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Résumé 

 

L'objectif de cette étude est d'apprendre à créer de nouveaux matériaux moléculaires par 

design. À l'heure actuelle, il n'existe aucune méthode générale pour la prédiction des structures 

et des propriétés, mais des progrès importants ont été accomplis, en particulier dans la 

fabrication de matériaux moléculaires ordonnés tels que des cristaux. En ces matériaux, 

l'organisation peut être contrôlée efficacement par la stratégie de la tectonique moléculaire. 

Cette approche utilise des molécules appelées “tectons”, qui peuvent s’associer de manière 

dirigée par des interactions non covalentes prévisibles. De cette façon, la position de chaque 

molécule par rapport à ses voisins peut être programmée avec un degré élevé de fiabilité pour 

créer des cristaux et d'autres matériaux organisés avec des caractéristiques et des propriétés 

structurelles souhaitables. Le travail que nous allons décrire est axé sur l'utilisation de 

l'association des cations bis(aminidinium) avec des carboxylates, sulfonates, phosphonates et 

phosphates, afin de créer des réseaux moléculaires prévisibles. Ces réseaux promettent d'être 

particulièrement robuste, car ils sont maintenus ensemble par de multiples liaisons hydrogène 

assistées par des interactions électrostatiques. 

 

Mots-clés : Matériaux moléculaires, génie cristallin, liaison hydrogène, interactions 

électrostatiques 
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Abstract 

 

The goal of this study is to learn how to create new molecular materials by design. At present, 

there is no general method for predicting structures and properties, but significant progress is 

being made, particularly in making ordered molecular materials such as crystals. In such 

materials, organization can be controlled effectively by the strategy of molecular tectonics. 

This approach uses molecules called “tectons”, which can associate in ways directed by 

predictable non-covalent interactions. In this way, the position of each molecule relative to its 

neighbors can be programmed with a high degree of reliability to create crystals and other 

ordered materials with desirable structural features and properties. The work that we will 

describe focuses on using the association of bis(aminidinium) cations with carboxylates, 

sulfonates, and phosphates to create predictable molecular networks. Such networks promise 

to be unusually robust because they are held together by multiple charge-assisted hydrogen 

bonds. 

 

Keywords : Molecular materials, tectons, crystal engineering, charge-assisted hydrogen bonds 
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1.0 Chapter 1: Introduction 

 

 



 

 

 

1.1. Supramolecular Chemistry 

 

Traditional molecular chemistry focuses on structures held together by covalent bonds. A 

newer area of molecular science, often referred to as “chemistry beyond the molecule”,
1
 is the 

field of supramolecular chemistry. Whereas traditional chemistry builds molecules through 

manipulation of the covalent bond, supramolecular chemistry focuses on using non-covalent 

intermolecular interactions as a tool for generating new molecular entities with well-defined 

features.
2 

 

To an important extent, supramolecular chemistry is inspired by the biological world, because 

non-covalent interactions play key roles in many biological systems.
3
 For example, strands of 

nucleic acids are linked specifically by weak interactions to define genetic makeup and convey 

information that directs the functions of living things.  Highly specific intermolecular 

interactions also play a central role in the binding of substrates to enzymes, in directing drugs 

to their targets, and in determining the behaviour of protein assemblies that govern the 

propagation of signals between cells.  As a result, the study of these interactions is a crucially 

important undertaking, both as a source of information about how complex natural systems 

work and as a foundation for applying weak interactions in new ways.
4
 It would be 

tremendously difficult to build single giant molecules that could carry out the necessary 

biological processes, using only linear syntheses based on the construction of covalent bonds. 

Supramolecular chemistry plays a dominant role in biological organization because it offers 

advantages over conventional molecular chemistry. These advantages include (1) a decrease in 
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structural errors due to reversible selection of subunits during the self-assembling process, 

which allows errors to be corrected; (2) ease of formation of the end product, because non-

covalent interactions are formed rapidly; and (3) synthetic economy resulting from the fact 

that in molecular association, all of the atoms of the starting components appear in the self-

assembled structure.
5
 These multiple advantages can be extended and applied to many other 

systems, which is why supramolecular chemistry has continued to expand in importance in 

recent years.  

 

Through its success in creating complex systems by manipulating  interactions between the 

components, supramolecular chemistry intersects the science of molecular information.
6
 

Information stored at the molecular level is transferred and processed at the supramolecular 

level through molecular recognition operating by means of specific interactions. The impact of 

supramolecular chemistry has grown rapidly in recent decades, and the field has gained a 

position of prominence as the science of informed matter at the interfaces of biology and 

physics (Figure 1).
4,7   

In general, supramolecular science points towards the discovery and 

implementation of new rules that will ultimately meet the challenge of creating new forms of 

complex matter.
7 
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Figure 1. Supramolecular science as the science of informed matter at the interfaces of 

chemistry with biology and physics.
4 
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1.2 Crystal Engineering 

 

There are many important manifestations of supramolecular chemistry outside the realm of 

biology. One of the most striking is the phenomenon of molecular recognition that takes place 

in the formation and growth of crystals. In fact, Dunitz defines the crystal as “the 

supramolecule par excellence.”
8
 Crystals can be considered to be the ultimate supermolecules, 

and their structure shows how solid-state molecular recognition can lead to the assembly of 

countless individual molecules, all held together by non-covalent interactions under the 

influence of chemical and geometrical factors.
9,10

  

 

One of the goals of crystal engineering is to provide “understanding of intermolecular 

interactions in the context of crystal packing…” and to lead to the “utilisation of such 

understanding in the design of new solids with desired physical and chemical properties.”
11

 

Crystal engineering is a cross-disciplinary field and lies at the intersection of many important 

domains, including chemistry, crystallography, and materials science. Like supramolecular 

chemistry in solution, crystal engineering is governed by basic principles of molecular 

recognition, applied to chemical events occurring in the solid state. Purposeful molecular 

recognition is commonly referred to as supramolecular chemistry in solution and as crystal 

engineering when it occurs in the solid state.
11-13

  

 

Molecules in the interior of a solid are closely surrounded by multiple neighbors, all of which 

interact in various ways. In this way, it is possible to see molecular solids as the product of a 
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series of steps of recognition processes in which each component is positioned relative to its 

neighbors. The resulting construction of molecular networks held together by covalent 

interactions can be considered to be part of the foundation of crystal engineering. Molecular 

networks can be defined as assemblies held together by specific patterns of interaction, which 

repeat through space.  The individual components can be viewed as consisting of a core that 

defines the molecular geometry and other properties, along with peripheral sites of molecular 

recognition that control organization.  The type of network formed depends on the number of 

sites of strong association attached to the molecular core. Two such sites will give rise to one-

dimensional networks (α-networks), whereas two or three sites will result in two-dimensional 

(β) and three-dimension (γ) networks, respectively.
14 

 

To be able to control molecular organization in the solid state, complete understanding of the 

intermolecular interactions between the particular components has to be achieved. Much of 

our understanding of these interactions is based on structural analyses using X-ray 

crystallography, which is the analytical technique of choice for revealing the details of non-

covalent intermolecular interactions governing the three-dimensional molecular assembly in 

crystals.
15-17

 However, despite broad understanding of these interactions and vast amounts of 

structural data, there is still no general method for predicting the collective behavior of 

molecules in detail, such as how they will crystallize. Nevertheless, the field is under very 

active investigation, and rapid progress is being made in controlling molecular organization in 

crystals.
18-21  

 



 

7 

A major preoccupation of crystal engineering is learning how to produce predictably ordered 

structures that have specific desired properties.
15

 In principle, controlling the properties of 

solids can be achieved by building them from suitably chosen molecular components that 

associate predictably to form programmed three-dimensional structures. The overall result can 

be described as the translation of structural design (at the molecular level) to property design 

(in the final bulk material). For this reason, the field of crystal engineering has attracted 

growing attention, owing to its potential for helping to reveal how technologically important 

new materials can be designed.
16

 The new concepts developed so far have already proved to 

be of great significance in particular areas, such as in the synthesis of porous solids, clay-like 

materials and ion-exchange materials for the purpose of separations and catalysis. Moreover, 

the investigation of the application of these new strategies for the design of novel optical, 

electronic and magnetic materials based on molecular components is currently an active field 

of study.
15

 Rapid progress in the discovery of new functional materials can be expected to 

occur in the coming years, in large part because of the contributions of modern crystal 

engineering.  
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1.3 Molecular Tectonics 

 

Non-covalent intermolecular interactions are of utmost importance in crystal engineering 

because they provide the means for controlling the organization of molecules in the solid 

state.
22

 An effective strategy for engineering crystals is to build them from molecules that 

possess well-defined geometries and are able to engage in multiple intermolecular interactions 

according to reliable motifs of association.
23,24

 With the combined effect of geometry and 

interaction, the organization of molecules can be properly directed, and the position of each 

subunit relative to its neighbors can be programmed with a high degree of reliability, thus 

making it possible to engineer crystals and other ordered materials with desirable structural 

features and properties.   

 

This approach is sometimes called molecular tectonics, which uses molecules called tectons 

that can associate in ways directed by predictable non-covalent interactions.
25,26

 The word 

“tecton” is derived from the Greek word for builder, and it refers to molecules of defined 

topology whose interactions are governed by specific attractive forces that provide the driving 

force for assembly. Correspondingly, “molecular tectonics” is defined as being the art and 

science of supramolecular construction using tectonic subunits.
26

 These terms are illustrated 

by the schematic assembly shown in Figure 2.  
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Figure 2. Schematic representation of tectons self-assembling to form a network.
4 
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1.4 Hydrogen Bonds 

 

A hydrogen bond, which can be represented by the broken line in the structure X-H∙∙∙A, is an 

interaction wherein a hydrogen atom is attracted to two atoms, X and A, rather than just one. 

In this way, the hydrogen bond acts like a bridge between the two atoms.
27

 An early definition 

stated that a hydrogen bond exists if there is evidence of a bond, and if there is evidence that 

the bond sterically involves a hydrogen atom already bonded to another atom.
28

 A limitation 

of this definition is that it also includes van der Waals contacts and three-center two-electron 

interactions. Therefore, a more modern definition would state that “an X-H∙∙∙A interaction is 

called a hydrogen bond if it constitutes a local bond and X- H acts as proton donor to A.”
29

 In 

a hydrogen bond X-H∙∙∙A, the group X-H is called the donor and A is called the acceptor. The 

bond dissociation energies of hydrogen bonds range from 0.2 to 40 kcal mol
-1

, and the type 

and function of a specific hydrogen bond depends on where its strength lies within this 

range.
29 

 

Many types of non-covalent intermolecular interactions can be used to control the organization 

of tectons; however, among all of the possibilities, the hydrogen bond remains the most 

exploited.  In part, this is because it is strong enough to ensure association while still allowing 

association to be reversible so that errors of assembly can be corrected. In addition, the 

directionality of the bond allows the geometry of the resulting molecular assemblies to be 

predicted with confidence.
26

 The hydrogen bond can be considered to be the most important of 

all directional intermolecular interactions.
29 

It is a determinant factor in controlling molecular 

conformation and aggregation. Furthermore, a vast number of chemical and biological systems 
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cannot operate without the presence of hydrogen bonding. The defining role of hydrogen 

bonding in determining the structure and properties of many compounds and systems reflects 

its importance. Its properties can be used in combination with organic synthesis to direct 

molecular assembly in solid-state chemistry. For this reason, hydrogen bonding has been used 

extensively in the building of molecular networks.
29-31

 Moreover, the strength of hydrogen 

bonds can be modulated according to need, by altering the polarity of the groups involved or 

by introducing the effects of charge, resonance or cooperative assistance.
32-33
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1.5 Charge-Assisted Hydrogen Bonds 

 

An interesting way to increase the strength of interactions is based on the simultaneous use of 

hydrogen bonding and less directional electrostatic interactions between complementary units, 

giving rise to ‘charge-assisted hydrogen bonds’ (CAHBs).  These bonds consist of donors and 

acceptors with an ionic character that reinforces the electrostatic dipole-dipole character of the 

hydrogen bond, thus positioning them among the strongest types of hydrogen bonds.  Most 

CAHBs have a strength that falls at least in the middle of the 1 kJmol
−1

 (weak) to >155 

kJmol
−1

 (extremely strong) range of hydrogen-bond strengths.
31

 Thus, CAHBs are strong 

hydrogen bonds and have been referred to as ionic, positive- or negative-ion, or low-barrier 

hydrogen bonds.
34

 Similarly, they have also been classified in crystals according to whether 

they are positive charge-assisted, negative charge-assisted, or resonance-assisted.
35 

 

In the past few years, the impact of CAHBs in the field of crystal engineering has known a 

substantial increase, and they have shown great effectiveness in the design of molecular 

networks. It has been proven that CAHBs provide a means of introducing robustness to 

networks due to a combination of stronger intermolecular forces between the molecular 

entities. Those strong interactions, when used in molecules with suitable structures, allow the 

design of organic solid-state materials with a high degree of rational control.
31

 

There are numerous examples showing fascinating crystal architectures, in which the assembly 

is directed by CAHBs. Two of the most common and robust types of such bonds encountered 

are the 
+
N–H∙∙∙O

-
 and 

+
N–H∙∙∙N

-
 hydrogen bonds. Previous studies have revealed that N–H 
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donors carrying a positive charge give rise to shorter bonds than uncharged N–H groups, and 

that carboxylate anions are stronger acceptors than uncharged species such as amides, ketones, 

and carboxyls.
31  

Theoretical aspects of CAHBs, as well as of other types of hydrogen bonds, 

have been reviewed recently.
36 

 

Overall, it is evident that the outstanding properties associated with CAHBs makes them of 

great significance in the systematic construction of molecular networks. Their presence allows 

a better control of molecular assembly leading to materials with new solid-state properties.  
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1.6 Molecular Networks Created by Charge-Assisted Hydrogen 

Bonds Between Bis(aminidinium) Cations  and Oxygenate Anions 

 

The reaction of suitable acids with bases leading to the formation of crystalline salts provides 

a simple strategy for incorporating charge-assisted hydrogen bonds in structures. Amidines 

(Figure 3) are tectons of potential interest because the protonated amidinium cation can be 

used to form charge-assisted hydrogen bonds with various anions.  

