)   119.0  
N(4)-C(23)-C(24)#2   123.3(7)  
N(4)-C(23)-H(23)   118.4  
C(24)#2-C(23)-H(23)   118.4  
_____________________________________________________________  

 Symmetry transformations used to generate equivalent atoms:   

#1 x-1,y+1,z-1    #2 x+1,y-1,z+1 
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Table 21. Anisotropic displacement parameters (Å2x 103) for complex 2.  The anisotropic 
displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* U12]. 
 

 

  U11 U22  U33 U23 U13 U12 
____________________________________________________________________________
__ 
C(31)   44(6)    35(4)   11(4)    -3(3)   -7(4)             -15(4)  
C(32)   28(4)    38(4)   40(4)    -7(3)   -8(3)             -10(3)  
C(33)   48(5)    50(5)   49(4)    -19(4)   8(4)             -31(4)  
C(34)   70(5)    23(4)   57(4)    2(3)   -20(4)            -24(4)  
N(31)   44(4)    31(3)   29(3)    2(2)   -11(3)            -21(3)  
O(31)   30(3)    21(3)   26(3)    4(2)   -12(2)            -15(2)  
C(41)   24(5)    52(5)   38(5)    -20(4)   -6(4)     3(3)  
C(42)   42(6)    19(4)   43(5)    -18(4)   9(4)             -12(4)  
C(43)   76(7)    61(6)   23(4)    -1(4)   -9(5)             -44(5)  
C(44)   63(7)    41(5)   27(4)    2(4)   -13(4)            -21(5) 
N(41)   38(3)    7(2)   34(3)    2(2)   -12(2)   -8(2)  
O(41)   38(4)    18(3)   21(3)    -1(2)   -13(3)   -2(2)  
C(35)   29(6)    172(12)  36(5)    -39(7)   -14(4)   -3(6)  
C(36)   52(8)    42(6)   85(8)    -2(5)   -18(6)            -25(5)  
C(37)   67(7)    97(7)   25(5)    -24(4)   1(5)             -35(6)  
C(38)   41(6)    19(4)   80(7)    3(4)   -12(5)            -12(4)  
N(35)   32(4)    216(11)  19(3)    -22(5)   -3(3)            -22(5)  
O(35)   27(3)    34(3)   19(3)    -6(2)   1(2)             -13(3)  
Zn(1)   31(1)    20(1)   18(1)    -2(1)   -12(1)   -5(1)  
C(1)   19(5)    20(4)   28(5)    -1(4)   -10(4)   -6(3)  
C(2)   20(4)    15(3)   29(4)    -9(3)   -13(3)   -3(3)  
C(3)   16(4)    24(4)   14(4)    5(3)   -8(3)    0(3)  
C(4)   37(5)    4(3)   32(5)    5(3)   -22(4)   0(3)  
C(5)   37(6)    18(4)   26(4)    -9(3)   -11(4)   -8(4)  
C(6)   21(5)    16(4)   33(5)    -8(3)   5(4)    -9(3)  
C(7)   17(5)    27(4)   24(4)    -3(3)   5(4)    -5(4)  
C(8)   27(5)    11(3)   15(4)    4(3)   -3(3)             -10(3)  
C(9)   21(4)    17(3)   14(3)    5(3)   -12(3)   -9(3)  
C(10)   19(4)    20(4)   17(4)    8(3)   -5(3)    -7(3)  
C(11)   28(5)    7(3)   21(4)    0(3)   -11(3)   -9(3)  
C(12)   26(5)    30(4)   20(4)    -2(3)   -5(4)    0(4)  
C(13)   22(5)    28(4)   22(4)    -2(3)   -7(4)    -3(3)  
C(14)   23(4)    22(4)   9(4)    -1(3)   -5(3)    -6(3)  
C(15)   44(6)    29(4)   22(4)    -6(3)   -3(4)             -13(4)  
C(16)   22(4)    16(4)   24(4)    -1(3)   -10(3)   -3(3)  
C(17)   31(5)    20(4)   19(4)    0(3)   -18(4)   -7(4)  
C(18)   42(6)    15(4)   15(4)    4(3)   -21(4)   -5(4)  
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Table 21 continued. Anisotropic displacement parameters (Å2x 103) for complex 2.  The 
anisotropic displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* 
U12]. 

  U11 U22  U33 U23 U13 U12 
C(19)   28(5)    19(4)   22(4)    -2(3)   -16(4)   -5(3)  
C(20)   31(4)    25(3)   15(3)    -1(2)   -7(3)    -9(3)  
N(1)   17(4)    18(3)   29(4)    -10(3)   2(3)    -6(3)  
N(2)   32(4)    23(3)   20(3)    0(3)   -11(3)   -8(3)  
N(3)   14(3)    15(3)   16(3)    0(2)   -11(3)   0(2)  
N(4)   34(4)    17(3)   12(3)    2(3)   -12(3)   -5(3)  
O(1)   25(3)    26(3)   26(3)    0(2)   -9(3)    -4(2)  
O(2)   32(4)    45(3)   20(3)    10(3)   -6(3)    -8(3)  
O(3)   23(3)    32(3)   31(3)    1(2)   -12(3)   0(3)  
O(4)   39(4)    42(3)   13(3)    11(3)   -4(3)             -16(3)  
C(51)   36(5)    29(4)   25(4)    1(3)   -6(4)            -12(4)  
C(52)   63(6)    46(5)   25(4)    4(3)   -5(4)             -35(5)  
N(51)   37(4)    25(4)   22(3)    -2(3)   -7(3)             -14(3)  
Cl(11)   46(2)    31(1)   42(1)    -13(1)   -6(1)             -17(1)  
O(11)   77(5)    30(3)   46(4)    -8(3)   -25(3)            -24(3)  
O(12)   64(5)    37(3)   71(4)    -5(3)   -30(3)            -16(3)  
O(13)   27(4)    45(4)   42(4)    -23(3)   -7(3)    -1(3)  
O(14)   51(4)    47(3)   38(3)    -6(3)   13(3)             -32(3)  
Cl(16)   45(2)    28(1)   37(1)    -14(1)   2(1)             -12(1)  
O(16)   42(5)    38(4)   93(6)    -30(4)   6(4)             -12(3)  
O(17)   65(5)    40(3)   71(4)    -31(3)   -26(4)   -9(3)  
O(18)   88(5)    43(4)   77(5)    -17(3)   31(4)             -35(4)  
O(19)   64(5)    37(3)   70(4)    -3(3)   -47(4)   -3(3)  
C(21)   31(4)    25(3)   15(3)    -1(2)   -7(3)    -9(3)  
C(24)   36(5)    26(4)   25(4)    -10(3)   -6(4)             -10(4)  
C(22)   35(5)    10(4)   18(4)    3(3)   -10(4)   -6(3)  
C(23)   36(5)    20(4)   16(4)    2(3)   -21(4)   -4(4) 

 

Table 22. Hydrogen coordinates (x 104) and isotropic displacement parameters (Å2x 103) 
for complex 2. 
 
 x  y  z  U(eq) 
____________________________________________________________________________
__ 
H(32A)    5797   6581   3285   52  
H(32B)    6440   7359   3966   52  
H(32C)    6933   7690   2915   52  
H(33A)    7048   9427   3567   71  
H(33B)    5905   10791   4008   71  
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Table 22 continued. Hydrogen coordinates (x 104) and isotropic displacement parameters (Å2x 
103) for complex 2. 
 

 x  y  z  U(eq) 
H(33C)    6483   10751   2947   71  
H(34A)    2641   10907   2839   70  
H(34B)    3211   11734   3521   70  
H(34C)    2018   10664   3891   70  
H(42A)    4408   7665   1677   53  
H(42B)    3763   7286   834   53  
H(42C)    5777   6866   890   53  
H(43A)    4624   5604   18   74  
H(43B)    4545   4053   -35   74  
H(43C)    6331   4432   33   74  
H(44A)    5731   2751   1727   63  
H(44B)    4057   2713   1332   63  
H(44C)    3831   3345   2276   63  
H(36A)    -611   5770   5117   85  
H(36B)    -2204   5947   5945   85  
H(36C)    -261   5416   6111   85  
H(37A)   -500   8654   6785   90  
H(37B)    -1393   7409   7174   90  
H(37C)    -2501   8757   6764   90  
H(38A)    -1976   10130   5517   70  
H(38B)    -700   10166   4569   70  
H(38C)    76   9852   5465   70  
H(1)     452   5963   1818   25  
H(2)     -689   7061   636   24  
H(4)     -644   10641   1592   28  
H(5)     573   9430   2735   31  
H(10)     -6587   11063   210   22  
H(12)     1241   10699   -2107   31  
H(13)     -7717   12239   -1006   29  
H(15)     -7   11913   -3288   37  
H(52A)    -1472   2684   3217   63  
H(52B)    -3022   3992   3393   63  
H(52C)    -2267   3141   4214   63  
H(21)     -5651   15900   -3720   28  
H(24)     -5993   12417   -4684   33  
H(22)     3095   7096   5106   25  
H(23)     2941   3711   4136   27 
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Table 23. Torsional angles (°) in complex 2. 

 
 

O(31)-C(31)-N(31)-C(34)   -5.2(10)  
C(32)-C(31)-N(31)-C(34)   175.1(5)  
O(31)-C(31)-N(31)-C(33)   173.4(6)  
C(32)-C(31)-N(31)-C(33)   -6.2(10)  
N(31)-C(31)-O(31)-Zn(1)   176.0(5)  
C(32)-C(31)-O(31)-Zn(1)   -4.3(12)  
O(41)-C(41)-N(41)-C(44)   -4.4(11)  
C(42)-C(41)-N(41)-C(44)   172.7(7)  
O(41)-C(41)-N(41)-C(43)   178.9(7)  
C(42)-C(41)-N(41)-C(43)   -4.0(11)  
N(41)-C(41)-O(41)-Zn(1)   -129.9(6)  
C(42)-C(41)-O(41)-Zn(1)   53.2(10)  
O(35)-C(35)-N(35)-C(37)   -175.5(11)  
C(38)-C(35)-N(35)-C(37)   10.1(14)  
O(35)-C(35)-N(35)-C(36)   -13.9(18)  
C(38)-C(35)-N(35)-C(36)   171.7(6)  
N(35)-C(35)-O(35)-Zn(1)   -72.1(19)  
C(38)-C(35)-O(35)-Zn(1)   101.8(10)  
C(31)-O(31)-Zn(1)-N(1)   -125.0(8)  
C(31)-O(31)-Zn(1)-O(41)   -32.2(8)  
C(31)-O(31)-Zn(1)-N(4)   55.6(8)  
C(31)-O(31)-Zn(1)-O(35)   146.9(8)  
C(31)-O(31)-Zn(1)-N(51)   160(2)  
C(41)-O(41)-Zn(1)-N(1)   11.9(7)  
C(41)-O(41)-Zn(1)-O(31)   -78.8(6)  
C(41)-O(41)-Zn(1)-N(4)   -171.3(6)  
C(41)-O(41)-Zn(1)-O(35)   112(3)  
C(41)-O(41)-Zn(1)-N(51)   99.9(6)  
C(35)-O(35)-Zn(1)-N(1)   -153.7(11)  
C(35)-O(35)-Zn(1)-O(31)   -63.2(11)  
C(35)-O(35)-Zn(1)-O(41)   106(3)  
C(35)-O(35)-Zn(1)-N(4)   29.5(11)  
C(35)-O(35)-Zn(1)-N(51)   118.2(11)  
N(1)-C(1)-C(2)-C(3)    -0.1(12)  
C(1)-C(2)-C(3)-C(4)    -0.8(11)  
C(1)-C(2)-C(3)-N(2)    -179.3(7)  
C(2)-C(3)-C(4)-C(5)    1.7(12)  
N(2)-C(3)-C(4)-C(5)    -179.8(7)  
C(3)-C(4)-C(5)-N(1)    -1.8(13)  
O(1)-C(6)-C(8)-C(10)   -2.3(11)  
N(2)-C(6)-C(8)-C(10)   177.8(7)  
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Table 23 continued. Torsional angles (°) in complex 2. 

