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The study of the binding and recognition of anions has emerged as a significant 

branch of supramolecular chemistry over the past 20 years. Of particular interest is the 

binding in aqueous media of industrially or biologically relevant anions including 

fluoride, pyrophosphate, and terephthalate. To date, most anion recognition using 

synthetic systems has been accomplished with small molecule receptors operating in 

organic media. We believe the challenge of sensing and binding anionic species in 

aqueous media could be addressed through polymers. This is due to their solubility, 

which can be tuned by judicious selection of the appropriate polymer backbone. Further, 

polymers can be cross-linked (forming interchain bonds) to produce insoluble materials 

that are attractive for use as filter materials for liquids and gases. The polymer network 

can also act as a net to strip away the solvent shell of the anions, leading to increased 

sensitivity toward hydrated analytes. In addition, the multi-valency due to multiple 

binding sites in a polymer can lead to increased affinities for analytes. This dissertation 

details the author’s work focused on the preparation of anion receptor-containing 

polymers and their subsequent evaluation as both sensors for the fluoride anion and as 

extractants for bisanions under conditions of liquid-liquid extraction. 



 ix 

Chapter 1 gives a brief review of the challenges of anion binding and a primer on 

the field of sensing and extracting anions using polymeric systems. Chapter 2 describes 

our work incorporating three quinoxaline-based anion receptors into poly(methyl 

methacrylate) polymers and their sensing of anionic targets. Chapter 3 describes our work 

incorporating calix[4]pyrrole anion receptors into poly(methyl methacrylate) polymers. 

These polymeric systems were found to undergo reversible crosslinking in organic media 

when combined with certain ditopic anions. Chapter 4 describes our work to investigate 

chemopreventives of prostate cancer based on the phytochemicals 6-gingerol and 6-

shogaol. The mechanism of action was linked to the inhibition of inflammation pathways. 

Derivatives of 6-shogaol were synthesized and their ability to inhibit prostate cancer cell 

growth was evaluated. Chapter 5 details all the syntheses and characterization data of the 

compounds discussed in this dissertation, as well as spectra from titrations and extraction 

studies.  
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Chapter 1 

Introduction to Anion Binding and a Historical Overview of Anion 
Binding Using Polymeric Materialsa 

1.1 INTRODUCTION TO THE IMPORTANCE AND CHALLENGES OF ANION BINDING 

Anionic species are ubiquitous throughout the natural and chemical worlds. Their 

importance is underscored by the fact that phosphate anions make up the negatively 

charged phosphate backbone of our genetic material, deoxyribonucleic acid (DNA), 

chloride anions are key constituents of salty seas, and the fact that simple anions are 

found in everyday medications, such as salbutamol (a drug used to treat asthma), which is 

administered as the sulfate salt. While anions play many salutary roles, less desirable 

effects are associated with many common negatively charged species. Examples include 

fertilizer runoff, which is rich in phosphates and nitrates and which induces large algal 

blooms in waterways, which eventually leads to oxygen depletion of the water 

(eutrophication) and the death of many aquatic species.1 Excess phosphate levels can 

have a more immediate impact on patients suffering from end-stage renal failure, where 

phosphate concentration spikes lead to a disease state known as hyperphosphatemia.2,3 

Further, high levels of fluoride in well water can lead to fluorosis, a disease notable for 

the mottling of teeth and the weakening of bones due to the consumption of excess 

fluoride.4 Likewise, high levels of arsenate in well water can lead to arsenic poisoning.5 

In light of these issues, it is considered desirable to develop materials capable of 

sensing and extracting anionic species. However, the selective sensing and extracting of 
                                                
a Part of this work was published as a book chapter in the series Topics in Heterocyclic Chemistry: 
Rambo, B.M.; Silver, E.S., Bielawski, C.W.; Sessler, J.L., Covalent Polymers Containing Discrete 
Heterocyclic Anion Receptors. In Topics in Heterocyclic Chemistry; Gale, P.A., Dehaen, W., Eds.; 
Springer-Verlag: Berlin Heidelberg, 2010; 24, 1-37. The author helped to plan, write, and edit the chapter. 
Rambo planned, wrote, and edited the chapter. Sessler and Bielawski helped to plan and edit the chapter. 
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anionic species presents a myriad of challenges compared to their cationic counterparts. 

This is due to a few factors, one being that the anions tend to be larger (longer atomic 

radii), and therefore less charge dense, making them less ideal point charges, i.e. the 

fluoride anion has an ionic radius of 1.19 Å, whereas its equivalent alkali cation, sodium, 

has an ionic radius of 1.16 Å.6 In addition, anionic species are characterized by a wide 

variety of shapes compared to common cations. 

 

Alkali Cation ΔGh (kJ mol-1) Halide Anion ΔGh (kJ mol-1) Δr  

Na+    1.16 Å -365 F-    1.19 Å -465 0.03 Å 

K+      1.52 Å -295 Cl-  1.67 Å -340 0.15 Å 

Rb+     1.66 Å -275 Br-  1.82 Å -315 0.16 Å 

Cs+     1.81 Å -250 I-     2.06 Å -275 0.25 Å 

Table 1.1. A comparison of the ionic radii of isoelectronic ions, in this case alkali and 
halide anions, as well as the energy of hydration (ΔGh).6,7 

For instance, common anions are known that are points/spheres (halide anions), linear 

(azide), trigonal planar (nitrate), tetrahedral (phosphate and sulfate), and octahedral 

(Fe(CN)6
-4 and Co(CN)6

-3) species. More complex structures are known for di- and 

trianions.8 The third challenge inherent to the binding of anionic species is the solvent 

media in which the recognition event takes place. Depending on the nature of the 

recognition motif, the issue of competition with the solvent shell can be a large energetic 

hurdle to overcome. Protic solvents are well known for their ability to solvate charged 

species, and therefore a receptor dependent on neutral, hydrogen bonds to recognize the 

anion of choice may not be strong enough to outcompete the solvent shell surrounding 

the anion. Conversely, an aprotic solvent can aid in the binding event by further 
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stabilizing the interactions between anion and receptor, and providing a non-competitive 

environment.  

As is often the case, Nature has developed methods to overcome the inherent 

hurdles to binding anions in protic media (e.g., aqueous buffer). Using proteins, for 

instance, Nature forms hydrophobic pockets that are able to strip away the competing 

solvent molecules and produce a thermodynamically favorable binding pocket. In 

addition to creating a solvent-free binding pocket, these proteins often utilize 3-

dimensionally arranged neutral, hydrogen bond donating groups to form a favorable 

binding environment. Typical hydrogen bond donors include the –OH moieties of serine, 

threonine, and tyrosine; -NH moieties of tryptophan, asparagine, glutamine, and histidine; 

and the cationic moieties of arginine (guanididium) and lysine (ammonium). To date, 

proteins capable of binding sulfate,9 phosphate and arsenate,10 and chloride11 have been 

crystallized and the structures solved. As a result, those interested in anion recognition 

can take inspiration from Nature’s answer to the problem of anion binding. In this 

dissertation this inspiration provides the basis for work focused on the design of synthetic 

polymers that bind anionic species. Before turning to our own work a brief review of 

polymers and synthetic anion recognition chemistry is in order. 