 

R

NN
R3

R2

R1

R

NN
R3

R2

R1

H
+

 

 

Figure 3. Basic structure of an amidine and an amidinium cation. 

 

The structure of the ion pairs can be better controlled in instances where each atom of nitrogen 

of the amidinium cation is protonated, thus allowing it to donate multiple hydrogen bonds in 

order to form cyclic pairs with diverse anions. It is for this reason that, among all the multitude 

of potential CAHB donors available, amidinium cations are among the most attractive.  

 

Although simple amidinium cations can form complex extended hydrogen-bonded networks, 

bis(amidinium) dications offer an increased possibility of forming strong cyclic pairs with two 

dianions, thereby yielding chains linked in two directions by multiple CAHBs (Figure 4).  The 

building blocks needed for such a construction would consist of an organic core to which two 
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amidinium groups are attached and are available for forming hydrogen-bonded networks with 

a variety of different complementary anionic acceptors.
32,37-38

  

 

 

 

Figure 4. Cyclic charge-assisted hydrogen-bonding motif between a bis(amidinium) dication 

and two dianions. 

 

Flexible acyclic amidinium units do not allow the orientation of the N-H donor sites to be 

controlled predictably, but the use of suitable cyclic derivations reduces uncertainty about the 

geometry of the cation.
39 

This strategy can be put into practice by treating suitable cyclic  

bis(amidines) with diacids such as dicarboxylic acids, leading to the formation of salts that can 

form hydrogen-bonded rings or chains. In principle, this approach can be extended to the 

potential formation of more intricate networks created from molecules with multiple amidine 

and carboxyl groups. Indeed, there are already initial reports of charge-assisted hydrogen-

bonded networks between bis(amidinium) cations and diverse carboxylates.
39-49 

 

Interactions of bis(amidinium) cations with dicarboxylates can be expected to give rise to the 

formation of one-dimensional networks. It is clear that to form sheets, the components will 

have to be modified so that basic rings and chains are interconnected. Modification of the 

assembling units by the addition of another dimension provides a means of achieving this 
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extension. For example, use of a trigonal acceptor might be expected to produce anionic sheets 

held together by multiple CAHBs.
50 

 In these ways, bis(amidinium) cations can be combined 

with with a variety of anions to create predictable molecular networks held together by strong 

hydrogen bonds. Work of this type can be expected to reveal how CAHBs can serve as 

powerful tools in crystal design. Their combination of strength and versatility opens the door 

to effective new strategies for engineering complex molecular networks.
31
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1.7 Purpose of the Study 

 

Molecular tectonics is an effective strategy for the rational construction of molecular 

materials. The strategy relies on the use of strong directional intermolecular interactions to 

control how neighboring components are positioned. Previous work has established the 

effectiveness of hydrogen bonds, particularly those strengthened by additional electrostatic 

attraction (CAHBs). The work we have carried out focuses on the use of CAHBs formed by 

cations derived from bis(amidines), which have features expected to lead to the creation of 

robust molecular networks. Our initial study was inspired by earlier work of Hosseini and 

collaborators, who have reported structures derived from various bis(amidines) and acids. 

Their work revealed how the choice of appropriate cyclic amidinium units can ensure proper 

orientation of the N–H groups, thereby exerting better control over the geometry of the cation 

and the structure of the resulting network. Our goal has been to extend this strategy by using 

new bis(amidines), together with various complex acids (carboxylic, sulfonic, and 

phosphonic) expected to form amidinium salts that generate complex networks held together 

by multiple CAHBs. Our findings have shed light on the ability of multiple CAHBs to produce 

robust molecular materials with predictable structures. Ultimately, our results will provide a 

deeper understanding of how specific molecules and interactions can be used to create new 

materials by design. 
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 .1 Introduction 

 

Molecular tectonics provides an effective modular strategy for constructing new materials. It 

is governed by the self-assembly of molecules with distinct geometries which recognize 

themselves by means of intermolecular interactions. The application of this strategy results in 

a high level of predictability in molecular organization, which represents a prerequisite for 

engineering molecular materials.  

 

Molecular tectonics takes advantage of a wide variety of interactions to control how adjacent 

modules are positioned. Of these interactions, hydrogen bonds are among the most effective. 

Previously reported molecular networks are typically held together by nonionic hydrogen 

bonds. However, strengthened association can be achieved by using charge-assisted hydrogen 

bonds formed by modules that have opposing charges. Previous work has identified 

amidinium cations as particularly effective participants in charge-assisted hydrogen bonds 

(CAHBs), and we have explored new facets of their use as the cationic components of 

extended hydrogen-bonded networks formed with carboxylate anions. 

 

Chapter 2, presented in the form of an article, summarizes the association of bis(aminidinium) 

cations of 2,2’-bi-2-imidazoline with different carboxylates. These salts form extended 

networks in which the components are held together by multiple CAHBs. Due to the presence 

of charged interacting species, the resulting molecular materials have enhanced robustness.  
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2.2 Abstract 

Amidines can be protonated by carboxylic acids to give amidinium carboxylates, and the ions 

can associate by forming multiple charge-assisted hydrogen bonds according to reliable 

motifs. Extended hydrogen-bonded networks can be constructed by treating suitable 

bis(amidines) with acids containing multiple carboxyl groups. To further explore the potential 

of this strategy, we have determined the structures of salts produced by treating 2,2’-bi-2-

imidazoline, a cyclic bis(amidine), with oxalic, fumaric, terephthalic, and trimesic acids. The 

structures of the salts proved to incorporate features resulting predictably from the geometry 

of the ions and their ability to engage in charge-assisted hydrogen bonds. 
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2.3 Introduction 

 

In recent years, an intensive effort has been made to learn how to create new molecular 

materials by design. At present, there is still no general method for predicting the collective 

behavior of molecules in detail,
1-4

 but significant progress is being made in certain areas, such 

as in controlling molecular organization in crystals. A particularly effective strategy for 

engineering crystals is to build them from molecules that have well-defined geometries and 

can engage in multiple intermolecular interactions according to reliable motifs of association.
5-

6
 When geometries and interactions are designed to act in synergy to direct organization, the 

position of each molecule relative to its neighbors can be programmed with a high degree of 

reliability, making it possible to engineer crystals and other ordered materials with desirable 

structural features and properties.   

 

Many types of non-covalent interactions can be used to ensure proper intermolecular cohesion 

and orientation, but hydrogen bonds stand out for their high strength and directionality. The 

inherent strength can be increased by polarizing the groups involved and by introducing 

charge, resonance, or cooperative effects.
7-8

 A promising approach is based on the 

simultaneous use of hydrogen bonds and less directional electrostatic interactions between 

molecules, which can be combined to give rise to charge-assisted hydrogen bonds.
9
 Such 

bonds offer a powerful way to make materials more robust by strengthening interactions 

between the molecular subunits. A simple strategy for incorporating charge-assisted hydrogen 

bonds in structures is to mix suitable acids and bases that react to form crystalline salts.
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Amidines have been widely exploited in this way, both in biology and chemistry, because they 

can be protonated to form the corresponding amidinium cations (eq 1), which can then engage 

in charge-assisted hydrogen bonds with diverse anions. 

 

 

 

Optimal control of the structure of the ion pairs can be achieved by using amidinium salts in 

which each atom of nitrogen is protonated. This allows the cation to serve as a multiple donor 

of hydrogen bonds and to form cyclic pairs with carboxylates and their relatives according to 

the graph set R 
 (8),10

 as shown in Figure 1.
11-21

 In such ways, salts of bis(amidines) with 

dicarboxylic acids can give rise to hydrogen-bonded rings or chains, and more intricate 

networks can be created from molecules with multiple amidine and carboxyl groups. Use of 

appropriate cyclic amidinium units can ensure that the N–H groups will be oriented 

predictably, thereby eliminating uncertainty about the geometry of the cation. Elegant use of 

this strategy has been made by Hosseini and coworkers.
11

 

 

 

Figure 1. Cyclic charge-assisted hydrogen bonding according to graph set R 
 (8) in simple 

amidinium carboxylates. 
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The present paper describes how molecular networks with predictable structural features can 

be assembled by combining 2,2’-bi-2-imidazoline (BI),
22

 a cyclic bis(amidine), with oxalic 

(OA/H2), fumaric (FA/H2), terephthalic (TA/H2), and trimesic acids (TMA/H3), which are 

shown in Figure 2 along with protonated forms of bis(amidine) BI. If the diprotonated 

dicationic form BI/H2
+2

 is produced under these conditions, it can serve as a donor of four N-

H∙∙∙acceptor hydrogen bonds. When combined with suitable carboxylates, the dication would 

then be expected to generate networks held together by multiple charge-assisted hydrogen 

bonds.  

 

 
Figure 2. Molecules used to construct networks held together by multiple charge-assisted 

hydrogen bonds. 

 

The structures of salts of bis(amidine) BI with the four carboxylic acids in Figure 2 confirm 

that a variety of molecular networks can be assembled by using hydrogen bonds and 

electrostatic interactions in combination. The relative importance of these interactions in the 
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observed structures depends in part on the different pKa values of the reacting species, which 

determine the extent of proton transfer from the acids to bis(amidine) BI.
23

 

 

 

2.4 Results and Discussion 

 

2,2’-Bi-2-imidazoline (BI) was prepared by a published method
22

 and combined in DMSO 

with carboxylic acids OA/H2, FA/H2, TA/H2, and TMA/H3 in various ratios. Under these 

conditions, bis(amidine) BI reacted with the acids to give salts, as a result of the large 

differences in pKa between those of typical imidazolinium cations (10-11)
21,24-26

 and those 

corresponding to the first ionizations of acids OA/H2 (1.23), FA/H2 (3.02), TA/H2 (3.51), and 

TMA/H3 (3.12).
27-28

 Single crystals of salts were obtained by slowly cooling solutions in hot 

DMSO, and the structures were subsequently resolved by X-ray diffraction to reveal the 

composition of the salts and the nature of the interionic interactions. 

 

2, ’-Bi- -imidazolinium oxalate (BI/H 
+ 

) (OA
-2

). Mixing bis(amidine) BI and oxalic acid 

(OA/H2) in a 1:1 molar ratio gave rise to crystals of composition (BI/H2
+2

) (OA
-2

).  The 

structure was determined by X-ray diffraction, and crystallographic parameters are 

summarized in Table 1. Analysis revealed the formation of tapes built from an alternating 

arrangement of doubly protonated biimidazolinium dications (BI/H2
+2

) and oxalate dianions 

(OA
-2

), interconnected by charge-assisted hydrogen bonds according to graph set R 
 (9) 

(Figure 3). Adjacent tapes pack closely to form sheets, which then stack to form the observed 

structure. Clear evidence for the full transfer of two protons from oxalic acid to bis(amidine) 
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BI was provided by the observation of two equal C-O bond lengths and two equal C-N bond 

lengths within each R 
 (9) motif. 
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Table 1.  Crystallographic data for salts (BI/H2
+2

) (OA
-2

), (BI/H
+
)2 (FA

-2
) • 4H2O, (BI/H

+
)2 

(TA
2
), and (BI/H

+
)2 (TMA/H

-2
) • H2O. 

