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Supervisor:  Jonathan L. Sessler 

 

Over the last two decades, calix[4]pyrroles – teterapyrrolic macrocycle linked through α 

or meso-like positions by sp3-hybridized carbon atoms – have been exploited as strong and 

selective receptors and as extractants for both anions and ion pairs. In particular, complexation of 

an anion to calix[4]pyrrole via four hydrogen bonds drives conformational changes from the 1,3-

alternate to the cone conformation. This conversion provides a concave, bowl-like cavity that 

permits recognition of charge diffuse cations, such as cesium and imidazolium, through cation–π 

interactions. This structural flexibility is a characteristic of calix[4]pyrrole chemistry. The work 

described in this dissertation takes advantage of molecular switching phenomena. In particular, it 

details efforts to realize self-assembly using functionalized calix[4]pyrroles. In the context of 

theses efforts, a variety of secondary forces, such as hydrogen bonding interaction, π - π (CH-π) 

interactions, and charge transfer (CT) interactions are exploited and studied in detail. Also 

included in this dissertation is a summary of studies of stimulus-responsive behavior, wherein 

systems constructed from calix[4]pyrroles are exposed to external stimuli that includes anions, 

acid/base, and electrochemical triggers.  

Chapter 1 gives a brief overview of the use of calix[4]pyrroles as molecular carriers 

stressing the transport of ion pairs. Chapter 2 details a multi-stage molecular equilibrium system 

that exploits two kinds of cali[4]pyrroles as well as appropriately chosen chemical inputs, and the 

conseqyent construction of a NAND logic gate. Chapter 3 describes factors that affect the self-
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assembly process under condition where the interactions are relatively weak. Chapter 4 focuses 

on orthogonal self-assembly from calix[4]pyrrole and a functionalized fullerene. Chapter 5 details 

formation of metal-containing 1D arrays and molecular capsules. Lastly, chapter 6 demonstrates 

the syntheses and the characterization data of all compounds used in these studies.  
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Chapter 1: Introduction to Calix[4]Pyrroles as Molecular Containers   

1. 1 INTRODUCTION 

A container, in general, is an object used for, or capable of, holding liquids, 

gases, or one or more other solid objects. In common parlance, containers are recognized 

as being especially useful for transport or storage. Macroscopic containers are frequently 

used to sort or separate objects of interest from other species such that the separated 

object may be more readily identified, stored, or accessed. On a molecular scale, so-

called ‘molecular containers’ play similar roles. However, they typically exploit 

molecular recognition strategies involving a variety of secondary interactions, such as 

H-bonds, metal–ligand, hydrophobic interactions, and the like. In recent years, 

considerable effort has been devoted to the development of artificial molecular entities 

that can function as container-like systems. The interest in such systems is driven in part 

by their potential utility in areas as diverse as catalysis, recognition, separation, and 

transport. In this chapter, I illustrate the use of calix[4]pyrrole-based systems as ion 

(pair) receptors and transporters. This overview is designed to provide helpful insights 

that will help understanding how calix[4]pyrroles can function as building blocks for 

molecular self-assembly as discussed in following chapters.  

Calix[4]pyrrole (1.1) was first reported in the 19th century.1 As a class, 

calix[4]pyrroles have been extensively examined as anion receptors for the last two 

decades. It is now appreciated that these non-aromatic tetrapyrroles bind a variety of 

anions including halides, acetates, phosphate, and so on in aprotic media.2-4 More 

recently, potential applications of calix[4]pyrroles as carriers, species capable of 

transporting ions across lipophilic membranes, have been reported.5-10 In addition to 
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being relatively easy to synthesize, the ditopic nature of calix[4]pyrrole derivatives 

allows them to act as receptors and extractants for both anions and cations under 

appropriately chosen conditions. In particular, complexation of an anion to 

calix[4]pyrrole via four hydrogen bonds drives conversion from the 1,3-alternate to the 

cone conformation. This conversion provides a concave, bowl-like cavity that permits 

recognition of charge diffuse cations, such as cesium and imidazolium, through cation – 

π interactions.11 Functionalization of the calix[4]pyrrole meso or β-pyrrolic positions 

allows the incorporation of additional binding sites for cations. Recently, the conversion 

between the 1,3-alternate and cone conformations has been exploited to create self-

assembled molecular ensembles that respond well to external stimuli.12-14 It is this 

combination of features, namely ion transport capability and chemical stimulus 

controlled self-assembly, that makes calix[4]pyrroles of particular interest as molecular 

containers.  

1.2 TRANSPORT OF CHLORIDE AND OTHER ANIONS: CALIX[4]PYRROLE-BASED 
MOLECULAR CARRIERS 

Biological ion channels play important roles in a large number of cellular 

functions, including control and modulation of transmembrane potentials, chemical 

signaling, transepithelial ion transport, regulation of cytoplasmic or vesicular ion 

concentrations, pH control, and regulation of cell volume.15 Malfunction of ion channel 

function is correlated with a variety of disorders, such as cystic fibrosis, Bartter’s 

syndrome, Dent’s desease, myotonia, epilepsy,15,16 and can result in kidney failure, 

reduced bone strength, cardiac stress, and nerve system problems. Not surprisingly, 

therefore, considerable attention has been devoted to the development of synthetic 

compounds that are capable of facilitating ion transport across lipid bilayer membranes. 
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Such systems may help shed light on biological transport processes and, ultimately, may 

offer a pharmacological solution to medical disorders involving misregulated biological 

ion transport. Over the last two decades, considerable progress has been made in the 

field and there are now a number of synthetic ion transporters and channel mimics 

known. As yet, however, no synthetic ion transport system has entered clinical 

development and our understanding of the basic mechanisms of transport remains in its 

infancy. The design principles that will give rise to synthetic ion transporters (or 

channels) capable of functioning in complex biological environments are likewise far 

from understood. In this section, I summarize the use calix[4]pyrroles as carriers for the 

through-membrane transport of anions and ion pairs.  

1.2.1 Octamethylcalix[4]pyrrole: A simple yet effective chloride anion transporter 
that can operate via different transport mechanisms  

The first evidence that calix[4]pyrrole (1.1) could function as a potential ion 

carrier across lipid bilayer membrane came from the Quesada, Sessler, and Gale groups 

in 2008.9  
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Figure 1.1  Chemical structures of octamethylcalix[4]pyrrole 1.1 and octafluoro-
calix[4]pyrrole 1.2. 
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These researchers studied the parent calix[4]pyrrole 1.1 as a possible carrier for 

simple salts using 1-palmitoyl-2-olelyl-sn-glycero-3-phosphocholine (POPC) vesicles as 

a membrane mimic. In this study, the POPC vesicles were loaded with CsCl and 

suspended in two different external solutions; one contained NaNO3, whereas the other 

contained Na2SO4. The sulfate ion is highly hydrophilic.17 It was not expected to be 

soluble in the lipophilic membranes or to pass through the membrane at an appreciable 

rate. On the other hand, the nitrate anion is sufficiently hydrophobic that it was expected 

to allow anion/nitrate exchange. This exchange is required for charge neutralization 

under so-called antiport ion transport scenarios. It would not be required when the 

calix[4]pyrrole serves to co-transport both an anion and a counter cation. These limiting 

mechanisms are discussed further below and illustrated schematically in Figures 1.2 and 

1.3. 

In these first studies, calix[4]pyrrole 1.1 as a DMSO solution was added to the 

vesicular suspension at 2% of the lipid concentration. Chloride anion efflux was then 

monitored using a chloride selective electrode. The vesicles were lysed using detergent 

after five minutes, and the final reading of the electrode was set to 100% release of 

chloride. Under these conditions, octamethylcalix[4]pyrrole 1.1 proved to be an 

effective ion carrier over the course of the five minute experimental window. This was 

found to hold true both for vesicles suspended in external solutions containing either the 

sulfate or nitrate anions. In a separate experiment designed to probe the cation dependent 

nature of the transport process, it was found that chloride efflux was seen in the case of 

vesicles loaded with cesium chloride, but not those containing NaCl, KCl, or RbCl. 
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These findings led to the conclusion that this particular calix[4]pyrrole acts as a selective 

co-transporter of CsCl, as shown schematically in Figure 1.2. This limiting mechanism 

is also referred to as “symport”. 

Interestingly, the β-octafluoro-substituted analogue of the parent macrocycle 

(i.e., 1.2) was found to function as an anion carrier via a chloride/nitrate antiport 

mechanism.9 Support for this proposed mechanism came from the finding that the 

transport rate was essentially independent of the choice of inner cation. Specifically, and 

in contradistinction to what was seen in the case of the parent octamethylcalix[4]pyrrole 

1.1, chloride efflux was observed in all vesicles studied, including those containing 

NaCl, KCl, and RbCl provided the external solution contained NaNO3 rather than 

Na2SO4. This lack of cation dependence on the rate of chloride transport across the 

POPC membrane is consistent with the suggestion that calix[4]pyrrole 1.2 facilitates 

chloride transport via an antiport mechanism, namely exchange of chloride for nitrate as 

shown schematically in Figure 1.3. Further support for the proposed antiport mechanism 

came from studies where Na2SO4 was used in lieu of NaNO3 in the external solution. 

Under these conditions, the octafluoro-substituted calix[4]pyrrole 1.2 does not act as an 

effective chloride anion carrier. This inversion in transport mechanism from co-transport 

to antiport on going from 1.1 to 1.2 was rationalized in terms of the octafluoro derivative 

1.2 having a higher affinity for the chloride anion, yet a lower affinity towards various 

accompanying counter cations, including Cs+, relative to 1.1.   

Carrier 1.2 was also found to facilitate chloride/bicarbonate counter transport. 

This conclusion is based on the finding that vesicles loaded with NaCl and suspended in 

a solution of Na2SO4 demonstrate little appreciable chloride efflux. However, when 
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NaHCO3 is added to the system after 120 s, chloride transfer from within the vesicles to 

the outer receiving phase was observed. The same experiment was preformed with 

compound 1.1. However, no evidence of significant chloride transport was seen.  

1.2.2 Modulating chloride transport via strapped calix[4]pyrroles   

Over the last two decades, considerable effort has been devoted to the creation of 

chemosensors for anionic species that are based on the use of a calix[4]pyrrole scaffold. 

The most widely used approaches to creating such sensors involves functionalization of 

either the pyrrolic β-positions or meso positions. An offshoot of these generalized efforts 

was the development of so-called “strapped” calix[4]pyrroles by the Lee and Sessler 

groups.18,19 Depending on the nature of the straps, these meso-functionalised 

calix[4]pyrroles can display higher anion binding affinities or recognize anions or ion 

pairs with greater selectivity than their unstrapped analogues.19-22 These particular 

container systems are also appealing as ion carriers. However, to date, only a few 

strapped calix[4]pyrroles have been studied in this regard.  
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Figure 1.2 (a) Chloride efflux promoted upon addition of 1.1 (2 mole % carrier to 
lipid) to unilamellar POPC vesicles loaded with 488 mM CsCl (■), RbCl 
(○), KCl (▲), or NaCl ([square]), as well as 5 mM phosphate buffer, pH 
7.2, dispersed in 488 mM NaNO3, 5 mM phosphate buffer, pH 7.2, and 
unilamellar POPC vesicles loaded with 488 mM CsCl (●), 5 mM phosphate 
buffer, pH 7.2, dispersed in 162 mM Na2SO4. (b) Schematic representation 
of CsCl co-transport mediated by 1.1. Originally published in Chem. 
Commun. 2008, 6321-6323. Copyright Royal Society of Chemistry 
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Figure 1.3 (a) Chloride efflux promoted by 1.1 across POPC vesicles loaded with 
cesium chloride and by 1.2 in POPC vesicles loaded with sodium, 
potassium, rubidium, and cesium chloride salts buffered at pH 7.2 with 5 
mM phosphate. The vesicles were dispersed in Na2SO4 buffered at pH 7.2 
with 5 mM phosphate. (b) Chloride efflux promoted by 1.1 and 1.2 across 
POPC vesicles loaded with NaCl buffered at pH 7.2 with 20 mM phosphate 
upon addition of a NaHCO3 pulse. (c) Schematic representation of Cl-

/HCO3
- antiport mediated by 1.2. (BC- = bicarbonate)  
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Figure 1.4 Chemical structures of 1,2,3-triazole-strapped calix[4]pyrroles 1.3-1.6. 

 

In 2009, Gale and coworkers synthesised a 1,2,3-triazole-strapped 

calix[4]pyrrole (1.3) and demonstrated its ability to transport chloride anions across lipid 

bilayer membranes.7 Slow exchange kinetics were revealed for the interaction between 

1.3 and chloride anions on the 1H NMR time scale. Therefore, the chloride anion 

affinities were evaluated by isothermal titration calorimetry (ITC) in acetonitrile solution 

using tetraethylammonium chloride (TEACl) as the chloride anion source. On the basis 

of this analysis, it was concluded that the strapped system 1.3 binds the chloride anion 

about an order of magnitude more effectively than the parent calix[4]pyrrole 1.1. Most 

of this increase is enthalpic in origin (cf. Table 1.1). 
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Table 1.1 Energetics of tetraethylammonium chloride binding to calixpyrrole 1.1 and 
1.3 in acetonitrile solution at 303 K as determined by ITC. 

Host Kass / M-1 ΔG° / kcal mol-1 ΔH° / kcal mol-1 TΔS° / kcal mol-1 

1.1 1.9 ×105 -7.19 -10.1 -3.07 

1.3 1.3 ×106 -8.47 -12.0 -3.52 

 

To elucidate the transport mechanism, Gale and coworkers carried out 

experiments analogous to those described above. Specifically, POPC vesicles loaded 

with CsCl, RbCl, KCl or NaCl were suspended in external buffered solution containing 

NaNO3. In contrast to what was found for the parent system 1.1, with the triazole-

strapped calix[4]pyrrole 1.3, chloride anion transport was seen in the case of all four sets 

of vesicles. As would be expected for a cation-anion co-transport mechanism, the most 

effective transport was seen in the case of the vesicles containing the relatively more 

hydrophobic cesium cation.  

 

 

 

 

 



 
 
 

11 

 

Figure 1.5 Chloride efflux promoted by 1.3 across POPC vesicles loaded with NaCl, 
KCl, RbCl or CsCl buffered to pH 7.2 with 5 mM phosphate dispersed in 
NaNO3 (open symbols) or Na2SO4 (closed symbols). Originally published 
in Chem. Commun. 2009, 3017-3019. Copyright Royal Society of 
Chemistry. 

To analyse further the mechanism of transport operative in the case of compound 

1.3, similar experiments were carried out with Na2SO4 in the external phase (Figure 1.5). 

In contrast to the parent calix[4]pyrrole 1.1, the 1,2,3-triazole-strapped macrocycle 1.3 

proved capable of transporting chloride anions across the POPC vesicle membrane 

under these conditions. However, in the case of the vesicles containing potassium and 

sodium chloride, a substantial drop in the rate of chloride release was seen when the 

external solution was changed from NaNO3 to Na2SO4. In contrast, for the vesicles 

containing cesium chloride, little dependence on the choice of external anion (nitrate vs. 

sulfate) was seen. This disparity was rationalized in terms of the predominant chloride 

transport mechanism being influenced by the choice of counter cation: The large cesium 

cation allows for ion pair (Cs+ + Cl–) symport, while smaller and more hydrophilic 

cations, such as potassium and sodium, support chloride efflux only under conditions 

where a chloride/nitrate antiport transport mode is possible. 
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Insights into the relationship between the nature of the strap and the transport 

efficiency came from a vesicle transport study wherein the bis-triazole-strapped 

calix[4]pyrroles 1.4-1.6 were used as putative through membrane chloride anion carriers 

(Figure 1.4).6 It was found that the more open calix[4]pyrrole container 1.6 promoted 

faster chloride efflux regardless of the Group I metal counter cation. This difference in 

transport efficiency was ascribed to multiple factors, including improved partitioning of 

the carrier into the lipid bilayer from the aqueous solution, higher mobility of the carrier 

within the membrane, and an improved solubilization of the carrier-anion complex in the 

hydrophobic membrane.20 Two X-ray crystal structures, specifically of the chloride-

bound complexes of 1.5 and 1.6, provided further support for this rationalization (Figure 

1.6). In the case of [1.5•Cl]-, the bound chloride anion is stabilized by five hydrogen 

bonds, including one from a triazole CH proton. On the other hand, compound 1.6 

stabilizes chloride anion complexation by providing six hydrogen bonds – four from the 

calix[4]pyrrole NH protons and two from the triazole CH protons. The net result is that 

the chloride anion is more tightly bound. This has the further consequence that, 

presumably, the complex as a whole is less subject to energetically unfavourable 

desolvation effects upon moving into the more hydrophobic membrane phase. 
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Figure 1.6 Views of the single crystal X-ray diffraction structures of the anion 
complexes (a) [1.5•Cl]– and (b) [1.6•Cl]–. Non-hydrogen-bonded H atoms, 
methanol solvent molecules, and the tetrabutylammonium (TBA+) 
countercations are omitted for clarity. 

  While little dependence on the choice of external anion (nitrate vs. sulfate) 

was seen in the case of compound 1.4, for compounds 1.5 and 1.6, higher rates of 

chloride efflux were seen for the CsCl-containing vesicles suspended in NaNO3 than for 

those with Na2SO4 in the outer phase (Figure 1.7). These findings were interpreted in 

terms of the dominant transport mechanism changing from cesium/chloride co-transport 

to chloride/nitrate antiport upon moving from 1.4 to 1.5 and 1.6.  
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Figure 1.7  Chloride efflux promoted by 1.4-1.6 in POPC vesicles loaded with CsCl 
salt. The vesicles were dispersed in Na2SO4 (closed symbols) or NaNO3 
(open symbols) with the carrier added as a DMSO solution. DMSO (×) was 
used as a blank (i.e. negative control. Originally published in Org. Biomol. 
Chem. 2010, 8, 4356-4363. Copyright Royal Society of Chemistry. 

Carriers and channels responsible for ion transport through biological 

membranes are typically highly dependent on the nature of the cation. It was considered 

likely, therefore, that modulation of the counter cation binding features could also play 

an important role in modulating the transport capability of calix[4]pyrrole carriers. To 

test this hypothesis, Sessler, Gale Lee, and coworkers studied the oligoether-strapped 

calix[4]pyrrole ion pair receptor 1.7 (Figure 1.8). This system has one anion binding site 

and two possible cation binding sites.2  
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Figure 1.8 Chemical structure of the oligoether-strapped calix[4]pyrrole 1.7. Also 
indicated are the putative anion and cation binding sites. 

The binding properties of this hybrid calix[4]pyrrole receptor are dependent on 

the choice of Group I metal counter cations. For example, 1H NMR spectroscopic 

studies revealed that the addition of potassium and cesium cations (as the perchlorate 

salts) to 10% CD3OD/CD3CN solutions of the preformed TBA+[1.7•F]- complex gives 

rise to two distinct ion pair complexes (Figure 1.9). In the case of K+, the cation is bound 

within the oligoether strap. In contrast, the cesium cation is bound to the cup-like cavity 

of the calix[4]pyrrole. In the case of the cesium-containing complex, a downfield shift 

was seen for the β-pyrrolic protons with no discernable changes in the oligoether strap 

signals being observed; this is consistent with the conclusion that the cesium cation is 

bound within the ‘cup’ of the calixpyrrole container as shown schematically in Figure 

1.9.  
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Figure 1.9 Effect of treating complex [1.7•F]- (TBA+ salt) with perchlorate salts of 
various alkaline metal cations in 10% CD3OD/CD3CN. 