1.2 THE HISTORY OF POLYMERS IN ANION BINDING 

The field of polymer chemistry has made tremendous progress since Staudinger‘s 

pioneering work polymerizing polyoxomethylene and polyisoprene in the early 

1920’s.12,13 Staudinger proposed structural formulae for natural rubber, polystyrene, and 

polyoxymethylene, and is also credited with coining the term “macromolecule” which is 

still commonly used today (an ACS journal even bears this title).14 The field of synthetic 

polymer chemistry was advanced further in the 1930’s when Carothers developed two 



 4 

widely used synthetic polymers, neoprene and nylon.15,16 The importance of these 

materials cannot be overstated. Nylon and other polyamides are excellent fiber-forming 

materials, and were initially used to make ropes, parachutes, and tents during World War 

II. Applications have since greatly expanded beyond wartime military applications and 

these and other synthetic polymers can now be seen in almost all aspects of everyday life. 

The ubiquity of these polymers has spawned widespread efforts to develop new and 

improved materials. A few areas of advanced focus within this general paradigm include 

fabricating synthetic replacements for biological tissues,17,18 creating macromolecular 

materials suitable for use in diagnostic and array technologies,19,20 synthesizing improved 

organic solar cells from conjugated polymers,21 and producing self-assembling polymers 

for use in the microelectronics industry.22 

Another major branch in polymer chemistry research has developed from the field 

of “supramolecular chemistry”, a term coined by Lehn to mean “chemistry beyond the 

molecule”.23,24 As chemists began to exploit weak non-covalent interactions, such as 

hydrogen bonding and electrostatics (which represent the foundation of supramolecular 

chemistry), to create new supramolecular complexes, it soon became apparent that the 

same interactions could lead to advances in the field of polymer chemistry.25,26,27,28  
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A major subset of 

this latter effort has been 

devoted to the synthesis of 

so-called main-chain 

supramolecular polymers. In 

these systems, 

reversible/dynamic non-

covalent interactions within 

the polymer backbone are 

used to assemble monomers 

into larger macromolecular 

structures.29 This type of 

self-assembled polymer can 

be generated through a 

variety of different 

strategies, as illustrated in 

Figure 1.1. Briefly, these 

approaches include: a) self-complementary receptors, such as the 2-ureido-4-pyrimidones 

of Meijer and coworkers,30 b) A-B type monomers where A can bind to B, but A and B 

lack self-complementary binding,31 c) organometallic polymers where the monomers 

consist of ditopic ligands that then assemble through ligand-metal binding,32 and d) self-

assembly of two ditopic non-self-complementary monomers, A-A and B-B, where A can 

bind to B, but A and B are not capable of self-complementary binding.33 Anion binding 

has received some attention in this context. For instance, Bouteiller and coworkers 

designed an A-A type monomer based upon bis-ureas. These monomers can then be 

 

Figure 1.1. The four methods for forming main chain 
supramolecular polymers: A) Self-
complimentary A-A type monomers; B) 
A-B type monomers where A can bind to 
B, but not to itself; C) Organometallic 
supramolecular polymers, where 
monomers contain metal-binding ligands; 
D) Ditopic complementary monomers A-
A + B-B where A can bind to B, but A 
cannot bind A, and B cannot bind to B.  

 

A" B"

C"

D"

A&A" A&B"

A&Mx+&A"

A&A"+"B&B"
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“end-capped” with anions (TBAH2PO4 being the most efficient anion salt) to control the 

molecular weight of the resulting coordination polymer. This in turn serves to modulate 

the rheological properties of the assembled polymer.34 Main-chain supramolecular 

polymers can be contrasted with two other possible types of self-assembled materials, as 

shown in Figure 1.2. Covalent polymers with supramolecular receptors appended to the 

side chain, as exemplified by the double helix formation of DNA, and main-chain 

supramolecular polymers that contain mechanically free substituents, such as the 

polyrotaxanes of Ito and coworkers.35  

Separate from this, a number of researchers have begun to appreciate the potential 

benefits of incorporating small molecule supramolecular receptors into polymeric 

structures. The vast majority of these latter systems consist of conjugated polymers 

containing receptors for positively charged or neutral species. One extensively explored 

approach involves the incorporation of crown ether species for metal ion recognition and 

sensing.36 For example, Swager and coworkers reported how an appropriately designed 

conjugated polymer chemosensor containing crown ethers would undergo discernable 

changes in fluorescence emission features as the result of potassium ion induced 

aggregation.37 In spite of the above advances, it was only in recent years that polymers 

incorporating receptors for anionic species began to be reported. This lack of extensive 

development is somewhat surprising given the role anionic species play in the 

environment and in biological processes. The incorporation of supramolecular receptors 

specific for anionic species into polymeric frameworks could allow the recognition, 

sensing, or extraction of various targeted anions. These various potential benefits provide 

an incentive to prepare anion receptor-modified polymers.  
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In 2010, we wrote a review on anion binding polymers in Topics in Heterocyclic 

Chemistry,38 and since then, Taylor and coworkers have also reviewed the topic.39 The 

focus of these next sections will be on polymeric systems that incorporate heterocycles 

 

Figure 1.2. The 3 limiting structural types seen for supramolecular polymers: A) Main 
chain supramolecular polymers formed from complementary binding 
motifs; B) Crosslinking of two polymers with covalent backbones and 
side chains containing complementary binding motifs (e.g., DNA); C) 
Main chain supramolecular polymers containing mechanically tunable 
fragments (i.e. rotaxanes, catenanes, etc.) 

 

A" B"

C"
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and acyclic heteroatom-based anion receptors into polymeric structures. Anion receptors 

as additives to polymers (Fig. 1.3A) for applications, such as polyelectrolyte creation, 

will be covered, as will be polymers that contain anion receptors either as pendant side-

chains (Fig. 1.3B) or incorporated directly into the polymer main-chain (Fig. 1.3C).  

1.2.1 Anion Receptors as Polymer Additives  

According to the principle of Occam’s Razor, “entities must not be multiplied 

beyond necessity,” which one can interpret to mean, that often the simplest explanation is 

the correct one. Analogously, in engineering and materials sciences, one attempts to get 

efficient results by using cheap and simple materials to build up complexity and solve 

pressing problems. Over-complicated syntheses or expensive starting materials can lead 

to greatly diminished returns and reduce the chances that the molecule or material will 

 

Figure 1.3. Simplified representation of the three methods to incorporate anion 
receptors into polymeric systems: A) Receptor is physically adsorbed 
without covalent linkages; B) the receptor is appended via side chain 
modification; C) the receptor is polymerized through the main chain of 
the polymer backbone. 
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ever see widespread application. Such appreciations may have inspired early researchers 

working at the interface of anion recognition and polymer research. Indeed, most initial 

efforts in the area were focused on integrating heterocyclic anion receptors into 

polymeric systems by simply blending the various receptors into the polymeric material. 

Such approaches, which involve blending, rather than covalent chemistry, stand in 

marked contrast to synthetic strategies that involve attaching recognition units to the 

polymer backbone or creating receptors that are functionalized in such a way that they 

may act as precursors for polymer synthesis. Because of this distinction, we discuss first 

polymeric materials whose properties have been modified via the blending in of anion 

receptors.  