 

salt (BI/H2
+2

) (OA
-2

) 
(BI/H

+
)2 (FA

-2
) 

• 4H2O 
(BI/H

+
)2 (TA

-2
) 

(BI/H
+
)2 

(TMA/H
-2

) • 

H2O 

     

crystallization medium DMSO DMSO DMSO DMSO 

formula C8H12N4O4 C16H34N8O8 C20H28N8O4 C21H30N8O7 

crystal system monoclinic monoclinic monoclinic  orthorhombic  

space group C2/c  P21/n  C2/c  Pbca 

a (Å) 13.8325(6) 6.9051(3) 14.7306(4)  18.2469(6)   

b (Å) 10.0215(5) 17.6822(8) 19.4915(5)  13.1870(5)   

c (Å) 7.2137(3) 9.3199(4) 8.2614(2)  18.6203(6)  

α (°) 90 90 90 90 

β (°) 112.385(2) 109.521(2) 123.237(1) 90 

γ (°) 90 90 90 90 

V (Å
3
) 924.63(7) 1027.53(8) 1983.99(9)   4480.5(3)  

Z 4 2 4 8 

T (K) 150 150 150 150 

ρcalc (g cm
-3

) 1.639 1.438 1.418 1.496 

μ (mm
-1

) 1.140 0.984 0.89 0.967 

crystal size (mm) 
0.14 × 0.12 × 

0.10 

0.18 × 0.15 × 

0.10 

0.13 × 0.13 × 

0.05 

0.15 × 0.06 × 

0.05 

θ range (°) 5.61-69.92 5.62-70.04 4.24-69.43 4.75-70.07 

measured reflections  8614 22246 19916 94678 

independent reflections 866 2024 1851 4235 

R1, I  > 2σ(I) 0.0355 0.0373 0.0388 0.0453 

R1, all data 0.0358 0.0376 0.0419 0.048 

wR2, I  > 2σ(I) 0.1059 0.1064 0.1103 0.1164 

wR2, all data 0.1064 0.1068 0.1139 0.1184 

GoF 1.037 1.055 1.077 1.103 
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a b 

Figure 3. Representations of the structure of crystals of 2,2’-bi-2-imidazolinium oxalate salt 

(BI/H2
+2

) (OA
-2

) grown from DMSO. (a) View of part of an alternating hydrogen-bonded tape 

composed of 2,2’-bi-2-imidazolinium dications (BI/H2
+2

) and oxalate dianions (OA
-2

). Atoms 

of carbon are shown in gray, hydrogen in white, nitrogen in blue, and oxygen in red. Hydrogen 

bonds are shown as broken lines. (b)  Side view of the tapes, showing how they pack to form 

sheets and how the sheets stack to form the observed structure. Biimidazolinium dications are 

shown in blue and oxalate dianions in red.  

 

Detailed examination of the structure showed that the dicationic and dianionic units are 

connected by N-H∙∙∙O hydrogen bonds with a short average N∙∙∙O distance of 2.65 Å. This is 

shorter than the N∙∙∙O distances normally observed in N∙∙∙H-O hydrogen bonds (2.85 Å) 

formed when carboxylic acids co-crystallize with amines to form complexes without full 

proton transfer.
29-30

 This observation provides direct evidence that hydrogen bonding in the 

salt (BI/H2
+2

) (OA
-2

) is in fact charge-assisted. Within each amidinium group of the 
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biimidazolinium dication, the two C-N distances are nearly equal (1.315 and 1.308 Å), 

confirming that the compound BI has been doubly protonated to give an essentially symmetric 

structure. In contrast, the corresponding distances in the neutral bis(amidine) BI itself are 

distinctly different (1.344 and 1.284 Å).
31

 Formation of a structure incorporating symmetric 

doubly protonated biimidazolinium dications and oxalate dianions is also confirmed by the 

solid-state 
1
H spectrum of the crystalline salt, which shows only two signals derived from the 

dication. Few hydrogen-bonded structures corresponding to the graph set R 
 (9) have been 

reported.
32-34

 The geometry of the ring shows little evidence of strain; in particular, the N-

H∙∙∙O angles are nearly linear (average of 162°), and the dihedral angle between the two 

imidazolinium rings is only 7.4°. 

 

2, ’-Bi- -imidazolinium fumarate (BI/H
+
)2 (FA

-2
) • 4H2O. Mixing bis(amidine) BI and 

fumaric acid (FA/H2) in a 1:1 molar ratio in DMSO gave crystals that proved to be a 

tetrahydrated form of a 2:1 salt of biimidazolinium monocation BI/H
+
 and fumarate dianion 

(FA
-2

). Structural analysis (see Table 1 for crystallographic parameters) again revealed the 

formation of tapes held together by charge-assisted hydrogen bonds. However, double 

protonation of bis(amidine) BI did not occur, possibly because fumaric acid has a higher pKa 

than oxalic acid. Instead, the tapes were found to consist of an alternating arrangement of 

fumarate dianions and dimers of the biimidazolinium monocation (Figure 4). As in the oxalate 

salt, each carboxylate group of fumarate accepts two hydrogen bonds from a biimidazolinium 

monocation to form a characteristic nine-membered ring corresponding to graph set R 
 (9), 

and the fumarate dianions are also hydrogen-bonded to water. Inter-tape hydrogen bonds 
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involving water link the tapes into corrugated sheets, and the sheets are connected by 

additional hydrogen bonds to water.  

 

a 

 

b 

 

Figure 4. Representation of the structure of crystals of 2,2’-bi-2-imidazolinium fumarate 

(BI/H
+
)2 (FA

-2
) • 4H2O grown from DMSO. (a) View of part of an alternating hydrogen-

bonded tape composed of paired 2,2’-bi-2-imidazolinium monocations (BI/H
+
) and fumarate 

dianions (FA
-2

). Atoms of carbon are shown in gray, hydrogen in white, nitrogen in blue, and 
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oxygen in red. Hydrogen bonds are represented by broken lines. (b) View along the tapes, 

showing how they pack to form corrugated sheets and how the sheets stack to form the 

observed structure. Biimidazolinium monocations are shown in blue, fumarate dianions in red, 

and water molecules in white. 

 

 

Detailed analysis of the structural parameters revealed interesting features. In particular, the 

biimidazolinium monocations are paired by cyclic hydrogen-bonded R 
 (10) motifs closely 

similar to those observed in the structure of bis(amidine) BI itself, where the molecules are 

linked to form extended tapes.
31

 In the fumarate salt, the N∙∙∙H-N hydrogen bonds that link the 

biimidazolinium monocations have average N∙∙∙N distances of 2.836 Å. Despite the potential 

for electrostatic repulsion between the paired cations, the observed distances are shorter than 

those in the structure of bis(amidine) BI (2.918 Å),
31

 possibly because the monoprotonated 

form becomes a stronger acid. Monocations and dianions in the fumarate salt are connected by 

N-H∙∙∙O hydrogen bonds with average N∙∙∙O distances of 2.733 Å and average N-H∙∙∙O angles 

of 151°. As expected, these structural parameters are similar to those observed in the 

corresponding oxalate salt, and they again confirm that hydrogen bonding is reinforced by 

electrostatic effects. The N-H∙∙∙O bond distances in the fumarate salt are slightly longer than 

those in the oxalate salt, possibly because the bis(amidine) is only monoprotonated and 

because fumarate engages in additional hydrogen bonding to water. The various O∙∙∙H-O 

hydrogen bonds that interconnect the tapes and sheets have average O∙∙∙O distances in a 

normal range (2.760-2.829 Å). The solid-state 
1
H NMR spectrum of the crystalline salt is 
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consistent with the observed structure, and its detailed interpretation is the subject of ongoing 

studies. 

 

2, ’-Bi- -imidazolinium terephthalate (BI/H
+
)2 (TA

-2
). Mixing equimolar amounts of 

bis(amidine) BI and terephthalic acid (TA/H2) in DMSO yielded crystals composed of a 2:1 

ratio of biimidazolinium monocation BI/H
+
 and terephthalate dianion (TA

-2
). Structural 

studies (see Table 1 for crystallographic parameters) confirmed the expected presence of tapes 

held together by charge-assisted hydrogen bonds. Again, however, double protonation of 

bis(amidine) BI did not occur, presumably because terephthalic acid has an even higher pKa 

than oxalic and fumaric acids. Instead, the tapes were found to consist of an alternating 

arrangement of carboxylate dianions and dimers of the biimidazolinium monocation, as 

observed in the fumarate salt (Figure 5).   
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a 

 

b 

Figure 5. Representations of the structure of crystals of 2,2’-bi-2-imidazolinium terephthalate 

(BI/H
+
)2 (TA

-2
) grown from DMSO. (a) View of part of an alternating hydrogen-bonded tape 

composed of paired 2,2’-bi-2-imidazolinium monocations (BI/H
+
) and terephthalate dianions 

(TA
-2

). Atoms of carbon are shown in gray, hydrogen in white, nitrogen in blue, and oxygen in 

red. Hydrogen bonds are shown as broken lines.  (b) Side view of the tapes, showing how they 

pack to form sheets and how the sheets stack to form the observed structure. Biimidazolinium 

monocations are shown in blue and terephthalate dianions in red. 
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The biimidazolinium monocations are paired by the cyclic hydrogen-bonded R 
 (10) motif 

observed in the structures of the fumarate salt and bis(amidine) BI itself.
31

 The N∙∙∙H-N 

hydrogen bonds linking the monocations have average N∙∙∙N distances of 2.841 Å, which are 

again shorter than those in the structure of bis(amidine) BI (2.918 Å).
31

 The monocations and 

dianions are connected by N-H∙∙∙O hydrogen bonds with average N∙∙∙O distances of 2.668 Å 

and average N-H∙∙∙O angles of 164°. These parameters closely resemble those observed in the 

corresponding oxalate and fumarate salts, showing again that hydrogen bonding is reinforced 

by electrostatic effects. As in the case of the fumarate salt, the solid-state 
1
H NMR spectrum of 

the terephthalate salt is consistent with the observed structure. 

 

2, ’-Bi- -imidazolinium trimesate (BI/H
+
)2 (TMA/H

-2
) • H2O. Mixing bis(amidine) BI and 

trimesic acid (TMA/H3) in a 3:2 molar ratio in DMSO yielded crystals that proved to be a 

monohydrated form of a 2:1 salt of biimidazolinium monocation BI/H
+
 and trimesate dianion 

(TMA/H
-2

). Crystallographic parameters are summarized in Table 1. The observed structure 

has features similar to those encountered in the corresponding fumarate and terephthalate salts. 

In particular, the biimidazolinium monocation is present, again presumably because the acid is 

not strong enough to effect double protonation. The resulting structure can be considered to 

consist of tapes with an alternating arrangement of carboxylate dianions and dimers of the 

biimidazolinium monocation (Figure 6).  One of the carboxylate groups accepts two hydrogen 

bonds to form the standard R 
 (9) motif observed in the oxalate, fumarate, and terephthalate 

salts, but the other adopts a bifurcated R 
1(7) motif in which a single atom of oxygen serves as 
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acceptor. Inter-tape hydrogen bonding involving the remaining COOH group of the trimesate 

dianion and water joins the tapes into sheets.  