In contrast to the previous case, significant downfield shifts were seen in the 

signals that correspond to the oligoether moiety and an upfield shift in the pyrrole NH 

resonance was seen in the 1H NMR spectrum (10% CD3OD/CD3CN) when [1.7•F]- 

(TBA+ salt) was treated with KClO4. Such findings are consistent with the intuitively 

appealing conclusion that potassium and fluoride form a contact ion pair and are bound 

within the receptor cavity. With smaller cations, including Li+ or Na+, complete 

decomplexation of [1.7•F]- was observed. Presumably, this reflects an attraction between 

the fluoride anion and lithium or sodium cations that is too strong to be overcome by 

interaction with the receptor. 

The chloride-bound complex of receptor 1.7 (i.e., [1.7•Cl]-; TBA+ salt), on the 

other hand, produces a cavity bound Li+Cl– co-complex upon addition of Li+ (as the 

corresponding perchlorate salt) in CD3CN (Figure 1.10). Addition of Cs+ (as its 

perchlorate salt) to [1.7•Cl]- complex in acetonitrile solution gives rise to nearly identical 
1H NMR spectroscopic changes as observed when CsClO4

 is added to the preformed 
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[1.7•F]– complex. A similar binding mode is thus proposed. On the other hand, addition 

of Na+ or K+ to [1.7•Cl]- gives rise to a broadening in the 1H NMR spectral signals. On 

this basis, it is inferred that these cations serve to induce only partial decomplexation of 

the initial chloride-bound complex, rather than the complete decomplexation seen in the 

case of the corresponding fluoride complex, [1.7•F]–. 
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Figure 1.10  Cation-induced changes in complexation and decomplexation behavior 
observed when complex [1.7•Cl]- is treated with perchlorate salts of various 
alkaline metal ions in acetonitrile-d3. 

The use of 1.7 as a possible chloride anion carrier was also studied. Toward this 

end, POPC vesicles were loaded with alkali metal salts, including CsCl, RbCl, KCl and 

NaCl, and suspended in an external solution containing NaNO3 or Na2SO4 buffered to 

pH 7.2 using 5 mM sodium phosphate. As shown in Figure 1.11, the oligoether-strapped 

calix[4]pyrrole displays a modest chloride transport ability when the chloride anion 

counter cation is Na+, K+ and Rb+ and the external phase contains Na2SO4. On the other 

hand, a substantial chloride efflux rate was found when the more lipophilic cesium was 

used as the counter cation. This increase in transport capability was ascribed to the 
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participation of a cation/anion co-transport mechanism when the cation was Cs+ and 

Na2SO4 was present in the external solution.  

 

 

Figure 1.11 Chloride efflux promoted by 1.7 from POPC vesicle loaded with MCl (M = 
Na, K, Rb or Cs) in Na2SO4 solution. These data provide support for the 
conclusion that when an anion/cation symport mechanism is not available, 
chloride efflux from NaCl-containing vesicles can occur via a 
nitrate/chloride antiport process provide the external phase contains the 
nitrate anion. Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. 

Support for the above observation came from so-called U-tube experiments. 

These experiments involve two aqueous layers – one containing 0.5 M MCl (M = Cs+, 

K+, Na+) in 20 mM phosphate buffer (Aq. 1) and the other consisting of either 0.5 M 

NaNO3 or 0.5 M Na2SO4 in the same buffered solution (Aq. 2) – that are separated by a 

dichloromethane layer containing 1 mM of receptor 1.7. The transfer of chloride from 

Aq. 1 to Aq. 2 over 24 h period was monitored at regular intervals using an ion selective 

electrode. It was found that when Aq. 1 contains either CsCl or KCl, the relative rate of 

chloride efflux is essentially independent of the choice of salts present in Aq. 2. On the 

hand, in the case of NaCl, more chloride anion is transferred to Aq. 2 when it contains 

NaNO3 rather than Na2SO4. This observation is consistent with the previous vesicle-
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based results, namely that for the chloride salt of a more hydrophilic cation, Na+, an 

antiport transport mechanism is preferred. Overall, the combination of vesicle and U-

tube experiments provides support for the conclusion that the hybrid calix[4]pyrrole 1.7 

is an effective chloride anion transporter, but that the exact mechanism chloride/cation 

symport vs. chloride/nitrate antiport depends on the choice of cation and conditions. 

1.2.3 Nitrate anion transport using calix[4]pyrroles with two electron deficient 
aromatic walls   

Nitrate assimilation is the first key step in biological nitrogen acquisition, which 

is a pivotal element in life.21 In many organisms, so-called nitrate transporters (NRTs) 

actively participate in nitrate uptake. This process renders nitrogen to animals in organic 

form, for instance. Nitrate is also of interest because it can act as a chemical signal that 

regulates carbon metabolism; it does this by modulating the expression of the genes 

involved in the biosynthesis of organic acids.22 Nevertheless, in spite of the importance 

of nitrate anion fluxes in living systems, synthetic small molecules capable of acting as 

nitrate anion transporters are relatively rare.23  

In a recent study, Ballester and coworkers, showed that calix[4]pyrrole 

derivatives of general structure 1.8 promoted the selective transport of nitrate over F-, 

Cl-, Br-, I-, acetate and perchlorate anions through lipid-based lamellar membranes.24 

This study focused on a series of calix[4]pyrrole derivatives bearing two aromatic 

substituents on opposite meso positions (Figure 1.12). These substituents act as “walls” 

whose features could be adjusted to allow the detailed study of anion – π interactions. 

Toward this end, this team quantified the binding interactions between the nitrate anion 

and various calix[4]pyrroles 1.8. Also studied was octamethylcalix[4]pyrrole 1.1. The 

latter provides a reference value for anion – pyrrole NH hydrogen bonding interactions. 
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By subtracting the value of the H-bonding interaction from values obtained from other 

calix[4]pyrrole derivatives, the strength of the nitrate – π interaction in question could be 

deduced. The experimental values were found to correlate linearly with the calculated 

electrostatic surface potential (ESP) value determined at the centroid of the respective 

aromatic walls. The strongest anion – π interaction was found in the case of the electron 

deficient system 1.8e, as expected. 

A single crystal X-ray structure of the nitrate complex TBA+[1.8e•NO3]– 

provided support for the lowest energy geometry proposed in solution (Figure 1.13). In 

the solid state structure of 1.8e, the nitrate anion is found in an almost orthogonal 

position relative to the two phenyl rings. The arrangement is as expected for a system 

wherein the aromatic subunits function as “walls”. The shortest distance between the 

nitrate oxygen and a carbon atom in the aromatic wall is 3.0 Å. This value is shorter than 

the sum of the van der Waal radii for each atom. These findings were thus taken as an 

indication that a degree of weak sigma bonding exists in addition to the proposed anion 

– π interactions. 
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Figure 1.12 Molecular structures of the α,α-isomers of the aryl-substituted calix[4]-
pyrroles 1.8 and of the parent octamethylcalix[4]pyrrole 1.1. 
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Table 1.2  Summary of transport data 

Calix-
pyrrole 

HPTS (NaCl) 
EC50 (nM)a 

HPTS (CsCl) 
EC50 (nM)a 

CF (NaCl) 
EC50 (nM)a Cs+/Na+b Cl-/Br-b NO3

-/Cl-b 

1.8a 350 ± 20 9.7 ± 0.4 1300 ± 100 2.8 0.9 0.8 

1.8c 8.4 ± 3 7.3 ± 0.3 1600 ± 500 1.2 1.1 1.4 

1.8e 2.0 ± 0.4 0.73 ± 0.06 110000 ± 2000 1.0 1.2 1.7 

1.1 960 ± 300 4.5 ± 0.3 >50000 Nd Nd Nd 

aEffective calix[4]pyrrole concentration needed to reach 50% activity in the assay. 
bRelative activity in the HPTS assay with different extravesicular ions: External cesium 
(CsCl) compared with external sodium (NaCl); external chloride (NaCl) compared with 
external bromide (NaBr); external nitrate (NaNO3) compared with external chloride 
(NaCl). HPTS: 8-Hydroxy-1,3,6-pyrenetrisulfonate. 

The ion transport ability of the calix[4]pyrrole derivatives of general structure 

1.8 was investigated using large unilammellar vesicle (LUVs) made of egg yolk 

phosphatidylcholine (EYPC) in a HEPES buffered NaCl solution. All calix[4]pyrroles 

derivative 1.8a-1.8e showed chloride transport activity, with 1.8d and 1.8e being the 

most effective carriers. As in the case of octamethylcalix[4]pyrrole 1.1, the double 

walled calix[4]pyrrole 1.8a was found to operate predominantly through a 

cesium/chloride symport mechanism. On the other hand, 1.8c and 1.8e transfer chloride 

mainly via an anion/anion antiport mechanism, as inferred from the lack of cation 

dependence seen in these latter cases (Figure 1.14).  
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To obtain a better understanding the relationship between the transport activity 

and the electronic nature of the aromatic walls of calix[4]pyrroles 1.8 (and presumably, 

in turn, the interactions of the walls with the anions), an assay was performed under 

cation-independent conditions. Here, a HEPES buffered NaCl solution was used as the 

external solution. Under these conditions, a clear relationship between the ESP values of 

the aromatic walls and the ion transport activity was observed. Most notably, among the 

calix[4]pyrroles tested, 1.8c and 1.8e displayed the highest selectivity for nitrate 

transport.  

 

 

Figure 1.13  Side and top view of the binding geometry seen in the solid-state structure 
of the TMA+[1.8e•NO3]- complex. Solvent molecules and nonpolar 
hydrogen atoms of 1.8e are omitted for clarity. TMA = 
tetramethylammonium cation.  



 
 
 

23 

 

 

Figure 1.14  Transport selectivity. Plots showing the dependence of the fractional 
transport activity Y of calixpyrroles 1.8a (a), 1.8c (b), and 1.8e (c) on the 
different cations (M+ as the chloride salts) and anions (as the Na+ salts) 
used in the HPTS ion transport assay. Y has been normalized to 1 for Cl− 
and Na+. HPTS: 8-hydroxy-1,3,6-pyrenetrisulfonate. Reprinted with 
permission from J. Am. Chem. Soc. 2013, 135, 8324-8330. Copyright 2013 
American Chemical Society. 

This selective nitrate transport behavior was attributed to the fact that in these 

systems the nitrate anion is successfully protected and stabilized by the electron 

deficient aromatic walls. In conjunction with the hydrogen bonds provided by the 

calix[4]pyrrole NH protons, this allows for effective recognition and presumably 
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transport, as supported by a X-ray single crystal structure of the nitrate complex of 1.8e 

(Figure 1.13). 

1.2.4 Calix[4]pyrroles as drug carriers 

That calix[4]pyrroles could be used to transport active pharmaceuticals is an 

appealing notion that to date has only been realized successfully in one instance. 

Specifically, in 2013 Kohnke and co-workers reported the use of a calix[4]pyrrole-trans-

platinum(II) conjugate as a prodrug, wherein the calix[4]pyrrole plays the role of a drug 

delivery system.25 To implement this strategy, this research team synthesized the mono 

meso-aminophenyl-functionalized calix[4]pyrrole 1.9 as a ligand for Pt(II) (Figure 1.15). 

Upon reaction of 1.9 and cis-[PtCl2(DMSO)2] in CH3CN solution, a pale-yellow 

crystalline product trans-Pt-1.9 was formed. The progress of the Pt(II) complexation 

reaction was monitored by 1H NMR spectroscopy.  

Single crystal X-ray diffraction analysis of complex trans-Pt-1.9 revealed a 

distorted square planar coordination geometry for the Pt(II) center with two trans-

chloride ligands, a finding that provides evidence of configurational isomerization of the 

original cis-[PtCl2(DMSO)2] during the course of the complexation reaction. Overall, the 

conjugate trans-Pt-1.9 adopts an U-shaped structure with one DMSO molecule 

hydrogen-bonded to the calix[4]pyrrole core (Figure 1.16). 
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Figure 1.15 Molecular structures of 1.9, 1.10, and their Pt conjugates trans-Pt-1.9 and 
trans-Pt-1.10, formed from the reaction of 1.9 and 1.10 with the Pt(II) 
DMSO adduct 1.11, respectively. 

 

 

Figure 1.16 Single crystal X-ray structure of trans-Pt-1.9. Solvent molecules and 
nonpyrrolic NH hydrogen atoms of 1.9 are omitted for clarity. 
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Stability studies of complex trans-Pt-1.9 carried out in both CD2Cl2 and a 

D2O/CD2Cl2 (20:80, v/v) mixture over 4 h, revealed no appreciable changes in the 1H 

NMR spectrum. Even at high concentrations (50 mM) of chloride anion (as the TBA+ 

salt) in D2O/CD2Cl2 (20:80, v/v), only 30% of the Pt(II) was displaced from the 

conjugate after 24 h. 

To investigate the potential utility of trans-Pt-1.9 to serve as a transport-based 

prodrug, the ability of the system to transfer Pt(II) to adenosine monophosphate (AMP) 

was tested. This transfer was followed using 1H NMR spectroscopy. Upon mixing of 

trans-Pt-1.9 and AMP in a 1:1 ratio in CD3CN at room temperature, the pyrrolic NH 

signal shifts to lower field and becomes broadened. Such changes are typical of what is 

observed when an anionic species (phosphate anion of AMP in this case) binds to 

calix[4]pyrrole through pyrrole N-H···anion hydrogen bond interactions. The actual 

transfer of the Pt(II) center to AMP was inferred from the appearance of signals 

corresponding to 1.9 and a broadening of the AMP proton resonances. The presence of 

[Pt(OH)2(CH3CN)AMP], [PtCl(OH)(CH3CN)AMP], [PtCl2(CH3CN)AMP], and 

[PtCl(CH3CN)(AMP)2] under conditions of the exchange reaction was also confirmed 

via negative ion mode ESI-MS analyses of a CD3CN/D2O solution.  

To gain insight into the actual transfer mechanism and the role, if any, the 

calix[4]pyrrole framework might be playing in the process, the transfer kinetics of Pt(II) 

were studied in the presence and absence of the calix[4]pyrrole 1.9. It was found that the 

rate of Pt(II) to AMP transfer could be fit well to a first-order model. This is consistent 

with coordination of the nucleobase taking place within a preformed [trans-Pt-

1.9•(TBA)2AMP] complex. The involvement of calix[4]pyrrole-AMP host-anion 
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interactions was independently supported by a competition experiment, wherein the 

addition of fluoride anion (TBA+ salt) was seen to slow the reaction rate.   

Table 1.3 In vitro antiproliferative activity of compounds 1.9 and 1.10 and their Pt(II) 
derivatives, trans-Pt-1.9 and trans-Pt-1.10, compared with that of trans- 
and cis-[PtCl2(NH3)2], oxaliplatin, and carboplatin in a human cancer cell-
line panel as assessed using an MTT cell viability assaya 

Compound A2774b 

(µM) 
OVCAR3b 

(µM) 
SKOV3b 

(µM) 
MDA-MB-231c 

(µM) 
MCF7c 

(µM) 

1.10d >100e > 100 >100 >100 >100 

trans-Pt-1.10d 32 ± 8 48 ± 13 46 ± 16 39 ± 8 64 ± 51 

1.9d 98 ± 60 103 ± 41 106 ± 42 89 ± 12 114 ± 31 

trans-Pt-1.9d 23 ± 3 35 ± 13 28 ± 17 26 ± 12 40 ± 27 

trans-
[PtCl2(NH3)2]d >100 >100 >100 >100 >100 

cis- 
[ PtCl2(NH3)2]f 5 ± 4 6 ± 2 4 ± 1 5 ± 1 18 ± 12 

oxaliplatinf 1.3 ± 1 0.5 ± 0.1 0.7 ± 0.2 1.7 ± 1 1 ± 0.3 

carboplatinf 54 ± 1 56 ± 2 73 ± 6 63 ± 13 89 ± 7 

aValues are IC50, in μM, expressed as mean values of at least three independent 
experiments (72 h drug exposure). bHuman ovarian cancer cell line. cHuman breast 
cancer cell line. dConcentration range from 10 to 100 μM/L. e>100: no activity was 
detected within the concentration range tested. fConcentration range from 0.05 to 500 
μM/L. 

 

A standard MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium 

bromide) cell viability assay involving the A2774, OVCAR-3, and SKOV-3 ovarian 
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carcinoma cell lines also provided evidence that the calix[4]pyrrole skeleton in 

combination with the coordinated Pt(II) plays a key role in modulating the reactivity of 

the bound cation. In particular, it was found that both trans-9 and a dipyrromethane 

model complex, trans-Pt-1.10, have good antiprolifereative activity, whereas the 

corresponding Pt(II) complex not bound to a calix[4]pyrrole core, trans-[PtCl2(NH3)2], 

displays considerably reduced activity. Little or no antiproliferative activity was seen 

with calix[4]pyrrole 1.1 or dipyrromethane without a co-complexed or added Pt(II) drug. 

The results are summarized in Table 1.3. 

1.3 CONCLUSIONS 

Since its first report as an anion binding agent almost two decades ago, 

calix[4]pyrrole has emerged as a useful receptor system for anions and ion pairs and as a 

scaffold for further manipulation. Calix[4]pyrroles are attractive systems in that they are 

easy to functionalize. The original octamethylcalix[4]pyrrole 1.1 selectively transports 

CsCl via a symport mechanism, whereas replacement of the β-pyrrole protons by 

fluorine (via independent synthesis) changes the transport mechanism from CsCl 

symport to chloride/ nitrate antiport. Modifications of the meso-carbon, particularly via 

use of so-called strapping strategies, leads to augmented anion binding affinities and 

may be used to incorporate additional binding site within the overall framework. These 

adjustments have been exploited to fine-tune the inherent ion transport modes and have 

also been used to create a calix[4]pyrrole system that functions as a carrier-based Pt(II) 

prodrug.  
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Chapter 2: Three Distinct Equilibrium States via Self-Assembly: 
Simple Access to a Supramolecular Ion-Controlled NAND Logic Gate ��� 

2.1 INTRODUCTION  

The appeal of nanoscale computing and molecular informatics is driving efforts 

to store and read out information at the molecular level. Inspired by this challenge, 

considerable effort has been invested in developing molecular systems that allow access 

to more than two equilibrium states. This has led to such elegant systems as multi-

station mechanically linked rotaxanes,1 coordination arrays,2 and photochromic 

molecules.3 An appealing and labor saving alternative would be multi-mode systems 

generated via self-assembly. Such systems could consist of supramolecular ensembles 

that permit reversible and controllable access to multiple molecular states via an 

appropriate choice of external inputs. To date, self-assembly has been effectively used to 

create nanostructured materials,4,5 support dynamic combinatorial chemistry,6 and 

produce supramolecular polymers.7,8 For instance, synthetic supramolecular polymeric 

systems have been exploited to create a variety of functional materials including, but not 

limited to, self-healing,9 stimuli-responsive,10 and sensory materials.11 However, this 

approach has yet to be used to produce self-assembled supramolecular polymers that 

display NAND-logic gate behavior. We believe that such systems may be obtained by 

creating self-assembled ensembles that allow access to three discrete states that may be 

interconverted via application of appropriate chemical inputs. In this chapter, we report a 

three-state system that can be prepared by simple mixing. Specifically, we detail the 

preparation of a self-assembled system based on two different calix[4]pyrrole (C[4]P) 

subunits that exists in three limiting equilibrium states (monomer, capsule, and 

oligomer). The key designed feature of the present system is the use of two 
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calixpyrroles. This allows ion-dependent interconversion between three different 

molecular states as the result of controlled changes in the conformations of the 

constituent calix[4]pyrroles. This gives rise to various spectroscopically distinct 

chemical products (output) based on the choice of the ion (input) and does so in accord 

with the terms of a NAND logic operation (Note: A NAND gate is defined as a logic 

gate that produces a “false” response only if all inputs are true.12,13) The present system 

differs from other NAND logic devices, both in terms of its ease of preparation and by 

virtue of the fact that the same output is produced from two of three underlying states, 

namely a supramolecular oligomeric structure and a molecular capsule. It also differs 

from other well-characterized multi-state systems in that it does not rely on the use of 

either covalent or mechanical bonds. 