Arguably the most important area where the blending strategy has been 

successfully applied involves the development of ion-selective electrodes (ISEs). Such 

analytical devices derive their selectivity from the specificity of the ionophores and their 

ability to form stable complexes with analytes that are subsequently transported into the 

electrode membranes. Ideally, an ISE should respond to a specific ion and should not be 

affected by the presence of other ions in solution. A number of ISEs utilizing polymer 

matrix liquid membranes have been developed and investigated. As detailed below, the 

incorporation of appropriately chosen receptors into an electrode membrane represents a 

particularly valuable approach to anion-specific ISE development. 
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Early work in the development of ISEs for 

anionic species utilized polyamines. One example 

was reported by Carey and Riggan who 

incorporated cyclic aza-ethers (1.1 – 1.4) into 

polyvinyl chloride (PVC) membranes to prepare 

phosphate selective electrodes (Fig. 1.4).40 The 

chemical inertness of PVC, combined with its 

adsorptivity and stability features, has traditionally 

made it an ideal substrate for electrode 

development. In the particular case of the Carey and 

Riggan study, ISEs were constructed by dipping an 

electrode into a membrane-forming “cocktail” 

which consisted of 20 wt % ionophore (i.e., 1.1 – 

1.4), 45 wt % PVC, and 35 wt % dibutyl sebacate in 

tetrahydrofuran (THF). This resulted in the 

formation of a PVC matrix with a thickness of 15-30 µm over the open end of the 

electrode.  

The electrode produced using 1.1 as the enmeshed ionophore showed excellent 

selectivity for dibasic phosphate (HPO4
2-), exhibiting a near-Nernstian slope of ~-29 mV 

per activity decade and a linear range of 10-7 – 10-1 M at pH = 7.2. Ionophores 1.1 – 1.4 

demonstrated an inverse relationship between ring size and the linear range of the 

electrodes made with each ionophore. The electrode developed with 1 was also shown to 

respond to varying pHs, a finding that led the authors to suggest that this electrode 

responds specifically to dibasic phosphate anions. Furthermore, the electrode 

demonstrated selectivity over other interfering anions (e.g., HPO4
2- > SCN- ≈ Cl- > NO3

- > 

 

Figure 1.4. Cyclic polyamine 
ionophores 1 – 4 
that have been 
incorporated into 
phosphate-
selective ISEs 
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SO4
2-). The selectivity of this electrode was largely consistent with the so-called 

Hofmeister bias,41 with the exception that Cl- gives rise to a greater response than NO3
-. 

The authors postulate that possible interactions between chloride and membrane 

components, such as PVC, could account for this deviation. Based on preliminary results, 

Carey and Riggan reasoned that the inherent selectivity of 1.1 reflects conformational 

changes induced upon anion binding. The electrode showed great durability, retaining 

selectivity and usability over a period of 9 months. More over, it could be used repeatedly 

in tests of human saliva and phosphate standards. 

Umezawa et al. developed a similar ISE based on a modified aza-crown ether, 

1.8.42 This particular aza-crown was obtained by treating a C16H33-substituted malonate 

(1.5) with tetraethylenepentamine (1.6) in absolute methanol (MeOH) for three weeks 

under conditions of reflux. This reaction yielded macrocycle 1.7 (Scheme 1.1). The 

amide linkages were then reduced to amines using BH3·THF. This procedure allowed 

receptor 1.8 to be isolated in 40% yield after purification, which involved 

recrystallization from a mixture of acetonitrile (MeCN) and MeOH. The receptor was 

then used to create a PVC-based ISE. As in the above work, good anion selectivity was 

seen with this system, specifically toward adenosine triphosphate (ATP4-) in comparison 

to phosphate and other biologically ubiquitous anions. In HEPES buffer at pH 6.7, a 

 

Scheme 1.1. Synthesis of aza-crown ether derivative 8 developed by Umezawa, et al. 
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linear response to ATP was found from 10-3 to 10-7 M with a response slope of -14.5 mV. 

Additionally, the electrode did not appear to exhibit memory effects (hysteresis) when the 

concentration was changed. 

At physiological pH, the aza-crown ether derivative 1.8 was believed to be triply 

protonated (i.e., existing as a tri-cation). The use of such a charged receptor, as opposed 

to a neutral receptor, was thought to account for the observed selectivity for ATP4- and/or 

its monoprotonated form, HATP3-. This finding was considered to be unique at the time. 

Moreover, from a mechanistic perspective it meant that the neutral form of the receptor 

(as used to prepare the modified electrode) undergoes protonation at the surface of the 

ISE, thus producing a more effective, charged receptor. This finding inspired the 

construction of yet additional ISEs.   

In 1998 Umezawa, Sessler, and coworkers conducted a comprehensive study of a 

variety of aliphatic and heteroaromatic lipophilic amines (Fig. 1.5) and their 

potentiometric anionic response to neutral phenols.43 The amines used in this study 

 

Figure 1.5. Aliphatic and heteroaromatic amines used as ionophores for ISEs. 
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included the aza-crown ether derivative discussed above (1.8), tri(decyl)amine (1.9), 4,7-

diphenyl-1,10-phenanthroline (1.12), 4-octadecylpyridine,  terpyridine (1.13), and 

sapphyrin (1.14).44 

The electrodes developed by Umezawa and Sessler utilized PVC matrix 

membranes.  Membranes that incorporated aliphatic amines (1.9 – 1.11) exhibited 

potentiometric selectivities that corresponded to the acidity (hydrogen donor activity) as 

well as the lipophilicity (extractability) of the phenols. The authors explain the anionic 

response on the basis of a decrease in the amount of charge separated by the protonated 

amines and counteranions across the membrane. The pH profiles of heteroaromatic 

amines 1.12, 1.13, and 1.14 led the authors to suggest that protonation of these latter 

species is less facile, but still leads to charge separation across the membrane interface 

generating a membrane potential. Interestingly, the membrane developed using sapphyrin 

(1.14) as the ionophore showed selectivity for catechol, reflecting an innate geometrical 

discrimination.  

In a separate study, Umezawa and Sessler studied the potentiometric response of 

membranes containing expanded porphyrins towards carboxylate anions and inorganic 

anions.45 The expanded porphyrins used in this study included sapphyrin (1.14), rubyrin 

(1.15), and triphenylrosarin (1.16) (cf. Figure 1.6). Prior to using these particular species 

as ISE elements, Sessler and coworkers had shown that various expanded porphyrins are 

capable of binding anionic species in their protonated forms through a combination of 

hydrogen bonding and electronic interactions.46 Specifically, sapphyrin was demonstrated 

to be an efficient receptor for fluoride, phosphate and phenylphosphate.47,48 Rubyrin,49 

which is a 26 π-electron species, was shown to demonstrate an affinity for chloride and 

GMP, whereas triphenylrosarin,50 a distorted, but ostensibly conjugated 24 π-electron 
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macrocycle, was likewise shown to recognize the chloride anion. In both cases, prior 

protonation of the macrocycle was deemed necessary to achieve efficient anion binding. 