 

Figure 6. Representation of the structure of crystals of 2,2’-bi-2-imidazolinium trimesate 

(BI/H
+
)2 (TMA/H

-2
) • H2O grown from DMSO. View of part of a hydrogen-bonded sheet 

composed of paired 2,2’-bi-2-imidazolinium monocations (BI/H
+
) and trimesate dianions 

(TMA/H
-2

). Atoms of carbon are shown in gray, hydrogen in white, nitrogen in blue, and 

oxygen in red. Hydrogen bonds are shown as broken lines.   
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The geometric parameters closely match expectations based on the behavior of the 

corresponding fumarate and terephthalate salts. In particular, the N∙∙∙H-N hydrogen bonds that 

link the biimidazolinium monocations into pairs have average N∙∙∙N distances of 2.851 Å, and 

the N-H∙∙∙O hydrogen bonds that link the monocations and carboxylate groups in R 
 (9) motifs 

have average N∙∙∙O distances of 2.695 Å and average N-H∙∙∙O angles of 157°. The N-H∙∙∙O 

hydrogen bonds in the bifurcated motif are longer (average N∙∙∙O distance = 2.780 Å), as 

observed in related structures.
29-30

 Strong O-H∙∙∙O hydrogen bonds produced by the interaction 

COO
-
∙∙∙HOOC link the tapes into sheets (O∙∙∙O distance = 2.478 Å). As in the case of the 

fumarate and terephthalate salts, the solid-state 
1
H NMR spectrum of the trimesate salt is 

consistent with the observed structure. 
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2.5 Conclusions 

 

As expected, protonation of cyclic bis(amidine) BI by oxalic, fumaric, terephthalic, and 

trimesic acids produces salts that crystallize to form structures with multiple charge-assisted 

hydrogen bonds corresponding to graph set R 
 (9). In all cases, the geometry of the hydrogen-

bonding sites programs the formation of tapes, which pack to form stacked sheets. The nature 

of the tapes depends on the pKa of the acid used. Oxalic acid, the strongest of the series, 

effects double protonation of bis(amidine) BI, leading to the formation of tapes with 

alternating biimidazolinium dications and oxalate dianions interconnected by characteristic 

R 
 (9) motifs that incorporate two charge-assisted N-H∙∙∙O hydrogen bonds in nine-membered 

rings. The other acids monoprotonate bis(amidine) BI, producing similar alternating 

hydrogen-bonded tapes composed of paired biimidazolinium monocations and dicarboxylate 

dianions. In all cases, the observed N∙∙∙O distances are shorter than those formed by neutral 

analogues, providing evidence that hydrogen bonding is strengthened by charge assistance.  

 

The reliable formation of robust tapes and sheets in the 3D structures of carboxylate salts of 

bis(amidine) BI suggests that substances of this type are attractive candidates for producing 

predictably ordered 2D patterns of adsorption on suitable surfaces.
35-36

 An additional 

opportunity for future exploration lies in studying salts of bis(amidine) BI and its analogues 

with acids that are strong enough to ensure diprotonation, such as complex sulfonic and 

phosphonic acids with multiple SO2OH and PO(OH)2 groups. Such studies are likely to 
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provide a deeper understanding of how charge-assisted hydrogen bonding can be used to 

direct molecular organization.   
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2.6 Experimental Section 

 

General Notes. 2,2’-Bi-2-imidazoline (BI) was prepared by a published method.
22

 Other 

compounds were purchased from commercial sources and used without further purification. 

 

Syntheses and Characterizations of Salts 

 

2,2’-Bi-2-imidazoline (BI) was mixed with the selected carboxylic acid in a 1:1 ratio (oxalic, 

fumaric, and terephthalic acids) or in a 3:2 ratio (trimesic acid), the solids were ground 

together,  a small volume of DMSO was added, and the resulting mixture was heated briefly 

until the solids had dissolved.  The resulting solution was then held at 25 °C to allow 

crystallization to occur. 

 

 

2, ’-Bi- -imidazolinium oxalate (BI/H 
+ 

) (OA
-2

). Isolated in 57% yield as colorless air-

stable crystals: mp > 200 °C (dec); FTIR (ATR) 1276, 1299, 1579, 2400 (br) cm
-1

; 
1
H NMR 

(700 MHz, D2O) δ 3.90 (s, 8H); 
13

C NMR (175 MHz, D2O) δ 46.1, 153.0, 170.5; 
1
H solid-

state NMR (600 MHz) δ 4.64 (s, 8H), 15.29 (s, 4H); HRMS (+ESI) calcd. for C6H11N4
+
 m/e 

139.09837, found 139.09782. Anal. Calcd for C8H12N4O4: C, 42.11; H, 5.30. Found: C, 41.94; 

H, 5.51. 

 

 



 

43 

2, ’-Bi- -imidazolinium fumarate (BI/H
+
)2 (FA

-2
) • 4H2O. Isolated in 32% yield as 

colorless air-stable crystals: mp > 200 °C (dec); FTIR (ATR) 1282, 1372, 1569, 1685, 2600 

(br) cm
-1

; 
1
H NMR (700 MHz, D2O) δ 3.77 (s, 16H), 6.37 (s, 2H); 

13
C NMR (175 MHz, D2O) 

δ 39.0, 135.2, 161.3, 174.6; HRMS (+ESI) calcd. for C6H11N4
+
 m/e 139.09837, found 

139.09589. Anal. Calcd for C16H24N8O4 • 3H2O: C, 43.04; H, 6.77. Found: C, 43.75; H, 6.52.  

 

2, ’-Bi- -imidazolinium terephthalate (BI/H
+
)2 (TA

-2
). Isolated in 42% yield as colorless 

air-stable crystals: mp > 200 °C (dec); FTIR (ATR) 1376, 1496, 1682, 2500 (br) cm
-1

; 
1
H 

NMR (700 MHz, D2O) δ 3.73 (s, 16H), 7.71 (s, 4H); 
13

C NMR (175 MHz, D2O) δ 47.1, 128.5, 

138.5, 155.1, 175.1; HRMS (+ESI) calcd. for C6H11N4
+
 m/e 139.09837, found 139.09643. 

Anal. Calcd for C20H26N8O4: C, 54.29; H, 5.92; N, 25.32. Found: C, 53.91; H, 5.87; N, 24.93. 

 

 

2, ’-Bi- -imidazolinium trimesate (BI/H
+
)2 (TMA/H

-2
) • H2O. Isolated in 33% yield as 

colorless crystals: mp > 200 °C (dec); FTIR (ATR) 1281, 1360, 1570, 2800 (br) cm
-1

; 
1
H 

NMR (700 MHz, D2O) δ 3.73 (s, 16H), 8.26 (s, 3H); 
13

C NMR (175 MHz, D2O) δ 47.0, 131.6, 

136.2, 154.9, 174.2; HRMS (+ESI) calcd. for C6H11N4
+
 m/e 139.09837, found 139.09669. 

Anal. Calcd for C21H26N8O6 • H2O: C, 50.00; H, 5.59. Found: C, 50.20; H, 5.63. 
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X-Ray Crystallography 

 

Structural analyses of single crystals were carried out with a Bruker AXS X8/Proteum 

Microstar diffractometer, using Cu Kα radiation produced by an FR591 rotating-anode 

generator equipped with multilayer HELIOS optics. Determinations of unit-cell lattices and 

collections of data were performed with the APEX2 suite of software, data were integrated 

using SAINT software,
37

 and a multi-scan absorption correction was applied using SADABS.
38

 

The structure were solved with SHELXS-97 and refined with SHELXL-97.
39

 All non-

hydrogen atoms were refined with anisotropic thermal displacement parameters. Hydrogen 

atoms were first located from the calculated difference-Fourier maps, then refined as riding 

atoms using the standard models from SHELXL-97. In the terephthalate salt (BI/H
+
)2 (TA

-2
), 

one hydrogen atom of the BI/H
+
 monocation is statistically disordered over two positions that 

are related by a twofold axis and have an equal occupancy factor of 0.5. For the trimesate salt 

(BI/H
+
)2 (TMA/H

-2
) • H2O, the included water was found to be disordered over two positions 

(O7A and O7B) with refined occupancy factors close to 0.5 (0.53/0.47). 

 

Assessments of the homogeneity of bulk crystalline samples were carried out by comparing 

calculated diffraction patterns (generated using Mercury software)
40

 with experimental 

patterns measured on a Bruker D8 Discover diffractometer with copper radiation (CuK, 

 = 1.5418 Å). The calculated and experimental patterns were closely similar, although small 

amounts of the acid used to form the salts were typically present in crystalline form as 

impurities.
41
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Table of Contents Synopsis 

 

2,2’-Bi-2-imidazoline, a cyclic bis(amidine), reacts with oxalic, fumaric, terephthalic, and 

trimesic acids, producing salts that crystallize to form networks with features resulting 

predictably from the geometry of the ions and their ability to engage in multiple charge-

assisted hydrogen bonds according to reliable motifs. 

  

 

 

 

 



 

 

 

2.8 Conclusion 

 

Chapter 2 describes molecular networks created by the association of four different 

carboxylate anions with cations derived from 2,2’-bi-2-imidazoline. The resulting structures 

were found to incorporate multiple charge-assisted hydrogen bonds between the ionic 

components. The geometry and pKa values of the carboxylic acids used were among the 

factors that helped determine the nature of the structures. In all cases studied, the geometry of 

the components and of the preferred hydrogen-bonding motifs led to the formation of tapes, 

which then packed to form stacked sheets. The large differences in pKa values between 

protonated forms of 2,2’-bi-2-imidazoline and typical carboxylic acids led reliably to proton 

transfer from the acids to the bis(amidine). The pKa value of the acid involved determined the 

extent of proton transfer, and it was only in the case of the strongest acid used (oxalic acid) 

that diprotonation of the bis(amidine) occurred, leading to the formation of a different type of 

tape.  The present work sets the stage for future studies using acids with lower pKa values and 

more complex geometries. For instance, acids that are strong enough to ensure the 

diprotonation of 2,2’-bi-2-imidazoline, such as phosphonic acids with multiple PO(OH)2 

groups, are candidates of special interest. Those acids were chosen for an extension of the 

study, and the results are discussed in detail in Chapter 3. 
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3.0 Chapter 3 : Article 3 
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" Molecular Networks Created by Charge-Assisted Hydrogen Bonding in Phosphonate, Phosphate, 

and Sulfonate Salts of Bis(amidines)" Cryst. Growth Des. Submitted for publication. 
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3.1 Introduction  

 

 

Chapter 3, presented in the form of a manuscript which has been submitted for publication in 

Cryst. Growth Des., summarizes how 2,2’-bi-2-imidazoline and a related bis(amidine), 

fluoflavin, are protonated by various phosphonic and sulfonic acids and how the resulting ions 

are arranged in crystalline salts.   The salts were found to consist of extended ionic networks in 

which the components are held together by multiple charge-assisted hydrogen bonds. As 

planned, phosphonic acids have higher acidities than carboxylic acids and can therefore 

diprotonate 2,2’-bi-2-imidazoline, whereas fluoflavin is less basic and was observed to be 

doubly protonated only by stronger acids such as phosphoric acid. Although charge-assisted 

N-H···O hydrogen bonds were observed to play a key role in directing association, additional 

O-H···O hydrogen bonds were formed between phosphonate anions, leading to the formation 

of more extensively bonded networks.  
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Abstract 

 

Two bis(amidines), 2,2’-bi-2-imidazoline (BI) and fluoflavin (FF), were treated with 

phosphonic, phosphoric, and sulfonic acids in an effort to produce crystalline salts composed 

of ions linked by networks of charge-assisted hydrogen bonds. As intended, mixing 

bis(amidine) BI with 1,4-benzenediphosphonic acid and 1,3,5-benzenetriphosphonic acid 

yielded crystals of phosphonate salts of dication H2BI
+2

. Structural analyses showed that such 

salts tend to incorporate tapes composed of alternating dications and anions linked by multiple 

charge-assisted N-H∙∙∙O hydrogen bonds of type R 
 (9) and R 

1(7). Typically, the tapes are 

further connected to form sheets or other assemblies by additional O-H∙∙∙O hydrogen bonds 

involving phosphonate anions. An analogous reaction of the more weakly basic bis(amidine) 

FF with 1,4-benzenedisulfonic acid yielded only a sulfonate salt of monocation HFF
+
; 

however, diprotonation could be achieved by phosphoric acid to produce a crystalline salt  built 

from stacks of H2FF
+2

 dications linked to phosphate anions by charge-assisted N-H∙∙∙O 

hydrogen bonds of type R 
 (8). Together, these results demonstrate that acids with multiple 

PO(OH)2 and SO2OH groups can react with bis(amidines) to produce salts with structural 

features resulting predictably from the geometry of the ions and their ability to engage in 

multiple charge-assisted hydrogen bonds according to standard patterns. 
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Introduction 

 
 

Molecular organization in materials reflects the topology of the individual components and the 

combined effects of diverse intermolecular interactions. When the structures are well defined, 

when particular interactions are dominant, and when these factors work in synergy to control 

how neighboring molecules are positioned, overall organization can often be predicted with 

confidence.
1-2

 Among interactions most suitable for controlling organization in this way are 

hydrogen bonds, which offer high directionality and strength, particularly when reinforced by 

electrostatic attraction between species of opposite charge.
3
  

 

In recent work,
4
 we have shown that such charge-assisted hydrogen bonding can be used to 

control molecular organization in crystals of carboxylate salts derived from 2,2’-bi-2-

imidazoline (BI),
5
 a bis(amidine). Dicarboxylic acids strong enough to convert bis(amidine) 

BI into dication 

 

H2BI
+2

 by double protonation were found to yield structures built from tapes of alternating 

dicarboxylate dianions and bis(amidinium) dications, linked by cyclic arrays of charge-

assisted hydrogen bonds (Figure 1a). These arrays can be described by the graph set R 
 (9), 

where R denotes a cyclic motif, the superscript and subscript give the number of hydrogen-

bond acceptors and donors, respectively, and the size of the ring is indicated in parentheses.
6
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Adjacent tapes pack closely to form sheets, which then stack to form the observed three-

dimensional structures. In contrast, weaker dicarboxylic acids produce only monocation HBI
+
 

and favor a second family of tapes (Figure 1b), in which hydrogen-bonded dimers of the 

monocation are connected to dicarboxylate dianions by charge-assisted hydrogen bonds of 

type R 
 (9). For example, oxalic acid (pKa1 1.23) effects double protonation of bis(amidine) 

BI, and the resulting salt crystallizes according to the motif shown in Figure 1a. However, 

weaker dicarboxylic acids such as fumaric acid (pKa1 3.02) and terephthalic acid (pKa1 3.51) 

only monoprotonate the bis(amidine), and their salts have structures of the type shown in 

Figure 1b. As a result, efforts to engineer crystals derived from bis(amidine) BI and 

compounds with multiple COOH groups must take values of pKa into account. 