Calix[4]pyrroles are attractive receptors for the generation of stimulus-controlled 

self-assembled structures, including as detailed below NAND logic devices. 

Calix[4]pyrroles are nonaromatic tetrapyrrolic macrocycles that typically undergo a 

dramatic conformational change from the more thermodynamically stable 1,3-alternate 

conformation to a bowl-like cone conformation upon the addition of coordinating 

anions, such as carboxylate, sulfate, phosphate, and halides.14-16 The calix[4]pyrroles are 

also of interest because in their respective cone conformations (as produced in the 

presence of a strongly coordinating anion) they will bind moderately-sized cations, such 

as Cs+ and tetraethylammonium cation (TEA+), but not larger species, such as the 

tetrabutylammonium cation (TBA+).17,18 These features make the calix[4]pyrroles 

attractive as building blocks for the creation of self-assembled materials. In particular, 
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disparities in binding affinities, arising from differences in size and charge density, 

could be exploited to control the nature of C[4]P-derived self-assembled materials. 

In a recent study, Dr. Jung Su Park with assistance from the author and others,  

showed the formation of supramolecular polymers from two different C[4]Ps, wherein 

the main attractive forces were hydrogen bonding and charge transfer interactions.11 

These self-assembled polymeric arrays were found to exhibit an environmental 

response, undergoing deaggregation when exposed to analytes such as trinitrobenzene 

(TNB) and chloride anion. In separate work, electron transfer (ET) between an electron-

rich TTF-annulated C[4]P and an electron-poor acceptor, such as bisimidazolium 

quinone (BIQ2+)19 or Li@C60
20 was demonstrated. It was fond that the ET events could 

be regulated via the addition of anions or cations. As a general rule, conformation 

change-driven switching is induced by the formation of pyrrole NH-anion hydrogen 

bonds, with smaller and more highly charge dense anions binding more tightly.14  

Based on the above precedent, it was considered likely that a new 

supramolecular NAND logic device could be constructed via the use of two different 

calix[4]pyrroles whose response to added anions and cations is slightly different. As 

detailed below, this objective was achieved by using a tetrathiafulvalene-functionalized 

calix[4]pyrrole (TTF-C[4]P, 2.1) in conjunction with two appropriately chosen trans-

bis(methylpyridinium)-meso-substituted calix[4]pyrrole salts, namely Pyr-C[4]P 2.2 and 

Pyr-C[4]P 2.3. These two salts are comprised of the same C[4]P dication, but differ in 

the nature of counter anions. Whereas 2.2 contains two non-coordinating 

tetrakis[bis(3,5-trifluoromethyl)phenyl]borate (BArF-) anions,21-23 2.3 bears two more 

strongly bound iodide counter anions. The structural changes induced by varying these 
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anions and their salt forms give rise, in turn, to different colors in CDCl3 solution, thus 

producing “readouts” that conform to NAND logic behavior. The various components 

of the present NAND system are shown in Figure 2.1. The underlying chemistry is 

summarized in Figure 2.2. 

 

 

Figure 2.1  Chemical structures of three calix[4]pyrrole species used in the present 
study. (A) The tetrathiafulvalene-functionalized calix[4]pyrrole (TTF-
C[4]P, 2.1) acts as a switching unit through anion and/or cation 
recognition. (B) and (C) The two building blocks with which 2.1 is allowed 
to interact in a non-covalent fashion, namely, a bismethylpyridinium-
functionalized calix[4]pyrrole as the bis-BArF (anions omitted for clarity) 
and the bis-iodide salts (species 2.2 and 2.3, respectively). (D) Schematic 
illustration of the relative binding affinity of relevant anions and cations for 
2.1 plotted vs. the charge density of the ion in question. 
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Figure 2.2 Schematic representations of the three limiting equilibrium states produced 
from 2.1 and 2.2 via treatment with appropriate ions. These states are 
illustrated starting from the self-assembled NAND logic gate (2.1•2.2)n. 
The logic operations are triggered via the addition of various 
tetraalkylammonium salts (2 equiv each) as inputs. Also shown are the 
structures corresponding to the resulting outputs as observed in chloroform 
solution (where m is the number of equivalents of 2.2 present in solution). 
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2.2 FORMING A SUPRAMOLECULAR OLIGOMER AND CREATING A FIRST EQUILIBRIUM 
STATE 

When mixed in chloroform, 2.1 and 2.2 self-assemble to form a supramolecular 

oligomeric material, (2.1•2.2)n, that is stabilized by donor-acceptor interactions between 

the electron-rich TTF moieties present in compound 2.1 and the electron-poor 

methylpyridinium units of compound 2.2. In the absence of a coordinating anion (i.e., 

using the BArF salt 2.2), each calix[4]pyrrole exists in the 1,3-alterante conformation 

such that the electron-deficient pyridinium units are intercalated within the cavity 

generated by two electron-rich TTF moieties. Such behavior is consistent with what is 

normally observed for calix[4]pyrroles and matches what was seen in a previous study 

wherein a bis-dinitrophenyl-functionalized calix[4]pyrrole was found to be stabilized in 

the form of a sandwich-like complex in the presence of a second calix[4]pyrrole that 

contains tetrathiafulvalene subunits.11  

An immediate change in color accompanies the mixing of 2.1 and 2.2 (yellow to 

green) with corresponding differences in the UV-Vis spectrum being seen (e.g., 

appearance of a CT band at 650 nm). Such noticeable color changes are not seen when 

simple solutions of tetrathiafulvalene (TTF) and the pyridinium salt 2.2 are mixed at the 

same concentration as used in the case of 2.1 and 2.2. 1H NMR spectral studies also 

reveal features consistent with interactions between 2.1 and 2.2 in chloroform solution. 

Upon mixing of the two components, the peaks from aromatic protons of 2.1 and 

pyrrolic NHs of 2.2 are shifted downfield (Figure 2.3). Such findings are consistent with 

the formation of a putative self-assembled material that involves interactions between 

the two macrocyclic components.  
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Figure 2.3 (A) Changes of the 1H NMR spectrum seen upon the formation of the 
NAND gate, (2.1•2.2)n, through mixing of a 1:1 mixture of 2.1 and 2.2 
([2.1] = [2.2] = 1 mM) (B) Expanded view of the spectra shown in (A). 

To characterize further the putative oligomer (2.1•2.2)n, an 1H-NOESY NMR 

analysis was carried out in CDCl3 solution (Figure 2.4A). The occurrence of cross-peaks 

corresponding to through-space interactions of protons from 2.1 and 2.2 was seen. A 

continuous variation study (so-called Job plot analysis), performed by plotting the 

product of the change in absorption at 650 nm (ΔA) and the mole-fraction of 2.1 (X2.1) 

(Y-axis) as a function of mole fraction of 2.1 (X2.1) (X-axis), gave a symmetric curve that 
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displayed a maximum value at X2.1 = 0.5 (Figure 2.4B). Taken together, these findings 

are consistent with a self-assembled system with an effective 1:1 stoichiometry for the “

monomers” 2.1 and 2.2. However, these analyses provide no insight into the average 

size of the presumed oligomer (i.e., the effective value of n in (2.1•2.2)n). 

To obtain insights into the average length of the proposed linear ensemble 

formed from 2.1 and 2.2, a plot of the extinction coefficients as a function of total 

concentration of (2.1•2.2)n was constructed; this yielded a smooth hyperbolic curve. The 

effective binding affinity was then calculated based on a modified equal K model.11 

Specifically, a non-linear curve fitting analysis using an isodesmic model provided an 

affinity constant of 1.1 × 105 M-1 in chloroform solution for the interaction between 2.1 

and 2.2 (Figure 2.4C). On this basis, the average value of n was determined to be 

approximately 23 at a 10 mM total concentration (i.e., [2.1] and [2.2] = 5 mM, 

respectively; Figure 2.4D).11,24 

Further evidence for the formation of a linear oligomer came from concentration 

dependent diffusion ordered (DOSY) NMR spectroscopic studies carried out in CDCl3 

(Figure 2.4E). For a two-component system undergoing self-assembly to provide a 

larger aggregate, the value of the diffusion coefficient is expected to vary inversely in 

proportion to the net concentration of the monomeric constituents. In accord with this 

expectation, reduced diffusion coefficients were observed as the total concentration of 

an equimolar solution of 2.1 and 2.2 was increased. On the basis of these solution-state 

findings, it is concluded that the self-assembled ensemble produced by mixing 2.1 and 

2.2 in a 1:1 molar ratio exists in the form of a 1D oligomer of generalized structure 

(2.1•2.2)n in CDCl3, even at relatively low concentrations.  
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Figure 2.4  Results of studies that provide support for the formation of a self-
assembled ensemble (2.1•2.2)n. (A) Partial 1H NOESY NMR spectra of 
(2.1•2.2)n at a total concentration of 4 mM consisting of equimolar mixture 
of 2.1 and 2.2, highlighting the intermolecular coupling patterns between 
2.1 and 2.2. (B) Continuous variation plot for a 1:1 mixture of 2.1 and 2.2 
at a total concentration of 0.4 mM. These plots were constructed by 
plotting the product of the change in the absorption at 650 nm and the 
mole-fraction of 2.1 vs. the mole fraction of 2.1. (C) Plot of molar 
extinction coefficient as a function of the total concentration of an 
equimolar mixture of 2.1 and 2.2. (D) Simulation of the number average 
aggregate size based on the calculated binding constant, Ka = 1.1 × 105 M-1. 
(E) Change in diffusion coefficient seen upon dilution of a chloroform 
mixture of (2.1•2.2)n. (F) Scanning electron microscopy (SEM) images of 
(2.1•2.2)n. This form corresponds to the self-assembled NAND gate (first 
equilibrium state) noted in the text.  

In order to investigate the morphology of this system in the solid state, scanning 

electron microscope (SEM) studies were carried out. Microcrystalline material, obtained 

via the slow evaporation of what was originally a solution of (2.1•2.2)n in chloroform, 
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was examined. SEM images revealed long, needle-shaped microstructures as would be 

expected for a material comprised of a 1D assembly (Figure 2.4F). 

2.3 ACCESSING TWO OTHER EQUILIBRIUM STATES AND PERFORMING NAND LOGIC 
OPERATIONS 

Having this self-assembled species (2.1•2.2)n in hand, various alkylammonium 

salts were added. These disparate salts were expected perturb the system in accord with 

a NAND logic operation. This expectation was realized when the binary chemical inputs 

are the iodide anion (I–) and the tetraethylammonium cation (TEA+). The iodide anion 

could be introduced to (2.1•2.2)n in CDCl3 in the form of its tetrabutylammonium or 

tetraethylammonium salt (TBAI and TEAI, respectively). The second input, TEA+ could 

be added as its BArF– or iodide anion salt (TEABArF and TEAI, respectively). Since 

neither the BArF– anion nor the TBA+ cation interacts with calix[4]pyrroles appreciably, 

they were expected to be inactive components in terms of inducing logic operation 

changes in the case of the proposed NAND gate consisting of (2.1•2.2)n.  

 

 

Figure 2.5  Logic operations. (A) Charge transfer (CT) response of the self-assembled 
NAND gate (2.1•2.2)n seen when the iodide anion (I–) and the 
tetraethylammonium (TEA+) cation are added as inputs ([2.1] = [2.2] = 0.5 
mM, CHCl3). (B) Truth table. Note that both I– and TEA+ are required to 
produce a “0” output. 
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Without any input – the (0,0) case – the NAND gate (2.1•2.2)n (i.e., first 

equilibrium state described above) displays a maximal intensity for the charge transfer 

(CT) band at 690 nm in the presence of the non-coordinating BArF- anions. This 

intensity was normalized to 1 and corresponds to a logic operation output of 1. Upon the 

addition of TEABArF (the (1,0) situation), the intensity of the 690 nm CT band is not 

significantly perturbed (normalized value: 0.97). Since BArF– does not induce the 

conformational change needed to convert 2.1 from its 1,3-alternate conformation to the 

corresponding cone form, there is no bowl-like cavity into which the TEA+ cation may 

bind. Therefore, the addition of TEABArF to the NAND gate (2.1•2.2)n also produces an 

output of 1.   

In the case of TBAI, corresponding to a (0,1) situation, the addition of I– brings a 

conformational change and leads to binding of the anion via H-bonding interactions with 

the pyrrolic NH protons of 2.1. This produces a bowl-like cavity into which the 

bismethylpyridnium functionalized calix[4]pyrrole 2.2 associates with two equivalents 

of [2.1•I]- to give a strongly associated molecular capsule (Figure 2.2). This newly self-

assembled molecular capsule, corresponding to a second equilibrium state, also shows a 

charge transfer interaction (normalized value: 0.92).  

Support for the proposed molecular capsule, 2.12•2.3, came via a single crystal 

X-ray diffraction analysis using crystals grown via the slow evaporation of a 

chloroform/ethanol mixture containing 2.1 and 2.3 (Figure 2.6A). The two subunits of 

2.1 seen in the solid state face each other and create a capsule-like arrangement into 

which one equivalent of 2.3 is bound.  The methylpyridinium groups of 2.3 are 

oriented inside the cone of 2.1 to form what can be viewed as being receptor-separated 
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ion-pair complexes involving iodide anions that are H-bonded to the calix[4]pyrrole NH 

protons of 2.1. In the solid state, the molecular capsule appears to be stabilized by 

several types of non-covalent interactions. These include i) charge transfer interactions 

between the electron-rich TTF moieties in 2.1 and the electron-deficient 

methylpyridinium subunits in 2.3, ii) CH•••π interactions between the aromatic 

pyridinium C-H protons and the π surfaces of the TTF subunits (average distance: 2.54 

Å), as well as the sp3 pyridinium-CH3 and pyrrolic π surface of 2.1 (average distance: 

2.66 Å), and iii) ion-pairing interactions between cationic pyridinium and anionic I- 

(average distance: 6.75 Å). 

 

 

Figure 2.6  X-ray single crystal structures of (A) molecular capsule, 2.12•2.3, (B) 
cation-included complex 2.1•TEACl, and (C) the cation-excluded 
congener, 2.1•TPPCl (TPP = tetraphenylphosphonium cation). 

In solution evidence for the formation of the molecular capsule from separate 

experiments was obtained using 1H NMR spectroscopy (Figure 2.7). Upon mixing of 2.1 

and 2.3 in CDCl3 solution, characteristic changes in the chemical shift from each 

component and the mixture were observed. For example, the chemical shift of pyrrolic 

NHs in 2.1 is shifted downfield due to H-bond interactions with iodide anion. On the 

contrary, the pyrrolic NH signals in 2.3 move to higher field. This is ascribed to the fact 
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that an iodide anion that was originally bound to 2.3 now interacts with the pyrrolic NHs 

of 2.1.  

 

 

Figure 2.7 (A) Changes in the 1H NMR spectrum seen upon the formation of 
molecular capsule, 2.12•2.3 from a 2:1 mixture of 2.1 and 2.3 ([2.1] = 
2[2.3] = 1 mM). (B) Expanded view of the spectra shown in (A). 

The molecular capsule 2.12•2.3 was further analyzed in chloroform solution. In 

this solvent, a Job’s plot revealed a 2:1 stoichiometry between 2.1 and 2.3 in solution as 
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seen in the crystal structure (Figure 2.8A). Specifically, monitoring the change in 

absorbance at 470 nm revealed a maximum value at a mole fraction X2.1 of 0.7. A 

separate plot of the change in absorbance at 470 nm vs. concentration yielded a binding 

isotherm that could be fit well to a 2:1 binding model; this yielded values for K1 = 8.1 × 

103 M-1 and K2 = 1.1 × 103 M-1 (Figure 2.8B). These association constants proved larger 

than those corresponding to the formation of [2.1•TBAI] alone (4.8 × 102 M-1), as 

calculated in a separate experiment (Figure 2.9B). This latter finding provides a rationale 

for why the addition of TBAI to a mixture of 2.1 and 2.2 leads to formation of a 

molecular capsule; the alternative, where the TBA+ cation, rather than the 

methylpyridinium-functionalized C[4]P, binds preferentially to the iodide anion 

stabilized cone conformer of 2.1 is ruled out on thermodynamic grounds.  

 

 

Figure 2.8  (A) Continuous variation plot corresponding to the formation of a 2:1 
complex between 2.1 and 2.3 at a stotal concentration of 50 µM. These 
plots were constructed by plotting the product of the change in the 
absorption at 470 nm and the mole-fraction of 2.1 vs. the mole fraction of 
2.1. (b) Adair plot for the interaction of 2.3 with 2.1 in chloroform solution 
at ambient temperature ([2.3] = 25 µM). 
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The final input, namely TEAI, serves to dismantle the oligomer (2.1•2.2)n and 

break it up into its “monomers”. Typically, the iodide anion does not coordinate strongly 

to calix[4]pyrroles because it has a relatively large ionic radius and a charge density that 

is correspondingly lower than, e.g., the chloride anion. However, the absolute Ka value 

corresponding to the association depends on many factors, including the choice of 

counter cation. Specifically, when TEA+ is used, the association between 2.1 and TEAI 

is strong (Ka = 1.5 × 105 M-1 in chloroform solution, Figure 2.9D). This relatively high Ka 

value reflects the fact that, in contrast to the TBA+ cation (Figure 2.9B), the TEA+ cation 

can fit within the cone of calix[4]pyrroles.18,25 The addition of TEAI to the NAND gate 

(2.1•2.2)n thus causes near-complete dissociation of the system and produces a third 

equilibrium state consisting of the isolated “monomers”. This disassembly leads to a 

significant loss of intensity in the case of the CT band at 690 nm (normalized intensity: 

0), as well as an easy-to-see change in the color of the solution. As a consequence, 

adding TEAI produces a 0, or “false” as an output; this corresponds to a (1,1) logic 

situation. All logic operations, the sum total of which correspond to a NAND gate, are 

summarized in Figure 2.5. 

Efforts to produce the same logic operations using TEA+ and Cl- as binary inputs 

failed. This failure is ascribed to the fact that the Cl- anion binds too strongly not only to 

2.1, but also to 2.2. As a result, no switching is possible upon changing the counter 

cation. In fact, the binding of Cl- (as its TBACl salt) to 2.1 (and 2.2 as well) is as strong 

(or even stronger) than the binding between 2.1 and 2.2 (cf. Figures 2.9-2.10). 
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Figure 2.9 Binding isotherms of 2.1 recorded upon the addition of (A) TBACl, (B) 
TBAI, (C) TEACl, and (D) TEAI to a chloroform solution of 2.1 (15 µM) 
at room temperature. 
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Figure 2.10  Binding isotherms of 2.2 recorded upon the addition of (A) TBACl, (B) 
TBAI, (C) TEACl, and (D) TEAI to a solution of 2.2 (50 µM) in 
chloroform solution at room temperature. 

Additional support for the proposed ion pair monomeric complexes (i.e., third 

equilibrium state) produced as the result of the TEAI-induced deaggregation of 

(2.1•2.2)n came from an X-ray diffraction analysis of crystals 2.1•TEACl (Figure 2.6B). 