O(1)-C(6)-C(8)-C(11)   177.2(7)  
N(2)-C(6)-C(8)-C(11)   -2.6(10)  
O(2)-C(7)-C(9)-C(11)   179.8(8)  
N(2)-C(7)-C(9)-C(11)   3.5(10)  
O(2)-C(7)-C(9)-C(12)   -0.8(12)  
N(2)-C(7)-C(9)-C(12)   -177.1(7)  
C(11)-C(8)-C(10)-C(13)   0.0(11)  
C(6)-C(8)-C(10)-C(13)   179.6(7)  
C(12)-C(9)-C(11)-C(14)   0.4(9)  
C(7)-C(9)-C(11)-C(14)   179.8(6)  
C(12)-C(9)-C(11)-C(8)   179.5(7)  
C(7)-C(9)-C(11)-C(8)   -1.2(10)  
C(10)-C(8)-C(11)-C(9)   -179.7(7)  
C(6)-C(8)-C(11)-C(9)   0.7(10)  
C(10)-C(8)-C(11)-C(14)   -0.7(9)  
C(6)-C(8)-C(11)-C(14)   179.7(5)  
C(11)-C(9)-C(12)-C(15)   0.9(11)  
C(7)-C(9)-C(12)-C(15)   -178.5(7)  
C(8)-C(10)-C(13)-C(16)   0.4(11)  
C(9)-C(11)-C(14)-C(19)   -1.8(8)  
C(8)-C(11)-C(14)-C(19)   179.2(8)  
C(9)-C(11)-C(14)-C(16)   -180.0(8)  
C(8)-C(11)-C(14)-C(16)   1.0(7)  
C(9)-C(12)-C(15)-C(19)   -0.9(11)  
C(10)-C(13)-C(16)-C(14)   -0.1(11)  
C(10)-C(13)-C(16)-C(17)   -177.9(7)  
C(19)-C(14)-C(16)-C(13)   -178.7(7)  
C(11)-C(14)-C(16)-C(13)   -0.6(9)  
C(19)-C(14)-C(16)-C(17)   -0.8(10)  
C(11)-C(14)-C(16)-C(17)   177.3(5)  
C(13)-C(16)-C(17)-O(3)   -4.0(11)  
C(14)-C(16)-C(17)-O(3)   178.2(7)  
C(13)-C(16)-C(17)-N(3)   179.0(7)  
C(14)-C(16)-C(17)-N(3)   1.2(9)  
C(12)-C(15)-C(19)-C(14)   -0.4(12)  
C(12)-C(15)-C(19)-C(18)   -179.6(7)  
C(11)-C(14)-C(19)-C(15)   1.8(10)  
C(16)-C(14)-C(19)-C(15)   179.9(7)  
C(11)-C(14)-C(19)-C(18)   -179.0(5)  
C(16)-C(14)-C(19)-C(18)   -0.9(11)  
O(4)-C(18)-C(19)-C(15)   0.8(11)  
N(3)-C(18)-C(19)-C(15)   -178.6(7)  
O(4)-C(18)-C(19)-C(14)   -178.4(7)  
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Table 23 continued. Torsional angles (°) in complex 2. 

N(3)-C(18)-C(19)-C(14)   2.2(10)  
C(2)-C(1)-N(1)-C(5)    0.1(11)  
C(2)-C(1)-N(1)-Zn(1)   -176.1(6)  
C(4)-C(5)-N(1)-C(1)    0.9(11)  
C(4)-C(5)-N(1)-Zn(1)   177.3(6)  
O(31)-Zn(1)-N(1)-C(1)   150.6(6)  
O(41)-Zn(1)-N(1)-C(1)   53.6(6)  
N(4)-Zn(1)-N(1)-C(1)   -39(6)  
O(35)-Zn(1)-N(1)-C(1)   -121.9(6)  
N(51)-Zn(1)-N(1)-C(1)   -35.1(6)  
O(31)-Zn(1)-N(1)-C(5)   -25.4(6)  
O(41)-Zn(1)-N(1)-C(5)   -122.4(6)  
N(4)-Zn(1)-N(1)-C(5)   145(6)  
O(35)-Zn(1)-N(1)-C(5)   62.1(6)  
N(51)-Zn(1)-N(1)-C(5)   148.9(6)  
O(2)-C(7)-N(2)-C(6)    177.6(7)  
C(9)-C(7)-N(2)-C(6)    -5.8(11)  
O(2)-C(7)-N(2)-C(3)    3.2(10)  
C(9)-C(7)-N(2)-C(3)    179.8(6)  
O(1)-C(6)-N(2)-C(7)    -174.3(7)  
C(8)-C(6)-N(2)-C(7)    5.5(11)  
O(1)-C(6)-N(2)-C(3)    -0.1(10)  
C(8)-C(6)-N(2)-C(3)    179.8(6)  
C(4)-C(3)-N(2)-C(7)    88.6(9)  
C(2)-C(3)-N(2)-C(7)    -92.9(9)  
C(4)-C(3)-N(2)-C(6)    -86.1(9)  
C(2)-C(3)-N(2)-C(6)    92.3(8)  
O(4)-C(18)-N(3)-C(20)   -2.3(10)  
C(19)-C(18)-N(3)-C(20)   177.1(6)  
O(4)-C(18)-N(3)-C(17)   178.6(7)  
C(19)-C(18)-N(3)-C(17)   -2.0(10)  
C(21)-C(20)-N(3)-C(18)   -89.5(9)  
C(24)-C(20)-N(3)-C(18)   92.0(9)  
C(21)-C(20)-N(3)-C(17)   89.7(9)  
C(24)-C(20)-N(3)-C(17)   -88.8(9)  
O(3)-C(17)-N(3)-C(18)   -176.8(6)  
C(16)-C(17)-N(3)-C(18)   0.3(10)  
O(3)-C(17)-N(3)-C(20)   4.1(10)  
C(16)-C(17)-N(3)-C(20)   -178.8(6)  
N(1)-Zn(1)-N(4)-C(22)   -142(6)  
O(31)-Zn(1)-N(4)-C(22)   27.7(6)  
O(41)-Zn(1)-N(4)-C(22)   124.5(6)  
O(35)-Zn(1)-N(4)-C(22)   -59.9(6)  
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Table 23 continued. Torsional angles (°) in complex 2. 

N(51)-Zn(1)-N(4)-C(22)   -146.6(6)  
N(1)-Zn(1)-N(4)-C(23)   36(6)  
O(31)-Zn(1)-N(4)-C(23)   -153.9(6)  
O(41)-Zn(1)-N(4)-C(23)   -57.1(6)  
O(35)-Zn(1)-N(4)-C(23)   118.4(6)  
N(51)-Zn(1)-N(4)-C(23)   31.7(6)  
C(52)-C(51)-N(51)-Zn(1)   -135(10)  
N(1)-Zn(1)-N(51)-C(51)   -51(3)  
O(31)-Zn(1)-N(51)-C(51)   24(5)  
O(41)-Zn(1)-N(51)-C(51)   -144(3)  
N(4)-Zn(1)-N(51)-C(51)   129(3)  
O(35)-Zn(1)-N(51)-C(51)   37(3)  
C(24)-C(20)-C(21)-C(22)#1   -0.1(12)  
N(3)-C(20)-C(21)-C(22)#1   -178.7(7)  
C(21)-C(20)-C(24)-C(23)#1   2.2(12)  
N(3)-C(20)-C(24)-C(23)#1   -179.2(7)  
C(23)-N(4)-C(22)-C(21)#2   1.4(12)  
Zn(1)-N(4)-C(22)-C(21)#2   179.8(6)  
C(22)-N(4)-C(23)-C(24)#2   0.8(12)  
Zn(1)-N(4)-C(23)-C(24)#2   -177.5(6)  
________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:   

#1 x-1,y+1,z-1    #2 x+1,y-1,z+1     

 

Bond Length and angles of DBNDI-AMQ Crystal: 

Table 24. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Å2x 103) 
for DBNDI-AMQ Crystal.  U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor. 

 x y z U(eq) 

 

Br(1) 11841(1) -578(1) 2246(1) 53(1) 

C(1) 6418(6) 5454(5) 3602(3) 51(1) 

C(2) 5873(5) 4109(4) 2959(2) 42(1) 

C(3) 7157(5) 3762(5) 2501(2) 44(1) 

C(4) 9015(5) 4781(3) 2702(2) 32(1) 

C(5) 9299(5) 6078(4) 3362(2) 36(1) 

C(6) 11138(5) 7140(4) 3593(2) 41(1) 
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Table 24 continued. Atomic coordinates (x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for DBNDI-AMQ Crystal.  U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor. 

 x y z U(eq) 

C(7) 12466(5) 6834(4) 3159(2) 40(1) 

C(8) 12106(6) 5526(4) 2499(2) 46(1) 

C(9) 10444(5) 4542(4) 2285(2) 38(1) 

C(10) 10561(5) 2001(4) 1815(2) 39(1) 

C(11) 9533(6) 3125(4) 856(2) 48(1) 

C(12) 9439(5) 1757(4) 188(2) 33(1) 

C(13) 9992(4) 609(3) 334(2) 27(1) 

C(14) 10534(4) 671(3) 1132(2) 28(1) 

C(15) 11092(4) -463(4) 1240(2) 31(1) 

C(16) 11085(5) -1688(4) 581(2) 37(1) 

N(1) 8023(5) 6424(4) 3813(2) 48(1) 

N(2) 10139(4) 3158(3) 1623(2) 39(1) 

O(1) 10924(5) 2126(3) 2510(2) 59(1) 

O(2) 9118(6) 4153(4) 753(2) 76(1) 

C(21) 3036(5) 7657(5) 5677(3) 50(1) 

C(22) 3782(5) 9152(5) 5718(2) 48(1) 

C(23) 2738(6) 10030(4) 5760(2) 49(1) 

C(24) 911(5) 9437(4) 5778(2) 45(1) 

C(25) 181(4) 7944(4) 5741(2) 37(1) 

C(26) 1214(5) 7029(4) 5694(2) 43(1) 

C(27) -1759(5) 7286(6) 5738(2) 49(1) 

O(21) -2642(5) 8106(7) 5790(2) 96(2) 

O(22) -2383(5) 5955(6) 5680(2) 91(1) 

C(31) 3245(6) 3416(4) 9335(3) 49(1) 

C(32) 2855(6) 3283(5) 8533(3) 56(1) 

C(33) 3082(6) 2127(6) 7934(3) 55(1) 

C(34) 3716(6) 1092(6) 8121(3) 59(1) 

C(35) 4136(6) 1206(5) 8916(3) 54(1) 

C(36) 3890(5) 2372(4) 9506(2) 43(1) 

C(37) 4285(5) 2481(4) 10353(2) 41(1) 
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Table 24 continued. Atomic coordinates (x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for DBNDI-AMQ Crystal.  U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor. 

 x y z U(eq) 

O(31) 3850(5) 3375(4) 10866(2) 66(1) 

O(32) 4994(7) 1633(5) 10503(3) 89(1) 

 

 

 
Table 25. Bond lengths [Å] and angles [°] for DBNDI-AMQ Crystal. 

 

Br(1)-C(15)  1.888(3) 

C(1)-N(1)  1.296(6) 

C(1)-C(2)  1.410(6) 

C(2)-C(3)  1.366(5) 

C(3)-C(4)  1.464(5) 

C(4)-C(9)  1.396(5) 

C(4)-C(5)  1.411(4) 

C(5)-N(1)  1.355(5) 

C(5)-C(6)  1.468(5) 

C(6)-C(7)  1.362(5) 

C(7)-C(8)  1.411(5) 

C(8)-C(9)  1.335(6) 

C(9)-N(2)  1.464(4) 

C(10)-O(1)  1.203(4) 

C(10)-N(2)  1.400(4) 

C(10)-C(14)  1.495(4) 

C(11)-O(2)  1.210(5) 

C(11)-N(2)  1.404(5) 

C(11)-C(12)  1.491(4) 

C(12)-C(16)#1  1.376(4) 

C(12)-C(13)  1.412(4) 

C(13)-C(13)#1  1.420(5) 

C(13)-C(14)  1.429(4) 
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Table 25 continued. Bond lengths [Å] and angles [°] for DBNDI-AMQ Crystal. 

C(14)-C(15)  1.376(4) 

C(15)-C(16)  1.410(4) 

C(16)-C(12)#1  1.376(4) 

C(21)-C(22)  1.375(6) 

C(21)-C(26)  1.380(6) 

C(22)-C(23)  1.359(6) 

C(23)-C(24)  1.381(6) 

C(24)-C(25)  1.375(6) 

C(25)-C(26)  1.380(5) 

C(25)-C(27)  1.463(5) 

C(27)-O(22)  1.213(7) 

C(27)-O(21)  1.209(6) 

C(31)-C(36)  1.377(6) 

C(31)-C(32)  1.387(6) 

C(32)-C(33)  1.372(7) 

C(33)-C(34)  1.376(7) 

C(34)-C(35)  1.386(6) 

C(35)-C(36)  1.376(6) 

C(36)-C(37)  1.470(5) 

C(37)-O(31)  1.203(5) 

C(37)-O(32)  1.221(5) 

 

N(1)-C(1)-C(2) 127.2(4) 

C(3)-C(2)-C(1) 117.6(4) 

C(2)-C(3)-C(4) 119.1(3) 

C(9)-C(4)-C(5) 120.5(3) 

C(9)-C(4)-C(3) 124.4(3) 

C(5)-C(4)-C(3) 115.2(3) 

N(1)-C(5)-C(4) 125.7(3) 

N(1)-C(5)-C(6) 116.7(3) 

C(4)-C(5)-C(6) 117.6(3) 

C(7)-C(6)-C(5) 118.7(3) 

C(6)-C(7)-C(8) 121.4(3) 
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Table 25 continued. Bond lengths [Å] and angles [°] for DBNDI-AMQ Crystal. 