 

 

a 

 

b 

Figure 1. Representation of tapes linked by charge-assisted hydrogen bonds according to the 

graph set R 
 (9), formed by the interaction of dicarboxylate dianions with (a) bis(amidinium) 

dication H2BI
+2

 and (b) the hydrogen-bonded dimer of monocation HBI
+
. 
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To avoid this complication, we turned to salts prepared by treating bis(amidines) with 

phosphonic acids and sulfonic acids, which are much stronger than the corresponding 

carboxylic acids.
7-9

 We reasoned that compounds with multiple PO(OH)2 and SO2OH groups 

would reliably diprotonate bis(amidine) BI and close analogues, thereby producing a single 

family of networks in which bis(amidinium) dications are linked to phosphonate and sulfonate 

anions by multiple charge-assisted hydrogen bonds. To test this possibility, we have made 

salts of two related bis(amidines), compound BI and fluoflavin (FF), with various complex 

phosphonic and sulfonic acids, including 1,4-benzenediphosphonic acid (H4BDP), 1,3,5-

benzenetriphosphonic acid (H6BTP), and 1,4-benzenedisulfonic acid (H2BDS). After 

significant effort, we crystallized several of these salts and simple analogues, and we now 

report their structures. 
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Results and Discussion 

 

2,2’-Bi-2-imidazoline (BI)
5
 and fluoflavin (FF)

10
 were prepared by known methods and mixed 

in specific ratios with phosphonic, phosphoric, and sulfonic acids. Ethyl esters of 

diphosphonic acid H4BDP and triphosphonic acid H6BTP were made by published methods
11

 

and converted into the corresponding acids by hydrolysis under standard conditions.
12,13

 

Disulfonic acid H2BDS was made by a known procedure.
14

 Both bis(amidines) BI and FF 

reacted with the various acids to give salts, due to the large differences in pKa between those 

of typical amidinium cations (10-11)
15-18

 and those of arylphosphonic and arylsulfonic acids.
7-9

 

Single crystals of salts were grown from various solvents, and their structures were resolved 

by X-ray diffraction to confirm the composition of the salts and to reveal the nature of the 

interionic interactions. 

 

2, ’-Bi- -imidazolinium 1,4-benzenediphosphonate (H BI
+ 

) (H2BDP
-2

). Crystals were 

obtained by preparing separate solutions of bis(amidine) BI and 1,4-benzenediphosphonic acid 

(H4BDP) in 3:2 EtOH/H2O, mixing them in a 1:1 molar ratio, and allowing the combined 

solution to undergo slow evaporation at 25 °C. This procedure yielded crystals of two forms, 

one with the composition (H2BI
+2

) (H2BDP
-2

). Crystals of this form could also be grown from 

DMSO. Their structure was determined by X-ray diffraction, and crystallographic parameters 

are summarized in Table 1. Our structural analyses were consistent with expectations, 

including double protonation of bis(amidine) BI and the formation of tapes built from an 

alternating arrangement of bis(amidinium) dications (H2BI
+2

) and benzenediphosphonate 

dianions (H2BDP
-2

), interconnected by charge-assisted N–H∙∙∙O hydrogen bonds (Figure 2). In 
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addition, each dianion forms O–H∙∙∙O hydrogen bonds to two other dianions in adjacent tapes, 

thus leading to the formation of slightly corrugated sheets, which stack to form the observed 

structure (Figure 2). 

 

Table 1.  Crystallographic data for salts (H2BI
+2

) (H2BDP
-2

), (H2BI
+2

) (H2BDP
-2

) • 2DMSO, 

(H2BI
+2

) (H2BDP
-2

) • 4H2O, and (H2BI
+2

) (H4BTP
-2

) • DMSO. 

 

salt 
(H2BI

+2
) 

(H2BDP
-2

) 

(H2BI
+2

) 

(H2BDP
-2

) • 

2DMSO 

(H2BI
+2

) 

(H2BDP
-2

) • 

4H2O 

(H2BI
+2

) 

(H4BTP
-2

) • 

DMSO 

     

crystallization medium DMSO DMSO EtOH/H2O DMSO 

formula C12H18N4O6P2 C16H30N4O8P2S2 C12H26N4O10P2 C14H25N4O10P3S 

crystal system monoclinic triclinic monoclinic  triclinic  

space group P21/n P ̅ P21/c  P ̅ 

a (Å) 9.0366(5) 4.8022(5) 10.1046(5) 7.513(2) 

b (Å) 8.0286(4) 10.3715(10) 8.5162(5) 11.899(3) 

c (Å) 10.8628(6) 12.1080(11) 11.6426(6) 12.077(3) 

α (°) 90 99.771(5) 90 95.688(13) 

β (°) 107.809(3) 93.061(6) 109.58(3) 94.235(14) 

γ (°) 90 99.947(5) 90 94.317(13) 

V (Å
3
) 750.34(7) 583.24(10) 943.9(2) 1067.8(5) 

Z 2 1 2 2 

T (K) 100 150 100 150 

ρcalc (g cm
-3

) 1.665 1.516 1.577 1.662 

μ (mm
-1

) 3.030 3.820 2.667 4.049 

crystal size (mm) 
0.08 × 0.07 × 

0.04 

0.08 × 0.08 × 

0.04 

0.15 × 0.11 × 

0.10 

0.18 × 0.11× 

0.06 

θ range (°) 5.59-70.95 3.72-68.05 4.64-70.82 3.69-69.72 

measured reflections  25205 10321 6920 18830 

independent reflections 1442 2109 1784 3458 

R1, I  > 2σ(I) 0.0474 0.0796 0.0435 0.1244 

R1, all data 0.0519 0.0885 0.0507 0.1574 

wR2, I  > 2σ(I) 0.1283 0.2157 0.1145 0.3369 

wR2, all data 0.1327 0.2222 0.1213 0.3599 

GoF 1.065 1.097 1.040 1.290 
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a 

 

b 

Figure 2. Representations of the structure of crystals of 2,2’-bi-2-imidazolinium 1,4-

benzenediphosphonate (H2BI
+2

) (H2BDP
-2

) grown from DMSO or EtOH/H2O. (a) View of 

part of three tapes composed of alternating bis(amidinium) dications (H2BI
+2

) and 

diphosphonate dianions (H2BDP
-2

), linked by charge-assisted N–H∙∙∙O hydrogen bonds of 
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type R 
1(7). The tapes are interconnected to form slightly corrugated sheets by O–H∙∙∙O 

hydrogen bonding of phosphonate anions according to standard motif R 
 (8). Hydrogen bonds 

are shown as broken lines. (b) Side view showing stacking of the sheets. In both images, 

atoms of carbon are shown in gray, hydrogen in white, nitrogen in blue, oxygen in red, and 

phosphorus in purple.  

 

Detailed examination of the structure suggests that the bis(amidinium) dications and 

diphosphonate dianions are linked by seven-membered rings incorporating two charge-assisted 

N–H∙∙∙O hydrogen bonds according to motif  R 
1(7). Related motifs have been reported 

previously.
19

 Full transfer of two protons from the diphosphonic acid to the bis(amidine) is 

consistent with the observation of two nearly equal C-N bond lengths within each R 
1(7) motif 

(1.306(3) and 1.308(3) Å). In this motif, a single anionic oxygen atom of each phosphonate 

moiety serves as a bifurcated acceptor of two hydrogen bonds. In contrast, cations derived 

from bis(amidine) BI have been shown to interact with analogous carboxylate anions by 

forming nine-membered rings incorporating charge-assisted N–H∙∙∙O hydrogen bonds of 

alternative type  R 
 (9).4 This difference in behavior can be attributed in large part to 

geometric factors, including the length of P-O bonds in phosphonates (which are longer than 

C-O bonds in carboxylates) and the size of O-P-O angles (which are smaller than O-C-O 

angles in carboxylates). Specifically, the lengths of the P-O
-
 bonds in phosphonate salt 

(H2BI
+2

) (H2BDP
-2

) are 1.5120(16) and 1.5099(17) Å, and the O-P-O angle is 115.97(10)°; in 

contrast, the average length of the corresponding C-O bonds in the oxalate salt is 1.2572(12) 

Å, and the average O-C-O angle is 125.80(15)°. Despite the preference of phosphonate salt 

(H2BI
+2

) (H2BDP
-2

) for the R 
1(7) motif, however, metal-coordinated derivatives of 
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bis(amidine) BI and related compounds have been observed to engage in hydrogen bonds of 

type  R 
 (9) with phosphate anions, at least when N-C-C angles within the motif are opened by 

the effect of coordination.
20-21

  

 

In bis(amidinium) phosphonate (H2BI
+2

) (H2BDP
-2

), N–H∙∙∙O hydrogen bonds that link the 

dications and dianions into tapes have relatively short N∙∙∙O distances (2.706 (2) and 2.850(3) 

Å), and the N–H∙∙∙O bond angles have an average value of 165.0°. In the analogous oxalate 

salt, the N∙∙∙O distance is slightly shorter (2.656 Å), presumably because hydrogen bonds to 

the acceptor are not bifurcated, and the N–H∙∙∙O bond angle is 160.70°.
22

 Both salts have N∙∙∙O 

distances shorter than those normally observed in non-ionic cocrystals incorporating N∙∙∙H-O 

interactions without full protonation of N (2.85 Å).
23-24

 We conclude that the hydrogen bonds 

in phosphonate salt (H2BI
+2

) (H2BDP
-2

) are strengthened by charge assistance. 

 

Adjacent tapes in the phosphonate salt are linked to form sheets by O–H∙∙∙O hydrogen bonding 

characteristic of simple arylphosphonic acids and their monoanions (Figure 2a), which form 

chair-shaped pairs defined by cyclic motif  R 
 (8).19,25-28

 The O∙∙∙O distance (2.595(2) Å) and 

O–H∙∙∙O angle (173°) are normal. As a result, all ions in each sheet are interconnected by a 

two-dimensional network of hydrogen bonds; in contrast, hydrogen bonding in sheets of the 

corresponding oxalate is confined to one dimension, aligned with individual tapes. Sheets in 

the phosphonate salt stack to give the observed structure, with no noteworthy interactions 

between the sheets (Figure 2b). 
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2, ’-Bi- -imidazolinium 1,4-benzenediphosphonate (H BI
+ 

) (H2BDP
-2

) •  DMSO. In 

addition to producing crystals of composition (H2BI
+2

) (H2BDP
-2

), mixing bis(amidine) BI 

and 1,4-benzenediphosphonic acid (H4BPD) in a 1:1 ratio in DMSO also yielded crystals of 

composition (H2BI
+2

) (H2BDP
-2

)  • 2DMSO. The structure of this second form was resolved, 

and crystallographic parameters are presented in Table 1. Analysis again suggested the full 

transfer of two protons from the diphosphonic acid to the bis(amidine) and revealed the 

expected presence of tapes built from alternating bis(amidinium) dications and diphosphonate 

dianions (Figure 3a), connected by charge-assisted N–H∙∙∙O hydrogen bonds of type R 
1(7). In 

these motifs, the N∙∙∙O distances (2.669(5) and 2.757(5) Å) and average N-H∙∙∙O angle (163°) 

have values that are normal for charge-assisted hydrogen bonds.  