In accord with what had been observed in the case of other, simpler calix[4]pyrroles, 

macrocycle 2.1 was found to adopt the cone conformation within the complex wherein 

the chloride anion being bound to the pyrrole NH protons through hydrogen bonds. This 

structural analysis also revealed that the relatively small tetraalkylammonium cation, 
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TEA+, is co-complexed within the concave, bowl-like cavity. Presumably binding is 

stabilized by cation-π interactions. In contrast, a corresponding structure, obtained from 

crystals of the corresponding tetraphenylphosphonium chloride (TPPCl) salt of 2.1, 

revealed that the TPP+ cation is not bound within the calix[4]pyrrole cavity (cf. Figure 

2.6C). Rather, the TPP+ cation is only loosely associated with the chloride anion 

complex. These structural findings are thus fully consistent with the suggestion that the 

size of the counter cation plays a critical role in regulating the equilibrium states 

obtained in mixtures consisting of 2.1 and 2.2 and thus the NAND response seen with 

the starting oligomeric logic gate (2.1•2.2)n 

2.4 CONCLUSIONS 

In summary, we have shown that the appropriate use of two disparate ion-

responsive calix[4]pyrroles allows controlled access to three different equilibrium states 

in chloroform solution. Simple mixing of 2.1 and 2.2 leads to formation of a self-

assembled supramolecular array (2.1•2.2)n that is stabilized via charge transfer 

interactions between the TTF subunits and methylpyridinium groups on the constituent 

calix[4]pyrroles. This ensemble functions as a NAND molecular logic device, whose 

operation is made possible by the unique ion binding features displayed by 

functionalized calix[4]pyrroles. Each output operation, as well as the null set, was 

analyzed using various spectroscopic and structural methods, including UV-Vis and 2D-
1H DOSY, NOESY NMR spectroscopy, scanning electron microscopy, and X-ray single 

crystallographic analyses. This has allowed three limiting forms, namely a 1:1 self-

assembled oligomer, a 2:1 capsule, and the constituent monomers to be fully defined. 

Their interplay, which is carefully controlled through ion-based inputs, serves to create a 
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NAND logic gate without resorting to the use of either mechanical or covalent bonds to 

modulate the underlying multi-state switching process. The simplicity of the present 

system provides a potentially attractive approach to the creation of molecular logic 

devices accessible by supramolecular assembly. 
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Chapter 3: Use of Solvent to Regulate the Degree of Polymerization in 
Weakly Associated Supramolecular Oligomers 

3.1 INTRODUCTION 

Considerable effort has been devoted to understanding and establishing well-

defined supramolecular oligomeric systems under conditions where a high degree of 

polymerization is achieved via strong binding.1–3 Typically hydrogen bonding or metal 

coordination is used to create the requisite strong interactions.4–7 Increasingly, the author 

has become interested in the use of weaker intermolecular forces as a basis for 

supporting self-assembly. In the context of this broad effort, Sessler and co-workers 

recently reported the supramolecular polymerization of a pair of structurally rigid 

calix[4]pyrrole compounds, namely a benzo-annulated tetrathiafulvalene functionalized 

calix[4]pyrrole (TTF-C[4]P) and a dinitrophenyl (or methylpyridinium) functionalized 

calix[4]pyrrole (DNP-C[4]P).8,9 With these components, well-defined 1D polymeric 

structures were seen, both in the solid state and in chloroform solution. Assuming an 

isodesmic model, a binding constant of 7.9 × 104 M-1 (CDCl3) was calculated for the 

individual constituent-constituent interactions. While effective self-assembly was seen, 

this first generation system cannot be considered as falling within the truly weak binding 

regime. This is a regime that has not been extensively explored. Thus, the determinants 

that control self-assembly or which modulate the length and nature of the resulting 

polymeric (or short oligomeric) supramolecular constructs remain poorly understood. In 

an effort to increase our understanding of self-assembly under conditions of weak 

monomer-monomer interaction, a new system was designed. This system is based on 

thiopropyl functionalized TTF-C[4]P 3.110 and three monomers of differing lengths, 

namely the linked bis-dinitrophenyl diesters 3.2-3.4 (Figure 3.1). As detailed below, 
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self-assembly occurs readily in the solid state; however, the extent of oligomerization 

and the underlying binding constants in solution were found to be highly solvent 

dependent and to vary with the choice of linker in a manner that was not strictly 

correlated with spacer length (Figure 3.1).  

 

 

Figure 3.1 Graphical representation of the proposed assembly between TTF- 
functionalized C[4]P 3.1 and the bis-dinitrophenyl end-capped flexible 
linkers 3.2-3.4.  

3.2 RESULTS AND DISCUSSION 

Initial evidence of an interaction between 3.1 and the ditopic electron acceptors 

3.2-3.4 came from the fact that an immediate color change (yellow to green) occurs 

when 3.1 is mixed with any of the other three putative monomers i.e. 3.2-3.4 in 

chloroform. This color change is ascribed to a donor–acceptor charge-transfer (CT) 

interaction between the electron-rich TTF units in 3.1 and the electron-poor 3,5-

dinitrobenzoate moieties in 3.2-3.4. Further support for this conclusion came from UV-

vis-NIR and NMR spectroscopic studies involving 3.2. Specifically, a new CT band at 
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566 nm is seen in the UV-vis-NIR spectrum of 3.1 + 3.2 recorded in chloroform that is 

not present in the spectrum of the individual components (Figure 3.2A). In addition, 

upfield shifts in the signals ascribed to the nitrophenyl aryl protons and downfield shifts 

for the pyrrole NH signals are seen in the 1H NMR spectrum recorded for a mixture of 

3.1 + 3.2 (CDCl3) as compared to the individual components. These effects become 

more pronounced at higher concentrations (Figure 3.2B). They are also seen when 3.2 is 

replaced by either 3.3 or 3.4. In addition, 2D 1H NOESY NMR studies reveal clear cross 

peaks between protons on 3.1 and 3.2 (Figure 3.2C).  

 

 

Figure 3.2 (A) UV-vis-NIR absorption spectra of 3.1, 3.2 and 3.1 + 3.2 as recorded in 
chloroform at 298 K. (B) Partial 1H NMR spectra (600 MHz, 298 K) of (a) 
3.2 (0.7 mM), (b) 3.1 (0.7 mM), (c) 3.1 + 3.2 (0.7 mM of 3.1 and 3.2, 
respectively) and (d) 3.1 + 3.2 (7.0 mM of 3.1 and 3.2, respectively) all in 
CDCl3. (C) 2D NOESY NMR spectroscopy of 3.1 (7 mM) and 3.2 (7 mM) 
in CDCl3.  
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Diffraction grade single crystals from all three combinations of 3.1 and 3.2-3.4, 

corresponding to (3.1�3.2)n, (3.1�3.3)n and (3.1�3.4)n, were obtained (Figure 3.3A-C). 

The corresponding X-ray diffraction structures (solved by Dr. Vincent M Lynch of this 

department) revealed that extended supramolecular aggregates are stabilized in the solid 

state. Based on the structural parameters, these polymeric structures are thought to be 

stabilized through a combination of donor acceptor and hydrogen bond interactions 

involving the pyrrolic NHs of 3.1 and the nitro groups present in 3.2-3.4. However, the 

specific structures differ from one another. For instance, while the structures of 

(3.1�3.2)n and (3.1�3.3)n both consist of monomeric subunits arranged in a head-to-tail 

fashion, gauche interactions are present in the linking subunit of (3.1�3.3)n that are not 

present in (3.1�3.2)n. Even more dramatic differences are seen in the case of (3.1�3.4)n; 

here, the individual subunits are arranged in a T-like manner (Figure 3.3).  
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Figure 3.3 (A-C) X-ray single crystal structures of (3.1�3.2)n, (3.1�3.3)n and 
(3.1�3.4)n. (D and F) Dihedral angles for the linkers present in monomers 
3.2-3.4 as deduced from the solid state structural parameters. (E) Binding 
constants calculated from UV-vis-NIR spectroscopic titrations carried out 
in chloroform. The Crystals were grown by Dr. Steffen Bähring at 
University of Southern Denmark. The corresponding crystal structures 
were solved by Dr. Vincent M. Lynch of this department.  
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Figure 3.4 UV-Vis-NIR spectra recorded upon dilution of equal amount of 3.1 and 
3.2-3.4 in chloroform solution (left) and corresponding binding isotherm 
analyses (right). 
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An effort was made to correlate the X-ray single crystal structures with the extent 

of association observed in solution. Towards this end, absorption changes produced at 

490 nm were monitored as a function of concentration when 3.1 was mixed with 3.2, 3.3 

or 3.4 in chloroform. The observed changes could be fit well to a 1:1 binding profile in 

all cases. This allowed Ka values of 1.5 (± 0.3) × 103, 1.3 (± 0.3) × 103, and 3.8 (± 0.6) × 

103 M-1 to be calculated for (3.1�3.2)n, (3.1�3.3)n and (3.1�3.4)n, respectively.8 The 

observed variations in binding affinities are ascribed to differences in steric hindrance 

between the monomeric constituents. Such destabilizing interactions are relatively 

reduced in (3.1�3.4)n and (3.1�3.2)n in comparison to (3.1�3.3)n. This conclusion was 

inferred inferred from the individual structures in question and from inspection of the 

dihedral angles for the spacers linking the electron deficient subunits in 3.2-3.4 (cf. 

Figure 3D and 3E).  

 

 

Figure 3.5 Full view of the 1H 2D DOSY NMR spectra of (A) (3.1�3.2)n, (B) 
(3.1�3.3)n and (C) (3.1�3.4)n recorded at 14 mM ([3.1] = [3.2] = [3.3] = 
[3.4] = 7 mM) solution in CDCl3 (top) and the corresponding crystal 
structures (bottom). 



 
 
 

58 

Support for the notion that the individual subunit–subunit interactions are highest 

in the case of (3.1�3.4)n, as compared to (3.1�3.2)n and (3.1�3.3)n, came from 2D 

diffusion ordered (DOSY) NMR spectroscopic studies (Figure 3.5). For instance, in the 

case of similar equimolar mixtures in CDCl3, the lowest diffusion coefficient was seen in 

the case of 3.1 and 3.4, as would be expected for systems that undergo a higher relative 

degree of self-association.  

Of the three self-assembled systems considered in this study, namely (3.1�3.2)n, 

(3.1�3.3)n and (3.1�3.4)n, the best solubility was observed in the case of (3.1�3.2)n. This 

ensemble was thus used to examine the effect of solvent. Towards this end, two 

solvents, namely 1,2-dichloroethane (DCE) and methylcyclohexane (MCH), with 

greater and lower polarity, respectively, than chloroform, were used. Based on variable 

temperature UV-vis-NIR spectroscopic studies (Figure 3.6 and 3.7), an inverse 

relationship between the calculated binding constants (Table 3.1) and the solvent 

polarity was observed. The effect was notable, with the use of MCH providing an 

increase in the Ka value by more than two orders of magnitude relative to what is seen in 

chloroform (Table 3.1). 

 

Solvent Concentration 
[mM] 

ΔH  
[kJ mol−1] 

Tm  
[K] 

Ke
a 

 [M−
1] 

ΔS  
[J mol−1 K−

1] 
DPN

a 

CHCl3
 1.6 NA NA 1.5 (± 0.3) × 103 NA 1.7 

1,2-dichloroethane 0.4 −28.1 265.0 3.9 (± 0.3) × 102 −72 1.0 
Methylcyclohexane 0.1 −106 330.8 4.8 (± 0.1) × 105 −249 16 

Table 3.1  Thermodynamic properties of the supramolecular aggregates, (3.1�3.2)n, 
formed from the ditopic donors and acceptors 3.1 and 3.2 as deduced from 
temperature-dependent absorption spectroscopic analyses carried out in 
1,2-dichloroethane (DCE) and methylcyclohexane (MCH). The values 
listed assume an isodesmic model. These experiments were performed by 
Dr. Steffen Bähring at University of Southern Denmark 
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Figure 3.6 Variable temperature absorption spectroscopy experiments of 3.1 (0.20 
mM) and 3.2 (0.20 mM) carried out in DCE. (A) Temperature-dependent 
degree of aggregation, αagg, calculated from the absorption at 450 nm and 
the corresponding isodesmic fit. (B) Number-averaged degree of 
polymerization, DPN, as a function of temperature and the expected 
continuation of the data. (C) Elongation equilibrium, Ke, as a function of 
temperature and the expected continuation of the data. (D) Van’t Hoff plot. 
These experiments were performed by Dr. Steffen Bähring at University of 
Southern Denmark. 
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Figure 3.7 Variable temperature absorption spectroscopy experiments of 3.1 (0.05 
mM) and 3.2 (0.05 mM) carried out in MCH. (A) Temperature-dependent 
degree of aggregation, αagg, calculated from the absorption at 450 nm and 
the corresponding isodesmic fit. (B) Number-averaged degree of 
polymerization, DPN, as a function of temperature and the expected 
continuation of the data. (C) Elongation equilibrium, Ke, as a function of 
temperature and the expected continuation of the data. (D) Van’t Hoff plot. 
These experiments were performed by Dr. Steffen Bähring at University of 
Southern Denmark. 
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Figure 3.8 (A) Continuous variation plots for the solution phase interaction between 
3.1 and 3.2 as observed in MCH and chloroform, respectively. (B) Plots of 
DPN as a function of monomer concentration in different solvents, based 
on the binding constants in Table 3.1. 

Continuous-variation (Job) plots for 3.1 and 3.2 provided further support for the 

contention that the Ka value is higher in MCH than in chloroform (Figure 3.8A). For 

instance, in MCH, the mole fraction at which the concentration of the complex was 

maximal was 0.5, as would be expected for an association that was 1 : 1 (or 2 : 2, or 3 : 

3, etc.). However, a slight deviation was seen in chloroform, notwithstanding the 

reasonable fit to a 1 : 1 binding profile that was observed under conditions of the UV-vis 

binding titrations (vide supra).  

This deviation is ascribed to the presence of a small quantity of (TTF-C4P : bis-

dinitrophenyl) complex with net 2 : 1 stoichiometry (Figure 3.8A). Such deviations from 

pure 1:1 stoichiometry are expected in the case of weaker net Ka values.  

To analyze the effect of solvent polarity on the degree of polymerization (DPN), 

the DPN was plotted as a function of concentration in MCH, DCE, and chloroform 

(Figure 3.8B). In the case of chloroform and DCE, the degree of polymerization is 
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extremely low and does not show a meaningful increase as the total concentration of 

monomers is raised. On the other hand, in MCH strong concentration-dependent 

behavior was seen with the DPN increasing with concentration. This is consistent with 

what is expected for a system characterized by a relatively higher binding constant.  

3.3 CONCLUSIONS 

In summary, mixing the TTF functionalized ditopic C[4]P receptor 3.1 with any 

of the three congeneric bis-dinitrophenyl functionalized acceptors 3.2-3.4 leads to 

formation of supramolecular self-assembled ensembles. Fully polymeric structures are 

seen in the solid state in the case of all three acceptors.  

In chloroform solution, the interactions are weak and are seen to vary with the 

choice of linker. The highest intra-component interactions are seen in the case of 3.4, 

followed by 3.2, an observation ascribed to steric effects. The effect of structure is rather 

large, with an order of magnitude difference in the Ka value being observed when 

comparing 3.1�3.3 and 3.1�3.4 (Figure 3.3) in chloroform. The effect of solvent is even 

greater, as inferred from studies of 3.1�3.2 in chloroform, DCE and MCH. In the case of 

the latter solvent, a 1:1 binding stoichiometry was inferred from curve fits of the binding 

profile based on UV-vis-NIR spectroscopic titrations and from Job plots. The derived 

equilibrium constant for the individual interactions, Ka = 4.8 × 105 M-1, translates to an 

effective DPN of 16 at 0.1 mM in MCH assuming an isodesmic model. In contrast, very 

little polymerization is observed in chloroform, even at 1.6 mM. The present results, 

which highlight the effect of external parameters on the self-assembly of weakly 

associated systems, may serve to increase our understanding of the factors that influence 
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aggregation in a way that might not be possible using systems that self-associate with 

high binding affinity. 
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Chapter 4: Redox- and pH-Responsive Orthogonal Supramolecular 
Self-Assembly: Creation of an Ensemble Display Molecular Switching 

Characteristics 

4.1 INTRODUCTION 

Precise control of complex chemical systems through the application of an 

external stimulus continues to attract interest due inter alia to potential applications in 

the area of functional and adaptive smart materials, including drug delivery systems 

(DDS)1-5 and self-healing materials.6-9 Supramolecular approaches, which exploit the 

reversible and highly directional nature of noncovalent interactions, have proved 

especially useful in the construction of self-assembled and responsive materials. 

Systems that respond to light,10,11 heat,12,13 ions or small molecules,14-18 are now known. 

Of particular interest are materials that rely on so-called “orthogonal” interactions,19 e.g., 

a combination of hydrogen bonding interactions and metal-ligand interactions, since this 

typically provides greater predictability in the context of self-assembly, as well as a 

larger number of stimuli that may be used to the control the system.  

While there are quite a few examples of self-assembled materials created via 

orthogonal noncovalent interactions,20,21 oligomeric constructs built up from 

heteroditopic monomers that themselves display stimuli-responsive, molecular switching 

behavior have yet to be reported. Such constructs may allow for a level of stimulus-

based control that is not otherwise possible. In this chapter, a redox- and pH-responsive 

reversible supramolecular self-assembled system built up from two discrete 

heteroditopic monomers, namely a thiopropyl functionalized tetrathiafulvalene-

annulated calix[4]pyrrole (SPr-TTF-C[4]P 4.1) and phenyl C61 butyric acid (PCBA 4.2), 

is reported. Self-assembly of these monomers is initiated via the conformational 
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switching of 4.1 by simple acid and base chemistry; the system may be further regulated 

through electrochemical and pH effects.  

Recently, Fukuzumi and Sessler found that anion-bound tetrathiafulvalene-

annulated calix[4]pyrroles (TTF-C[4]Ps) are able to form 1:1 complexes with C60, 

Li@C60, or C70, wherein the fullerene is bound within their bowl-like pockets of the 

calix[4]pyrroles via charge transfer interaction (CT) both in solution and the solid 

state.22,23 These complexes are not formed in the absence of anions and their stability is 

greatly reduced in the presence of competitive guests, such as the tetraethylammonium 

cation. In general, in the absence of a coordinating anion, calix[4]pyrroles (C[4]Ps) 

adopt the thermodynamically more stable, so-called 1,3-alternate conformation in the 

solution state and non-competitive solvents. However, in the presence of a coordinating 

anion, C[4]Ps are converted to the corresponding anion-bound cone-like conformers.24 

The fullerene-TTF-C[4]P complexes are thus the product of a specific molecular 

switching process, wherein an anion salt containing a noncompetitive counter cation is 

used to create the form suitable for, e.g., C60 binding. This degree of control led us to 

consider that TTF-C[4]Ps, if paired with a suitably anion-functionalized fullerene, would 

be ideally suited for creating a new class of stimulus responsive materials whose 

function could be controlled at the monomer level via conformational switching. 