C(9)-C(8)-C(7) 120.7(4) 

C(8)-C(9)-C(4) 121.1(3) 

C(8)-C(9)-N(2) 119.1(3) 

C(4)-C(9)-N(2) 119.7(3) 

O(1)-C(10)-N(2) 119.0(3) 

O(1)-C(10)-C(14) 123.8(3) 

N(2)-C(10)-C(14) 117.1(3) 

O(2)-C(11)-N(2) 121.3(3) 

O(2)-C(11)-C(12) 122.9(3) 

N(2)-C(11)-C(12) 115.8(3) 

C(16)#1-C(12)-C(13) 120.7(3) 

C(16)#1-C(12)-C(11) 118.3(3) 

C(13)-C(12)-C(11) 120.9(3) 

C(12)-C(13)-C(13)#1 118.3(3) 

C(12)-C(13)-C(14) 121.0(3) 

C(13)#1-C(13)-C(14) 120.7(3) 

C(15)-C(14)-C(13) 118.8(3) 

C(15)-C(14)-C(10) 122.2(3) 

C(13)-C(14)-C(10) 119.0(3) 

C(14)-C(15)-C(16) 120.9(3) 

C(14)-C(15)-Br(1) 124.8(2) 

C(16)-C(15)-Br(1) 114.3(2) 

C(12)#1-C(16)-C(15) 120.6(3) 

C(1)-N(1)-C(5) 115.3(3) 

C(10)-N(2)-C(11) 125.9(3) 

C(10)-N(2)-C(9) 116.0(3) 

C(11)-N(2)-C(9) 118.0(3) 

C(22)-C(21)-C(26) 120.5(4) 

C(23)-C(22)-C(21) 120.7(4) 

C(22)-C(23)-C(24) 120.3(4) 

C(25)-C(24)-C(23) 118.4(3) 

C(26)-C(25)-C(24) 122.3(3) 

C(26)-C(25)-C(27) 118.5(4) 
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Table 25 continued. Bond lengths [Å] and angles [°] for DBNDI-AMQ Crystal. 

C(24)-C(25)-C(27) 119.2(4) 

C(25)-C(26)-C(21) 117.8(4) 

O(22)-C(27)-O(21) 124.1(4) 

O(22)-C(27)-C(25) 118.2(4) 

O(21)-C(27)-C(25) 117.7(5) 

C(36)-C(31)-C(32) 118.1(4) 

C(33)-C(32)-C(31) 120.5(4) 

C(32)-C(33)-C(34) 120.3(4) 

C(33)-C(34)-C(35) 120.5(4) 

C(34)-C(35)-C(36) 118.1(4) 

C(31)-C(36)-C(35) 122.5(4) 

C(31)-C(36)-C(37) 118.9(4) 

C(35)-C(36)-C(37) 118.6(4) 

O(31)-C(37)-O(32) 122.9(4) 

O(31)-C(37)-C(36) 118.5(4) 

O(32)-C(37)-C(36) 118.6(4) 

_____________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

#1 -x+2,-y,-z       

 

Table 26. Anisotropic displacement parameters (Å2x 103) for DBNDI-AMQ Crystal.  The 

anisotropic displacement factor exponent takes the form:  -2 2[ h2 a*2U11 + ...  + 2 h k a* b* 

U12]. 

 U11 U22  U33 U23 U13 U12 

____________________________________________________________________________

__  

Br(1) 79(1)  74(1) 24(1)  13(1) 2(1)  50(1) 

C(1) 53(2)  55(2) 51(2)  18(2) 9(2)  23(2) 

C(2) 39(2)  51(2) 40(2)  15(2) 8(1)  18(2) 

C(3) 56(2)  51(2) 32(2)  14(2) 6(2)  25(2) 

C(4) 50(2)  30(1) 20(1)  6(1) 2(1)  20(1) 

C(5) 60(2)  35(2) 21(1)  9(1) 9(1)  27(2) 

C(6) 56(2)  40(2) 31(2)  8(1) 3(1)  22(2) 
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Table 26 continued. Anisotropic displacement parameters (Å2x 103) for DBNDI-AMQ Crystal.  

The anisotropic displacement factor exponent takes the form:  -2 2[ h2 a*2U11 + ...  + 2 h k a* 

b* U12]. 
 

 U11 U22  U33 U23 U13 U12 

C(7) 40(2)  35(2) 39(2)  4(1) 1(1)  10(1) 

C(8) 56(2)  42(2) 36(2)  4(2) 3(2)  20(2) 

C(9) 51(2)  38(2) 28(2)  5(1) 6(1)  21(2) 

C(10) 60(2)  37(2) 22(1)  5(1) 6(1)  23(2) 

C(11) 83(3)  49(2) 24(2)  8(1) 11(2)  42(2) 

C(12) 50(2)  35(2) 21(1)  7(1) 7(1)  24(1) 

C(13) 34(2)  31(1) 19(1)  6(1) 7(1)  16(1) 

C(14) 37(2)  31(1) 19(1)  6(1) 7(1)  15(1) 

C(15) 38(2)  41(2) 20(1)  9(1) 4(1)  20(1) 

C(16) 58(2)  43(2) 23(1)  10(1) 8(1)  33(2) 

N(1) 64(2)  51(2) 36(2)  10(1) 15(1)  31(2) 

N(2) 51(2)  40(2) 26(1)  3(1) 5(1)  22(1) 

O(1) 115(3)  50(2) 19(1)  4(1) 2(1)  43(2) 

O(2) 160(4)  66(2) 32(1)  10(1) 10(2)  82(2) 

C(21) 48(2)  66(3) 51(2)  25(2) 11(2)  35(2) 

C(22) 37(2)  65(2) 42(2)  18(2) 7(2)  14(2) 

C(23) 62(2)  39(2) 38(2)  7(2) 4(2)  11(2) 

C(24) 61(2)  54(2) 29(2)  4(2) 5(2)  38(2) 

C(25) 33(2)  58(2) 23(1)  10(1) 6(1)  19(2) 

C(26) 53(2)  45(2) 39(2)  20(2) 6(2)  20(2) 

C(27) 23(2)  90(3) 24(2)  7(2) 4(1)  14(2) 

O(21) 51(2)  186(5) 57(2)  21(3) 9(2)  62(3) 

O(22) 50(2)  126(4) 59(2)  17(2) 9(2)  -10(2) 

C(31) 57(2)  41(2) 48(2)  15(2) 7(2)  14(2) 

C(32) 65(3)  58(2) 55(2)  28(2) 7(2)  25(2) 

C(33) 57(2)  72(3) 40(2)  23(2) 10(2)  21(2) 

C(34) 62(3)  73(3) 50(2)  16(2) 20(2)  35(2) 

C(35) 54(2)  65(3) 57(2)  24(2) 16(2)  33(2) 

C(36) 40(2)  50(2) 40(2)  20(2) 5(1)  11(2) 
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Table 26 continued. Anisotropic displacement parameters (Å2x 103) for DBNDI-AMQ Crystal.  

The anisotropic displacement factor exponent takes the form:  -2 2[ h2 a*2U11 + ...  + 2 h k a* 

b* U12]. 

U11 U22  U33 U23 U13 U12 

C(37) 42(2)  44(2) 33(2)  13(1) 2(1)  10(2) 

O(31) 73(2)  68(2) 47(2)  16(2) 4(2)  13(2) 

O(32) 117(3)  112(3) 64(2)  40(2) 1(2)  60(3) 

______________________________________________________________________________  

 

Table 27. Hydrogen coordinates (x 104) and isotropic displacement parameters (Å2x 10 3) 

for DBNDI-AMQ Crystal. 

 

 x  y  z  U(eq) 

 

 

H(1) 5518 5671 3913 61 

H(2) 4670 3474 2849 50 

H(3) 6852 2881 2063 53 

H(6) 11393 8015 4033 50 

H(7) 13647 7507 3303 48 

H(8) 13045 5346 2206 55 

H(16) 11443 -2464 669 44 

H(21) 3772 7059 5637 59 

H(22) 5028 9571 5716 58 

H(23) 3263 11045 5778 58 

H(24) 182 10040 5814 54 

H(26) 694 6013 5675 52 

H(31) 3074 4196 9749 59 

H(32) 2432 3991 8400 67 

H(33) 2804 2041 7392 66 

H(34) 3865 301 7707 70 

H(35) 4575 506 9049 65 

H(2N) 8820(30) 2570(30) 1568(15) -1(5) 
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APPENDIX B 

EXPERIMENTAL DATA 
 

General Information 

 

1H NMR and 13C NMR spectra were recorded on a Bruker  400, 500, or 600 MHz specrometers. 
Chemical shifts are reported in parts per million (ppm) relative to residual solvent peak, chloroform 
(7.26 for 1H NMR), dichloromethane (5.32 for 1H NMR), acetone (2.05 for 1H NMR), or dimethyl 
sulfoxide (2.50 for 1H NMR). Coupling constants are reported in hertz (Hz). Mass spectra was 
recorded on a JEOL MSrout JMS 600H spectrometer. 

 

1,4,5,8-naphthalenetetracarboxydianhydride, ethylene trithiocarbonate, 4-aminopyridine, 4-
aminobenzoic acid, 5-aminoquinoline, and 4-tertbutyl aniline were purchased from a commercial 
vendor and used without further purification. Yields refer to isolated material that are judged to be 
pure from 1H NMR. Some characterization is not available for ongoing synthetic work. Molecules 
synthesized from previously reported literature were characterized and compared to stated 
characterization and are reported as similar to exact. 

 

 

N,N’-Di-(4-pyridyl)-1,4,5,8-naphthalenetetracarboxydiimide 

(diPyNI).4-aminopyridine was added to a solution of 1,4,5,8-naphthalenetetracarboxydianhydride 
in DMF at reflux and was allowed to stir overnight. After the solution was cooled to room 
temperature, it was poured over ice and filtered to yield the product. Product characterization 
identical to authentic sample reported in the literature. 

 

 

N,N′-di-(5-aminoquinoline)-1,4,5,8-naphthalenetetracarboxydiimide 

(diQuNI).1,4,5,8-naphthalenetetracarboxydianhydride (400 mg, 1.49 mmol), 5-aminoquinoline 
(472 mg, 3.27 mmol), and 40 ml pyridine were combined in a 100 ml 2-neck round bottom flask 
and heated to reflux overnight. After cooling, the solid was isolated by filtration and washed with 
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acetone and hexanes and allowed to dry in air. Product characterization identical to authentic 
sample reported in the literature. 
 
 

 

N,N′-di-(4-benzoic acid)-1,4,5,8-naphthalenetetracarboxydiimide. 4-aminobenzoic was added 
to a solution of 1,4,5,8-naphthalenetetracarboxydianhydride in DMF at reflux and was allowed to 
stir overnight. After the solution was cooled to room temperature, it was poured over ice and 
filtered to yield. Product characterization identical to authentic sample reported in the literature. 
 

 

N,N′-di-(3,5-benzoic acid)-1,4,5,8-naphthalenetetracarboxydiimide. 5-aminoisophthalic acid 
was added to a solution of 1,4,5,8-naphthalenetetracarboxydianhydride in DMF at reflux and was 
allowed to stir overnight. After the solution was cooled to room temperature, it was poured over 
ice and filtered to yield. Product characterization identical to authentic sample reported in the 
literature. 
 

 

2,6-Dibromo-1,4,5,8-naphthalenetetracarboxylicdianhydride (DBNDA). 1,3-Dibromo-5,5 
dimethylhydantoin (DBHMH) (44.8 g, 0.16 mol) was added in four portion over a period of 1 h to 
the slurry of 1,4,5,8-naphthalenetetracarboxydianhydride (30.0 g, 0.11 mmol) in sulfuric acid (280 
mL) at room temperature. The resulting solution was stirred at 60°C for 16 hours. Then the mixture 
was cooled down to room temperature and poured on crushed ice with water (3L), to give a bright 
yellow precipitate. The precipitate was collected by filtration, washed with water, methanol and 
dried on vacuum to give the crude title compound (43.0 g), containing 40% of according to 1H-
NMR. The crude material was used in the following step without further purification. 
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N,N’-Di-(5-aminoquinoline)-2,6-Dibromo-1,4,5,8-naphthalenetetracarboxydiimide 

(DBNDI-AMQ). A round bottom flask was equipped with 2,6-Dibromo-1,4,5,8-
naphthalenetetracarboxylic dianhydride, DMF, and acetic acid. 5-aminoquinoline was added and 
the reaction mixture was allowed to reflux overnight. The reaction mixture is cooled to room 
temperature and poured over ice to yield the final product.  