 

 

a 
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b 

  

Figure 3. Representations of the structure of crystals of 2,2’-bi-2-imidazolinium 1,4-

benzenediphosphonate (H2BI
+2

) (H2BDP
-2

) • 2DMSO grown from DMSO. (a) View of part of 

three tapes composed of alternating bis(amidinium) dications (H2BI
+2

) and diphosphonate 

dianions (H2BDP
-2

), linked by charge-assisted N–H∙∙∙O hydrogen bonds of type R 
1(7). The 

tapes are interconnected to form sheets by additional O–H∙∙∙O hydrogen bonding of 

phosphonate anions. Hydrogen bonds are shown as broken lines. (b) Side view showing how 

the ionic sheets are separated by layers of included DMSO. In both images, atoms of carbon 

are shown in gray, hydrogen in white, nitrogen in blue, oxygen in red, phosphorus in purple, 

and sulfur in yellow. 

 

The tapes lie along the ab diagonal and are connected to form sheets in the ab plane by O–

H∙∙∙O hydrogen bonding of phosphonate anions (Figure 3a), with normal O∙∙∙O distances 
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(2.552(5) Å) and O–H∙∙∙O angles (167°). These interactions create columns of diphosphonate 

dianions stacked within the sheets along the a axis. In the observed structure, the ionic sheets 

are separated by intervening layers of DMSO (Figure 3b).  

 

We conclude that crystals of the salt (H2BI
+2

) (H2BDP
-2

), both as the DMSO solvate and the 

unsolvated form, incorporate closely similar tapes made up of alternating bis(amidinium) 

dications and diphosphonate dianions held together by charge-assisted N–H∙∙∙O hydrogen 

bonds of type R 
1(7). Appearance of the tapes in both structures suggests that they are a 

dominant associative motif. 

 

2, ’-Bi- -imidazolinium 1,4-benzenediphosphonate (H BI
+ 

) (H2BDP
-2

) • 4H2O. In 

addition to producing unsolvated crystals of composition (H2BI
+2

) (H2BDP
-2

), mixing 

bis(amidine) BI and 1,4-benzenediphosphonic acid (H4BPD) in a 1:1 ratio in 3:2 EtOH/H2O 

also produced crystals of tetrahydrate (H2BI
+2

) (H2BDP
-2

) • 4H2O. The structure of this 

additional form was resolved, and Table 1 summarizes various crystallographic parameters. 

Again, the data suggest that complete transfer of two protons from the diphosphonic acid to 

the bis(amidine) was achieved, and the resulting diphosphonate dianions and bis(amidinium) 

dications participate in the formation of an extensively hydrogen-bonded network. However, 

the dianions and dications are not linked directly to form normal tapes; instead, they interact 

indirectly through intervening molecules of H2O (Figure 4). 

 

Detailed analysis of the structure revealed chains of 1,4-benzenediphosphonate dianions 

linked end-to-end along the b axis by normal O–H∙∙∙O hydrogen bonding of type R 
 (8), as 
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shown in Figure 4a. The resulting hydrogen-bonded rings adopt chair conformations with 

normal O∙∙∙O distances (2.598(2) Å) and O–H∙∙∙O angles (166°). Each diphosphonate dianion 

forms additional hydrogen bonds with six molecules of H2O, some of which serve to connect 

adjacent chains to form corrugated anionic sheets parallel to the bc plane. Each 

bis(amidinium) dication interacts with two molecules of H2O to form R 
1(7) motifs in which 

the atoms of oxygen act as acceptors of bifurcated N–H∙∙∙O hydrogen bonds (Figure 4b), with 

normal N∙∙∙O distances (2.773(3) and 2.786(3) Å) and average N-H∙∙∙O angle (166(3)°). Each 

dihydrated dication is then linked by hydrogen bonds involving H2O to six surrounding 

diphosphonate dianions. The overall structure can be described as being comprised of 

corrugated anionic hydrogen-bonded sheets of diphosphonate dianions, separated by layers of 

bis(amidinium) dications (Figure 4c). 

 

 

a 
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b c 

 

Figure 4. Representations of the structure of crystals of 2,2’-bi-2-imidazolinium 1,4-

benzenediphosphonate (H2BI
+2

) (H2BDP
-2

) • 4H2O grown from 3:2 EtOH/H2O. (a) View of 

part of a hydrogen-bonded chain of 1,4-benzenediphosphonate dianions and associated 

molecules of H2O. (b) View of a dihydrated bis(amidinium) dication and surrounding 

diphosphonate dianions, linked indirectly by hydrogen bonds to intervening molecules of H2O. 

(c) Side view of corrugated anionic sheets of diphosphonate dianions and intervening layers of 

bis(amidinium) dications. Atoms of carbon are shown in gray, hydrogen in white, nitrogen in 

blue, oxygen in red, and phosphorus in purple. Hydrogen bonds are shown as broken lines. 
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2, ’-Bi- -imidazolinium 1,3,5-benzenetriphosphonate (H2BI
+2

) (H4BTP
-2

)  • DMSO. 

Crystals of the salt (H2BI
+2

) (H4BTP
-2

) • DMSO were obtained by mixing bis(amidine) BI and 

1,3,5-benzenetriphosphonic acid (H6BTP) in a 3:2 molar ratio in DMSO and by allowing the 

solution to stand at 25 °C. The structure was determined, and crystallographic parameters are 

summarized in Table 1. Analysis suggested that dication H2BI
+2

 was formed as expected by 

the transfer of two protons from triphosphonic acid H6BTP to bis(amidine) BI. The structure 

incorporates parallel tapes built from an alternating arrangement of bis(amidinium) dications 

and triphosphonate dianions linked by charge-assisted N–H∙∙∙O hydrogen bonds (Figure 5a). 

In the tapes, each dication is connected to the next by a single bridging phosphonate group, 

which engages in two distinct cyclic patterns of hydrogen bonding. One gives a nine-

membered motif R 
 (9), in which both O

-
 and OH of the phosphonate group serve as 

acceptors. In this motif, the N∙∙∙O distances are 2.689(12) and 2.975(12) Å, and the 

corresponding N–H∙∙∙O angles are 165 and 142°, respectively. In the second pattern of charge-

assisted hydrogen bonding, a single O
-
 acts as acceptor to produce a standard bifurcated R 

1(7) 

motif, as seen in other amidinium phosphonates derived from compound BI. In this second 

motif, the N∙∙∙O distances are 2.660(11) and 2.768(11) Å, and the corresponding N–H∙∙∙O 

angles are 163 and 159°, respectively.  
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a b 

 

c 

 
 

d e 
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Figure 5. Representations of the structure of crystals of 2,2’-bi-2-imidazolinium 1,3,5-

benzenetriphosphonate (H2BI
+2

) (H4BTP
-2

) • DMSO grown from DMSO. (a) View of part of a 

tape built from alternating bis(amidinium) dications and triphosphonate dianions linked by 

charge-assisted N–H∙∙∙O hydrogen bonds of types R 
 (9) and R 

1(7). (b) View of part of a 

hydrogen-bonded stack of triphosphonate dianions. (c) View showing how adjacent tapes pack 

to create hydrogen-bonded stacks of triphosphonate dianions. (d) View along the a axis 

showing how the anionic stacks are separated by intervening bis(amidinium) dications and 

included molecules of DMSO. (e) Similar view with molecules of DMSO omitted. Atoms of 

carbon are shown in gray, hydrogen in white, nitrogen in blue, oxygen in red, phosphorus in 

purple, and sulfur in yellow. Hydrogen bonds are shown as broken lines. 

 

It is noteworthy that the tapes contain two types of bis(amidinium) dications, one linked to 

phosphonate anions only by R 
1(7) motifs and the other linked only by R 

 (9) motifs. Of the 

four N–H∙∙∙O hydrogen bonds formed by each bridging phosphonate, only those involving the 

neutral OH group as acceptor have N∙∙∙O distances longer than 2.85 Å, suggesting that the 

other hydrogen bonds are strengthened by charge assistance. The increased N∙∙∙O(H) distance 

and the corresponding bent N-H∙∙∙O(H) angle presumably facilitate formation of the R 
 (9) 

motif, which appears to be disfavored in other phosphonate salts of dication H2BI
2+

 for 

geometric reasons. 

 

The tapes are linked by additional O–H∙∙∙O hydrogen bonds between 1,3,5-

benzenetriphosphonate dianions. This creates conspicuous anionic stacks aligned with the a 
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axis and held together by a total of eight O–H∙∙∙O hydrogen bonds between each dianion and 

its two neighbors (Figure 5b). The O∙∙∙O distances (2.528(11), 2.548(10), 2.603(11), and 

2.657(10) Å) are normal, and most of the O–H∙∙∙O angles (176, 171, 139, and 176°, 

respectively) are nearly linear. Large distances between the centroids of adjacent 

benzenetriphosphonate units within each stack (3.722(8) and 3.823(8) Å) provide no evidence 

of important stabilizing aromatic interactions. The anionic stacks are closely analogous to 

neutral hydrogen-bonded columns observed in the structure of 1,3,5-benzenetriphosphonic 

acid itself.
29 

The overall structure of the salt (H2BI
+2

) (H4BTP
-2

) • DMSO can be described as 

consisting of parallel tapes of alternating hydrogen-bonded bis(amidinium) dications and 

triphosphonate dianions, which pack in a way that allows the dianions to form hydrogen-

bonded stacks, with molecules of DMSO included in remaining spaces (Figures 5c-e). 

 

Fluoflavinium 1,4-benzenedisulfonate (HFF
+
)2 (BDS

-2
) • 4DMSO. Our observations 

suggest that protonation of bis(amidine) BI by acids with multiple COOH or PO(OH)2 groups 

produces salts that crystallize to form structures in which networks of charge-assisted 

hydrogen bonds help position the ionic components according to established patterns. To 

explore the scope of this strategy, we replaced compound BI with fluoflavin (FF), a 

bis(amidine) closely related to tetracene. Long acenes promise to be useful as components in 

molecular optoelectronic devices;
30

 unfortunately, however, simple hydrocarbons of this type 

are poorly soluble, highly reactive, and unable to engage in intermolecular interactions that 

can readily be used to alter properties by controlling how neighboring molecules are 

positioned. Fluoflavin (FF) and related heterocyclic compounds are attractive alternatives 

because substituting CH in simple acenes by N or NH creates opportunities to solubilize by 
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forming salts, adjust bandgaps, and control molecular organization by forming hydrogen 

bonds, including those assisted by charge.
31-32

 

 

To assess this potential, we treated fluoflavin (FF) with various complex carboxylic, 

phosphonic, and sulfonic acids, but few attempts to grow crystals were successful. In one, 

fluoflavin (FF) and 1,4-benzenedisulfonic acid (H2BDS) were combined in a 1:1 molar ratio 

in hot DMSO, and the mixture was cooled to produce crystals of composition (HFF
+
)2 (BDS

-2
) 

• 4DMSO. Their structure was determined, and crystallographic parameters are provided in 

Table 2. Bis(amidine) BI is diprotonated by acids with values of pKa below about 1, but 

fluoflavin (FF) is more weakly basic and is only monoprotonated by disulfonic acid H2BDS in 

the observed structure. HFF
+
 monocations are linked to bridging disulfonate dianions by 

charge-assisted N–H∙∙∙O hydrogen bonds of type R 
 (8), as shown in Figure 6a. Evidence for 

protonated fluoflavin HFF
+
 is provided by the nearly identical lengths of the two C-N bonds 

incorporated in the R 
 (8) motif (1.3286(19) and 1.3303(19) Å), whereas the lengths of the 

two other C-N bonds in the monocation are distinctly different (1.303(2) and 1.3552(19) Å). 