Umezawa and coworkers prepared PVC membranes containing expanded 

porphyrins 1.14 – 1.16 using a procedure similar to that used to obtain the previously 

described systems. In this case, pH titrations involving the resulting electrodes served to 

demonstrate that protonation of the expanded porphyrins at the surface of the electrode is 

required for uptake of the targeted anions and to obtain a useful potentiometric response. 

This set of electrodes demonstrated a strong response to the benzoate anion, but did not 

respond well to inorganic anions or saturated aliphatic carboxylate anions. Interestingly, 

the electrode developed from sapphyrin (1.14) deviated from the Hofmeister series, and 

showed selectivity for fluoride, a much more hydrophilic anion, over chloride and 

bromide. The sapphyrin-based electrode in this study appeared to discriminate for 

fluoride based on size, the specificity of the charge-charge interactions, and via hydrogen 

 

Figure 1.6. Expanded porphyrins rubyrin (1.15) and triphenylrosarin (1.16). 
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bond formation. At the time of the work, a selective potentiometric response based on 

size represented a new approach to the development of analyte-specific ISEs.  

Malinowska and coworkers have written an excellent account on the use of 

metalloporphyrins as ionophores in ISEs in Electroanalysis.51 As highlighted in this 

review, a number of transition metals have been evaluated when ligated to either 

octaethylporphyrin or tetraphenylporphyrin. Their responses to anions were recorded and 

are summarized in Table 1.2, which is reproduced from this review. In these systems, 

anion sensing occurs through ligation of the anion to the open axial site of the porphyrin. 

However, in many of the examples, the porphyrins are capable of forming dimers through 

hydroxide bridging ligands, which leads to super-Nernstian behavior of the resulting 

fabricated electrodes. While this leads initially to more sensitive ISEs, dimer formation 

and dissociation can also lead to hysteresis. Therefore, dimer formation is avoided, if 

possible. 

In 1999, Král, Sessler, and Gale developed PVC-derived ISEs from neutral anion 

receptors.52 This study utilized meso-octamethylcalix[4]pyrrole (1.17) and its pyridine 

 

Table 1.2. A list of the response of various transitions metals to anionic species when the 
metals are ligated to octaethylporphyrin or tetraphenylporphyrin. Reproduced 
with permission from Electroanalysis, 2003, 15, 1229-1235. Copyright 2003 
John Wiley and Sons.51 

 

plots are typically much higher than ! 59 mV/dec, predict-
ed for monovalent anions by the Nernst equation.
It should be further noted that Table 1 does not list the

values of potentiomeric selectivity coefficients reported in
the cited articles. This is due to the fact that for several
metalloporphyrin-based membrane electrodes, significant

differences in slopes have been observed for the calibration
plots of the examined anions (super-Nernstian, Nernstian or
sub-Nernstian). Thus selectivity coefficient values calculat-
ed using the separate solution method are strongly depend-
ent on anion concentration taken for measurement process.
Therefore, we strongly support the idea [14] to present, in
such instances, the selectivity results as a set of calibration
plots for the series of examined anions.

3. What is the Origin of Super-Nernstian Response
of Membranes Formulated with Certain
Metalloporphyrins?

Recently it has been demonstrated that the origin of super-
Nernstian behavior formembranes dopedwithGa(III)- and
In(III)- octaethylporphyrins can be ascribed to a unique
dimer-monomer equilibrium that exists for these porphyrin
species within the organic membrane phase of the electrode
[15]. It was shown that in the absence of the target anion, the
porphyrin species exists as a positively charged, hydroxide
ion bridged dimer, with the borate additive as the predom-
inant counter-anion. However, in the presence of anions in
the aqueous test solution that exhibit preferred axial ligation
with metal center, the dimer is broken into a monomeric
species. This results in an equilibrium change in the free ion
activities of hydroxide and target anion within the mem-
brane phase as a function of the bathing analyte anion
activity in the sample solution. A schematic representation
of this equilibrium is shownonFigure 2.This process yields a
theoretically predicted super-Nernstian anion response
behavior under equilibrium conditions. This phenomenon
has also been observed for metalloporphyrins containing
tetravalent metal cations, namely Sn(IV)- [16] and Zr(IV)-
[11] porphyrins.
A very useful method for monitoring dimer-monomer

equilibria (both in organic solvents and thin polymeric
films) is UV-vis spectrophotometry [11, 15 ± 18]. It has been
shown that in the spectrum of a given metalloporphyrin, a

Table 1. Characteristics of chosen metalloporphyrin-based membrane electrodes. PVC: poly(vinyl chloride), PU: polyurethane,
o-NPOE: o-nitrophenyloctylether, DOS: bis(2-ethylhexyl) sebacate, BEHP: bis(2-ethylhexyl)phthalate, DBS: dibutyl sebacate.

Metal center [a] Suggested analyte Polymeric matrix Slope Working mechanism References

Mn(III) Cl!, Sal! PVC/o-NPOE super-Nernstian ± [3, 4]
Co(II) SCN! PVC/o-NPOE Nernstian ± [7]
Co(III) NO2

!/SCN! PVC/o-NPOE Nernstian neutral carrier [6, 8]
Ga(III) F! PVC/o-NPOE super-Nernstian charged carrier [10, 15]
In(III) Cl! PVC/o-NPOE super-Nernstian charged carrier [6, 9, 15]
In(III) Cl! PU/o-NPOE Nernstian charged carrier [25]
In(III) Cl! PVC/DOS Nernstian charged carrier [23]
In(III) Cl! silicone rubber / DBS Nernstian charged carrier [24]
Cr(III) Sal! PVC/BEHP Nernstian charged carrier [27]
Tl(III) Cl! PVC/o-NPOE Nernstian charged carrier [10]
Mo(V) SCN!/Sal! PVC/o-NPOE Nernstian charged carrier [16]
Sn(IV) Sal! PVC/o-NPOE super-Nernstian charged carrier [6, 12, 13, 16]
Zr(IV) F! PVC/o-NPOE super-Nernstian charged carrier [11]

[a] metal center of octaethylporphyrin (OEP) or tetraphenylporphyrin (TPP)

Fig. 1. Metalloporphyrins as ionophores: a) structures of the two
most widely used metalloporphyrins for preparing anion selective
membrane electrodes; b) anion ± metalloporphyrin interactions;
X!: initially present axial ligand, A!: analyte anion. Neutral
ligands are not shown.

1230 L. Go¬rski et al.
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containing 

analogues, 

dichlorocalix[2]

pyrrole[2]pyridi

ne (1.18) and  

tetrachlorocalix[

4]pyridine (1.19) 

(Figure 1.7). 