 

 

N,N’-Di-(4-carboxylic acid)-2,6-Dibromo-1,4,5,8-naphthalenetetracarboxydiimide(DBNDI-

DCA). A round bottom flask was equipped with 2,6-Dibromo-1,4,5,8-naphthalenetetracarboxylic 
dianhydride, DMF, and acetic acid. 4-aminobenzoic acid was added and the reaction mixture was 
allowed to reflux overnight. The reaction mixture is cooled to room temperature and poured over 
ice to yield the final product. 

 

 

N,N’-Di-(3,5-dicarboxylicacid)-2,6-Dibromo-1,4,5,8-naphthalenetetracarboxydiimide 

(DBNDI-TCA). A round bottom flask was equipped with 2,6-Dibromo-1,4,5,8-
naphthalenetetracarboxylic dianhydride, DMF, and acetic acid. 5-aminoisophthalic acid was added 
and the reaction mixture was allowed to reflux overnight. The reaction mixture is cooled to room 
temperature and poured over ice to yield the final product. 
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Tetramethyl 2,6-dibromonaphthalene-1,4,5,8-tetracarboxylate. To the stirred solution of 
brominated mixrure of NDA (2) (37.0 g, 86.9 mmol) and Me2SO3 (52 mL, 547 mmol) in MeOH 
(60 mL) at ca. 20 o C was added dropwise a solution of KOH (33.6 g, 599 mmol) in MeOH (210 
mL). Temperature was kept below 40 o C during addition and the reaction mixture was left to stir 
at ca. 20 o C for 30 min. The reaction mixture was cooled down to 0 o C, white precipitate was 
collected by filtration, washed with water and methanol, dissolved in CH2Cl2 (500 mL) and 
chromatographed on SiO2 (CH2Cl2) to give title compound 3 as colorles solid (21.0 g, 36% from 
1), mp 197 - 202 °C (from i-PrOH), Rf (CH2Cl2) 0.41, νmax/cm-1 3005w and 2952w (Ar), 2843w 
(Alk), 1728s and 1712s (C=O), 1563w, 1497w, 1438m, 1380m, 1310m, 1292w, 1253s, 1200s, 
1158s, 1139s, 994w, 976s, 917w, 901w, 889s, 861s, 830m, 804m, 765s, 734w, 682m, 663w, 577w, 
547w, 535m, 505w; H(270 MHz, CDCl3) 8.09 (2H, s, 2CH), 3.94 (6H, s, 2CH3), 3.93 (6H, s, 
2CH3); C(68 MHz, CDCl3) 166.7 (s), 166.6 (s), 134.6 (d), 134.1 (s), 132.4 (s), 128.4 (s), 121.4 
(s), 53.0 (2CH3), 52.5 (2CH3); identical to authentic sample reported in the literature. 

 

 

Tetraethyl 2,6-diethoxynaphthalene-1,4,5,8-tetracarboxylate. The solution of tetramethyl 2,6-
dibromonaphthalene-1,4,5,8-tetracarboxylate (5.00 g, 9.65 mmol) in dry DMF (110 mL) was 
added dropwise to a solution of EtONa in absolute EtOH (prepared by dissolving of Na (7.10 g, 
309 mmol) in absolute EtOH (150 mL)) at 50 C. The reaction mixture was left 7 stirring at ca. 50 
oC for 4 h, cooled down to ca. 20 oC, dissolved in CH2Cl2 (500 mL) and washed with 10% solution 
of AcOH (300 mL). The aqueous phase was washed with CH2Cl2 (5 x 200 mL), organic phases 
combined and dried under MgSO4. The solution was filtered and volatiles removed in vacuo. The 
solid residue obtained was dispersed in EtOH, collected by filtration and washed with EtOH and 
pentane to give title compound 4 as yellow solid (4.10 g, 84%), mp 180 - 181 °C (from ethanol), 
(lit.4 , 180 - 181 °C), Rf 0.26 (EtOAc/pentane 1:2), H(400 MHz, CDCl3) 7.65 (2H, s, ArH), 4.35 
(8H, q, J 6.9, 4CH2), 4.21 (4H, q, J 7.0, 2CH2), 1.43 (6H, t, J 7.0, 2CH3), 1.38 (12H, t, J 7.1, 4 
CH3); C(100 MHz, CDCl3) 167.9, 167.0, 153.5, 133.2, 125.1, 120.5, 119.5, 66.2, 61.9, 61.4, 
15.1, 14.2, 13.9; identical to authentic sample reported in the literature. 

 



228 
 

 

Diethyl 4,8-diethoxy-1,3-dioxo-1,3-dihydrobenzo[de]isochromene-6,7-dicarboxylate. The 
solution of tetraethyl 2,6-diethoxynaphthalene-1,4,5,8-tetracarboxylate (4) (5.00 g, 9.91 mmol) in 
glacial acetic acid (50 mL) and concentrated HCl (10 mL) was stirred at ca. 119 °C for 24 h. The 
volatiles were removed in vacuo to give pure title compound 5 as yellow solid (4.25 g, 100%), mp 
137 - 140 °C (from ethanol), Rf 0.45 (EtOAc/pentane 1:2), λmax(CH2Cl2)/nm 257 (log  4.70), 
301 inf (3.70), 318 (3.97), 331 (4.07), 408 (4.11), 423 (4.14); νmax/cm-1 2981w (Ar), 2939w, 
2897w and 2875w (Alk), 1767m, 1735s and 1710s (C=O), 1610w, 1581s, 1503m, 1466w, 1424m, 
1398m, 1388m, 1371m, 1341s, 1304m, 1265m, 1239s, 1224s, 1175s, 1148s, 1109m, 1093m, 
1069m, 1034s, 1018s, 986s, 936m, 899m, 874s, 859s, 824m, 802m, 788m, 773s, 763m, 747m, 
731m, 702m, 688m, 668m, 641m, 623w, 601m, 588m, 556w, 530m, 464m; H(270 MHz, CDCl3) 
8.36 (1H, s, ArH), 7.70 (1H, s, ArH), 4.51-4.36 (6H, m, 3CH2), 4.29 (2H, q, J 6.9, CH2), 1.61 (3H, 
t, J 6.9, CH3), 1.52-1.38 (9H, m, 3CH3); C(68 MHz, CDCl3) 166.7 (s), 166.1 (s), 160.7 (s), 160.4 
(s), 155.7 (s), 154.2 (s), 137.5 (s), 128.0 (s), 124.3 (s), 121.7 (s), 121.0 (d), 120.3 (s), 118.6 (d), 
104.7 (s), 66.3 (CH2), 66.0 (CH2), 62.5 (CH2), 61.8 (CH2), 14.6 (2CH3), 14.0 (2CH3); identical 
to authentic sample reported in the literature. 

 

 

Diethyl 2-(pyridin-4-yl)-4,8-diethoxy-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinoline-6,7- 

dicarboxylate. (General Method Het, Typical procedure). To a solution of pyridin-4-amine (48.0 
mg, 0.51 mmol), and Zn(OAc)2 (47.0 mg, 0.26 mmol) in quinoline (1 mL), diethyl 4,8- diethoxy-
1,3-dioxo-1,3-dihydrobenzo[de]isochromene-6,7-dicarboxylate (5) (100 mg, 0.23 mmol) was 
added and the reaction mixture stirred at ca. 150 °C for 12 h. The volatiles were removed in vacuo, 
the solid residue dissolved in CH2Cl2 (5 mL) and chromatographed on SiO2 (EtOAc) to give title 
compound 6e as yellow solid (65.0 mg, 55%), mp 207 – 210 °C (decomp.) (from EtOAc/pentane), 
Rf 0.31 (EtOAc), λmax(CH2Cl2)/nm 254 (log  4.50), 306 inf (3.63), 322 (3.80), 335 (3.88), 411 
(3.94), 426 (3.96); νmax/cm-1 2978w (Ar), 2940w and 2882w (Alk), 1726m, 1706s (C=O), 1667s 
(NC=O), 1644m, 1612m, 1578s, 1507m, 1487w, 1471m, 1431s, 1400m, 1372m, 1343s, 1297m, 
1243s, 1219s, 1173s, 1158s, 1146s, 1111s, 1090s, 1072m, 1061m, 1030s, 953m, 893m, 882s, 
859m, 819m, 810m, 786m, 774m, 761m, 747s, 726s, 705m, 685m, 663m, 651m, 635m, 606m, 
594m, 560w, 550w, 537s, 484m, 461m; H(270 MHz, CDCl3) 8.83 (2H, d, J 5.65, PyH), 8.42 (1H, 
s, ArH), 7.74 (1H, s, ArH), 7.56 (2H, d, J 5.8, PyH), 4.50- 4.36 (6H, m, 3CH2), 4.28 (2H, q, J 6.9, 
CH2), 1.57 (3H, t, J 6.9, CH3), 1.52-1.39 (9H, m, 3CH3); C(68 MHz, CDCl3) 167.0 (s), 166.5 
(s), 162.5 (s), 160.8 (s), 160.3 (s), 154.3 (s), 150.5 (d), 143.8 (s), 137.2 (s), 126.4 (s), 124.4 (d), 
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124.0 (s), 123.8 (s), 122.1 (s), 119.8 (d), 118.9 (d), 13 108.4 (s), 66.1 (CH2), 66.0 (CH2), 62.5 
(CH2), 61.8 (CH2), 14.7 (2CH3), 14.1 (CH3), 14.0 (CH3); identical to authentic sample reported 
in the literature. 

 

 

4,9-Diethoxy-7-(pyridin-4-yl)-1H-isochromeno[6,5,4-def]isoquinoline-1,3,6,8(7H)-tetraone. 
The solution of diethyl 2-(pyridin-4-yl)-4,8-diethoxy-1,3-dioxo-2,3-dihydro-
1Hbenzo[de]isoquinoline-6,7-dicarboxylate (6e) (1.01 g, 2.00 mmol) in TFA (15 mL) was stirred 
at ca. 73 °C for 24 h. The volatiles were removed in vacuo, the solid residue was recrystallized 
from CHCl3 and the mother liquor was concentrated and chromatographed on SiO2 (EtOAc /EtOH 
10:1). The combined products gave title compound 7d as yellow solid. (0.75g, 87%), mp 270 - 
277 °C (decomp.) (from CHCl3), Rf 0.20 (EtOAc), λmax(CH2Cl2)/nm 255 (log  4.58), 322 inf 
(3.77), 338 (4.04), 356 (4.15), 441 (4.05), 467 (4.24); νmax/cm-1 3077w, 3034w and 2986w (Ar), 
2945w and 2887w (Alk), 1783m, 1732s (C=O), 1715s, 1671s (NC=O), 1625w, 1590m, 1574s, 
1495m, 1439m, 1406m, 1379m, 1355m, 1342m, 1332m, 1310s, 1257m, 1242m, 1217s, 1204s, 
1165s, 1146s, 1105s, 1081m, 1035s, 1023s, 988s, 958m, 921m, 908m, 870s, 822m, 796m, 783s, 
776s, 763s, 743s, 726m, 699m, 662m, 646m, 629w, 612w, 594s, 559m, 531s, 515m, 482m, 472m; 
H(270 MHz, DMSO-d6) 8.78 (2H, d, J 5.8, PyH), 8.34 (2H, s, ArH), 7.49 (2H, d, J 5.9, PyH), 

4.57-4.42 (4H, m, 2CH2), 1.48 (3H, t, J 6.8, CH3), 1.42 (3H, t, J 6.8, CH3); C(68 MHz, TFA-d1) 
two C(q) peaks missing, 162.5 (s), 162.4 (s), 162.3 (s), 161.3 (s), 158.4 (s), 153.0 (s), 143.1 (d), 
129.5 (d), 127.7 (s), 126.2 (s), 124.6 (s), 124.1 (s), 122.3 (d), 121.2 (d), 110.6 (s), 107.5 (s), 67.9 
(CH2), 67.8 (CH2), 12.9 (2CH3); identical to authentic sample reported in the literature. 

 

 

4,9-Diethoxy-7-(pyridin-4-yl)-1H-isochromeno[6,5,4-def]isoquinoline-1,3,6,8(7H)-tetraone. 
Current work in progress. 
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Diethyl 4,8-diethoxy-1,3-dioxo-1,3-dihydrobenzo[de]isochromene-6,7-dicarboxylate. The 
solution of tetraethyl 2,6-diethoxynaphthalene-1,4,5,8-tetracarboxylate (5.00 g, 9.91 mmol) in 
glacial acetic acid (20 mL) and concentrated HCl (10 mL) was stirred at ca. 119 °C for 48 h. The 
volatiles were removed in vacuo to give pure title compound 5 as yellow solid. Characterization 
in progress. 