N∙∙∙O distances (2.7347(15) and 2.8164(16) Å) and N–H∙∙∙O angles (174°) in the salt have 

values that are characteristic of charge-assisted hydrogen bonds and do not support an earlier 

suggestion that sulfonates tend to form longer hydrogen bonds than carboxylates or 

phosphonates.
22

 It is noteworthy that monocation HFF
+
 associates with sulfonate to form an 

R 
 (8) motif incorporating a tetrahedral O-S-O angle (111.36(6)°), whereas analogue HBI

+
 

prefers bifurcated R 
1(7) motifs in its phosphonate salts, rather than alternative R 

 (9) patterns 

with tetrahedral O-P-O angles. The behavior of cations HFF
+
 and HBI

+ 
is presumably based in 

both cases on a preference for N–H∙∙∙O angles that are nearly linear. 
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Table 2.  Crystallographic data for salts (HFF
+
)2 (BDS

-2
) • 4DMSO and (H2FF

+2
) [PO2(OH)2

-

]2 • H2O. 

salt 
(HFF

+
)2 (BDS

-2
) • 

4DMSO 

(H2FF
+2

) [PO2(OH)2
-
]2 

• H2O 

   

crystallization medium DMSO heptanoic acid 

formula C42H50N8O10S6 C14H18N4O9P2 

crystal system triclinic monoclinic 

space group P ̅ C2/c 

a (Å) 8.4966(4) 22.7176(15) 

b (Å) 10.1445(5) 4.5011(3) 

c (Å) 15.0176(7) 20.409(2) 

α (°) 74.608(2) 90 

β (°) 81.509(1) 122.834(2) 

γ (°) 66.496(2) 90 

V (Å
3
) 1143.17(9) 1753.5(2) 

Z 1 4 

T (K) 150 150 

ρcalc (g cm
-3

) 1.481 1.698 

μ (mm
-1

) 3.329 2.842 

crystal size (mm) 0.12 × 0.12 × 0.10 0.11 × 0.07 × 0.05 

θ range (°) 3.06-69.98 4.63-68.48 

measured reflections  19045 37239 

independent reflections 4232 1613 

R1, I  > 2σ(I) 0.0360 0.0616 

R1, all data 0.0364 0.0635 

wR2, I  > 2σ(I) 0.1001 0.1350 

wR2, all data 0.1006 0.1362 

GoF 1.025 1.234 
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b 

 

c 
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Figure 6. Representations of the structure of crystals of fluoflavinium 1,4-benzenedisulfonate 

(HFF
+
)2 (BDS

-2
) • 4DMSO  grown from DMSO. (a) View showing fluoflavinium 

monocations linked to a bridging disulfonate
 
dianion by charge-assisted N–H∙∙∙O hydrogen 

bonds of type R 
 (8) and to two included molecules of DMSO by simple N–H∙∙∙O hydrogen 

bonds. (b) View showing how the hydrogen-bonded (HFF
+
)2 (BDS

-2
) units pack to create 

offset stacks of fluoflavinium monocations. (c) View showing alternating layers of 

fluoflavinium monocations (blue) and disulfonate
 
dianions (red), with guest molecules of 

DMSO omitted for clarity. Unless otherwise indicated, atoms of carbon are shown in gray, 

hydrogen in white, nitrogen in blue, oxygen in red, and sulfur in yellow. Hydrogen bonds are 

shown as broken lines. 

 

Carboxylate-bridged monocations HBI
+
 are typically further linked to form tapes by N–H∙∙∙N 

hydrogen bonds of type R 
 (10), as shown in Figure 1b. In contrast, similar extended 

association is not observed in fluoflavinium salt (HFF
+
)2 (BDS

-2
), presumably because it 

would create repulsive H∙∙∙H interactions involving adjacent C-H bonds (Figure 7). Instead, 

HFF
+
 monocations form additional hydrogen bonds with included molecules of DMSO 

(Figure 6a). The resulting hydrogen-bonded (HFF
+
)2 (BDS

-2
) units pack to form a structure 

with alternating layers of disulfonate dianions and HFF
+
 monocations stacked in offset with an 

interplanar separation of approximately 3.8 Å (Figures 6b and c). 
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Figure 7. Representation of hypothetical repulsive H∙∙∙H interactions arising when pairs of 

fluoflavinium monocations are linked by N–H∙∙∙N hydrogen bonds of type R 
 (8). 

 

Fluoflavinium monophosphate (H FF
+ 

) [PO2(OH)2
-
]2 • H2O. The failure of a sulfonic acid 

to diprotonate fluoflavin (FF) prompted us to examine stronger acids. Fluoflavin (FF) and 

pyrophosphoric acid were combined in a 1:1 molar ratio in heptanoic acid, the mixture was 

heated, and subsequent cooling produced crystals of a phosphate salt of composition (H2FF
+2

) 

[PO2(OH)2
-
]2 • H2O. Phosphate is presumably introduced as a contaminant in pyrophosphate 

by partial hydrolysis. The structure of the salt was resolved, and Table 2 summarizes the 

crystallographic data. As planned, the salt incorporates H2FF
+2 

dications linked to two 

monophosphate monoanions (in part statistically disordered over two positions) by a total of 

four N–H∙∙∙O hydrogen bonds of type R 
 (8), as shown in Figure 8a. Formation of 

diprotonated fluoflavin (H2FF
+2

) is consistent with the observation of similar C-N distances 

within the R 
 (8) motifs (1.321(5)-1.336(5) Å), and the N∙∙∙O distances (2.641(6)-2.749(6) Å) 

and N–H∙∙∙O angles (160-172°) are normal. Additional single O–H∙∙∙O hydrogen bonds with 

normal O∙∙∙O distances (2.701(7) Å) link the monophosphate anions to create ionic columns in 

which H2FF
+2 

dications stack in offset with an interplanar separation of approximately 3.5 Å 

(Figure 8a). Monophosphate anions in adjacent columns are further linked by additional O–
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H∙∙∙O hydrogen bonds, some involving included molecules of H2O (Figure 8b). The overall 

structure consists of alternating ionic layers, one composed of extensively hydrogen-bonded 

monophosphate anions and the other containing H2FF
+2 

dications packed in a herringbone 

pattern (Figure 8c). 

 

 

a 

 

b 
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c 

 

Figure 8. Representations of the structure of crystals of fluoflavinium monophosphate 

(H2FF
+2

) [PO2(OH)2
-
]2 • H2O  grown from heptanoic acid. (a) View showing one of two non-

equivalent ionic columns composed of stacked H2FF
+2 

dications and monophosphate anions. 

Dications are linked to monoanions by charge-assisted N–H∙∙∙O hydrogen bonds of type 

R 
 (8), and monoanions are further connected by O–H∙∙∙O hydrogen bonds. (b) View showing 

how adjacent columns are linked by additional O–H∙∙∙O hydrogen bonds involving 

monophosphate anions and included molecules of H2O. (c) View showing alternating ionic 

layers of monophosphate anions (red) and H2FF
+2 

dications (blue) packed in a herringbone 

motif, with guest molecules of H2O omitted for clarity. Unless otherwise indicated, atoms of 

carbon are shown in gray, hydrogen in white, nitrogen in blue, oxygen in red, and phosphorus 

in purple. Hydrogen bonds are shown as broken lines.   
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Conclusions   

 

2,2’-Bi-2-imidazoline (BI) is known to react with compounds containing multiple COOH 

groups to give carboxylate salts that crystallize as ionic networks held together in part by 

characteristic charge-assisted N-H∙∙∙O hydrogen bonds of type R 
 (9).  Typical carboxylic 

acids are only acidic enough to produce salts of monocation HBI
+
. In contrast, phosphonic 

acids and sulfonic acids are expected to be strong enough to reliably produce salts of dication 

H2BI
+2

. As intended, mixing bis(amidine) BI with 1,4-benzenediphosphonic acid and 1,3,5-

benzenetriphosphonic acid yielded crystals of phosphonate salts of dication H2BI
+2

. Structural 

analyses showed that such salts tend to incorporate tapes composed of alternating dications 

and anions linked by multiple charge-assisted N-H∙∙∙O hydrogen bonds of type R 
 (9) and 

R 
1(7). Typically, the tapes are further connected to form sheets or other assemblies by 

additional O-H∙∙∙O hydrogen bonding of phosphonate anions. Fluoflavin (FF), a more weakly 

basic analogue of bis(amidine) BI, reacted with 1,4-benzenedisulfonic acid to produce crystals 

of a salt of monoprotonated cation HFF
+
. However, diprotonation could be achieved by 

treatment with phosphoric acid, which gave crystals incorporating H2FF
+2

 dications linked to 

phosphate anions by charge-assisted N-H∙∙∙O hydrogen bonds of type R 
 (8). These 

observations, along with recent related studies,
4
 demonstrate that salts produced by reactions 

of bis(amidines) with complex carboxylic, phosphonic, and sulfonic acids yield crystals with 

structural features resulting predictably from the geometry of the ions and their ability to 

engage in multiple charge-assisted hydrogen bonds according to standard patterns. 
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Experimental Section 

 

 

General Notes. 2,2’-Bi-2-imidazoline (BI),
5
 fluoflavin (FF),

10
 and 1,4-benzenedisulfonic acid 

(H2BDS)
14

 were prepared by published methods. Ethyl esters of diphosphonic acid H4BDP 

and triphosphonic acid H6BTP were made by reported procedures
11

 and converted into the 

corresponding acids by hydrolysis under standard conditions.
12,13

 Other compounds were 

purchased from commercial sources and used without further purification. 

 

Syntheses and Characterizations of Salts 

 

Separate solutions of 2,2’-bi-2-imidazoline (BI) and various phosphonic acids were prepared 

in 3:2 EtOH/H2O or DMSO. The solutions were filtered, mixed in various molar ratios (1:1 for 

H4BDP or 3:2 for H6BTP), and kept at 25 °C to allow crystallization to occur. Fluoflavin (FF) 

and either disulfonic acid H2BDS or pyrophosphoric acid were combined in a 1:1 ratio, a small 

volume of solvent was added (DMSO for H2BDS or heptanoic acid for pyrophosphoric acid), 

and the resulting mixture was stirred and heated briefly until the solids had dissolved.  

Crystallization occurred while the resulting solution was kept at 25 °C. 

 

2, ’-Bi- -imidazolinium 1,4-benzenediphosphonate (H BI
+ 

) (H2BDP
-2

). Isolated in 6% 

yield as colorless air-stable crystals: 
1
H NMR (700 MHz, D2O) δ 3.95 (s, 8H), 7.64 (m, 4H);

 

13
C NMR (175 MHz, D2O) δ 45.9, 129.9, 137.2 (d, 

1
JCP = 174 Hz), 152.5; 

31
P NMR (283 
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MHz, D2O) δ 12.4; HRMS (+ESI) calcd. for C6H12N4
+2

 m/e 70.05310, found 70.02919; 

HRMS (-ESI) calcd. for C6H7O6P2
-
 m/e 236.97179, found 236.97653. 

 

2, ’-Bi- -imidazolinium 1,4-benzenediphosphonate (H BI
+ 

) (H2BDP
-2

) •  DMSO. 

Isolated along with the unsolvated form as colorless air-stable crystals.  

 

2, ’-Bi- -imidazolinium 1,4-benzenediphosphonate (H BI
+ 

) (H2BDP
-2

) • 4H2O. Isolated 

in 47% yield as colorless air-stable crystals: mp > 250 °C (dec); FTIR (ATR) 3300-2500 (br), 

1598, 1576, 1290, 1127, 1058, 897 cm
-1

; 
1
H NMR (700 MHz, D2O) δ 3.91 (s, 8H), 7.63 (m, 

4H); 
31

P NMR (283 MHz, D2O) δ 12.32; HRMS (+ESI) calcd. for C6H12N4
+2

 m/e 70.05310, 

found 70.02919; HRMS (-ESI) calcd. for C6H7O6P2
-
 m/e 236.97179, found 236.97222. Anal. 

Calcd for C12H26N4O10P2: C, 32.13; H, 5.85; N, 12.50. Found: C, 32.82; H, 5.57; N, 12.49.
 

 

2, ’-Bi- -imidazolinium 1,3,5-benzenetriphosphonate (H2BI
+2

) (H4BTP
-2

)  • DMSO. 

Isolated in 34% yield as colorless air-stable crystals: mp > 200 °C (dec); FTIR (ATR) 3200-

2100 (br), 1600, 1572, 1289, 1131, 938 cm
-1

; 
1
H NMR (700 MHz, D2O) δ 2.55 (s, 6H), 3.89 

(s, 8H), 8.00 (s, 3H); 
31

P NMR (283 MHz, D2O) δ 12.2; HRMS (+ESI) calcd. for C6H12N4
+2

 

m/e 70.05310, found 70.02980; HRMS (-ESI) calcd. for C6H8O9P3
-
 m/e 316.93812, found 

316.94431.  

 

Fluoflavinium 1,4-benzenedisulfonate (HFF
+
)2 (BDS

-2
) • 4DMSO.