This series of 

macrocyclic 

receptors 

represents a matched set, wherein it was considered that if the pyridine moieties remain 

unprotonated they should act as strong (1.17), intermediate (1.18), and weak anion 

receptors (1.19), respectively. Calix[4]pyrrole is a known neutral macrocycle that binds 

anionic species through hydrogen bonding interactions, showing selectivity for F- > Cl- > 

H2PO4
- when studied as their tetrabutylammonium (TBA) salts in dichloromethane.53 

ISEs developed from 1.17 displayed a strong anionic response (negative slope) at 

lower pH values (i.e., 3.5 and 5.5) in the case of Br-, Cl-, and H2PO4
-. A correspondingly 

lower response was observed with F-. However, at higher pH (i.e., 9.0) electrodes derived 

from 1.17 displayed a cationic response (positive slope) toward Cl- and Br-. Non-

Hofmeister selectivity was also seen in the case of an ISE produced from 1.17 (i.e., Br- < 

Cl- < OH- ≈ F- < HPO4
2-). The authors rationalized this finding by suggesting that 1.17 

acts as a direct anion binding agent at low pH, whereas at higher pH this same receptor 

acts, at least in part, as a hydroxide anion-complexing receptor. ISEs based on receptors 

1.18 and 1.19 displayed selectivities in accordance with the Hofmeister series at pH = 

 

Figure 1.7. Calix[4]pyrrole (1.17), 
dichlorocalix[2]pyrrole[2]pyridine (1.18), and 
tetrachlorocalix[4]pyridine (1.19). As mentioned 
above, these receptors were incorporated into ISEs. 
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9.0. The authors also reported that at lower pH values ISEs derived from 1.18 and 1.19 

displayed increased anionic responses and improved selectivities for hydrophilic anions 

(e.g., F- and H2PO4
-); this observation was rationalized in terms of protonation of the 

pyridine containing receptors, which led to the higher anion binding effects. These 

results, when considered in concert, provided support for the notion that calixpyrroles, as 

well as other neutral receptors, could be used in the development of anion specific ISEs. 

More broadly, this early work provided precedent for the proposal that polymeric systems 

capable of interacting specifically with negatively charged analytes could be prepared 

through dedicated synthesis.  

The incorporation of heterocyclic receptors into polymeric materials has not been 

limited to the development of ion selective electrodes. For example, Anzenbacher and 

Nishiyabu designed chromogenic anion chemosensors based on calix[4]pyrrole (1.17) 

that were produced by covalently attaching non-chromophoric dye precursors to the 

macrocyclic framework (cf. Fig. 1.8).54 The ease and high yield of the underlying 

preparation offer obvious advantages over attaching pre-existing chromophores to 

calixpyrroles. The calixpyrrole derivatives 1.20 – 1.22 produced by these researchers 

were found to display dramatic color changes upon the addition of the fluoride, acetate, 

pyrophosphate, and phosphate anions (as the TBA salts in DMSO with 0.5% water). 

 

Figure 1.8. Calix[4]pyrrole-derived chemosensors from non-chromogenic dye 
precursors 1.20, 1.21, and 1.22. 
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In an effort to demonstrate the relevance of chemosensors 1.20 – 1.22 to health 

care applications, studies were performed using carboxylates of medical interest (e.g., 

salicylate, ibuprofen, and naproxen). Towards this end, Anzenbacher and his group 

developed a new assay utilizing polyurethane films that contained receptors 1.20 – 1.22 

embedded non-covalently within this macromolecular matrix. According to the authors, 

the polyurethane support served two purposes. First, the polymer physically acted like a 

sieve to remove various blood plasma protein carboxylates from the active sites, while 

the polymer’s hydrophobic nature prevented hydrophilic anions (e.g., HCO3
-) from 

penetrating into the matrix and biasing the embedded sensor. The actual test experiments 

involved the use of a multi-well assay that contained the functionalized polyurethane. It 

was found that relatively lipophilic aromatic carboxylates were able to penetrate films 

containing 1.20, bind with the 

chemosensor, and produce a 

response. This response takes 

the form of a characteristic 

change in the color of the 

polymer film (Fig. 1.9). The 

affinity for the carboxylate 

anions was as follows: 

naproxen ≈ ibuprofen ≥ 

salicylate > laurate > acetate 

(prepared in plasma-like 

aqueous solution (PLAS)).   

 

Figure 1.9. Polyurethane films in which 
chemosensor 1.20 is embedded.  PLAS 
solutions of anions (10 mM), bovine 
serum albumin (BSA), and blood 
plasma were applied to polymer films 
at pH = 7.4. This figure, which 
originally appeared in J. Am. Chem. 
Soc. 2005, 127, 8270-8271 (copyright 
Am. Chem. Soc.), is reproduced with 
permission.54   

 

From Table 1, one can see that the sensors 1-3 strongly bind
fluoride, acetate, pyrophosphate, and phosphate.3b,c Chloride,
bromide, iodide, or nitrate showed weak or negligible binding. The
strong anion binding is ascribed to the electron-withdrawing nature
of dye moieties. These moieties increase the acidity of the pyrrole
NH proton, which, in turn, enhances the availability of NHs for
hydrogen bonding and affinity of sensors toward anions.2b The 1H
resonances of chromophore-modified pyrrole NHs in sensors 1, 2,
and 3 appear at 7.61, 7.37, and 7.34 (δ scale in CDCl3), respectively,
which correlates with the trend in sensor-anion affinity, as reflected
by the binding constants.
To prove that the observed changes in color are caused by anion

binding, and not by deprotonation of the acidic NH proton in the
dye pyrrole,9 we performed 1H NMR titrations. The observed down-
field shifts of the pyrrole NH resonances are an indication of hydro-
gen bonding to an anion, as well as simplification of the pyrrole CH
signals, a characteristic for transition from 1,3-alternate to a sym-
metrical conelike conformation.10 Figure 2 shows 1H NMR spec-
tra of sensor 1 (a) and its complexes with anions (b-d), confirming
that the color changes are the result of the anion-sensor association.

Strong selectivity of sensors 1-3 for carboxylates such as acetate
and also for pyrophosphate compared to that of chloride and
phosphate prompted us to investigate carboxylate sensing in the
presence of chloride and/or phosphate. Such sensors may allow
for sensing of carboxylates in blood plasma, which at physiological
conditions, contains 0.1 M Cl- and 2 mM HPO42-.1b To explore
the effect of water as a typical solvent for anions as well as the
possible interference of competing anions, such as chloride, we
performed the acetate sensing in a plasma-like aqueous solution
(PLAS: 0.1 M Cl-, 2 mM HPO42-, 0.1 M Na+, 4 mM K+, pH )
7.4) and also PLAS containing bovine serum albumin (PLAS-
BSA: 0.1 M Cl-, 2 mM HPO42-, 0.1 M Na+, 4 mM K+, 46 g/L
BSA, pH ) 7.4).1b Figure 3 (left panel) shows the color changes
and absorbance traces recorded for sensor 1 (blank), sensor 1 upon
addition of PLAS-BSA (A), and PLAS-BSA containing acetate
(B).11 These data show that sensor 1 can be used for detecting
carboxylate anions added as an aqueous solution of ionic strength
and pH corresponding to blood plasma.
Equally encouraging are the results of assays utilizing the sensors

1-3 embedded in polymer matrices.12 Figure 3 (right panel) shows
an example of a multi-well assay using polyurethane films with
embedded sensor 2. The polyurethane serves a dual purpose; it
physically screens off the blood plasma protein carboxylates, such
as C-termini, while its relatively hydrophobic nature precludes the
hydrophilic anions (e.g., HCO3-) from penetrating the film and
biasing the embedded sensors. Relatively lipophilic aromatic
carboxylates seem to penetrate matrix and interact with the sensor,
thus producing characteristic changes in polymer film color (Figure
3). The affinity order was as follows: naproxen ≈ ibuprofen g
salicylate13 > laurate > acetate (solutions in PLAS), while no
interaction was observed with PLAS alone, HCO3- in PLAS,
PLAS-BSA, or blood plasma.