 

 

4,9-Diethoxy-7-(4-benzoicacid)-1H-isochromeno[6,5,4-def]isoquinoline-1,3,6,8(7H)-tetraone. 
Current work in progress. 

 

 

3,4-Dibromo-2,5-dimethoxytetrahydrofuran. A 1-L three necked, round-bottomed flask, 
equipped with a magnetic stirring bar, thermometer, pressure-equalizing addition funnel and water 
condenser connected to nitrogen, is loaded with dichloromethane (150 mL) and 2,5-dimethoxy-
2,5-dihydrofuran (50 g, 0.384 mol). The flask is cooled to 10 °C by using an ice bath. Bromine 
(61.4 g, 0.384 mol) is added over 120 min, while keeping the reaction temperature below 15 °C. 
After addition is complete, the reaction mixture is stirred at 10 °C until the bromine color 
disappears. The solution is concentrated on a rotary evaporator while keeping the bath temperature 
below 20 °C. 3,4-Dibromo-2,5-dimethoxytetrahydrofuran is obtained as a light colored semi-solid 
mass. 

 

 

2,3-Dibromo-1,1,4,4-tetramethoxybutane. A 3-L three-necked, round-bottomed flask, equipped 
with a heating mantle, a pressure-equalizing addition funnel and a water condenser connected to 
nitrogen, is loaded with crude 3,4-dibromo-2,5-dimethoxytetrahydrofuran prepared in Step A 
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(110-111 g), methanol (2 L) and boiling chips. The solution is heated to reflux, at which time 96% 
sulfuric acid (37.7 g, 0.384 mol) is added over 30 min (Notes 7, 8). The solution is refluxed for 72 
h, then cooled at room temperature. Triethylamine (49 mL, 0.352 mol) is added, then the solution 
is concentrated on a rotary evaporator. Heptane (250 mL) is added and the residue is stirred and 
refluxed for 20 min. The lightly colored heptane phase is separated using a separatory funnel. The 
heptane extraction step is repeated three times. The combined heptane solutions are concentrated 
on a rotary evaporator to give 2,3-dibromo-1,1,4,4-tetramethoxybutane as a yellow oil. 

 
 

 

1,1,4,4-Tetramethoxybut-2-yne. A 1-L one-necked, round bottomed flask is equipped with a 
powerful magnetic stirrer, a large rugby ball-shaped stirring bar, and a water condenser equipped 
with a nitrogen inlet. The flask is charged with tetrahydrofuran (300 mL), tris[2-(2-
methoxyethoxy)-ethyl]amine (TMEEA, 10.1 g, 31.2 mmol) and crude 2,3-dibromo-1,1,4,4-
tetramethoxybutane prepared in Step B (99 g). Potassium hydroxide pellets (85%) (70 g, 1.06 mol) 
are then added to the homogenous solution, and the stirred mixture is refluxed for 24h using an 
oil-bath. Solvent is evaporated on a rotary evaporator, water (250 mL) is added, and the solution 
is partitioned three times with ether (250 mL). The combined ether phases are washed three times 
with water (100 mL). After the solution is dried over MgSO4, the solution is concentrated on a 
rotary evaporator to give 1,1,4,4-tetramethoxybut-2-yne as a yellow oil. 

 
 

 

4,4-Dimethoxybut-2-ynal. A 1-L round-bottomed flask, charged with dichloromethane (150 mL) 
and crude 1,1,4,4-tetramethoxybut-2-yne (4) (50 g, 287 mmol) prepared in Step C is cooled to 0 °C 
in an ice bath. Another flask charged with formic acid (280 g, 6 mol), dichloromethane (150 mL), 
and H2O (1.5 mL) is also cooled to 0 °C. The cooled solution of formic acid is then rapidly added 
to the diacetal solution. The neck is sealed with a rubber septum equipped with a stainless steel 
syringe needle (Note 17). The flask is rapidly covered by a large opaque towel, and the reaction is 
stirred in the dark at 16-19 °C using a temperature regulated water bath for 60 hrs. The dark brown 
solution is partitioned three times with ice cooled water (200 mL x 1, then 150 mL x 2). The 
aqueous phases are combined and extracted three times with dichloromethane (100 mL). The 
dichloromethane extracts are combined, washed with ice-cooled water (100 mL), and then dried 
with a mixture of Na2SO4 /NaHCO3 (10/1). The solution is concentrated on a rotary evaporator 
while keeping the bath temperature below 25 °C (Note 4), to give 4,4-dimethoxybut-2-ynal (5) 
(25.5 g, 69% from 4, 52% from 1) as a brown oil. 
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5-(dimethoxymethyl)-2-thioxo-1,3-dithiole-4-carbaldehyde. 4,4-Dimethoxybut-2-ynal was 
added to a round bottom flask. The flask was evacuated of air and placed under nitrogen. Dry 
toluene was added, followed by ethylene trithiocarbonate and the reaction mixture was allowed to 
reflux for 3 hrs. No purification was achieved and crude was carried on in the proceeding steps. 

 

 

4-(Diethoxymethyl)-5-((amino-4-pyridyl)methyl)-1,3-dithiol-2-thione. A solution of 4-formyl-
5-(diethoxymethyl)-1,3-dithiole-2-thione 2 (542 mg, 1.53 mmol) and iminophosphorane 4 (404 
mg, 1.53 mmol) in 150 mL of dry toluene was refluxed under nitrogen for 12 h (until total 
consumption of starting thione 2, TLC AcOEt/1% triethylamine). After cooling, toluene was 
removed under vacuum, and the residue was filtered over silica gel to procure a brown oil 
containing imine 3a and triphenylphosphine oxide. The mixture was then solubilized in 300 mL 
of dry methanol, and NaBH4 (75 mg, 2.00 mmol) was added at room temperature. The medium 
was then stirred for 15 min, and the solvent was evaporated. The residue was dissolved in 300mLof 
CH2Cl2 and washed with water. The organic layer was dried over MgSO4, filtered, and 
concentrated under vacuum. Purification of the residual oil by column chromatography on silica 
gel (CH2Cl2/methanol 9/1 v/v1% triethylamine) afforded amine 5a (366 mg, 1.07 mmol) as a 
yellowsolid (70%yield from2).Mp=154-156 _C. 1HNMR (acetone-d6): 8.15 (dd, 2H, J = 1.6Hz, J 
= 4.8 Hz), 6.65 (dd, 2H, J=1.6 Hz, J= 4.8 Hz), 6.50 (t, 1H, J=6.0 Hz), 5.84 (s,1H), 4.56 (d, 2H, 
J=6.0Hz), 3.72 (m, 4H, J=7.2 Hz), 1.23 (t, 6H, J = 7.2 Hz). 13C NMR (acetone-d6): 213.2, 153.7, 
150.7, 145.0, 140.3, 108.6, 97.3, 62.6, 41.5, 15.3. Crude product characterization identical to 
authentic sample reported in the literature. 

 

 

4-(Diethoxymethyl)-5-((cyanophen-4-ylimino)methyl)-1,3-dithiol-2-thione. To a solution of 4-
formyl-5-(diethoxymethyl)-1,3-dithiole-2-thione 2 (2.70 g, 10.2 mmol) in 200 mL of dry toluene 
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was added an excess of 4-aminobenzonitrile (3.62 g, 30.7 mmol), and the medium was refluxed 
for 3 h with molecular sieves (4 Å)(reaction monitored by TLC CH2Cl2/cyclohexane 8/2 v/v). 
After cooling, themedium was filtered, the molecular sieves were washed with toluene, and the 
filtrate was concentrated under vacuum. Purification by column chromatography over silica gel 
(CH2Cl2/cyclohexane 8/2 v/vþ 1% triethylamine) afforded imine 3b (3.52 g, 9.69mmol) as a 
yellow solid (yield=95%).Mp=153-156 _C. 1H NMR (acetone-d6): 8.77 (s, 1H), 7.85 (d, 2H, J=8.7 
Hz), 7.41 (d, 2H, J=8.7Hz), 6.15 (s, 1H), 3.76 (m, 4H), 1.22 (t, 6H, J=7.2Hz). Product 
characterization identical to authentic sample reported in the literature. 

 

 

A mixture of 27.4 g (0.20 mol) of ethylene trithiocarbonate, 28.4 g (0.20 mol) of dimethyl 
acetylenedicarboxylate, and 100 ml of toluene was heated at reflux for 4 h. After cooling to room 
temperature, the yellow solid was precipitated from the solution. The precipitated, dimethyl 1,3-
dithiole-2-thione-4,5-dicarboxylate, was dried under vacuum and purified by column 
chromatography using ethyl acetate–petroleum ether as the eluent. Elemental analysis calcd (%): 
C, 33.59; H, 2.42; S, 38.43. Found: C, 33.97; H, 2.52; S, 38.68. 1H NMR (400 MHz, CDCl3) : 
3.88 (s). A mixture of 10.0 g (0.04 mol) of dimethyl 1,3-dithiole-2-thione-4,5-dicarboxylate, 10.0 
g (0.06 mol) of triethyl phosphite, and 80 ml of benzene was refluxed for 10 h. The red solution 
was concentrated under vacuum to remove benzene. To the residue was added 50 ml of ethanol to 
precipitate tetrathiafulvalene-tetracarboxylic ester. Recrystallization from methanol gave red-
purple products. 1H NMR (400 MHz, CDCl3) : 3.85 (s). Product characterization identical to 
authentic sample reported in the literature. 

 

 

The corresponding acid, tetrathiafulvalene-tetracarboxylate acid, was obtained by hydrolization of 
tetrathiafulvalene-tetracarboxylic ester in a NaOH alcoholic solution under reflux for 4 h. The 
resulting sodium salts were filtered, washed by ethanol and dissolved in 15 mL of water. 
Neutralization with hydrochloric acid yielded purple solids. These were filtered and dried. 
Recrystallization from DMF-ether gave purple crystals. Product characterization identical to 
authentic sample reported in the literature. 
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2,2’-Bis(4,5-dicarboxy anhydride-1,3-dithiolidene. A mixture of 60 mg of 8, 0.5 mL of thionyl 
chloride, and 3 mL of methylene chloride was heated under reflux for 1 h. The dark solution was 
evaporated to give a dark residue, which was crystalized from n-hexane to give 53 mg of 10 as 
dark brown needles. 

 

 

5,5’-bis(4-(tert-butyl)phenyl)-3a,3’a,6a,6’a-tetrahydro-4H,4’H-[2,2’-bis[1,3]dithiolo[4,5-

c]pyrrolylidene]-4,4’,6,6’(5H,5’H)-tetraone. 4-tert-butyl aniline (2 eq.) was added to a solution 
of DCM containing 2,2’-Bis(4,5-dicarboxy anhydride-1,3-dithiolidene (1 eq.). The reaction 
mixture was allowed to stir overnight at room temperature. The product is obtained in quantitative 
yield after removal of DCM. Characterization in progress. 

 

 

Tert-butyl ((5-aminopyridin-2-yl)methyl)carbamate. A round bottom flask was equipped with 
4-aminobenzyl amine and THF then placed under nitrogen. Di-t-butyl dicarbonate added dropwise 
to precipitate our product. 

 

 

Tert-butyl(4-(7-(4-(tert-butyl)phenyl)-1,3,6,8-tetraoxo-3,6,7,8-tetrahydrobenzo[imn] 

[3,8]phenanthrolin-2(1H)-yl)benzyl)carbamate. A round bottom flask was equipped with 
1,4,5,8-naphthalenetetracarboxydianhydride and DMF and heated to reflux. 4-tert-butyl aniline (1 
eq.) was added dropwise over an extended period of time followed by tert-butyl ((5-aminopyridin-
2-yl)methyl)carbamate. The reaction mixture was allowed to reflux overnight. The reaction 
mixture was cooled to room temperature and poured of ice to form a precipitate. The solid was 
filtered and purified over silica gel (2% EtOAc/DCM). 
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2-(4-(aminomethyl)phenyl)-7-(4-(tert-butyl)phenyl)benzo[imn][3,8]phenanthroline-

1,3,6,8(2H,7H)-tetraone. A round bottom flask was equipped with tert-butyl(4-(7-(4-(tert-
butyl)phenyl)-1,3,6,8-tetraoxo-3,6,7,8-tetrahydrobenzo[imn] [3,8]phenanthrolin-2(1H)-
yl)benzyl)carbamate and trifluoroacetic acid were refluxed overnight to yield product in 
quantitative yield. 