4.2 RESULTS AND DISCUSSION 

To test the above hypothesis we chose to use SPr-TTF-C[4]P (4.1) in 

conjunction with phenyl C61 butyric acid (PCBA 4.2), the hydrolysis product of PCBM, 

an electron acceptor that has been extensively studied in the context of solar cell 

devices. The presence of a carboxylic acid group linked to a fullerene molecule was 
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expected to allow several orthogonal interactions to be exploited for supramolecular 

assembly, including hydrogen bonding and CT interactions. Moreover, the ability to 

deprotonate the carboxylic acid moiety was expected to allow self-assembly to be 

initiated via anion binding to the TTF-C[4]P and conversion to the active cone 

conformation. The redox reactive nature of both the TTF and fullerene subunits was 

expected to allow another level of control. A schematic representation of this design 

chemistry and the molecular structures of 4.1 and 4.2 are provided in Figure 4.1.  
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Figure 4.1  (A and B) Chemical structures of the two heteroditopic monomers 4.1 and 
4.2 used in this study and the underlying molecular design concept. (C) The 
thiopropyl functionalized, tetrathiafulvalene-annulated calix[4]pyrrole 
(SPr-TTF-C[4]P 4.1) is a switching unit that, once converted to its cone 
conformation via complexation with an anion (X-)provides both NH 
hydrogen bond donors and four TTF-containing electron-rich walls suitable 
for stabilizing donor-acceptor interactions with fullerenes. In contrast, the 
phenyl C61 butyric acid (PCBA 4.2) acts as a pH- and redox-responsive 
unit. Schematic representation of the self-assembled structure produced via 
the reaction of the cone conformer of 4.1 with the deprotonated form of 
4.2. (D) Also shown is how this system may be controlled through either 
acid/base chemistry and electrochemical oxidation. 

As an initial test of whether 4.1 and 4.2 would undergo deprotonation-induced 

self-assembly, 1H NMR spectroscopic studies were carried out. In a first series of 

experiments, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) was added to an equimolar 

solution of 4.1 and 4.2 in a 7:3 (v/v) mixture of CDCl3 and CS2 (Figure 2).25 This 
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addition led to several changes in the spectrum of compound 4.1. For instance, the NH 

protons signal, originally at ca. 9.5 ppm shift to 11 ppm upon the addition of 1.4 equiv 

of DBU (Figure 4.2A). A DBU-dependent broadening and splitting of the α proton 

signal of the thiopropyl substituents was also observed (Figure 4.2B). Such changes are 

rationalized in terms of the previously reported X-ray single crystal structure of the 

fullerene complex of 4.1, wherein the bound substrate interacts closely with the α 

carbon of the thiopropyl groups. Finally, changes in the meso-methyl proton signals 

were seen (Figure 4.2C). In the absence of a coordinating anion, the eight meso-methyl 

protons appear as a sharp, well resolved singlet in the 1H NMR spectrum, indicative of a 

species with time-averaged D2d point symmetry. In sharp contrast, in the presence of a 

coordinating anion, 4.1 adopts a cone conformation with C4 symmetry. As a result, the 
1H NMR signals of the meso-methyl groups are no longer magnetically equivalent and 

two peaks are observed (Figure 4.2C). Upon the addition of methanesulfonic acid 

(MSA), all the DBU-induced spectral changes are reversed (vide infra). 
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Figure 4.2 Partial views of the 1H NMR spectra of a 7:3 mixture of CDCl3 and CS2 
recorded upon the sequential addition of DBU and MSA to an equimolar 
mixture of 4.1 and 4.2 (1 mM each). (A) Signals for the pyrrolic NH 
protons, (B) the α-protons of the thiopropyl substituents, and (C) the meso-
methyl protons. 
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2D 1H ROESY NMR experiments provided evidence of an on and then off 

through-space proton coupling between 4.1 and 4.2 upon the sequential addition of base 

and acid in the mixture of CDCl3 and CS2 solution (Figure 4.3).  

 

 

Figure 4.3 Full (top) and expanded (bottom) view of the 2D 1H ROESY NMR spectra. 
(A) 4.1 + 4.2 (2 mM each), (B) 4.1 + 4.2 + 3 equiv of DBU, and (C) 
solution (B) + 3 equiv of MSA. All spectra were recorded in a 7:3 mixture 
of CDCl3 and CS2 solution. 
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Figure 4.4 Electronic spectra corresponding to the putative formation and break up of 
the CT complex produced upon mixing 4.1 and 4.2 and treating with base 
and acid, respectively. (A) UV-vis spectral changes seen upon incremental 
addition of 4.1 to the equimolar mixture of 4.2 and DBU ([4.2] = [DBU] = 
0.5 mM), and (Inset in A) plot of the absorption at 670 nm as a function of 
concentration of 4.1.  (B) Absorption changes seen upon addition of 
MSA. 

Charge transfer (CT) interactions are thought to contribute to the interaction 

between the anion-bound form of 4.1 and the deprotonated form of 4.2 (the anion 

source). For instance, an increase in absorbance intensity in the 600 ~ 800 nm spectral 

region is seen upon addition of 4.1 to 4.2�DBU (Figure 4.4A). This intensity increase 

was reversed upon adding acid to the mixture (Figure 4.4B).  The increase in 

absorptivity at longer wavelengths is consistent with a CT interaction between the TTF 

subunits and the bound fullerene moiety. Unfortunately, in contrast to what is true for 

pristine C60, PCBA itself gives rise to a strong absorption band in this region. Thus, a 

clearly identifiable CT band could not be discerned. However, when the ΔA value at 670 
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nm (where 4.1 has essentially no absorptivity) is plotted as a function of [4.1], 

hyperbolic saturation behavior is seen (Figure 4.4A inset).  

We keen to explore whether other input parameters could be used to modulate 

the assembly and disassembly process. In general, TTF-containing moieties undergo 

reversible and sequential oxidation from the neutral TTF to first the corresponding 

radical cation (TTF�+) and then the dication (TTF2+).26 These oxidized forms were 

expected to have a lower affinity for the fullerene. In the limit, therefore, oxidation of 

SPr-TTF-C[4]P 4.1 was expected to engender release of the bound fullerene, inducing 

disassembly of the self-associated oligomer formed from 4.1 and the deprotonated form 

of 4.2.   

As a first step towards testing the above hypothesis, electrochemical studies were 

carried out. It was found that upon addition of DBU to a mixture of 4.1 (0.5 mM) and 

4.2 (0.5 mM) in a 7:3 (v/v) mixture of CHCl3 and CS2, a positive shift in the TTF 

oxidation potential is seen in the cyclic voltammograms. Such a finding is easily 

rationalized in terms of a fullerene moiety being bound within the pocket of the 

calix[4]pyrrole. Upon treatment with MSA, the original redox potential was restored 

(Figure 4.5). Again, such findings are consistent with the formation and subsequent 

break up of an oligomeric species, as shown schematically in Figure 4.1D. 
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Figure 4.5 Linear sweep voltammograms of a mixture of 4.1 and 4.2 recorded upon 
the sequential addition of (A) DBU and (B) MSA. Measurements were 
performed using a Pt counter electrode, a Ag/AgCl reference electrode, and 
a glassy carbon working electrode in a 7:3 mixture of CHCl3 and CS2 
containing THABF4 (0.1 M) as the supporting electrolyte. 

To test directly whether the self-assembled structures formed from 4.1 and 

4.2�DBU might undergo depolymerization by means of a purely electrochemical 

stimulus (i.e., in the absence of reprotonation effects), it is important to find an 

electrolysis wherein four TTF arms of 4.1 are fully oxidized to their corresponding 

dicationic forms, without decomposition of media. Calculating the number of electrons 

in the CV curves was thus considered to be an important predicate. With such a view in 

mind, chronoamperometry experiments were first preformed so as to calculate the 

diffusion coefficients (D) of 4.1 and 4.3 (Figure 4.6A-D). Using the calculated D, the 

number of electrons at each oxidation current peak and and potential could be obtained 

by27  

iss = 4nFCDa 
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where iss is steady-state current attained at the tip, n is the number of electrons in the 

electrode reaction at the tip, F is the Faraday constant, a is the tip radius, and C and D 

are the concentration and diffusion coefficients of the species in solution (Figure 4.6E).  

On the basis of these experiments, mixtures of 4.1 and 4.2, and of 4.1, 4.2, and 

DBU were analyzed. It was concluded that 1.6 V was the optimal potential for achieving 

electrochemical switching (Figure 4.7A). Electrolysis of the system at this potential was 

expected to allow the TTF subunits to be oxidized to their corresponding dicationic 

states, without inducing electrolysis of the solvent.28-31 

 

Figure 4.6 Chronoamperograms measured by stepping a potential (A) from 0.2 to 0.74 
V for 10s (black) in 0.2 mM of 4.3, (C) from 0.2 to 0.53 V in 0.2 mM of 
4.1 in the mixture of CDCl3 and CS2. (B) and (D) plot of i(t)/iss vs. t-1/2 
obtained from the current region marked as a red line in (A) and (C), 
respectively. (E) Cyclic voltammograms obtained in 0.1 mM of 4.1 (black) 
and 0.1 mM of 4.3 (red) using a Au microelectrode (a = 55 µm) at a scan 
rate of 5 mV/s, and estimated number of electrons for their sequential redox 
reactions at steady state currents. These experiments were performed by 
Dr. Jinho Chang. 
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Figure 4.7  UV-vis spectroelectrochemical studies of the proposed self-assembly 
process involving 4.1 and 4.2. (A) Cyclic voltammograms of the solvent 
(black), the mixture with DBU (red), and the mixture without DBU (blue). 
Note that the use of a potential higher than 1.6 V causes decomposition of 
medium. (B) UV-vis spectroelectrochemistry of a 7:3 (v/v) CHCl3 : CS2 
solution containing 4.1 + 4.2 + DBU. Measurements were performed with a 
Pt counter electrode, a Ag/AgCl reference electrode, and a Pt mesh 
working electrode in the presence of THABF4 (0.1 M) as used a supporting 
electrolyte. 

The mixture with base was electrolyzed at 1.6 V for 5 min using the single 

potential time base technique and subject to UV-vis spectroscopic analysis (Figure 

4.7B). This spectroelectrochemical analysis shows that the absorption decreases as the 

electrolysis proceeds. This means that upon oxidation of TTF to its dicationic TTF2+ 

state, the TTF-containing host 4.1 loses its ability to bind well the electron poor 

fullerene moiety (4.2�DBU). As a result of this weakened interaction, depolymerization 

occurs. 
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4.3 CONCLUSIONS 

In summary, orthogonal interaction could be successfully incorporated into the 

self-assembly of a two-component supramolecular oligomeric material by means of 

chemical and electrochemical stimuli. Evidence for the proposed association and 

dissociation processes and their chemical and electrochemical induction came from a 

combination of 2D DOSY and ROESY NMR spectroscopic studies, cyclic voltammetric 

analyses, and UV-vis spectro(electro)scopic analyses. It is believed that the control 

techniques introduced here will aid in the design of further stimulus-responsive self-

assembled systems. 
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Chapter 5: Calix[4]pyrrole-Metal Interactions: From Infinite Arrays 
to Discrete Capsules  

5.1 INTRODUCTION 

Coordination of metal cations to organic ligands that contain donor atoms such 

as O, N, and S has served as one of most versatile strategies for the construction of large, 

functional materials. Even though there are a plethora of names for these materials – 

coordination polymers,1,2 metal-organic frameworks (MOFs),3,4 metal-organic 

coordination networks (MOCNs),5,6 supramolecular coordination complexes (SCCs),7 

etc. – the fundamentals approach underlying this sub-field of materials chemistry is the 

same, namely coordination of organic ligands to a metal center. Based on the nature of 

the ligands and choice of the metal centers, the resulting materials may exist in the form 

of infinite arrays (1D, 2D or 3D) or as discrete complexes. Coordination polymers are 

typically infinite networks of metal centers bridged by simple organic linkers. In 

contrast, discrete molecular complexes are often the result of specific design. Both kinds 

of complexes can involve metal-ligand interactions. Hence, the choice of the metal 

centers and the nature of the organic ligands are the two most important design elements 

that must be controlled in order to obtain materials with a specific set of properties or a 

desired 1-, 2-, or 3D structure.  

In the last two decades or so, calix[4]pyrroles have emerged as a new class of 

neutral ligands that bind, transport, and extract anions and ion pairs from organic to 

aqueous phase or across biological membranes with high affinity and selectivity.8-10 For 

instance, recently, Sessler, Gale and Shin showed apoptosis of various cancer cells by 

exploiting the chloride-transporting ability of pyridine diamide strapped 

calix[4]pyrroles.11 A salient feature of calix[4]pyrroles is that coordination of an anion to 
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the pyrrolic NH protons via hydrogen bonding triggers a conformational change from 

the otherwise thermodynamically stable 1,3-alternate conformation to the anion-

coordinated cone-like form.12 These teterapyrrolic macrocyclic compounds have also 

been exploited for the construction of supramolecular self-assembled materials that 

respond to external stimuli.13-15 This has been done by incorporation of functional groups 

at either the meso- or β-pyrrolic positions of the basic calix[4]pyrrole core. 

In addition to anion binding, the metal coordination chemistry of calix[4]pyrrole 

has been extensively investigated by Floriani,16,17 Sessler18 and Gambarotta.19,20 The 

scope of metal cation, whose complexation chemistry has been explored with 

calix[4]pyrroles runs the gamut from alkali, alkaline earth metals to transition metals 

and even lanthanides and actinides. However, most of the associated studies focused on 

the coordination of metals to the N4 core of simple octaalkylcalix[4]pyrroles or the 

organometallic binding of low-valent metal center to the pyrrole π electron systems. We 

considered that the incorporation of additional functional groups might serve to increase 

the scope of calix[4]pyrrole-metal coordination chemistry. 

4,4’-Bipyridine (4,4’-bipy) is one of the most prototypical ditopic ligands and 

one with a storied history of coordination chemistry.21 The simple and rigid nature of 

this diaza ligand makes it relatively easy to predict the structure of the resulting 

materials. In addition, “extended” analogues 4,4’-bipyridine with a variety of spacers 

between the two pyridine are known.22-24 They have been used to obtain a diverse array 

of topologically distinct metal complexes, ranging from 1D chains and loops, to 2D 

grids and ladders, and 3D frameworks. Despite the wide range of structures obtained 

from 4,4-bipy derivatives, to the best of the author’s knowledge, there are few, if any, 
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examples of coordination architectures based on this ligand that undergo a 

transformation from one structural motif to another as the result of ion-induced 

conformational changes in the bridging ligand. From this perspective, calix[4]pyrrole 

5.1 bearing two pyridine substituents may be viewed as a new class of 4,4’-dipy 

derivatives. It could act as a organic linker capable of the complexing metal centers 

while undergoing molecular switching as the result of anion binding to the 

calix[4]pyrrole core. In this chapter, the results of preliminary complexation studies are 

presented. In particular, interactions involving the pyridine-functionalized 

calix[4]pyrrole 5.1 (Figure 5.1) with a silver(I) salt and the structural diversity of the 

resulting complexes resulting from simple anion or cation metathesis are described. The 

main reason for the choice of the silver(I) cation is that the interactions between pyridine 

derivatives and silver(I) salts are well documented in the literature.21 The chemical 

structures of 5.1 and the chemical structures characterized to date are shown in Figures 

5.1 and 5.2, respectively. 
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N N

H H

NN
H H
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Figure 5.1 Chemical structure of pyridine-functionalized calix[4]pyrrole 5.1. 
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Figure 5.2 Schematic representation of structural changes for 5.1 and its Ag(I) 
complexes as a function of added anions and cations. 

5.2 CHARACTERIZATION OF PYRIDINE-FUNCTIONALIZED CALIX[4]PYRROLE 

Calix[4]pyrroles are, in general, readily functionalizable via the substituted sp3 

hybridized meso- or β-pyrrolic carbons. The target compound 5.1 was easily synthesized 

via the simple acid-catalyzed condensation of commercially available 4-acetylpyridine, 

acetone and pyrrole. Two conformational isomers, namely cis- and trans-bis-pyridine 

cali[4]pyrroles, were isolated from the reaction mixture. They were separated by flash 

column chromatography. In this study, the author only uses a cis isomer, 5.1. Diffraction 

quality single crystals of 5.1 were obtained by slow evaporation of an acetonitrile 

solution at room temperature. The structure was solved by Dr. Lynch (Figure 5.3). 
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Figure 5.3 Two different views of the bis-pyridine functionalized calix[4]pyrrole 5.1. 

(A) Side view and (B) top view. Note that due to the coordination of 
acetonitrile solvent to one of the pyrroles, 5.1 adopts a partial cone 
conformations. This solvent molecule is omitted from these views for the 
sake of clarity.  

5.3 CHARACTERIZATION OF INFINITE ARRAYS CREATED FROM PYR-C[4]P AND 
SILVER(I) COMPLEX 

Unexpected molecular architectures were found from a solution of 5.1 in a 1:1 

mixture of CHCl3 and acetonitrile. Interestingly, upon treating with AgBF4 the Ag(I) 

complex of 5.1 is formed. In the solid state, this complex exists in the form of a double-

stranded helical structure with both water molecules and the BF4 counteranions 

contained within the helices (Figure 5.4).  

 

 
Figure 5.4 Four different views of the single crystal X-ray diffraction structure of 

5.1�AgBF4 H2O. (A) Front view, (B) side view, (C) top view, and (D) 
expanded view. The calix[4]pyrrole moieties in A, B, and C are color-
coded to aid in visualization. Solvent molecules and hydrogen atoms are 
omitted for clarity.  



 
 
 

84 

The resulting helical structures are stabilized in part by two sets of multiple 

hydrogen bonding interactions between 1) O ��� H of the bound H2O molecules and the 

pyrrolic NHs with the shortest distance being 2.121 Å and 2) H2O and the F of the BF4
- 

anions with shortest distance being 1.983 Å (Figure 5.4D). A major stabilizing feature of 

infinite structure are the silver(I)-pyridine interactions (Figure 5.5). As can be seen in 

Figure 5.5, the silver(I) center is constrained in a four-coordination geometry. It is 

coordinated to the two pyridine nitrogens of 5.1, but also benefits from solvent 

coordination, as well as weak interactions with a F atom present in the BF4
- anion. As 

might be expected in light of the coordinating nature of acetonitrile, the geometry about 

the Ag(I) cation is distorted slightly such that the PyN-Ag-PyN angle is 155.6°. 

The helical complex crystalizes as a racemic mixture of right- and left-handed 

helices. This finding was confirmed in the solid by single crystal X-ray analysis and in 

acetonitrile solution via circular dichroism (CD) spectroscopy (Figure 5.6). This lack of 

inherent chirality is not surprising since there is no stereogenic center either on 5.1 or the 

caounteranions. 

 

Figure 5.5  Expanded molecular structure of {[Ag(5.1)(MeCN)]+}∞ showing the 
coordination environment about the silver(I) center. 
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Figure 5.6 Support for the formation of a racemic mixture of helices, came from X-ray 
diffraction analyses and circular dichroism (CD) spectroscopy. (A) The 
Expanded crystal structure of one strand of complex and the neighboring 
strand. (B) CD spectrum of 2 mM of 5.1 recorded in acetonitrile solution. 