 
FTIR (ATR) 3000 (br), 

1694, 1556, 1486, 1232, 1126, 1023, 997 cm
-1

; HRMS (-ESI) calcd. for C6H6O6S2
-2

 m/e 
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118.98029, found 118.97143. Anal. Calcd for C34H26N8O6S2 • 4DMSO: C, 49.50; H, 4.95; N, 

11.00; S, 18.84. Found: C, 48.84; H, 4.80; N, 10.86; S, 18.51.
 

 

Fluoflavinium monophosphate (H FF
+ 

) [PO2(OH)2
-
]2 • H2O. Isolated in amounts 

insufficient for extensive characterization. 

  

X-Ray Crystallography 

 

Structural analyses of single crystals were carried out in one of two ways: (1) At 150 K with a 

Bruker AXS X8/Proteum Microstar diffractometer, using Cu Kα radiation produced by an 

FR591 rotating-anode generator equipped with multilayer HELIOS optics (all salts except for 

(H2BI
+2

) (H2BDP
-2

) and (H2BI
+2

) (H2BDP
-2

) • 4H2O); or (2) at 100 K using a Bruker APEX 

diffractometer equipped with an Incoatec microsource generator. Collections of data and 

determinations of initial unit-cell lattice parameters were performed with the APEX2 suite of 

software, final lattice parameters and integrated intensities were calculated using SAINT 

software,
33

 and a multi-scan absorption correction was applied using SADABS.
34

 Structures 

were solved with SHELXS-97 and refined with SHELXL-97.
35 

All non-hydrogen atoms were 

refined with anisotropic thermal displacement parameters. Hydrogen atoms were first located 

from the calculated difference-Fourier maps, then refined as riding atoms using the standard 

models from SHELXL-97. In all structures with included DMSO, the guest molecules were 

found to be disordered. Also disordered were included H2O and PO2(OH)2
-
 in the salt 

(H2FF
+2

) [PO2(OH)2
-
]2 • H2O, the H2BDP

-2
 dianion in the salt (H2BI

+2
) (H2BDP

-2
) • 2DMSO, 

and one phosphonate group in the salt (H2BI
+2

) (H4BTP
-2

) • DMSO. Structural analysis of the 
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salt (H2BI
+2

) (H4BTP
-2

) • DMSO is of lower quality than the others because the crystals were 

twinned and decomposed, leading to truncation of the collection of final data. 

 

When sufficient amounts of crystalline material were available, assessments of homogeneity 

were carried out by comparing calculated diffraction patterns (generated using Mercury 

software)
36

 with experimental patterns measured on a Bruker D8 Discover diffractometer with 

copper radiation (CuK,  = 1.5418 Å). For the three samples analyzed in this way, calculated 

and experimental patterns were closely similar.
37
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Table of Contents Synopsis 

 

Salts produced by treating 2,2’-bi-2-imidazoline and a related bis(amidine), fluoflavin, with 

complex phosphonic acids and sulfonic acids yield crystals with structural features resulting 

predictably from the geometry of the ions and their ability to engage in multiple charge-

assisted hydrogen bonds according to standard patterns. 
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4.0 Chapter 4: Conclusion 
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4.1 Conclusions and Future Work 

 

New molecular materials can be designed effectively by the strategy of molecular tectonics.  

Molecules used in this approach possess the ability to recognize one another using various 

non-covalent intermolecular interactions. The topology of the molecules, together with the 

strength and directionality of the interactions between them, controls the overall molecular 

organization. Hydrogen bonds are among the most effective interactions, and they can be 

further strengthened by incorporating electrostatic interactions between components of 

opposite charge.  

      

We have studied this effect in new molecular networks incorporating charge-assisted hydrogen 

bonds based on the association of cations derived from a bis(amidine), 2,2’-bi-2-imidazoline, 

with anions derived from carboxylic acids and phosphonic acids, all containing multiple 

COOH or PO(OH)2 groups. We have also examined related networks constructed from cations 

derived from a second bis(amidine), fluoflavin, and anions derived from a disulfonic acid and 

phosphoric acid. In our studies, emphasis was placed on how the geometry and pKa values of 

the acids can be varied in order to generate different molecular structures. As expected, 

protonation of 2,2’-bi-2-imidazoline and fluoflavin by the various acids occurred due to the 

large differences in pKa values between the bis(amidininium) cations and the acids.  X-ray 

diffraction studies confirmed the formation of structures incorporating multiple charge-

assisted hydrogen bonds between the different components.  
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In all salts derived from 2,2’-bi-2-imidazoline, the geometry of the components and the nature 

of the preferred hydrogen-bonding motifs was found to lead to the formation of tapes, which 

then packed to form sheets, with the assistance of additional inter-tape hydrogen bonds in 

certain cases. The pKa value of the acid involved determined the extent of proton transfer, and 

this had a direct impact on the type of tape formed.  Only when the acids had pKa values below 

about 1 did double protonation of 2,2’-bi-2-imidazoline occur to give a bis(amidinium) 

dication. This led to the formation of tapes consisting of alternating dications and dianions. 

With weaker acids, only monoprotonation occurred; consequently, alternating tapes composed 

of pairs of bis(amidinium) monocations linked to dianions were found in the structures.  

 

Fluoflavin proved to be a weaker base than 2,2’-bi-2-imidazoline, and it was only 

monoprotonated by a disulfonic acid. Self-association of the monocation to form hydrogen-

bonded pairs, such as those formed by the corresponding monoprotonated derivative of 2,2’-

bi-2-imidazoline, was not observed, presumably because it is blocked by repulsive interactions 

involving C-H bonds adjacent to the amidine units. However, fluoflavin was found to be 

doubly protonated by phosphoric acid, leading to the expected formation of tapes held together 

by charge-assisted hydrogen bonds. Our work confirms that the association of bis(amidines) 

with acids provides a simple and efficient way to create networks assembled through charge-

assisted hydrogen bonds.  
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The present work sets the stage for the future exploration of other bis(amidines) and acids with 

more complex geometries. An additional opportunity resides in exploiting the planarity of 

such components by using them to form well-ordered 2D nanopatterns adsorbed on suitable 

surfaces. Studies in this direction have already been undertaken and the results have shown 

that the molecules possess an affinity for adsorption on graphite and are able to generate 

predictable patterns of association with carboxylic acids. Comparison of the 3D and 2D 

organizations will help reveal the origin of the preferred modes of association of these 

compounds. 

 

Together, all these studies will provide a deeper understanding of how charge-assisted 

hydrogen bonding can be used to direct molecular organization. Our work is the starting point 

for the creation of more intricate networks incorporating molecular components specifically 

chosen to give the resulting materials desirable features and properties. 
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Figure S1. Thermal atomic displacement ellipsoid plot of the structure of crystals of (BI/H2
+2

) 

(OA
-2

) grown from DMSO. The ellipsoids of non-hydrogen atoms are drawn at the 50% 

probability level, and hydrogen atoms are represented by a sphere of arbitrary size. Hydrogen 

bonds are shown as dotted lines. Atoms labelled with a suffix A are generated by the 

symmetry operation -x+1, y, -z+3/2. 
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Figure S2. Thermal atomic displacement ellipsoid plot of the structure of crystals of (BI/H
+
)2 

(FA
-2

) • 4H2O grown from DMSO. The ellipsoids of non-hydrogen atoms are drawn at the 

50% probability level, and hydrogen atoms are represented by a sphere of arbitrary size. 

Hydrogen bonds are shown as dotted lines. Atoms labelled with a suffix A are generated by 

the symmetry operation -x, -y+1, -z. 
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Figure S3. Thermal atomic displacement ellipsoid plot of the structure of crystals of (BI/H
+
)2 

(TA
-2

) grown from DMSO. The ellipsoids of non-hydrogen atoms are drawn at the 50% 

probability level, and hydrogen atoms are represented by a sphere of arbitrary size. Hydrogen 

bonds are shown as dotted lines. Atoms labelled with a suffix A are generated by the 

symmetry operation -x, y, -z+1/2.  
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Figure S4. Thermal atomic displacement ellipsoid plot of the structure of crystals of (BI/H
+
)2 

(TMA/H
-2

) • H2O grown from DMSO. The ellipsoids of non-hydrogen atoms are drawn at the 

50% probability level, and hydrogen atoms are represented by a sphere of arbitrary size. 

Hydrogen bonds are shown as dotted lines. The two positions for the statistically disordered 

water molecules are shown with labels O7A and O7B. 
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Figure S5. Comparison of calculated and experimental X-ray powder diffraction patterns for 

crystals of (BI/H2
+2

) (OA
-2

) grown from DMSO.  
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Figure S6. Comparison of calculated and experimental X-ray powder diffraction patterns for 

crystals of (BI/H
+
)2 (FA

-2
) • 4H2O grown from DMSO.  
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Figure S7. Comparison of calculated and experimental X-ray powder diffraction patterns for 

crystals of (BI/H
+
)2 (TA

-2
) grown from DMSO.  
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Figure S8. Comparison of calculated and experimental X-ray powder diffraction patterns for 

crystals of (BI/H
+
)2 (TMA/H

-2
) • H2O grown from DMSO.  
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Figure S1. Thermal atomic displacement ellipsoid plot of the structure of crystals of (H2BI
+2

) 

(H2BDP
-2

) grown from DMSO. The ellipsoids of non-hydrogen atoms are drawn at the 50% 

probability level, and hydrogen atoms are represented by a sphere of arbitrary size. Hydrogen 

bonds are shown as dotted lines.  
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Figure S2. Thermal atomic displacement ellipsoid plot of the structure of crystals of (H2BI
+2

) 

(H2BDP
-2

) • 2DMSO grown from DMSO. The ellipsoids of non-hydrogen atoms are drawn at 

the 50% probability level, and hydrogen atoms are represented by a sphere of arbitrary size. 

Hydrogen bonds are shown as dotted lines. Atoms labeled with the suffix B are from the 

second part of the statistically disordered fragments. 
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Figure S3. Thermal atomic displacement ellipsoid plot of the structure of crystals of (H2BI
+2

) 

(H2BDP
-2

) • 4H2O grown from EtOH/H2O. The ellipsoids of non-hydrogen atoms are drawn at 

the 50% probability level, and hydrogen atoms are represented by a sphere of arbitrary size. 

Hydrogen bonds are shown as dotted lines.  
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Figure S4. Thermal atomic displacement ellipsoid plot of the structure of crystals of (H2BI
+2

) 

(H4BTP
-2

) • DMSO grown from DMSO. The ellipsoids of non-hydrogen atoms are drawn at 

the 50% probability level, and hydrogen atoms are represented by a sphere of arbitrary size. 

Hydrogen bonds are shown as dotted lines. Atoms labeled with a suffix B are from the second 

part of the statistically disordered fragments. 
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Figure S5. Thermal atomic displacement ellipsoid plot of the structure of crystals of (HFF
+
)2 

(BDS
-2

) • 4DMSO grown from DMSO. The ellipsoids of non-hydrogen atoms are drawn at the 

50% probability level, and hydrogen atoms are represented by a sphere of arbitrary size. 

Hydrogen bonds are shown as dotted lines. Atoms labeled with the suffix A are symmetry-

equivalent. Atoms labeled with the suffix B are from the second part of the statistically 

disordered fragments. 
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Figure S6. Thermal atomic displacement ellipsoid plot of the structure of crystals of (H2FF
+2

) 

[PO2(OH)2
-
]2 • H2O grown from heptanoic acid. The ellipsoids of non-hydrogen atoms are 

drawn at the 50% probability level, and hydrogen atoms are represented by a sphere of 

arbitrary size. Hydrogen bonds are shown as dotted lines. Only one part of the disordered 

phosphate anion and water molecule is shown. 
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X-Ray Powder Diffraction 

The experimental patterns were measured on a Bruker D8 Discover diffractometer at 295 K 

with copper radiation (CuK,  = 1.5418 Å). The calculated diffraction patterns were 

generated from the crystal structure at 100 K or 150 K using Mercury software 

(http://www.ccdc.cam.ac.uk/products/mercury/).  
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Figure S7. Comparison of calculated and experimental X-ray powder diffraction patterns for 

crystals of (H2BI
+2

) (H2BDP
-2

) • 4H2O grown from EtOH/H2O. 
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Figure S8. Comparison of calculated and experimental X-ray powder diffraction patterns for 

crystals of (H2BI
+2

) (H4BTP
-2

) • DMSO grown from DMSO. 
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Figure S9. Comparison of calculated and experimental X-ray powder diffraction patterns for 

crystals of (HFF
+
) (BDS

-2
) • 4DMSO grown from DMSO. 

 

 