 

 

Tweezers 2, 3, 4, and 5. 2-(4-(aminomethyl)phenyl)-7-(4-(tert-
butyl)phenyl)benzo[imn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone and isophathaldehyde were 
placed into a round bottom flask. The air was evacuated and replaced with nitrogen. THF was 
added to the round bottom flask followed by acetic acid. The reaction mixture was allowed to 
reflux overnight. The reaction mixture was cooled to room temperature and the solvents were 
removed to yield quantitative yield. 

 

 

Figure 94. Additional tweezers synthesized for the study. Both tweezers will be studied further at 
Clemson University at future date. 
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APPENDIX C 

MOF ASSEBLY DATA 
 

Self-assembly of a non-interpenetrated square grid metal–organic framework 

[Zn(DPNDI)2(DMAc)2.2ClO4]n (DPNDI = N,N-di(4-pyridyl)-1,4,5,8-naphthalenediimide). A 
solution of Zn(ClO4)2.6H2O (48 mg, 0.13 mmol) and DPNDI (110 mg, 0.26 mmol) in 1:2 
DMAc/MeCN mixture (40 mL) was allowed to stand at room temperature for 24 h. After that 
MeCN was evaporated under reduced pressure at 25 °C and small portions (5 mL each) of 
concentrated DMAc solutions were setup for crystallization. Upon slow Et2O vapor diffusion into 
DMAc solutions, pale yellow crystals were obtained, which were used for crystallographic and 
thermogravimetric studies. 

As-synthesized crystalline MOF was suspended in fresh Et2O and washed (centrifugation) three 
times with Et2O to exchange entrapped DMAc, MeCN, and H2O solvents that have higher boiling 
points. Et2O was easily removed under reduced pressure to obtain evacuated bulk materials as a 
microcrystalline off-white powder (37 mg, 11%). This material was analyzed by powder X-ray 
diffraction (Fig. A.1). 

 

Self-assembly of a 1D linear coordination polymer [Zn(DPNDI)2(DMAc)(NO3)2]n. A solution 
of Zn(NO3)2.6H2O (39 mg, 0.13 mmol) and DPNDI (110 mg, 0.26 mmol) in 2:1 DMAc/MeCN 
(40 mL) was allowed to stand at room temperature for 24 h. After that MeCN was evaporated 
under reduced pressure at 25 °C and small portions (5 mL each) of concentrated DMAc solutions 
were setup for crystallization. Upon slow Et2O vapor diffusion into the DMAc solutions, yellowish 
white crystals were obtained (50 mg, 25%), which were used for crystallographic analysis.  
 

[Zn(DMAc)4–DPNDI–Zn(DMAc)4]4+ (1). A solution of DPNDI (55 mg, 0.13 mmol) in DMAc 
(14 mL) was added dropwise to a solution of Zn(ClO4)2.6H2O (48 mg, 0.13 mmol) in DMAc (6 
mL) and the reaction mixture was allowed to stir at room temperature for 16 h. After a slow 
diffusion of Et2O vapour into the DMAc solution, off-white crystals precipitated out, which was 
used for the X-ray analysis. 

[Zn(II)–DPNDI]n coordination polymer (2). A solution of DPNDI (55 mg, 0.13 mmol) in 1:1 
MeCN/DMAc (14 mL) was added dropwise into a solution of Zn(ClO4)2.6H2O (48 mg, 0.13 mmol) 
in 1:1 MeCN/DMAc (6 mL) and the reaction mixture was allowed to stir at room temperature for 
16 h. After removing MeCN under reduced pressure to concentrate the reaction mixture, slow 
diffusion of Et2O into the DMAc solution yielded off-white crystals, which was used for 
crystallographic analysis. 
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APPENDIX D 

TITRATION AND BINDING DATA 
 

General Information 

 

Titrations were recorded on a Bruker 400 MHz spectrometer. The tweezers were dissolved in 
dichloromethane and the zinc nitrate into a mixture of dichloromethane and methanol. The tweezer 
sample was recorded, removed from the NMR, a solution containing zinc nitrate was added, with 
the appropriate stoichiometric amount, followed add NMR recording. This procedure was used for 
all tweezer titrations. 

 

T2 Titration Data: 
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T3 Titration Data: 

 

 



242 
 

 

 

 

 



243 
 

 

 

 

 



244 
 

 

 

 

 

 

 

 

 



245 
 

T4 Titration Data: 
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T5 Titration Data: 
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Job’s Plot for T2. 

Table 28. Initial Job’s Plot for T2 

[L] 
(mM) 

[Zn(NO3)2·6H2O] 
(Mm) 

[L]/([Zn(NO3)2·6H2O] 
+ [L]) 

Δ 
(ppm) 

Δ  
(ppm) 

(Δ ) 
[L]/([Zn(NO3)2·6H2O] 
+ [L]) 

1 0.25 0.8 8.8294 0.2064 0.16512 
1 0.5 0.67 8.8344 0.2114 0.14093333 
1 0.75 0.57 8.8248 0.2018 0.115314286 
1 1.0 0.5 8.6401 0.0171 0.00855 
1 2.0 0.33 8.6356 0.0126 0.0042 
1 3.0 0.25 8.631 0.008 0.002 
1 5.0 0.17 8.6325 0.0095 0.001583333 

 

 

Figure 95. Job’s plot for T2 with Zn(NO3)2·6H2O.  

Binding Constant for T2. 

Table 29. Initial binding constant data 

Zn2+  (ppm) Δ  (ppm) 
0 8.623 0 

0.25 8.8294 0.2064 
0.5 8.8344 0.2114 
0.75 8.8248 0.2018 

1 8.6401 0.0171 
2 8.6356 0.0126 
3 8.631 0.008 
5 8.6325 0.0095 
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Figure 96. Bind constant plot for T2 with Zn(NO3)2·6H2O. 

 

 

Figure 97. Bind constant plot for T2 with Zn(NO3)2·6H2O. 
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APPENDIX E 

SELECT NMR  AND MASS SPECTRA  
 

General Information 

 

1H NMR and 13C NMR spectra were recorded on a Bruker  400, 500, or 600 MHz specrometers. 
Chemical shifts are reported in parts per million (ppm) relative to residual solvent peak, chloroform 
(7.26 for 1H NMR), dichloromethane (5.32 for 1H NMR), acetone (2.05 for 1H NMR), or dimethyl 
sulfoxide (2.50 for 1H NMR). Coupling constants are reported in hertz (Hz). Mass spectra was 
recorded on a JEOL MSrout JMS 600H spectrometer.  

 

All spectra reported here are given under the name of the molecule, with structure. Full spectrum 
is given followed by enhanced regions of the spectrum that are most relevant to characterization 
of the molecule. Some spectra are shown as impure and will be noted as crude due to ongoing 
work that will be completed at a later date but are important to future work and are referred to in 
the body of particular chapters. 

 

N,N’-Di-(5-aminoquinoline)-2,6-Dibromo-1,4,5,8-naphthalenetetracarboxydiimide 

(DBNDI-AMQ).  
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N,N’-Di-(4-carboxylic acid)-2,6-Dibromo-1,4,5,8-naphthalenetetracarboxydiimide 

(DBNDI-DCA). 
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N,N’-Di-(3,5-dicarboxylic acid)-2,6-Dibromo-1,4,5,8-naphthalenetetracarboxydiimide 

(DBNDI-TCA). 
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Tetraethyl-2,6-diethoxynaphthalene-1,4,5,8-tetracarboxylate.  
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Mixture of NDI ethoxy-core-substituted mono and dianhydrides 
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Diethyl 4,8-diethoxy-1,3-dioxo-1,3-dihydrobenzo[de]isochromene-6,7-dicarboxylate. 
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4,9-Diethoxy-7-(pyridin-4-yl)-1H-isochromeno[6,5,4-def]isoquinoline-1,3,6,8(7H)-tetraone 

(crude). 
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4,9-Diethoxy-7-(4-benzoicacid)-1H-isochromeno[6,5,4-def]isoquinoline-1,3,6,8(7H)-tetraone 

(crude). 
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4,4-Dimethoxybut-2-ynal.  
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5-(dimethoxymethyl)-2-thioxo-1,3-dithiole-4-carbaldehyde (Crude). 

 

 

4-(Diethoxymethyl)-5-((amino-4-pyridyl)methyl)-1,3-dithiol-2-thione (Crude). 
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4-(Diethoxymethyl)-5-((cyanophen-4-ylimino)methyl)-1,3-dithiol-2-thione (Crude). 

 

 

4-(Diethoxymethyl)-5-((cyanophen-4-ylimino)methyl)-1,3-dithiol-2-thione (Pure). 
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5,5’-bis(4-(tert-butyl)phenyl)-3a,3’a,6a,6’a-tetrahydro-4H,4’H-[2,2’-bis[1,3]dithiolo[4,5-

c]pyrrolylidene]-4,4’,6,6’(5H,5’H)-tetraone. 
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APPENDIX F 

THERMOGRAVIMETRIC DATA AND ENERGY MINIMIZED 

CALCULATIONS 

 

Thermogravimetric analysis (TGA) of square-grid MOF.  

TGA of an air-dried ground sample of square-grid MOF was conducted on a Thermogravimetric 
Analyzer Instrument Q50 with a heating rate of 10 °C/min under an Ar-atmosphere. The initial 
8% weight loss at 20–100 °C corresponds to loss of volatile solvents (Et2O, MeCN), the next 17% 
loss at 100–200 °C corresponds to loss of H2O (came from Zn(ClO4)2.6H2O) and DMAc 
molecules. The MOF showed excellent thermal stability between 200 and 350 °C, indicating no 
network collapse upon solvent evaporation. A sharp 15% weight loss from 65 to 50% occurred at 
350–400 °C. Over 45% weight was lost by 500 °C. 

 

 

Figure 98. TGA data of the non-catenated square-grid MOF. 

 

Energy Minimized Structure of DPNDI/ClO4
– Complex 

The energy minimization of DPNDI molecules and DPNDI/ClO4 complex were carried out 
applying the density functional theory (DFT) with the Becke three-parameter

 
hybrid exchange 

functional in concurrence with the Lee-Yang-Parr gradient-corrected correlation function (B3LYP 
functional)

 
with the 6-31+G** basis set [B3LYP/6-31+G**] using Gaussian 03 program. Because 

of the electron withdrawing carbonyl groups and imide Ns, the imide rings are the most electron 
deficient part of NDI molecules. Electrostatic potential surfaces (EPS) of NDIs (blue and red 
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regions are electron deficient and electron rich region respectively in ESP) has been used to 
illustrate areas of low electron density that can interact with electron-rich anions. B3LYP/6-
31+G** energy minimize structures of [DPNDI·ClO4

–] shows that ClO4
– is preferentially located 

on top of an imide ring carrying two electron withdrawing C=O bonds. One of the four O atoms 
of tetrahedral ClO4

– anion preferentially interacts with DPNDI’s imide ring via anion–π interaction 
(d = ca. 3 Å) and another O atom display a CH···anion interaction (d = 2.3 Å) with the pyridyl 
ring, which creates a dihedral angle of ca. 80° with the core NDI plane. 

 

Table 30. Cartesian Coordinates DPNDI/ClO4
- 

 N                  3.01625900   -1.09456300    0.29818000 
 C                  2.40169000   -0.45642100    1.39485100 
 C                  0.92345600   -0.30137900    1.33532300 
 C                  0.19868800   -0.81883800    0.23515200 
 C                  0.86134800   -1.46696900   -0.83401500 
 C                  2.34424000   -1.60762200   -0.82301400 
 C                  0.26517500    0.36324600    2.35549700 
 C                 -1.21436400   -0.66453900    0.19262900 
 C                 -1.86940800    0.00853500    1.25582300 
 C                 -1.13302200    0.51808000    2.31549700 
C                 -3.33910800    0.17878100    1.23132300 
 N                 -4.00991300   -0.34137900    0.09751100 
 C                 -3.40444900   -1.02211400   -0.98290400 
 C                 -1.93299100   -1.17505900   -0.91741600 
 C                 -1.26001800   -1.81004900   -1.95236700 
 C                  0.13837500   -1.95309800   -1.91198100 
 H                  0.67409100   -2.43018100   -2.72508400 
 H                 -1.83248400   -2.18290700   -2.79481800 
 H                  0.84849600    0.77735100    3.16981500 
 H                 -1.65395300    1.04641700    3.10648400 
 O                  2.95280300   -2.16461900   -1.72500800 
 O                  3.06116000   -0.09002000    2.35366600 
 O                 -4.08865700   -1.45114100   -1.90217700 
 O                 -3.97451500    0.72737300    2.12048100 
 C                  4.46223300   -1.11408600    0.27556700 
 C                  5.15799800   -2.28755100    0.55294100 
 C                  6.55203800   -2.24704100    0.51140300 
 N                  7.25597100   -1.14334200    0.22439400 
 C                  6.55918100   -0.02698700   -0.03716900 
 C                  5.16387900    0.04913900   -0.03009500 
 H                  4.63162900   -3.20674300    0.78723000 
 H                  7.13001100   -3.14557200    0.71935000 
 H                  7.14391900    0.86033100   -0.26780000 
 H                  4.64850800    0.98144600   -0.24841900 
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Table 30 continued. Cartesian Coordinates DPNDI/ClO4
- 

 C                 -5.44193500   -0.16258800    0.04195400 
 C                 -5.98850000    0.92595100   -0.63155100 
 C                 -7.37855000    1.05277500   -0.65755200 
 N                 -8.21739400    0.18833700   -0.07030000 
 C                 -7.66933900   -0.85105300    0.57374800 
 C                 -6.29415500   -1.07372700    0.65939800 
 H                 -5.35086200    1.65314200   -1.12267600 
 H                 -7.83873500    1.89116000   -1.17562600 
 H                 -8.36365300   -1.54266400    1.04610600 
 H                 -5.89888600   -1.93054800    1.19439800 
 O                  1.51240300    3.44150700    0.47922900 
 O                  1.73789500    3.72363500   -1.95105200 
 Cl                 2.18886700    2.93782900   -0.76134000 
 O                  3.68311200    3.04355200   -0.61053100 
 O                  1.83104500    1.47946400   -0.95372400 
 
Total energy =  2202.6791333 

 

Energy Minimized Structure of Tweezers. 