In summary, we have demonstrated that calixpyrrole-based
chromogenic sensors may be prepared via electrophilic aromatic
substitution. The chromogenic OMCPs sense preferentially car-
boxylate and pyrophosphate anions with high affinity and selectiv-
ity, while showing dramatic change in color, even at high ionic
strength (∼0.1 M NaCl). The preliminary experiments with
polyurethane sensor films show a strong response to aqueous
antipyretic carboxylates, such as naproxen, ibuprofen, or salicylate,13
while not responding to chloride, bicarbonate, and carboxy termini
in proteins of blood plasma. Further experiments toward sensing
of carboxylates in biological fluids are underway.
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D.; Martı́nez-Máñez, R.; Sancenón, F.; Soto, J. Tetrahedron Lett. 2004,
45, 1257-1259.
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Figure 3. Left: Spectral changes of sensor 1 (50 µM in DMSO, 2 mL)
upon addition of 10 µL of (A) PLAS-BSA and (B) PLAS-BSA containing
acetate (4-40 mM), pH ) 7.4. Inset: Color changes of sensor 1 upon
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were applied on polyurethane films.

Figure 2. 1H NMR spectra of sensor 1 (a) and complexes 1/F- (b), 1/AcO-

(c), and 1/HP2O73- (d) recorded in DMSO-d6 (0.5% water).
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In a follow up article published in 2007, Anzenbacher et al. reported the 

development of easy-to-use chemosensors and arrays for anions that function in water.55 

As mentioned in Section 1.1, the low charge to radius ratio and high energy of solvation 

of various anions (e.g., F- has an ionic radius of 1.19 Å and ΔGhydration = -465 kJ/mol)7 

makes anion sensing in water a particular challenge. Anzenbacher utilized eight pyrrole 

hydrogen bond donor motifs as the chemosensor elements (Fig. 1.10). These motifs 

included N-confused calix[4]pyrrole (1.23), calix[4]pyrrole 1.21 and its derivatives 1.24 – 

1.28, as well as the anthraquinone-based dipyrrolylquinoxaline (DPQ) 1.29. 

As in the previous study, the Anzenbacher group blended sensing elements 1.21 

and 1.23 – 1.29 with a polyurethane hydrogel, and cast the resulting modified polymer 

into a microwell array. 

Individual wells were 

filled with 400 nL of 

polymer-sensor mixture 

(approximately 0.08% 

sensor in polyurethane 

w/w) in a tecophilic THF 

solution (5% w/w) and 

dried to form polymer 

films (10 μm thick). The 

use of a hydrogel in these 

studies lends mechanical 

support to the sensor 

ensemble while also 

presumably helping to 

 

Figure 1.10. Hydrogen bond chemosensors for anions 
based on pyrrole hydrogen bond donor 
motifs. 

 

N
N

NO2

H
N

HN

N
H

NH
R

O

NC CN NC CN

CN

NC

H
N

N
H

NH NH

N
N

NO2

O

NC CN

CN
O

O

O

O

N
N

HN
HN

R"="

1.23% 1.29%

1.24% 1.25%

1.26% 1.27% 1.28%



 20 

draw the bulk analyte into the matrix and partially remove the hydration shell from the 

anion (all anions were studied as their TBA salts in aqueous solutions). Wells prepared in 

this way produced a naked eye detectable color change upon exposure to the fluoride, 

pyrophosphate, and acetate anions as 200 nL aliquots of 5 mM solutions. The authors 

observed that the magnitude and dynamic range of the colorimetric response 

corresponded well with the affinity displayed by the chemosensor molecule in organic 

solution. Furthermore, multivariate analysis, specifically principal component analysis 

(PCA), was used to distinguish between 10 different brands of fluoride-containing 

toothpaste. 

In a recent article by Anzenbacher and coworkers, the polyurethane-containing 

receptor arrays were taken a step further. Instead of monitoring the changes in 

absorbance, this team monitored the changes in fluorescence of a calix[4]pyrrole-based 

 

Table 1.3. Fluorescent calix[4]pyrrole-based receptor 1.30 incorporated into 
polyurethane arrays and the association constants determined in both 
CH2Cl2 and CH3CN.  Reproduced with permission from Chem. Eur. J., 
2013, 19, 8497-8506. Copyright 2013 John Wiley and Sons56 

 

Indeed, rational optimization of cross-reactive array sensor
was recently shown to overcome the stoichiometry limita-
tion.[6]

In our past studies, we have established that the supramo-
lecular properties of colorimetric probes observed in solu-
tion may be successfully leveraged in the supramolecular-
polymer based sensor array. We found that colorimetric
array utilizing calix[4]pyrrole[7] probes can distinguish
among eight anions and several samples of toothpastes
based on their anion composition.[8] This study, however,
relied on a colorimetric response, which usually requires rel-
atively high anion concentrations as it is, for example, in
toothpastes. Thus, we decided to pursue fluorescence detec-
tion as it has potential for high sensitivity and is more suita-
ble for biological applications.[9] Fluorescent probes display-
ing ratiometric fluorescence signaling with a strong turn-on
component are particularly valuable. This is because the ra-
tiometric approach circumvents many of the problems of
the intensity-based methods such as signal variations due to
dye bleaching, fluctuations in source intensity, color back-
ground of the media, and is less likely to be biased by non-
specific interactions or impurities while offering improved
signal-to-noise ratio.[9,10] Ratiometric fluorescent probes and
sensors have proven their value in analyses of alcohol,[11]

alkali metal ions,[12] magnesium,[13] calcium,[14] heavy
metals[15] such as cadmium,[16] copper,[17] silver,[18] zinc,[19]

chemical warfare agents,[20] saccharides,[21] carboxylic
acids,[22] and some notable examples of anions[23] such as
phosphates,[24] cyanide,[25] and DNA.[26]

In this conceptual study we demonstrate how a successful
design of a fluorescent ratiometric probe can be upgraded
to yield efficient sensors for anions and multicomponent
electrolytes such as urine. The present sensors are based on
a single fluorescent calix[4]pyrrole probe (Table 1) capable
of binding anions in a cross-reactive manner. This probe is
rare as it displays fluorescence turn-on and ratiometric be-
havior during anion binding and shows strong affinity for
chloride in polar solvents. Because such features are usually
difficult to realize, it is imperative that we utilize the full po-
tential of such probes. In an ideal case, we would be able to
develop a sensor device by using only one probe, if only this
probe could reliably identify all of the desired analytes.

Sadly, such probes are not available. Pursuing this goal, we
show how a single probe is designed to yield a ratiometric
output and used in a sensor array to recognize eight differ-
ent anions in water, drugs in water and saliva, or applied to
differentiation of urine samples based on the chloride/phos-
phate content. Such a method, if successful, would provide a
blueprint for the development of sensor arrays based on the
same principle while cutting down the time required for the
synthesis and testing of a large number of suitable probes.