Support for the formation of oligomers in CHCl3 / MeCN (1:1, v/v) solution was 

obtained from mass spectroscopy. Using conventional mass spectroscopic techniques, 

such as ESI or MALDI, it is often difficult to detect higher molecular adducts, especially 

when these are stabilized by weak, reversible interactions, such as H bonds or metal-

ligand interactions. Due to the intrinsic thermal instability of such interactions, the use 

of lower temperature ionization methods can be beneficial. With help from Professor 

Kentaro Yamaguchi at Tokushima Bunri University, an indivisual who has pioneered a 

new mass spectrometric technique called cold spray ionization mass spectroscopy (CSI-

MS),25 it proved possible to verify the formation of oligomeric complexes. The 

corresponding CSI-MS spectra, which are believed reflective of the solution state, are 

shown in Figure 5.7. The underlying data is summarized in Table 5.1. 
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m/z obs m/z calc Formula (charge state) Error /ppm 
661.21936 661.22034 AgL (1+) −1.5 
1411.43973 1411.44575 Ag2L2A −4.3 
1607.34893 1607.35207 Ag3L2A2 −2.0 
2355.58196 2355.58051 Ag4L3A3 0.6 

Table 5.1 CSI-mass spectroscopic data obtained from a mixture of 5.1 and AgBF4 in 
CHCl3 / MeCN (1:1, v/v) (L = Pyr-C[4]P 5.1, A = BF4

- anion). 

 
Figure 5.7 CSI-MS spectra of each oligomeric species. (A) AgL, (B) AgL2A, (C) 

Ag3L2A2, and (D) Ag4L3A3. The experiments in question were performed 
by Dr. Kazuaki Ohara. 
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5.4 CHARACTERIZATION OF COORDINATING ANION-INCLUDED MOLECULAR CAPSULES 

5.4.1 A molecular capsule containing the Ag(I) cation  

As can be seen in Figure 5.3, the two pyridine moieties in the anion-free form of 

calix[4]pyrrole 5.1 define an oblique angle. This geometry reflects the fact that the 

functional groups in the meso positions orient so as to minimize steric interactions with 

the β-pyrrolic protons.  

In sharp contrast, in the presence of coordinating anions, such as the 

terephthalate anion used in this study, the two pyridine functional groups present on the 

meso carbons adopt a V-like orientation due to the preorganization of the four-pyrrole 

core. As a result, the connectivity between the two Pyc-C[4]P subunits and the silver(I) 

cation is changed. More specifically, the upper rim of the constituent subunits of two 5.1 

are now brought into perfect alignment for the construction of a molecular capsule with  

a terephthalate anion being bound inside (Figure 5.8).   

 

 

Figure 5.8 Single crystal X-ray diffraction structure of the molecular capsule 
[Ag2�5.12]+[terephthalate]-. (A) Front view and (B) side view. 
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5.4.2 A molecular capsule containing the Cs(I) cation 

Replacing the Ag+ cation by a Cs+ cation also supports formations of a molecular 

capsule. However, this new capsule is characterized by a different binding mode. In 

contrast to the Ag+ cation, which binds to the pyridine and stabilizes a PyN-Ag-PyN 

linkages enclosing terephthalate anions, charge diffuse cations, such as Cs+ cations or 

tetrabutylammonium cations, coordinate to the bowl-like cavity of calix[4]pyrroles when 

stabilized in their conformations.26 This difference accounts for why another type of a 

molecular capsule is obtained in the presence of Cs+. The new molecular capsule is 

stabilized by 1) H-bonding interactions from the terephthalate anion to the pyrrole NH 

protons and 2) ligand-separated ion pairing interactions involving the terephthalate 

anions and the Cs+ cations (Figure 5.9). 

 

 

Figure 5.9 Single crystal X-ray diffraction structure of the molecular capsule 
[Cs2�5.12]+[terephthalate]-. (A) Front view and (B) side view. 

5.5 FUTURE DIRECTIONS 

As previously described, each molecular entity, namely a monomer, a double-

stranded helix, and a molecular capsule, was fully characterized in the solid state by 
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single crystal X-ray crystallographic analyses. In the case of silver-mediated double 

helical structure, the formation of oligomeric aggregate in solution was inferred from 

CSI mass spectroscopic analyses. An interesting question arises as to whether these 

individual molecular states can be toggled back and forth between on another via anion 

and cation metathesis reactions as depicted in Figure 5.2. 

In preliminary work, a reversible change in the 1H NMR signals was obtained 

upon the sequential addition of 1) AgBF4, 2) tetrabutylammonium chloride (TBACl), 3) 

bis(tetrabutylammonium) terephthalate (TBA2terephthalate), and 4) trifluoroacetic acid 

(TFA) to the parent calix[4]pyrrole 5.1 in acetonitrile solution (Figure 5.10). 

 

Figure 5.10 Partial views of the 1H NMR spectra recorded upon the sequential addition 
of AgBF4, TBACl, TBA2terephthalate, and TFA to 5.1 in acetonitrile-d3 
solution.  
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Addition of AgBF4 to an acetonitrile solution of 5.1 shows slight shifts of 

pyridine CH signals, which may reflect interactions between the silver cation and the 

pyridine nitrogen atoms. Removing the Ag+ cations by adding TBACl to the solution 

causes the pyridine proton signals to revert back to their original positions. A molecular 

capsule is believed to form by addition of a terephthalate dianion as evidenced by the 

shift of pyrrole NH and pyridine CH signals in the 1H NMR spectra. Protonation of 

terephthalate anions by a relatively strong acid such as TFA serve to protonate the 

terephthalate anions. The net result is a break of the capsule and formation of 

monomeric species wherein the trifluoroacetate anions are bound to the calixpyrrole 

core. Support for this proposition comes the shifts in the signals ascribed to the pyrrole 

NH and pyridine aromatic protons (Figure 5.10). At the present time, this study is 

incomplete. It needs to be investigated in detail by 1H NMR spectroscopic titration 

methods and CSI-MS experiments. Studying the ion metathesis reaction is also 

necessary. 

5.6 REFERENCES 
(1) Kitagawa, S.; Kitaura, R.; Noro, S.-I. Angew. Chem. Int. Ed. Engl. 2004, 43, 

2334–2375. 
(2) Janiak, C. Dalton Trans. 2003, 2781–2804. 
(3) Cook, T. R.; Zheng, Y.-R.; Stang, P. J. Chem. Rev. 2013, 113, 734–777. 
(4) Li, J.-R.; Kuppler, R. J.; Zhou, H.-C. Chem. Soc. Rev. 2009, 38, 1477. 
(5) Evans, O. R.; Lin, W. Acc. Chem. Res. 2002, 35, 511–522. 
(6) Evans, O. R.; Xiong, R. G.; Wang, Z.; Wong, G. K.; Lin, W. Angew. Chem. Int. 

Ed. Engl. 1999, 38, 536–538. 
(7) McGuirk, C. M.; Stern, C. L.; Mirkin, C. A. J. Am. Chem. Soc. 2014, 136, 4689–

4696. 
(8) Kim, S. K.; Sessler, J. L. Chem. Soc. Rev. 2010, 39, 3784–3809. 



 
 
 

91 

(9) Gale, P. A.; Tong, C. C.; Haynes, C. J. E.; Adeosun, O.; Gross, D. E.; Karnas, E.; 
Sedenberg, E. M.; Quesada, R.; Sessler, J. L. J. Am. Chem. Soc. 2010, 132, 
3240–3241. 

(10) Wintergerst, M. P.; Levitskaia, T. G.; Moyer, B. A.; Sessler, J. L.; Delmau, L. H. 
J. Am. Chem. Soc. 2008, 130, 4129–4139. 

(11) Ko, S.-K.; Kim, S. K.; Share, A.; Lynch, V. M.; Park, J.; Namkung, W.; Van 
Rossom, W.; Busschaert, N.; Gale, P. A.; Sessler, J. L.; Shin, I. Nat. Chem. 2014, 
6, 885–892. 

(12) A Gale, P.; L Sessler, J.; Král, V. Chem. Commun. 1998, 1–8. 
(13) Park, J. S.; Yoon, K. Y.; Kim, D. S.; Lynch, V. M.; Bielawski, C. W.; Johnston, 

K. P.; Sessler, J. L. Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 20913–20917. 
(14) Kim, D. S.; Lynch, V. M.; Park, J. S.; Sessler, J. L. J. Am. Chem. Soc. 2013, 135, 

14889–14894. 
(15) Kim, D. S.; Sessler, J. L. Chem. Soc. Rev. 2015, 44, 532–546. 
(16) Bonomo, L.; Solari, E.; Scopelliti, R.; Floriani, C. Chem. Eur. J. 2001, 7, 1322–

1332. 
(17) Bonomo, L.; Solari, E.; Latronico, M.; Scopelliti, R.; Floriani, C. Chem. Eur. J. 

1999, 5, 2040–2047. 
(18) Cuesta, L.; Gross, D.; Lynch, V. M.; Ou, Z.; Kajonkijya, W.; Ohkubo, K.; 

Fukuzumi, S.; Kadish, K. M.; Sessler, J. L. J. Am. Chem. Soc. 2007, 129, 11696–
11697. 

(19) Jubb, J.; Gambarotta, S.; Duchateau, R.; Teuben, J. H. J. Chem. Soc., Chem. 
Commun. 1994, 2641. 

(20) Guan, J.; Dubé, T.; Gambarotta, S.; Yap, G. P. A. Organometallics 2000, 19, 
4820–4827. 

(21) Khlobystov, A. N.; Blake, A. J.; Champness, N. R.; Lemenovskii, D. A.; 
Majouga, A. G.; Zyk, N. V.; Schroder, M. Coord. Chem. Rev. 2001, 222, 155–
192. 

(22) Dong, Y.-B.; Layland, R. C.; Smith, M. D.; Pschirer, N. G.; Bunz, U. H. F.; 
Loye, zur, H.-C. Inorg. Chem. 1999, 38, 3056–3060. 

(23) Batten, S. R.; Jeffery, J. C.; Ward, M. D. Inorg. Chim. Acta. 1999, 292, 231–237. 
(24) Withersby, M. A.; Blake, A. J.; Champness, N. R.; Hubberstey, P.; Li, W.-S.; 

Schroder, M. Angew. Chem. Int. Ed. Engl. 1997, 36, 2327–2329. 
(25) Ohara, K.; Yamaguchi, K. Anal. Sci. 2012, 28, 635–637. 



 
 
 

92 

(26) Custelcean, R.; Delmau, L. H.; Moyer, B. A.; Sessler, J. L.; Cho, W.-S.; Gross, 
D.; Bates, G. W.; Brooks, S. J.; Light, M. E.; Gale, P. A. Angew. Chem. Int. Ed. 
Engl. 2005, 44, 2537–2542. 

 



 
 
 

93 

Chapter 6: Experimental Procedures 

6.1 GENERAL PROCEDURES 

All reagents and starting materials were obtained from commercial suppliers and 

used as received unless otherwise noted. Column chromatography was performed on 

silica gel (40-63 µm, Sorbent Technologies). Analytical thin layer chromatography 

(TLC) was performed on glass-backed silica gel (250 µm, Sorbent Technologies). All 

deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc. Proton 

and 13C NMR and NOESY spectra were recorded at 25 oC using a 500 MHz Varian 

Innova instrument. Chemical shifts are reported in units of δ (parts per million; ppm) 

and referenced to the residual solvent. Spectral splitting patterns are designated as s 

(singlet), d (doublet), t (triplet), q (quartet), m (multiplet), and br (broad). DOSY spectra 

were recorded at 25 oC on a 600 MHz Varian DirectDrive instrument and referenced 

relative to D2O/H2O at 25 oC. High Resolution ESI mass spectrometry was performed 

using a Varian QF ESI 9.4 Tesla Instrument with Internal Calibration. UV-Vis spectra 

were recorded from 400 to 800 nm using a Varian Cary 5000 spectrophotometer at room 

temperature. For the spectral titrations, changes in spectral signature were monitored at 

one or more wavelengths as a function of the appropriate parameter (concentration, mole 

fraction, etc.). Unless otherwise indicated, a cell length of 10 mm was used for all UV-

Vis spectral studies. Scanning electron microscopy (SEM) was carried out using a 

Quanta650 instrument. The samples were prepared on a silicon wafer, which was 

cleaned using nitric acid prior to use. Cyclic voltammetry (CV) measurements were 

carried out at ambient temperature using a CV-50W voltammetric analyzer (BAS). 

Unless otherwise noted, all CV measurements were performed with three electrodes at 
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room temperature: glassy carbon as the working electrodes, Pt wire as the counter 

electrode, and Ag/AgCl as the reference electrode. All solutions were purged with 

nitrogen for 5 min before each experiment. A scan rate of 10 mV/s was employed for all 

measurements. For spectroelectrochemical analyses, a Pt mesh was used as the working 

electrode, a Pt wire was used as the counter electrode, while the Ag/AgCl couples was 

used as the reference electrode. Diffusion coefficient, D of SPr-TTF-pyrrole, 4.3 and 4.1 

were measured by chronoamperometry on a Au microelectrode (radius, a = 50 µm). For 

this measurement, a CH 900 potentiostat (CH Instruments) was used. 

6.2 EXPERIMENTAL DETAILS FOR CHAPTER 2 

6.2.1 Synthetic Procedures and Characterization Data 
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Figure 6.1  Synthetic route to methylpyridinium-functionalized calix[4]pyrroles 2.2 
and 2.3. 
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Compound 2.1 was prepared according to the reported procedure.1 

Synthesis of 2.4: To a solution of 4-acetylpyridine (5.00 g, 41.3 mmol) in 85 mL 

of pyrrole (used as the solvent) was added methanesulfonic acid (10.0 mL, 165 mmol) 

dropwise at 0 oC. The mixture was allowed to warm to room temperature and then 

stirred overnight. Triethylamine was added to the reaction vessel and the resulting 

mixture was partitioned between CH2Cl2 and water. The organic layer was collected and 

dried over anhydrous Na2SO4. Recrystallization of the crude product from ethyl acetate 

gave compound 2.4 in 64% yield. 1H NMR (400 MHz, DMSO-d6) δ 10.46 (br s, 2H, 

pyrrole NH), 8.45 (dd, J1 = 1.6 Hz, J2 = 4.4 Hz, 2H, pyridyl H), 6.96 (dd, J1 = 1.6 Hz, J2 

= 4.4, 2H, pyridyl-H), 6.68-6.67 (m, 2H, pyrrole α-H), 5.91-5.90 (m, 2H, pyrrole β-H), 

5.56-5.54 (m, 2H, pyrrole β-H), 3.35 (s, 3H, meso-CH3); 13C NMR (100 MHz, DMSO-

d6) δ 157.2, 149.2, 136.2, 122.5, 117.6, 106.4, 106.3, 44.1, 27.0; HR-ESI-MS calc. 

C15H15N3 237.12660; found 238.13421 (M+H)+. 

Synthesis of 2.6: To a solution of 2.4 (2.0 g, 8.6 mmol) in 150 mL of acetone 

was added 5 equiv of trifluoroacetic acid. The resulting mixture was stirred overnight 

and quenched with 6.5 mL of triethylamine. The crude mixture was washed with water 

and extracted into CH2Cl2. The organic layer was collected, dried over anhydrous 

sodium sulfate, and evaporated in vacuo. Flash column chromatography (silica gel; 2% 

methanol in ethyl acetate, eluent) gave compound 2.6 in 15% yield. 1H NMR (400 MHz, 

DMSO-d6) δ 9.76 (br s, 4H, pyrrole NH), 8.42 (dd, J1 = 1.6 Hz, J2 = 4.4 Hz, 4H, pyridyl-

H), 7.10 (dd, J1 = 1.6 Hz, J2 = 4.4 Hz, 4H, pyridyl-H), 5.78-5.77 (m, 8H, pyrrole β-H), 

1.77 (s, 6H, meso-CH3), 1.51 (s, 12H, meso-CH3); 13C NMR (100 MHz, DMSO-d6) δ 

149.6, 139.9, 135.3, 122.9, 110.0, 105.4, 102.5, 44.5, 35.4, 30.7, 30.0; HR-ESI-MS calc. 
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for C36H38N6 554.31580; found 555.32398 (M+H)+. This compound was further 

characterized by single crystal X-ray diffraction analysis. 

Synthesis of 2.3: To a solution of 2.6 (123 mg, 0.222 mmol) in 1.5 mL of 

acetonitrile was added iodomethane (0.150 mL, 10.0 equiv). The resulting mixture was 

stirred for 3 h while heating at reflux. The resulting solution was cooled to room 

temperature. Evaporation of the solvent and the residual iodomethane gave compound 

2.3 in quantitative yield. 1H NMR (400 MHz, CD3CN) δ 9.18 (br s, 4H, pyrrole NH), 

8.47-8.45 (m, 4H, pyridyl-H), 7.67-7.66 (m, 4H, pyridyl-H), 5.87-5.86 (m, 4H, pyrrole 

β-H), 5.77 (m, 4H, pyrrole β-H), 4.23 (s, 6H, pyridyl N-CH3), 1.99 (s, 6H, meso-CH3), 

1.63 (s, 12H, meso-CH3); 13C NMR (100 MHz, CD3CN) δ 168.7, 145.5, 141.4, 134.0, 

127.5, 107.4, 104.2, 48.4, 46.6, 36.2, 30.1, 29.4; HR-ESI-MS calc. for C38H44I2N6 

838.17168; found 711.26725 [(M-I)+, calc. 711.26666]. Note: The actual mass found for 

2.3 is for a species bearing only a single iodide counteranion. 

Synthesis of 2.2: To a solution of 2.3 (104 mg, 0.12 mmol) in CH2Cl2 was added 

a solution of sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (219 mg, 0.249 

mmol) in the minimum amount of acetonitrile needed to achieve solubility at room 

temperature. The mixture was stirred for 2 hr. The solution was evaporated to dryness, 

re-dissolved in CH2Cl2, and filtered through a syringe filter. The mixture was evaporated 

in vacuo to afford the desired product in 65% yield. 1H NMR (400 MHz, CD3CN) δ 

8.45-8.22 (m, 4H, pyridyl-H), 8.22 (br s, 4H, pyrrole NH), 7.72-7.69 (m, 24H, phenyl 

H), 7.61-7.59 (m, 4H, pyridyl-H), 5.97-5.96 (m, 4H, pyrrole β-H), 5.89-5.87 (m, 4H, 

pyrrole β-H), 4.23 (s, 6H, pyridyl N-CH3), 2.17 (s, 6H, meso-CH3), 1.57 (s, 12H, meso-

CH3); 13C NMR (100 MHz, CD3CN) δ 168.5, 163.3-161.8(m), 145.5, 141.2, 135.6, 
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133.6, 130.0-129.7(m), 127.3, 126.8, 124.0, 121.3, 107.7, 104.6, 48.4, 46.5, 36.3, 30.1, 

29.2; HR-MALDI-MS calc. for C102H68B2F48N6 2310.49251; found 1447.42503 [(M-

C32H12BF24)+, calc. 1447.42708]. Note: The observed mass is for the species bearing only 

a single BArF- counteranion; this mirrors what was seen for 2.3 above (only a single 

counter anion appearing in the dominant molecular mass peak). 

6.2.2 UV-Vis Titration Studies 

An equimolar mixture of 2.1 and 2.2 (5 mM each) in chloroform solution was 

prepared at ambient temperature. Changes in the molar extinction coefficients were 

plotted as the function of total concentration of two constituents at 400 nm. A binding 

constant was calculated by applying a modified isodesmic model as shown below. This 

is done by non-linear regression analysis of a plot of the molar extinction coefficient vs 

total concentration.2 

ε(C) = KCT +1 2KCT +1
K 2CT

2
 

where ε is the molar extinction coefficient, K is the association constant, and CT is the 

total concentration of monomers. 

The number average molecular aggregate (N) was simulated based on the 

calculated binding constant of 1.1 × 105 M-1 applying the equation shown below.2 

 

N =
KCT

−1+ (2KCT +1)
1/2

 

 

Adair equation was used to calculate the binding constant for the formation of 

molecular capsule, 2.12•2.3 in the form: Y = (K'1[G]+2K'1K'2[G]2/(1+ 
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K'1[G]+2K'1K'2[G]2, where K'1 and K'2 are macroscopic Adair constants and [G] is the 

concentration of 2.1.  