The energy minimization of tweezer conformations were carried out with the help of Gabriel dos 
Passos Gomes by applying the density functional theory (DFT) with the Becke three-parameter

 

hybrid exchange functional in concurrence with the Lee-Yang-Parr gradient-corrected correlation 
function (B3LYP functional)

 
with the 6-31+G** basis set [B3LYP/6-31+G**] using Gaussian 03 

program.  

 

Table 31. Cartesian Coordinates T2 “W” shaped. 

C       -1.201245000     -2.839193000     -0.002519000 
C       -0.000004000     -3.527985000     -0.004744000 
C        1.201237000     -2.839190000     -0.002581000 
C        1.196412000     -1.450316000      0.001832000 
C       -0.000006000     -0.757031000      0.004058000 
C       -1.196424000     -1.450319000      0.001892000 
H       -0.000002000     -4.597198000     -0.008157000 
H        2.126854000     -0.914958000      0.003518000 
H       -0.000007000      0.314597000      0.007455000 
H       -2.126866000     -0.914963000      0.003620000 
C       -2.488997000     -3.563111000     -0.004782000 
H       -3.365964000     -2.933276000     -0.002583000 
C        2.488989000     -3.563106000     -0.004916000 
H        3.365956000     -2.933270000     -0.002690000 
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Table 31 continued. Cartesian Coordinates of “W” shaped 

N       -2.549912000     -4.816532000     -0.008961000 
N        2.549907000     -4.816526000     -0.009177000 
C        3.834073000     -5.548049000     -0.011509000 
H        3.820552000     -6.189363000     -0.883687000 
H        3.820386000     -6.195211000      0.856337000 
C       -3.834073000     -5.548068000     -0.011231000 
H       -3.820561000     -6.189432000     -0.883373000 
H       -3.820365000     -6.195183000      0.856650000 
C       -5.093332000     -4.701770000     -0.008291000 
C       -5.666147000     -4.284828000     -1.200250000 
C       -5.666044000     -4.292943000      1.186520000 
C       -6.791112000     -3.481674000     -1.200444000 
H       -5.232016000     -4.588746000     -2.132670000 
C       -6.790997000     -3.489785000      1.192271000 
H       -5.231832000     -4.603184000      2.116817000 
C       -7.348767000     -3.085719000     -0.002700000 
H       -7.231915000     -3.163509000     -2.122892000 
H       -7.231704000     -3.177879000      2.116899000 
C        5.093320000     -4.701733000     -0.008546000 
C        5.666166000     -4.284800000     -1.200494000 
C        5.665995000     -4.292885000      1.186276000 
C        6.791111000     -3.481623000     -1.200658000 
H        5.232082000     -4.588749000     -2.132926000 
C        6.790944000     -3.489718000      1.192055000 
H        5.231772000     -4.603131000      2.116566000 
C        7.348718000     -3.085629000     -0.002908000 
H        7.231990000     -3.163500000     -2.123081000 
H        7.231629000     -3.177841000      2.116705000 
C       -9.514443000     -0.003076000      0.007349000 
C      -10.953724000     -1.986431000      0.001598000 
C      -10.791544000     -0.590226000      0.005889000 
C       -9.377051000      1.351365000      0.011390000 
C      -12.198763000     -2.537082000      0.000120000 
C      -11.922568000      0.230546000      0.008712000 
C      -10.516895000      2.178181000      0.014148000 
H       -8.394834000      1.775654000      0.012408000 
C      -13.338312000     -1.709756000      0.002894000 
H      -12.297465000     -3.602484000     -0.003180000 
C      -11.761393000      1.626640000      0.012873000 
C      -13.199913000     -0.355586000      0.007143000 
H      -10.419123000      3.243599000      0.017269000 
H      -14.320871000     -2.133159000      0.001722000 
C        9.514431000     -0.003010000      0.008083000 
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Table 31 continued. Cartesian Coordinates of “W” shaped 

C       10.953669000     -1.986391000      0.000531000 
C       10.791519000     -0.590187000      0.005801000 
C        9.377069000      1.351430000      0.013025000 
C       12.198694000     -2.537070000     -0.001766000 
C       11.922562000      0.230559000      0.008745000 
C       10.516932000      2.178220000      0.015925000 
H        8.394862000      1.775740000      0.014645000 
C       13.338262000     -1.709769000      0.001144000 
H       12.297373000     -3.602471000     -0.005812000 
C       11.761417000      1.626652000      0.013863000 
C       13.199892000     -0.355598000      0.006330000 
H       10.419184000      3.243638000      0.019769000 
H       14.320811000     -2.133193000     -0.000664000 
N       -8.520076000     -2.238272000      0.000224000 
N        8.520015000     -2.238177000      0.000009000 
N       14.196162000      1.880490000      0.015322000 
N      -14.196127000      1.880525000      0.015101000 
C       -9.764023000     -2.869932000     -0.001393000 
O       -9.861489000     -4.075800000     -0.005031000 
C       -8.305695000     -0.860228000      0.004430000 
O       -7.189172000     -0.393139000      0.005608000 
C      -12.952486000      2.510452000      0.015856000 
O      -12.850255000      3.716011000      0.018728000 
C      -14.409428000      0.502763000      0.010124000 
O      -15.523935000      0.031976000      0.008228000 
C        9.763949000     -2.869860000     -0.002613000 
O        9.861369000     -4.075728000     -0.007229000 
C        8.305660000     -0.860131000      0.005050000 
O        7.189151000     -0.393010000      0.006845000 
C       14.409430000      0.502720000      0.009413000 
O       15.523924000      0.031907000      0.006783000 
C       12.952531000      2.510440000      0.017004000 
O       12.850314000      3.715998000      0.020816000 
C      -15.366829000      2.730027000      0.018279000 
C      -15.926043000      3.131570000      1.207873000 
C      -15.926068000      3.139960000     -1.175421000 
C      -17.047431000      3.945247000      1.208687000 
H      -15.492499000      2.813589000      2.134223000 
C      -17.041884000      3.949585000     -1.169263000 
H      -15.490056000      2.826777000     -2.102205000 
C      -17.628244000      4.370850000      0.022968000 
H      -17.458237000      4.239948000      2.149930000 
H      -17.457915000      4.254713000     -2.107385000 
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Table 31 continued. Cartesian Coordinates of “W” shaped 

C       15.366881000      2.729967000      0.018532000 
C       15.925816000      3.131907000      1.208109000 
C       15.926414000      3.139498000     -1.175188000 
C       17.047225000      3.945580000      1.208906000 
H       15.492052000      2.814305000      2.134487000 
C       17.042243000      3.949083000     -1.169046000 
H       15.490622000      2.825987000     -2.101966000 
C       17.628325000      4.370759000      0.023194000 
H       17.457788000      4.240611000      2.150153000 
H       17.458509000      4.253883000     -2.107169000 
C      -18.871174000      5.272824000     -0.018108000 
C      -20.009900000      4.538801000     -0.763178000 
C      -19.378428000      5.636008000      1.392040000 
C      -18.524172000      6.586455000     -0.756095000 
H      -19.728526000      4.302913000     -1.781877000 
H      -20.258037000      3.613967000     -0.255289000 
H      -20.895250000      5.165481000     -0.793894000 
H      -18.627551000      6.179567000      1.954209000 
H      -20.252674000      6.270698000      1.300887000 
H      -19.664143000      4.751030000      1.949254000 
H      -19.394483000      7.233862000     -0.786724000 
H      -17.723609000      7.106917000     -0.243202000 
H      -18.209295000      6.396748000     -1.774636000 
C       18.871218000      5.272770000     -0.017897000 
C       20.010078000      4.538730000     -0.762759000 
C       18.524168000      6.586241000     -0.756136000 
C       19.378316000      5.636189000      1.392252000 
H       20.258265000      3.614013000     -0.254686000 
H       19.728827000      4.302649000     -1.781446000 
H       20.895357000      5.165508000     -0.793499000 
H       17.723656000      7.106824000     -0.243283000 
H       19.394480000      7.233637000     -0.786992000 
H       18.209189000      6.396301000     -1.774605000 
H       20.252586000      6.270846000      1.301101000 
H       18.627395000      6.179865000      1.954251000 
H       19.663936000      4.751296000      1.949648000 

Total Energy = -3586.74030440 
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Table 32. Cartesian Coordinates “U” shaped 

C      -11.023157000      0.384494000     -1.439639000 
C      -10.394331000     -0.435629000     -0.522118000 
C      -10.812975000     -1.738979000     -0.333119000 
C      -11.896322000     -2.219709000     -1.054975000 
C      -12.541481000     -1.399616000     -1.965222000 
C      -12.100262000     -0.102783000     -2.166537000 
H       -9.560071000     -0.065039000      0.030934000 
H      -12.228223000     -3.231117000     -0.916478000 
H      -13.376329000     -1.773243000     -2.523524000 
H      -12.590737000      0.524119000     -2.886792000 
C      -10.487575000      1.746307000     -1.656801000 
H      -10.844737000      2.263795000     -2.539745000 
C      -10.061921000     -2.604483000      0.601142000 
H      -10.413194000     -3.626479000      0.687092000 
N       -9.637509000      2.233316000     -0.874885000 
N       -9.065966000     -2.172519000      1.228979000 
C       -8.281465000     -3.016446000      2.128919000 
H       -8.589707000     -4.059424000      2.085281000 
H       -8.450271000     -2.656368000      3.138445000 
C       -8.986548000      3.525339000     -1.105863000 
H       -9.201535000      3.931897000     -2.091069000 
H       -9.357303000      4.221590000     -0.361625000 
C       -7.487986000      3.348269000     -0.914894000 
C       -7.018593000      2.590050000      0.149621000 
C       -6.579436000      3.937516000     -1.774412000 
C       -5.663124000      2.437707000      0.358977000 
H       -7.721598000      2.113268000      0.799142000 
C       -5.218773000      3.779046000     -1.572091000 
H       -6.924592000      4.517562000     -2.607800000 
C       -4.766319000      3.034102000     -0.505257000 
H       -5.303791000      1.856301000      1.183446000 
H       -4.516188000      4.235042000     -2.239425000 
C       -6.793668000     -2.906871000      1.820025000 
C       -6.287141000     -1.901356000      1.013433000 
C       -5.920492000     -3.825621000      2.383482000 
C       -4.926383000     -1.814514000      0.766963000 
H       -6.957650000     -1.194757000      0.575035000 
C       -4.564380000     -3.741380000      2.143504000 
H       -6.298594000     -4.612706000      3.007542000 
C       -4.073514000     -2.736285000      1.334845000 
H       -4.537020000     -1.041846000      0.133246000 
H       -3.891095000     -4.453838000      2.574913000 
C       -1.238880000      1.717779000     -0.707960000 
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Table 32 continued. Cartesian Coordinates “U” shaped 