Alas, even the ratiometric signal from one cross-reactive
probe is unlikely to register enough difference in binding or
signaling to distinguish among all the analytes. Thus, another
diversity element superimposed onto the intrinsic selectivity/
affinity of the probe is required to further modify the over-
all sensor output. This secondary diversity element will
serve to fine-tune the anion primary affinity and selectivity
of the probe, and provide an increased amount of variance
in the output signal of the sensor, which then can be ex-
plored and analyzed by using the pattern recognition meth-
ods to identify the samples and analytes.[27]

Among the supramolecular materials,[28] various poly-
mers[29] were used as matrices for optical sensing.[30,31] Alter-
natively, materials utilizing covalent attachment of probes to
the polymers,[32] or molecularly imprinted polymers
(MIPs),[33] were also used despite their higher cost of synthe-
sis. We and others found the use of supramolecular hydro-
gels[34] and polyurethanes[35] (PUs) inspiring because of their
potential for the synergy between the anion transport by the
polymer and binding by the receptor. Also, the latest stud-
ies[36] on the associations of receptors and ions highlight the
role of the medium (solvent) and counterions. Here, we
show that poly(ether-urethane) hydrogel copolymers de-
signed to absorb various amounts of water, depending on
comonomer composition, may provide an environment with
varying polarity. Similar to the solution studies,[36] such dif-
ferences in polarity, together with the direct participation of
their functional groups (amide NHs, polyethers, Figure 1),

could impact the recognition of the anion. This would then
yield a unique response to the analyte, and allow for selec-
tive recognition of aqueous anions and electrolyte mixtures
of biological origin such as urine or saliva, a feat that is gen-
erally impossible to accomplish by using only one receptor.
From the fundamental perspective it is important to demon-
strate that the recognition above the capability of the single
receptor could then be directly attributed to the medium, in
this case the polymer. Finally, this method would not be lim-
ited to one probe. Multiple probes could be combined with

Table 1. Structure of the fluorescent probe 1 and the affinity constants
for aqueous anions at 22 8C from UV/Vis spectrometry titrations.

Fluorescent probe 1 Kassoc. [m!1][a]

anion CH2Cl2 MeCN

AcO! 150 000 410 000
BzO! 29000 144 000
Cl! 15000 120 000
F! 5450 000 2500 000
H2Pi! "7150 81000
HPPi3! ND[b] ND[b]

[a] Tetra-n-butylammonium salts of anions were used. All errors are
<15 %. [b] Not determined; the isotherm showed biphasic behavior indi-
cating multiple equilibria.

Figure 1. General structure of PUs used in this study.

www.chemeurj.org ! 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2013, 19, 8497 – 85068498
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sensing dye 1.30.56 As part of this study a fluorescent anion sensor capable of shifting 

from blue to orange emission upon complexation of an anion was prepared (see Table 

1.3). The receptor was then placed in an array of 10 different polyurethanes PU1 – PU10, 

which led to varying responses to the eight anions tested. After Linear Discriminatory 

Analysis (LDA), it was determined that the anions could be determined with 90% 

accuracy. The sensing array was then further put to use to analyze the anion 

concentrations in water (pH = 7), saliva and urine. The sensing array proved capable of 

sensing non-steroidal anti-inflammatory drugs (NSAIDs) (e.g. ibuprofen) with a dynamic 

range of 0.1 – 0.6 ppm, and a limit of detection (LOD) of 0.1 ppm. Similarly, the sensing 

array was also found capable of differentiating among eight different urine samples 

(containing varying ratios of chloride, phosphate, and sulfate).  

The final study considered in this section involves work reported by Ebdon and 

coworkers in 2004. They were able to improve upon the findings of Carey and Riggan 

(vide supra) by developing an improved phosphate-selective electrode containing 

receptors as both additives to polymers and as covalently linked side-chain functional 

elements.57 This study is important in that it 

allowed the relative benefits of receptors 

incorporated as additives into preformed 

polymers to be compared with those where the 

receptors are covalently attached to polymers. In 

prior work Ebdon et al. demonstrated 

immobilization of quaternary ammonium species 

containing allyl groups via a free radical cross-

linking reaction.58 The resulting membranes were 

used as receptors for nitrates. They thus 

 

Figure 1.11. Cyclic amines 1.31 
and 1.32 with allyl 
functional groups for 
covalent incorporation 
into ISEs. 
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employed methods similar to those used by Carey and Riggan to immobilize derivatives 

of receptor 1.1 (vide supra); this was done by substituting a terminal allyl-bearing alkyl 

group to the macrocyclic core. However, in contrast to these earlier researchers, Ebdon et 

al. utilized monomers 1.31 and 1.32 whose syntheses were based on previously reported 

procedures (cf. Fig. 1.11).40,58 These monomers were added to membranes composed of 

the relatively heat resistant polystyrene-block-polybutadiene-block-polystyrene (SBS); 

subsequent cross-linking was achieved via a hot-pressing process using a Bytec industrial 

heated press (obtained from Bytec Ltd., London, UK).59 

To test the efficacy of a trapped ionophore in a polymer blend versus an 

ionophore covalently bound to a polymer, Ebdon and coworkers constructed two 

electrodes. One of these was a PVC-based membrane akin to that used by Carey and 

Riggan; the second electrode consisted of the previously mentioned SBS-based 

membrane containing covalently bound ionophores. Under the conditions of analysis, 

receptor 1.31 was found to be too hydrophilic for use as an embedded (i.e., not cross-

linked) probe. Specifically, it was found to leach out of the PVC-based membrane during 

processing. As a result, no response to phosphate was observed. On the other hand, the 

SBS-based electrode incorporating 1.31 worked well, as long as a hot-pressing process 

was used to ensure covalent cross-linking between 1.31 and the SBS backbone. This 

electrode gave a response slope of -16 ± 3 mV, had a linear range of 2.2 x 10-3 to 5 x 10-6 

mol dm-3 H2PO4
- and a limit of detection of 1.0 x 10-6 mol dm-3 H2PO4

-. While these 

results compared favorably to those obtained by Carey and Riggan, the nature of the 

comparison was not identical. Therefore, to permit a more accurate assessment of the 

trapped versus covalently bound ionophore approaches, Ebdon and coworkers 

synthesized a more hydrophobic monomer, 1.32. The PVC-1.32 electrode showed 

detection abilities comparable to those of electrodes created by embedding 1.1 in PVC. 
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Specifically, a response slope of -34.0 ± 2.0 mV, a linear range of 2.2 x 10-3 – 5 x 10-6 

mol dm-3 H2PO4
- and a limit of detection of 5 x 10-6 mol dm-3 H2PO4

- was seen. 

Presumably as the result of 1.32 being simply embedded in the PVC matrix, the electrode 

had a response lifetime of merely 4 days. This is a relatively short lifetime compared to 

the corresponding SBS-1.31 electrode. In the latter case, where the ionophore was 

covalently bound, a lifetime of 20 days was observed.  