For the calculation of binding constants for the complexation of 2.1 or 2.2 with a 

variety of tetraalkylammonium salts, solutions of tetraalkylammonium salts were 

prepared in chloroform solution. Depending on the study in question, these solutions 

contained 15 µM of 2.1 or 50 µM of 2.2 to avoid dilution errors when they are titrated 

into a chloroform solution of receptors in question. The resulting UV-Vis responses 

were then recorded at ambient temperature as adding aliquots of each stock solution to a 

chloroform solution containing either receptor 2.1 or 2.2.   

6.2.3 Sample Preparation for Scanning Electron Microscopic Analysis 

A chloroform solution containing equimolar amount of 2.1 and 2.2 (1 mM each) 

was prepared at ambient temperature. This solution was allowed to evaporate slowly on 

the silicon wafer, and then dried for 1 h at ambient temperature. After coating with 15 

nm Pt/Pd (Cressington HR208 sputter coater), the specimen was imaged with a 

Quanta650 instrument, using an accelerating voltage of 10 kV. 

6.2.2 Single Crystal X-ray Crystallographic Data 

All crystal structures were solved by Dr. Vincent M. Lynch of this department. 

X-ray crystallographic data for 2.6, 2.12•2.3, 2.1•TEACl, and 2.1•TPPCl (TEA+ = 

tetraethylammonium cation; TPP+ = tetraphenylphosphonium cation) were collected on 

a Rigaku ACF-12 with a Saturn 724+ CCD using a graphite monochromator with MoKα 

radiation (λ = 0.71075 Å). The data were collected at 100 K using a Rigaku XStream 

low temperature device. Data reduction were performed using the Rigaku Americas 

Corporation’s Crystal Clear version 1.40.3 The structures were solved by direct methods 
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using SIR974 and refined by full-matrix least-squares on F2 with anisotropic 

displacement parameters for the non-H atoms using SHELXL-97.5 For the crystal 

structure of 2.12•2.3, the crystal was pseudo-merohedrally twinned. The twin law was 

determined using ROTAX6 to be (0,0,-1; 0,-1,0; -1,0,0) about the -1,0,1 direct axis. The 

twin fraction refined to 0.411(2). ROTAX was used as incorporated in WinGX.7 The 

complex resides around a crystallographic inversion center at 1, ½, ½. Anisotropic 

refinements of the chloroform molecules proved difficult due to a combination of 

disorder and partial occupancy involving residual solvent. Two solvent molecules were 

disordered. The third did not appear to be fully occupied. The disordered chloroform 

molecules were refined in the same manner. For one disordered molecule, the variable x 

was assigned to the site occupancy factor for one molecule and (1-x) was assigned to the 

site occupancy for the alternate molecule. The variable x was refined using a common 

isotropic displacement parameter for the Cl atoms and the C atoms. The geometry of 

these molecules was restrained to be approximately isotropic throughout the refinement 

process. A molecule of dichloromethane in the structure of 2.1•TEACl was severely 

disordered. Attempts to model the disorder were unsatisfactory. The contributions to the 

scattering factors due to these solvent molecules were removed by use of the utility 

SQUEEZE7 in PLATON98.9 Structure analysis was aided by use of the programs 

PLATON98 as incorporated into WinGX. The hydrogen atoms on the carbon atoms 

were calculated in ideal positions with isotropic displacement parameters set to 1.2xUeq 

of the attached atom (1.5xUeq for methyl hydrogen atoms). A second dichloromethane 

molecule in the structure of 2.1•TPPCl was also disordered. The disorder amounted to a 

rotation about one C-Cl bond. The disorder was modeled by assigning the variable x to 
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the site occupancy factor for one Cl atom of the disorder and (1-x) to the site occupancy 

factor for the alternate Cl atom. A common isotropic displacement parameter was 

refined for the two Cl atoms while restraining the geometry of the disordered atoms to 

be equivalent. In this way, the site occupancy for the major component of the disorder 

refined to 80(2)%. The hydrogen atoms for the disordered solvent were not included in 

the final refinement model. The function, Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 

1/[(s(Fo))2 + (0.0713*P)2] and P = (|Fo|2 + 2|Fc|2)/3. Rw(F2) refined to 0.240, with R(F) 

equal to 0.116 and a goodness of fit, S, = 1.20. Definitions used for calculating R(F), 

Rw(F2) and the goodness of fit, S, are given below.10 The data were checked for 

secondary extinction effects but no correction was necessary. Neutral atom scattering 

factors and values used to calculate the linear absorption coefficient are from the 

International Tables for X-ray Crystallography.11 All figures were generated using 

SHELXTL/PC.11 Tables of positional and thermal parameters, bond lengths and angles, 

torsion angles and figures, along with additional details of the individual structures can 

be obtained from the Cambridge Crystallographic Data Centre by quoting CCDC 

numbers 944077, 944078, 944079, and 944080. 
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Figure 6.2  View of 2.6 showing the atom labeling scheme. Displacement ellipsoids 
are scaled to the 50% probability level. The complex lies around a 
crystallographic inversion center at ¼, ¼, ½.   

Empirical formula  C36 H42 N6 O2 
Formula weight  590.76 
Temperature  223(2) K 
Wavelength  0.71075 Å 
Crystal system  Monoclinic 
Space group  C2/c 
Unit cell dimensions a = 17.900(13) Å a = 90°. 
 b = 12.760(9) Å b = 102.724(9)°. 
 c = 14.882(11) Å g = 90°. 
Volume 3316(4) Å3 
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Z 4 
Density (calculated) 1.183 Mg/m3 
Absorption coefficient 0.075 mm-1 
F(000) 1264 
Crystal size 0.15 x 0.13 x 0.10 mm 
Theta range for data collection 1.98 to 25.00° 
Index ranges -21<=h<=21, -15<=k<=15, -14<=l<=17 
Reflections collected 9657 
Independent reflections 2911 [R(int) = 0.0497] 
Completeness to theta = 25.00° 99.9%  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00 and 0.869 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2911 / 0 / 219 
Goodness-of-fit on F2 1.067 
Final R indices [I>2sigma(I)] R1 = 0.0560, wR2 = 0.1304 
R indices (all data) R1 = 0.0927, wR2 = 0.1541 
Largest diff. peak and hole 0.143 and -0.192 e.Å-3 
CCDC # 944077 

Table 6.1 Crystal data and refinement parameters of 2.6. 
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Figure 6.3 View of 2.12•2.3. Displacement ellipsoids are scaled to the 30% probability 
level. The complex lies around a crystallographic inversion center at 1, ½, 
½. 
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Empirical formula  C167 H149 Cl15 I2 N14 O2 S32 
Formula weight  4195.47 
Temperature  100(2) K 
Wavelength  0.71075 Å 
Crystal system  Monoclinic 
Space group  P21/n 
Unit cell dimensions a = 18.262(5) Å a = 90°. 
 b = 28.491(7) Å b = 92.079(4)°. 
 c = 18.268(5) Å g = 90°. 
Volume 9499(4) Å3 
Z 2 
Density (calculated) 1.467 Mg/m3 
Absorption coefficient 0.948 mm-1 
F(000) 4276 
Crystal size 0.16 x 0.15 x 0.14 mm 
Theta range for data collection 1.33 to 25.00° 
Index ranges -21<=h<=21, -33<=k<=33, -21<=l<=21 
Reflections collected 83615 
Independent reflections 16710 [R(int) = 0.0766] 
Completeness to theta = 25.00° 99.9%  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00 and 0.765 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 16710 / 405 / 1149 
Goodness-of-fit on F2 1.505 
Final R indices [I>2sigma(I)] R1 = 0.1149, wR2 = 0.2792 
R indices (all data) R1 = 0.1301, wR2 = 0.2889 
Largest diff. peak and hole 1.171 and -1.596 e.Å-3 

CCDC # 944078 

Table 6.2 Crystal data and refinement parameters of 2.12•2.3 
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Figure 6.4  View of 2.1•TEACl showing a partial atom labeling scheme. Displacement 
ellipsoids are scaled to the 50% probability level.  
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Empirical formula  C69 H66 Cl3 N5 S16 
Formula weight  1584.58 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  I2/a 
Unit cell dimensions a = 25.136(11) Å a = 90°. 
 b = 22.460(9) Å b = 93.64(4)°. 
 c = 25.993(11) Å g = 90°. 
Volume 14645(11) Å3 
Z 8 
Density (calculated) 1.437 Mg/m3 
Absorption coefficient 0.627 mm-1 
F(000) 6576 
Crystal size 0.18 x 0.06 x 0.04 mm 
Theta range for data collection 3.04 to 25.00° 
Index ranges -29<=h<=29, 0<=k<=26, 0<=l<=30 
Reflections collected 12887 
Independent reflections 12887 
Completeness to theta = 25.00° 99.8%  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00 and 0.897 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 12887 / 0 / 837 
Goodness-of-fit on F2 1.204 
Final R indices [I>2sigma(I)] R1 = 0.1156, wR2 = 0.2111 
R indices (all data) R1 = 0.2004, wR2 = 0.2405 
Largest diff. peak and hole 0.748 and -0.684 e.Å-3  
CCDC # 944079 

Table 6.3 Crystal data and refinement parameters of 2.1•TEACl. 
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Figure 6.5 View of the chloride complex in 2.1•TPPCl (TPP+ = 
tetraphenylphosphonium cation) showing a partial atom labeling scheme. 
Displacement ellipsoids are scaled to the 50% probability level. The 
counter cation is omitted for clarity in this view. 
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Empirical formula  C86 H68 Cl5 N4 P S16 
Formula weight  1878.62 
Temperature  100(2) K 
Wavelength  0.71075 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 16.634(3) Å a = 85.805(12)°. 
 b = 17.060(4) Å b = 69.782(11)°. 
 c = 17.591(4) Å g = 65.015(10)°. 
Volume 4230.6(15) Å3 
Z 2 
Density (calculated) 1.475 Mg/m3 
Absorption coefficient 0.635 mm-1 
F(000) 1936 
Crystal size 0.22 x 0.21 x 0.14 mm 
Theta range for data collection 1.24 to 27.50° 
Index ranges -19<=h<=21, -22<=k<=22, 0<=l<=22 
Reflections collected 19254 
Independent reflections 19254 
Completeness to theta = 27.50° 99.0%  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00 and 0.825 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 19254 / 0 / 999 
Goodness-of-fit on F2 1.059 
Final R indices [I>2sigma(I)] R1 = 0.0424, wR2 = 0.1133 
R indices (all data) R1 = 0.0516, wR2 = 0.1178 
Largest diff. peak and hole 0.660 and -0.381 e.Å-3 

CCDC # 944080 

Table 6.4 Crystal data and refinement parameters of 2.1•TPPCl (TPP+ = 
tetraphenylphosphonium cation). 
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6.3 EXPERIMENTAL DETAILS FOR CHAPTER 3 

6.3.1 Synthetic Procedures and Characterization Data 

Compound 3.2-3.4 were prepared by Dr. Steffen Bähring at The University of 

Southern Denmark. 

Synthesis of 3.2: 1,2-Ethanediol (0.408 g, 6.73 mmol) and 3,5-dinitrobenzoyl 

chloride (3.180 g, 13.8 mmol)) were dissolved in anhydrous THF and degassed with N2 

for 15 min before triethylamine (4 equiv) was added slowly. The reaction mixture was 

heated under reflux overnight before being cooled to room temperature. The yellow 

suspension was concentrated in vacuo providing a beige solid, which was dissolved in 

CH2Cl2 (300 mL) and washed with H2O (2 × 200 mL), before being dried (MgSO4). The 

solution was evaporated onto Celite® and purified by column chromatography (300 mL 

SiO2, 2.5 cm radius column, eluent CH2Cl2). The colorless band (Rf = 0.3) was collected 

and concentrated to give 3.2 as a white powder (2.91 g, 98%). m.p. 172.5−172.8 °C; 1H 

NMR (600 MHz, CDCl3): δ 4.87 (s, 4H), 9,17 (d, J = 2.2 Hz, 4H), 9.26 (t, J = 2.2 Hz, 

2H); 13C NMR (100 MHz, CDCl3) δ 64.1, 122.8, 129.6, 133.1, 148.8, 162.4; HRMS (CI) 

calc. for C16H10N4O12
+ 450.0290; found 450.0291 (M+); IR (KBr) v/cm−1 = 3100 (m), 

2883 (w), 1735 (s), 1630 (m), 1597 (w), 1546 (s), 1462 (m), 1347 (s), 1270 (s), 1162 (s), 

1078 (m), 1044 (w), 923 (m), 854 (w), 774 (w), 722 (s); elemental analysis calcd (%) for 

C16H10N4O12: C 42.68, H 2.24, N 12.44; found: C 42.50, H 2.24, N 12.20. 

Synthesis of 3.3: 1,3-Propanediol (0.499 g, 6.56 mmol) and 3,5-dinitrobenzoyl 

chloride (3.182 g, 13.8 mmol) were dissolved in anhydrous THF and degassed with N2 

for 15 min before triethylamine (4 equiv) was added slowly. The reaction mixture was 

heated under reflux overnight before being cooled to room temperature. The yellow 

suspension was concentrated in vacuo to give a beige solid, which was dissolved in 
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CH2Cl2 (200 mL) and washed with H2O (2 × 200 mL), before being dried (MgSO4). The 

solution was evaporated onto Celite® and purified by column chromatography (300 mL 

SiO2, 2.5 cm radius column, eluent CH2Cl2). The colorless band (Rf = 0.3) was collected 

and concentrated to give 3.3 as a white powder (2.68 g, 88%). m.p. 181.2−181.4 °C;	  1H 

NMR (600 MHz, CDCl3) δ 2.42 (quintet, J = 6.3 Hz, 2H), 4.66 (t, J = 6.3 Hz, 4H), 9.16 

(d, J = 2.2 Hz, 4H), 9.25 (t, J = 2.2 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 28.0, 63.2, 

122.7, 129.4, 133.5, 148.8, 162.5; HRMS (ESI) calc. for C17H12N4O12Na+ 487.0344; 

found 487.0351 [M + Na]+; elemental analysis calc. (%) for C17H12N4O12: C 43.98, H 

2.61, N 12.07; found: C 43.73, H 2.61, N 11.85. 

Synthesis of 3.4: Butane-1,4-diol (0.500 g, 5.55 mmol) and 3,5-dinitrobenzoyl 

chloride (2.814 g, 12.2 mmol) were dissolved in anhydrous THF and degassed with N2 

for 15 min before triethylamine (4 equiv) was added slowly. The reaction mixture was 

heated under reflux overnight, before being cooled to room temperature. The yellow 

suspension was concentrated in vacuo affording a beige solid, which was dissolved in 

CH2Cl2 (200 mL) and washed with H2O (2 × 150 mL), before being dried (MgSO4). The 

solution was evaporated onto Celite® and purified by column chromatography (200 mL 

SiO2, 2 cm radius column, eluent CH2Cl2). The colorless band (Rf = 0.3) was collected 

and concentrated to give 3.4 as a white powder (2.35 g, 89%). m.p. 192.2−192.5 °C; 1H 

NMR (600 MHz, CDCl3) δ 1.97−2.13 (m, 4H), 4.44−4.68 (m, 4H), 9.17 (d, J = 2.1 Hz, 

4H), 9.24 (t, J = 2.1 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 162.6, 148.9, 133.9, 129.6, 

122.7, 66.3, 25.4; HRMS (ESI) calc. for C18H14N4O12Na+ 501.0500; found 501.0505 [M 

+ Na]+; elemental analysis calc. (%) for C18H14N4O12: C 45.20, H 2.95, N 11.71; found: 

C 44.64, H 2.95, N 11.22. 
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6.3.2 Single Crystal X-ray Crystallographic Data  

All single crystals in Chapter 3 were grown by Dr. Steffen Bähring at The 

University of Southern Denmark and solved by Dr. Vincent M. Lynch of this 

department. X-Ray data were collected using a graphite monochromator with MoKα 

radiation (λ = 0.71075Å). Data were collected on either a Rigaku SCX-Mini 

diffractometer with a Mercury 2 CCD at 153 K or on a Rigaku AFC-12 with a Saturn 

724+ CCD at 100 K. The data were collected at these reduced temperatures using a 

Rigaku XStream low temperature device. Data reduction were performed using the 

Rigaku Americas Corporation’s Crystal Clear version 1.40.3 The structures were solved 

by direct methods using SIR974 and refined by full-matrix least-squares on F2 with 

anisotropic displacement parameters for the non-H atoms using SHELXL-97. 5 Structure 

analysis was aided by use of the programs PLATON989 and WinGX.7 The hydrogen 

atoms on carbon were calculated in ideal positions with isotropic displacement 

parameters set to 1.2 × Ueq of the attached atom (1.5 × Ueq for methyl hydrogen 

atoms). The function, Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[(σ(Fo))2 + (a × P)2 + 

(b × P)] where a and b were constants suggested during refinement and P = (|Fo|2 + 

2|Fc|2)/3. Definitions used for calculating R(F), Rw(F2) and the goodness of fit, S, are 

given below.10 Neutral atom scattering factors and values used to calculate the linear 

absorption coefficient are from the International Tables for X-ray Crystallography.11 All 

figures were generated using SHELXTL/PC.12 Tables of positional and thermal 

parameters, bond lengths and angles, torsion angles and figures, along with additional 

details of the individual structures can be obtained from the Cambridge Crystallographic 

Data Centre by quoting CCDC numbers 988770, 988771, and 988772.  
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Figure 6.6 View of (3.1�3.2)n. Displacement ellipsoids are scaled to the 50% 
probability level. The complex repeats along the b-axis, with molecules 
related by x, 1+y, z. 
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Empirical formula C85.50H95.50Cl4.50N8O12S24 
Formula weight 2356.16 
Temperature 153(2) K 
Wavelength 0.71075 Å 
Crystal system Triclinic 
Space group P-1 
Unit cell dimensions: a = 21.397(6) Å α = 78.315(7)° 
 b = 22.344(6) Å β = 84.749(6)° 
 c = 22.907(6) Å γ = 79.607(6)° 
Volume 10532(5) Å3 
Z 4 
Density (calculated) 1.486 Mg/m3 
Absorption coefficient 0.661 mm−1 
F(000) 4884 
Crystal size 0.25 × 0.06 × 0.04 mm3 
Theta range for data collection 1.89 to 25.00° 
Index ranges −25<=h<=25, −26<=k<=26, −27<=l<=27 
Reflections collected 92564 
Independent reflections 36998 [R(int) = 0.2260] 
Completeness to theta = 25.00° 99.8%  
Absorption correction Multi-scan 
Max. and min. transmission 1.00 and 0.821 
Refinement method Full-matrix-block least-squares on F2 
Data / restraints / parameters 36998 / 1612 / 2440 
Goodness-of-fit on F2 1.164 
Final R indices [I>2sigma(I)] R1 = 0.1478, wR2 = 0.2394 
R indices (all data) R1 = 0.3141, wR2 = 0.3375 
Largest diff. peak and hole 1.105 and −1.648 e.Å−3 
CCDC # 988770 