C       -1.229678000      3.844620000      0.506327000 
C       -0.546538000      2.757767000     -0.063673000 
C       -0.556662000      0.681146000     -1.267034000 
C       -0.546448000      4.830149000      1.150899000 
C        0.847430000      2.708252000      0.014562000 
C        0.851212000      0.643309000     -1.206548000 
H       -1.100396000     -0.101220000     -1.753910000 
C        0.856399000      4.770872000      1.244654000 
H       -1.088963000      5.648737000      1.575421000 
C        1.537285000      1.633675000     -0.572804000 
C        1.535255000      3.734081000      0.680208000 
H        1.390663000     -0.164768000     -1.652423000 
H        1.403977000      5.539618000      1.748277000 
C       -0.407925000     -1.924337000      1.704568000 
C       -0.721758000     -3.314837000     -0.286991000 
C        0.114917000     -2.610116000      0.594913000 
C        0.419121000     -1.248142000      2.548034000 
C       -0.200055000     -3.964393000     -1.364083000 
C        1.492249000     -2.587819000      0.361856000 
C        1.808704000     -1.229428000      2.314652000 
H       -0.000447000     -0.734313000      3.387577000 
C        1.187293000     -3.937105000     -1.601835000 
H       -0.857591000     -4.496141000     -2.019610000 
C        2.331938000     -1.883779000      1.241801000 
C        2.012890000     -3.264568000     -0.752991000 
H        2.465591000     -0.704686000      2.976487000 
H        1.608735000     -4.445978000     -2.443340000 
N       -3.340367000      2.898130000     -0.296257000 
N       -2.651005000     -2.672997000      1.074592000 
N        4.266068000     -2.573683000     -0.083521000 
N        3.660510000      2.636612000      0.122442000 
C       -2.702447000      3.941478000      0.378085000 
O       -3.320215000      4.882417000      0.819873000 
C       -2.721073000      1.749900000     -0.778609000 
O       -3.356212000      0.826864000     -1.243178000 
C        3.020769000      1.576165000     -0.504729000 
O        3.633665000      0.638301000     -0.975457000 
C        3.013367000      3.702793000      0.759903000 
O        3.630951000      4.569948000      1.333300000 
C       -2.182979000     -3.367318000     -0.039499000 
O       -2.926671000     -3.986987000     -0.764575000 
C       -1.869757000     -1.935581000      1.960162000 
O       -2.354688000     -1.338597000      2.894858000 
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Table 32 continued. Cartesian Coordinates “U” shaped 

C        3.473282000     -3.259407000     -1.004610000 
O        3.951925000     -3.834729000     -1.954604000 
C        3.797346000     -1.855609000      1.004436000 
O        4.542572000     -1.246760000      1.744427000 
C        5.110493000      2.658236000      0.153619000 
C        5.819312000      1.723533000      0.882082000 
C        5.780076000      3.659385000     -0.513933000 
C        7.195038000      1.820792000      0.954874000 
H        5.318587000      0.912635000      1.367387000 
C        7.157099000      3.756638000     -0.423707000 
H        5.231312000      4.383306000     -1.080458000 
C        7.892338000      2.848834000      0.325336000 
H        7.721935000      1.080939000      1.521337000 
H        7.642536000      4.558287000     -0.936916000 
C        5.690944000     -2.584269000     -0.338128000 
C        6.445114000     -3.665919000      0.069955000 
C        6.278486000     -1.552833000     -1.031355000 
C        7.784888000     -3.725689000     -0.246165000 
H        5.981924000     -4.462670000      0.615980000 
C        7.627206000     -1.622763000     -1.348662000 
H        5.687565000     -0.706004000     -1.314291000 
C        8.401583000     -2.714754000     -0.981449000 
H        8.349025000     -4.577635000      0.073228000 
H        8.057145000     -0.812564000     -1.896790000 
C        9.416579000      2.949450000      0.486321000 
C       10.004709000      4.176190000     -0.239776000 
C        9.762393000      3.072145000      1.988449000 
C       10.077327000      1.682949000     -0.099754000 
H        9.823870000      4.128728000     -1.307723000 
H        9.589146000      5.099741000      0.146946000 
H       11.077436000      4.199335000     -0.083530000 
H        9.422751000      2.207550000      2.544404000 
H       10.837162000      3.154460000      2.114240000 
H        9.295792000      3.954412000      2.411132000 
H       11.154320000      1.733559000      0.024413000 
H        9.719078000      0.787627000      0.392410000 
H        9.855656000      1.602846000     -1.157930000 
C        9.888019000     -2.848191000     -1.349324000 
C       10.362554000     -1.724464000     -2.292178000 
C       10.735097000     -2.794025000     -0.057494000 
C       10.124697000     -4.195611000     -2.071376000 
H        9.791188000     -1.720393000     -3.213579000 
H       10.281781000     -0.751835000     -1.824746000 
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Table 32 continued. Cartesian Coordinates “U” shaped 

H       11.405093000     -1.888176000     -2.541723000 
H       10.462772000     -3.592061000      0.622579000 
H       11.788650000     -2.895741000     -0.297770000 
H       10.586702000     -1.848213000      0.450713000 
H       11.169261000     -4.281993000     -2.352240000 
H        9.878278000     -5.038325000     -1.438437000 
H        9.519190000     -4.253521000     -2.968418000 
Total Energy = -3586.75270237 

 

Table 33. Cartesian Coordinates “Z” shaped. 

C       -0.477162000      6.075193000     -1.113570000 
C       -0.002706000      5.080198000     -0.275899000 
C        1.278268000      4.580747000     -0.439225000 
C        2.087683000      5.084495000     -1.448831000 
C        1.619427000      6.078999000     -2.288183000 
C        0.339405000      6.573358000     -2.120508000 
H       -0.625962000      4.695191000      0.502702000 
H        3.081143000      4.698735000     -1.576573000 
H        2.247020000      6.464711000     -3.066336000 
H       -0.026409000      7.344645000     -2.771339000 
C       -1.841994000      6.612125000     -0.947038000 
H       -2.110441000      7.402473000     -1.639587000 
C        1.793322000      3.517910000      0.448738000 
H        2.804888000      3.201742000      0.243517000 
N       -2.637565000      6.192327000     -0.072577000 
N        1.097631000      3.025970000      1.369804000 
C        1.602945000      1.962890000      2.264152000 
H        0.912672000      1.133585000      2.175473000 
H        1.512182000      2.342810000      3.273835000 
C       -3.980958000      6.767913000      0.056273000 
H       -4.031601000      7.249377000      1.026942000 
H       -4.174505000      7.520482000     -0.705557000 
C       -5.049803000      5.688055000     -0.006148000 
C       -4.753803000      4.369648000      0.297190000 
C       -6.352302000      6.029313000     -0.336440000 
C       -5.747694000      3.409075000      0.272453000 
H       -3.748053000      4.105591000      0.543682000 
C       -7.346848000      5.070316000     -0.359737000 
H       -6.594819000      7.045811000     -0.579841000 
C       -7.040218000      3.760898000     -0.054338000 
H       -5.518184000      2.389326000      0.505523000 
H       -8.351827000      5.336183000     -0.616667000 
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Table 33 continued. Cartesian Coordinates “Z” shaped 

C        3.021579000      1.488461000      2.011878000 
C        3.272162000      0.455617000      1.121268000 
C        4.094398000      2.110687000      2.631993000 
C        4.566562000      0.047978000      0.858739000 
H        2.453113000     -0.032827000      0.630505000 
C        5.390819000      1.706985000      2.373229000 
H        3.917036000      2.913833000      3.320292000 
C        5.621998000      0.677268000      1.485207000 
H        4.756211000     -0.751287000      0.171995000 
H        6.216711000      2.188332000      2.855533000 
C       -9.354211000      1.055235000     -1.297000000 
C       -9.830003000      1.485399000      1.066743000 
C      -10.083728000      0.787149000     -0.126162000 
C       -9.613368000      0.369435000     -2.444017000 
C      -10.546538000      1.213134000      2.191719000 
C      -11.080648000     -0.191906000     -0.148654000 
C      -10.617656000     -0.617407000     -2.466630000 
H       -9.044839000      0.590751000     -3.322948000 
C      -11.550948000      0.226390000      2.169167000 
H      -10.335383000      1.757517000      3.088260000 
C      -11.334303000     -0.889969000     -1.341724000 
C      -11.810257000     -0.459651000      1.022268000 
H      -10.828414000     -1.161882000     -3.363221000 
H      -12.119213000      0.005173000      3.048307000 
C        9.020813000      0.460726000     -0.124428000 
C        8.904087000     -1.161118000      1.709178000 
C        9.608134000     -0.548535000      0.658052000 
C        9.718570000      1.042536000     -1.138376000 
C        9.489684000     -2.136927000      2.456334000 
C       10.918356000     -0.950940000      0.385508000 
C       11.038805000      0.636891000     -1.412710000 
H        9.250819000      1.808738000     -1.720539000 
C       10.810047000     -2.542132000      2.181496000 
H        8.934171000     -2.588790000      3.251365000 
C       11.623230000     -0.339059000     -0.665109000 
C       11.506648000     -1.959837000      1.167312000 
H       11.595213000      1.088152000     -2.207348000 
H       11.278772000     -3.308084000      2.763133000 
N       -8.078110000      2.753057000     -0.080241000 
N        6.977259000      0.259687000      1.205002000 
N       13.552035000     -1.760403000     -0.162988000 
N      -13.084427000     -2.159036000     -0.194030000 
C       -8.775128000      2.527021000      1.105879000 
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Table 33 continued. Cartesian Coordinates “Z” shaped 

O       -8.531828000      3.149100000      2.114723000 
C       -8.293394000      2.091533000     -1.288465000 
O       -7.648299000      2.350315000     -2.278812000 
C      -12.388701000     -1.931584000     -1.380884000 
O      -12.633870000     -2.552964000     -2.389846000 
C      -12.870919000     -1.495590000      1.013757000 
O      -13.518589000     -1.753083000      2.002903000 
C        7.514139000     -0.745375000      2.010304000 
O        6.874319000     -1.247618000      2.905821000 
C        7.632503000      0.898134000      0.152352000 
O        7.091326000      1.763614000     -0.498080000 
C       12.896463000     -2.397261000      0.889774000 
O       13.433728000     -3.262155000      1.543222000 
C       13.014593000     -0.755726000     -0.966119000 
O       13.650312000     -0.249583000     -1.862479000 
C      -14.116043000     -3.172289000     -0.217284000 
C      -15.409247000     -2.834969000     -0.538186000 
C      -13.803941000     -4.483011000      0.083317000 
C      -16.396057000     -3.807262000     -0.559823000 
H      -15.651861000     -1.818151000     -0.771438000 
C      -14.789373000     -5.446855000      0.060405000 
H      -12.796121000     -4.745489000      0.333322000 
C      -16.108155000     -5.131117000     -0.261706000 
H      -17.391372000     -3.512672000     -0.813102000 
H      -14.523252000     -6.456528000      0.297142000 
C       14.908094000     -2.177212000     -0.445338000 
C       15.967757000     -1.548191000      0.176875000 
C       15.146259000     -3.199469000     -1.332677000 
C       17.259103000     -1.947609000     -0.094166000 
H       15.781730000     -0.751670000      0.868303000 
C       16.445906000     -3.597163000     -1.601625000 
H       14.324352000     -3.687821000     -1.815577000 
C       17.527877000     -2.981317000     -0.989660000 
H       18.064697000     -1.444986000      0.400445000 
H       16.597669000     -4.394810000     -2.296082000 
C      -17.173562000     -6.237852000     -0.274671000 
C      -17.267315000     -6.872468000      1.132134000 
C      -18.569674000     -5.702863000     -0.652037000 
C      -16.777107000     -7.315744000     -1.309853000 
H      -16.324371000     -7.313024000      1.430998000 
H      -17.541279000     -6.123412000      1.866095000 
H      -18.021070000     -7.653116000      1.135785000 
H      -18.571122000     -5.268634000     -1.645389000 
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Table 33 continued. Cartesian Coordinates “Z” shaped 

H      -19.277164000     -6.524386000     -0.644915000 
H      -18.913096000     -4.959358000      0.058289000 
H      -17.525906000     -8.100874000     -1.330906000 
H      -16.705068000     -6.879560000     -2.299498000 
H      -15.823092000     -7.766315000     -1.066143000 
C       18.982827000     -3.393047000     -1.261141000 
C       19.084880000     -4.549732000     -2.275728000 
C       19.757127000     -2.183269000     -1.833459000 
C       19.637361000     -3.855631000      0.061071000 
H       18.580624000     -5.438534000     -1.913702000 
H       18.664181000     -4.271795000     -3.235454000 
H       20.129745000     -4.796191000     -2.427227000 
H       19.763893000     -1.353051000     -1.138292000 
H       20.785897000     -2.464428000     -2.033673000 
H       19.303351000     -1.848909000     -2.759275000 
H       20.664922000     -4.153675000     -0.120009000 
H       19.641419000     -3.063161000      0.799000000 
H       19.099056000     -4.701685000      0.472483000 
Total Energy = -3586.74062018 
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