Table 6.5 Crystal data and refinement parameters of (3.1�3.2)n. 
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Figure 6.7 View of (3.1�3.3)n. Displacement ellipsoids are scaled to the 30% 
probability level. 
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Empirical formula  C89H104Cl8N8O12S24 
Formula weight  2530.84 
Temperature  100(2) K 
Wavelength  0.71075 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions: a = 16.645(6) Å α = 85.987(2)° 
 b = 18.555(7) Å β = 68.623(2)° 
 c = 20.012(6) Å γ = 81.231(3)° 
Volume 5687(3) Å3 
Z 2 
Density (calculated) 1.478 Mg/m3 
Absorption coefficient 0.697 mm−1 
F(000) 2620 
Crystal size 0.34 × 0.08 × 0.04 mm3 
Theta range for data collection 1.38 to 27.50° 
Index ranges −19<=h<=21, −23<=k<=24, 0<=l<=25 
Reflections collected 26041 
Independent reflections 26041 [R(int) = 0.0000] 
Completeness to theta = 27.50° 99.7%  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00 and 0.725 
Refinement method Full-matrix-block least-squares on F2 
Data / restraints / parameters 26041 / 850 / 1229 
Goodness-of-fit on F2 1.227 
Final R indices [I>2sigma(I)] R1 = 0.1385, wR2 = 0.3197 
R indices (all data) R1 = 0.2256, wR2 = 0.3599 
Largest diff. peak and hole 1.650 and -0.899 e.Å−3 
CCDC # 988771 

Table 6.6 Crystal data and refinement parameters of (3.1�3.3)n. 
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Figure 6.8 View of (3.1�3.4)n. Displacement ellipsoids are scaled to the 50% 
probability level. 
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Empirical formula  C89H104Cl6N8O12S24 
Formula weight  2459.94 
Temperature  100(2) K 
Wavelength  0.71075 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions: a = 17.3624(12) Å α = 103.499(8)° 
 b = 17.5374(13) Å β = 108.269(9)° 
 c = 21.322(2) Å γ = 107.023(8)° 
Volume 5503.9(8) Å3 
Z 2 
Density (calculated) 1.484 Mg/m3 
Absorption coefficient 0.671 mm−1 
F(000) 2552 
Crystal size 0.30 × 0.20 × 0.18 mm3 
Theta range for data collection 2.97 to 25.00° 
Index ranges −20<=h<=19, −20<=k<=20, −23<=l<=25 
Reflections collected 19331 
Independent reflections 19331 [R(int) = 0.0000] 
Completeness to theta = 25.00° 99.7%  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00 and 0.714 
Refinement method Full-matrix-block least-squares on F2 
Data / restraints / parameters 19331 / 143 / 1300 
Goodness-of-fit on F2 1.991 
Final R indices [I>2sigma(I)] R1 = 0.1244, wR2 = 0.3248 
R indices (all data) R1 = 0.1375, wR2 = 0.3295 
Largest diff. peak and hole 1.589 and −1.382 e.Å−3 
CCDC # 988772 

Table 6.7 Crystal data and refinement parameters of (3.1�3.4)n. 
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6.4 EXPERIMENTAL DETAILS FOR CHAPTER 5 

6.4.1 Single Crystal X-ray Crystallographic Data for 5.1 

X-ray Experimental for C36H38N6 – 3/2 CH3CN – H2O: Crystals grew as clusters 

of colorless prisms by slow evaporation from acetonitrile. The data crystal was cut from 

a larger crystal and had approximate dimensions; 0.29 x 0.14 x 0.10 mm. The data were 

collected on a Rigaku SCX-Mini diffractometer with a Mercury 2 CCD using a graphite 

monochromator with MoKα radiation (λ = 0.71075 Å). A total of 1080 frames of data 

were collected using ω-scans with a scan range of 0.5° and a counting time of 26 

seconds per frame. The data were collected at 163 K using a Rigaku XStream low 

temperature device. Details of crystal data, data collection and structure refinement are 

listed in Table 6.8. Data reduction were performed using the Rigaku Americas 

Corporation’s Crystal Clear version 1.40.3 The structure was solved by direct methods 

using SIR974 and refined by full-matrix least-squares on F2 with anisotropic 

displacement parameters for the non-H atoms using SHELXL-97.5 Structure analysis 

was aided by use of the programs PLATON986 and WinGX.7 The hydrogen atoms on 

carbon were calculated in ideal positions with isotropic displacement parameters set to 

1.2xUeq of the attached atom (1.5xUeq for methyl hydrogen atoms). The hydrogen 

atoms on the water molecule were observed in a ∆F map and refined with isotropic 

displacement parameters.  

One of the acetonitrile molecules was disordered about a crystallographic two-

fold rotation axis at 1, 1, ¾. 

The function, Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[(σ(Fo))2 + 

(0.0356*P)2 + (4.1109*P)] and P = (|Fo|2 + 2|Fc|2)/3. Rw(F2) refined to 0.132, with R(F) 

equal to 0.0656 and a goodness of fit, S, = 1.15. Definitions used for calculating R(F), 
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Rw(F2) and the goodness of fit, S, are given below.10 The data were checked for 

secondary extinction but no correction was necessary. Neutral atom scattering factors 

and values used to calculate the linear absorption coefficient are from the International 

Tables for X-ray Crystallography.11 All figures were generated using SHELXTL/PC.12  

Tables of positional and thermal parameters, bond lengths and angles, torsion angles and 

figures, along with additional details of the individual structures can be obtained from 

the Cambridge Crystallographic Data Centre by quoting CCDC number 1058558. 
 
 

 

Figure 6.9 View of the macrocycle in 5.1 showing the atom labeling scheme.  
Displacement ellipsoids are scaled to the 50% probability level. 
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Empirical formula  C39 H44.50 N7.50 O 
Formula weight  634.32 
Temperature  163(2) K 
Wavelength  0.71075 Å 
Crystal system  Monoclinic 
Space group  C2/c 
Unit cell dimensions a = 31.768(6) Å a = 90°. 
 b = 10.7312(19) Å b = 103.448(5)°. 
 c = 20.889(4) Å g = 90°. 
Volume 6926(2) Å3 
Z 8 
Density (calculated) 1.217 Mg/m3 
Absorption coefficient 0.076 mm-1 
F(000) 2712 
Crystal size 0.29 x 0.14 x 0.10 mm 
Theta range for data collection 3.07 to 27.48° 
Index ranges -41<=h<=39, -13<=k<=13, -27<=l<=27 
Reflections collected 34373 
Independent reflections 7926 [R(int) = 0.0857] 
Completeness to theta = 27.48° 99.8%  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00 and 0.841 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7926 / 21 / 474 
Goodness-of-fit on F2 1.146 
Final R indices [I>2sigma(I)] R1 = 0.0656, wR2 = 0.1137 
R indices (all data) R1 = 0.1224, wR2 = 0.1320 
Largest diff. peak and hole 0.226 and -0.242 e.Å-3 

CCDC # 1058558 

Table 6.8 Crystal data and structure refinement for 5.1 
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6.4.2 Single Crystal X-ray Crystallographic Data for 5.1�AgBF4 H2O 

X-ray Experimental for (C36H38N6)Ag(BF4) – H2O – 3CH3CN: Crystals grew as 

yellow plates and prisms by slow evaporation from a mixture of CHCl3, CH3CN, and 

MeOH. The data crystal was cut from a larger crystal and had approximate dimensions; 

0.34 x 0.22 x 0.09 mm. The data were collected at -140 °C on a Nonius Kappa CCD 

diffractometer using a Bruker AXS Apex II detector and a graphite monochromator with 

MoKα radiation (λ = 0.71073 Å). Reduced temperatures were maintained by use of an 

Oxford Cryosystems 600 low-temperature device. A total of 1836 frames of data were 

collected using ω and φ-scans with a scan range of 0.5° and a counting time of 30 

seconds per frame. Details of crystal data, data collection and structure refinement are 

listed in Table 6.9. Data reduction were performed using SAINT V8.27B.13 The 

structure was solved by direct methods using SUPERFLIP14 and refined by full-matrix 

least-squares on F2 with anisotropic displacement parameters for the non-H atoms using 

SHELXL.5 Structure analysis was aided by use of the programs PLATON989 and 

WinGX.7 The hydrogen atoms were calculated in idealized positions. The 

tetrafluoroborate anion was disordered across a crystallographic two-fold rotation axis 

along ½, y, ¾.  Additionally, a molecule of acetonitrile was also disordered about two 

orientations of approximately 50% occupancy. 

The function, Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[(σ(Fo))2 + 

(0.0607*P)2 + (9.9 *P)] and P = (|Fo|2 + 2|Fc|2)/3. Rw(F2) refined to 0.151, with R(F) 

equal to 0.0565 and a goodness of fit, S, = 1.10. Definitions used for calculating 

R(F),Rw(F2) and the goodness of fit, S, are given below.10 The data were checked for 

secondary extinction but no correction was necessary. Neutral atom scattering factors 

and values used to calculate the linear absorption coefficient are from the International 
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Tables for X-ray Crystallography (1992).11 All figures were generated using 

SHELXTL/PC.12 Tables of positional and thermal parameters, bond lengths and angles, 

torsion angles and figures, along with additional details of the individual structures can 

be obtained from the Cambridge Crystallographic Data Centre by quoting CCDC 

number 1058559.   

 

 

 

Figure 6.10 View of the Ag complex in 5.1 showing the heteroatom labeling scheme.  
Displacement ellipsoids are scaled to the 50% probability level. 
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Empirical formula  C42 H49 Ag B F4 N9 O 
Formula weight  890.58 
Temperature  133(2) K 
Wavelength  0.71073 Å 
Crystal system  monoclinic 
Space group  P 2/c 
  Unit cell dimensions a = 19.692(2) Å a = 90° 
 b = 10.7710(12) Å b = 107.186(4)° 
 c = 20.408(3) Å g = 90° 
Volume 4135.3(9) Å3 
Z 4 
Density (calculated) 1.430 Mg/m3 
Absorption coefficient 0.551 mm-1 
F(000) 1840 
Crystal size 0.340 x 0.220 x 0.090 mm 
Theta range for data collection 2.049 to 25.072° 
Index ranges -23<=h<=23, -12<=k<=12, -24<=l<=24 
Reflections collected 67745 
Independent reflections 7341 [R(int) = 0.0761] 
Completeness to theta = 25.242° 98.0%  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00 and 0.840 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7341 / 154 / 574 
Goodness-of-fit on F2 1.079 
Final R indices [I>2sigma(I)] R1 = 0.0565, wR2 = 0.1370 
R indices (all data) R1 = 0.0793, wR2 = 0.1510 
Extinction coefficient n/a 
Largest diff. peak and hole 0.829 and -0.810 e.Å-3 

CCDC # 1058559 

Table 6.9 Crystal data and structure refinement for 5.1�AgBF4 H2O 
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6.4.3 Single Crystal X-ray Crystallographic Data for Ag2[5.12�terephthalate] 

X-ray Experimental for [(C36H38N4)2(C8H4O4)2- 2Ag1+] - 4 C2H6SO – 2 C2H3N:  

Crystals grew as clusters of hexagonal shaped colorless prisms by slow evaporation 

from methanol, acetonitrile and DMSO. The data crystal had approximate dimensions; 

0.20 x 0.12 x 0.09 mm. The data were collected on an Agilent Technologies SuperNova 

Dual Source diffractometer using a µ-focus Cu Kα radiation source (λ = 1.5418 Å) with 

collimating mirror monochromators. A total of 742 frames of data were collected using 

ω-scans with a scan range of 1° and a counting time of 22.5 seconds per frame with a 

detector offset at +/- 41° and a counting time of 55 seconds for frames collected with a 

detector offset of +/- 108°. The data were collected at 133 K using an Oxford 

Cryostream low temperature device. Details of crystal data, data collection and structure 

refinement are listed in Table 6.10. Data collection, unit cell refinement and data 

reduction were performed using Agilent Technologies CrysAlisPro V 1.171.37.31.15 The 

structure was solved by direct methods using SIR974 and refined by full-matrix least-

squares on F2 with anisotropic displacement parameters for the non-H atoms using 

SHELXL.5 Structure analysis was aided by use of the programs PLATON989 and 

WinGX.7 The hydrogen atoms on carbon were calculated in ideal positions with 

isotropic displacement parameters set to 1.2xUeq of the attached atom (1.5xUeq for 

methyl hydrogen atoms). The hydrogen atoms bound to nitrogen were located in a ∆F 

map and refined with isotropic displacement parameters.    

The complex resides around a crystallographic inversion center at 1/2, 1/2, 1/2.  

Both DMSO molecules were disordered. The disorder was modeled in the same manner 

for both molecules. For one DMSO molecule, the variable x was assigned to the site 

occupancy factors for the atoms in one component of the disorder. The variable (1-x) 
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was assigned to the site occupancy factors for the alternate component. A common 

isotropic displacement parameter was refined while refining the variable x. The 

geometry of the DMSO molecules was restrained to be equivalent throughout the 

refinement process. In this way, the major component for one DMSO molecule refined 

to 55(2)%, while the major component for the second DMSO molecule refined to 

73(2)%. 

The function, Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[(σ(Fo))2 + 

(0.0857*P)2 + (12.6415*P)] and P = (|Fo|2 + 2|Fc|2)/3. Rw(F2) refined to 0.198, with 

R(F) equal to 0.0692 and a goodness of fit, S, = 1.16. Definitions used for calculating 

R(F), Rw(F2) and the goodness of fit, S, are given below.10 The data were checked for 

secondary extinction effects but no correction was necessary. Neutral atom scattering 

factors and values used to calculate the linear absorption coefficient are from the 

International Tables for X-ray Crystallography.11 All figures were generated using 

SHELXTL/PC.11 Tables of positional and thermal parameters, bond lengths and angles, 

torsion angles and figures, along with additional details of the individual structures can 

be obtained from the Cambridge Crystallographic Data Centre by quoting CCDC 

number 1058560. 
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Figure 6.11 View of the Ag dimer in 5.1 showing the heteroatom labeling scheme.  
Displacement ellipsoids are scaled to the 40% probability level. The 
complex resides around a crystallographic inversion center at ½, ½, ½.  
Atoms with labels appended by a ‘ are related by 1-x, 1-y, 1-z. 
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Empirical formula  C92 H110 Ag2 N14 O8 S4 
Formula weight  1883.91 
Temperature  133(2) K 
Wavelength  1.54184 Å 
Crystal system  monoclinic 
Space group  P 21/n 
  Unit cell dimensions a = 15.6125(9) Å a = 90°. 
 b = 14.9625(10) Å b = 110.917(6)°. 
 c = 20.6736(9) Å g = 90°. 
Volume 4511.1(5) Å3 
Z 2 
Density (calculated) 1.387 Mg/m3 
Absorption coefficient 4.854 mm-1 
F(000) 1964 
Crystal size 0.200 x 0.120 x 0.090 mm 
Theta range for data collection 3.737 to 69.985° 
Index ranges -18<=h<=19, -15<=k<=18, -25<=l<=17 
Reflections collected 17684 
Independent reflections 8509 [R(int) = 0.0377] 
Completeness to theta = 67.684° 99.9%  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00 and 0.566 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8509 / 249 / 634 
Goodness-of-fit on F2 1.133 
Final R indices [I>2sigma(I)] R1 = 0.0692, wR2 = 0.1809 
R indices (all data) R1 = 0.0840, wR2 = 0.1982 
Extinction coefficient n/a 
Largest diff. peak and hole 1.490 and -1.028 e.Å-3 

CCDC # 1058560 

Table 6.10 Crystal data and structure refinement for Ag2[5.12�terephthalate] 
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6.4.4 Single Crystal X-ray Crystallographic Data for Cs2[5.12�terephthalate] 

X-ray Experimental for [(C36H38N6)Cs]2 C8H4O4 - 3CH3N: Crystals grew as 

colorless prisms by slow evaporation from a mixture of acetonitrile and methanol 

solution. The data crystal had approximate dimensions; 0.17 x 0.13 x 0.04 mm. The data 

were collected on an Agilent Technologies SuperNova Dual Source diffractometer using 

a µ-focus Cu Kα radiation source (λ = 1.5418 Å) with collimating mirror 

monochromators. A total of 2284 frames of data were collected using ω-scans with a 

scan range of 2° and a counting time of 30 seconds per frame with a detector offset of 

+/- 40.5° and 90 seconds per frame with a detector offset of +/- 109.9°. The data were 

collected at 100 K using an Oxford Cryostream low temperature device. Details of 

crystal data, data collection and structure refinement are listed in Table 6.10. Data 

collection, unit cell refinement and data reduction were performed using Agilent 

Technologies CrysAlisPro V 1.171.37.31.15 The structure was solved by direct methods 

using SIR974 and refined by full-matrix least-squares on F2 with anisotropic 

displacement parameters for the non-H atoms using SHELXL.5 Structure analysis was 

aided by use of the programs PLATON988 and WinGX.7 The hydrogen atoms were 

calculated in ideal positions with isotropic displacement parameters set to 1.2xUeq of 

the attached atom (1.5xUeq for methyl hydrogen atoms). The hydrogen atoms bound to 

nitrogen were located in a ∆F map and refined with isotropic displacement parameters.  

 A molecules of acetonitrile was badly disordered about a crystallographic 

inversion center at 0, ½, 1. Attempts to model the disorder were unsatisfactory. The 

contributions to the scattering factors due to the solvent molecule were removed by use 

of the utility SQUEEZE7 in PLATON98.9 
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The function, Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[(σ(Fo))2 + 

(0.0496*P)2 + (11.5937*P)] and P = (|Fo|2 + 2|Fc|2)/3. Rw(F2) refined to 0.118, with 

R(F) equal to 0.0462 and a goodness of fit, S, = 1.02. Definitions used for calculating 

R(F), Rw(F2) and the goodness of fit, S, are given below.10 The data were checked for 

secondary extinction effects but no correction was necessary. Neutral atom scattering 

factors and values used to calculate the linear absorption coefficient are from the 

International Tables for X-ray Crystallography.11 All figures were generated using 

SHELXTL/PC.12 Tables of positional and thermal parameters, bond lengths and angles, 

torsion angles and figures, along with additional details of the individual structures can 

be obtained from the Cambridge Crystallographic Data Centre by quoting CCDC 

number 1058561. 

 

 

 
Figure 6.12 View of 5.1�Cs complex with terephthalate anions showing a partial atom 

labeling scheme. Displacement ellipsoids are scaled to the 50% probability 
level. 
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Empirical formula  C86 H89 Cs2 N15 O4 
Formula weight  1662.54 
Temperature  100(2) K 
Wavelength  1.54184 Å 
Crystal system  triclinic 
Space group  P -1 
  Unit cell dimensions a = 11.2373(11) Å a = 79.728(5)°. 
 b = 18.3845(8) Å b = 77.533(8)°. 
 c = 20.4193(15) Å g = 88.574(6)°. 
Volume 4052.6(5) Å3 
Z 2 
Density (calculated) 1.362 Mg/m3 
Absorption coefficient 7.482 mm-1 
F(000) 1704 
Crystal size 0.170 x 0.130 x 0.040 mm 
Theta range for data collection 3.015 to 76.964° 
Index ranges -14<=h<=14, -22<=k<=23, -25<=l<=25 
Reflections collected 113961 
Independent reflections 16829 [R(int) = 0.0532] 
Completeness to theta = 67.684° 100.0%  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00 and 0.555 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 16829 / 125 / 998 
Goodness-of-fit on F2 0.982 
Final R indices [I>2sigma(I)] R1 = 0.0462, wR2 = 0.1150 
R indices (all data) R1 = 0.0498, wR2 = 0.1177 
Extinction coefficient n/a 
Largest diff. peak and hole 1.485 and -0.892 e.Å-3 
CCDC # 1058561 

Table 6.11 Crystal data and structure refinement for Cs2[5.12�terephthalate]. 
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