With these results in hand, Ebdon and coworkers sought to extend further the 

lifetime and improve the response of their phosphate-selective electrodes. To do this, they 

turned to clay composites. This was an approach that was known to improve stability, as 

well as to alter the rate at which electrolytes act to backfill the electrode. Typically this 

results in significant improvement in the limit of detection in these electrode systems.60,61 

By blending in 23.8% (m/m) PoleStar™ 200R (clay-based filler), Ebdon and coworkers 

found that the lifetime of the electrode could be doubled, extended from 20 days to 40 

days for the bound electrode. That comparable response behavior was seen for the ISEs 

based on mobile and bound ionophores is consistent with the notion that ionophore 

mobility is not necessary to obtain a working ISE. Nevertheless, it is important to 

appreciate that the ISEs based on covalently bound ionophores exhibit significantly 

increased robustness and stability as compared to analogous PVC-membranes containing 

“trapped” ionophores.  

The work of Ebdon and coworkers thus provides an important demonstration of 

the potential advantages that can accrue from appending receptors covalently to 

polymeric materials. Taking this a step further, the formation of well-defined polymers 

with precisely placed receptors can be expected to enhance the performance of the 

aforementioned devices. This approach is also likely to be helpful in the context of other 

applications. With such considerations in mind; the following sections will highlight two 
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classes of receptor functionalized polymers, specifically those where receptors are 1) 

attached as side-chain appendages to polymeric frameworks and 2) those where the 

receptors are incorporated directly into the main chain of a polymer backbone.   

1.2.2. Polymers Containing Side-chain Appended Heterocyclic Anion Receptors 

The incorporation of anionic receptors into well-defined polymers and other 

macromolecules is expected to produce materials that offer a number of advantages as 

compared to their small molecule analogues. For example, polymers often have 

significantly different solubility profiles than their small molecule counterparts, a feature 

that is likely to be particularly useful in the areas of anion extraction and separation. 

Attachment to a polymer provides a method for immobilizing anionic receptors and 

chemosensors and can prevent “leaching”, or loss of the receptor. Again, this can be 

advantageous in applications involving the use of mixed phases. The use of polymers can 

also lead to beneficial matrix effects that can serve to decrease the solvation of a targeted 

anion or its counter cation. As above, this is viewed as beneficial in applications 

involving transfer of an anionic species from an aqueous to a hydrophobic environment. 

Finally, polymeric materials can be useful in creating mechanically-robust thin films. 

With films containing anion receptors, new and practical applications in the areas of inter 

alia membrane technology, filter devices, and sensors can easily be envisioned.   

In this section the focus will be on polymeric materials wherein anion receptors 

are incorporated as pendant side chains. As will be detailed below, several basic 

strategies have been used to prepare such materials. The use of differing synthetic 

methods, and the choice of the receptor system in question, has allowed a degree of 

affinity and selectivity to be designed into polymeric systems. However, the hope and 

expectation is that yet-improved systems can be obtained.  
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Early functionalized polymer systems targeting the problem of selective anion 

recognition relied on the use of secondary electrostatic interactions for the detection of 

anionic species. Indeed, rather than incorporating an anion receptor per se, these systems 

relied on cationic species that would then attract anions, presumably to maintain charge 

balance. This strategy is elegantly embodied in the work of Leclerc and coworkers who 

in 2002 reported a polythiophene derivative containing a pendant imidazolium salt62. This 

polymer was prepared by an oxidative polymerization procedure using FeCl3 as the 

oxidizing agent (Scheme 1.2).63 The polymer proved soluble in aqueous solution (0.1 M 

NaCl or 10 mM tris(hydroxymethyl)aminomethane (Tris) buffer/0.1 M NaCl) at 55 ⁰C. 

These solutions were yellow in color (λmax = 397 nm). The red-shifted absorption 

maximum upon the addition of an anion was attributed to the random-coil conformation 

and the resulting decrease in effective conjugation due to polymer folding compared to 

the polymer being stretched out to allow conjugation along the backbone.64  

 

Scheme 1.2. Synthesis of cationic polythiophene derivatives containing imidazolium 
salts. 
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Polymer 1.35 was initially used for the colorimetric and fluorometric detection of 

nucleic acids. The cationic polymer displayed an ability to transduce oligonucleotide 

hybridization easily, with the specific capture of a 20-mer probe translating into a clear 

optical output. In a separate study, Ho and Leclerc used the related polymers 1.36 and 

1.37 as colorimetric and fluorometric chemosensors for the specific detection of the 

iodide anion.65 The impetus for this latter study derives in part from the fact that iodide is 

a biologically relevant anion, mostly known for its role in thyroid functions. In the study 

itself, electrostatic interactions were thought to result in a conformational change of the 

polythiophene derivatives causing a change in the effective conjugation of the polymer 

chain. Iodide anions promote the aggregation and planarization of polymer 1.36 causing a 

red-shift in the absorbance as well as fluorescence quenching. The optical effects, 

monitored using UV-vis absorption and fluorescence emission spectroscopies were 

shown to be independent of the corresponding counter cation (e.g., Na+ vs. K+). The 

authors also demonstrated that the response of these systems were dependent on the 

length and nature of the side chain; for instance, they found that polymer 1.37 

(imidazolium linked by propane to the 

polymer) displayed reduced sensitivity under 

conditions similar to those used to analyze 

polymer 1.36 (imidazolium linked by ethane 

to the polymer).  

In a more recent study Li et al. 

employed a different approach towards 

creating polymers with positively charged 

appendages.66 Specifically, with the goal of 

exploiting the so-called “molecular wire 

 

Figure 1.12. Poly(phenylacetylene) 
polymers functionalized 
with imidazole moieties. 
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effect” noted for conjugated polymers, these researchers synthesized 

polyphenylacetylenes (PPAs) containing imidazole moieties attached to the backbone 

(i.e., as pendant side chains). These materials were prepared via post-polymerization 

functionalization, wherein substitution with imidazole was used to generate polymer 1.38 

(Fig. 1.12).  Polymer 1.38 displayed poor solubility in THF, chloroform and 

dimethylformamide (DMF), however, it proved readily soluble in ethanol. This material 

demonstrated both the strong luminescence (i.e., blue fluorescence) characteristic of 

disubstituted polyacetylenes, as well as the metal ion-coordinating ability of imidazoles. 

As such, it was proposed that polymer 1.38 would provide a new kind of potentially 

efficient chemosensor.  

It was shown that Cu2+ could quench the fluorescence of polymer 1.38 (1.06 x 10-4 

M solution in ethanol) completely at very low concentration (1.48 ppm) with the 

corresponding Stern-Volmer constant determined to be 3.7 x 105 M. Li and coworkers 

were then able to take advantage of a “turn on” method of anion sensing by employing 

species that competitively bound Cu2+. In particular, low concentrations of CN- (i.e., 7.0 x 

10-5 M of sodium cyanide) served to “turn on” the fluorescence of the polymer 1.38·Cu2+ 

complex. The reactivation of the fluorescence signal was not observed in the presence of 

other anionic species. The detection of CN- is highly important given its inherent toxicity 

to mammals and its common use in industrial applications, such as gold mining, 

electroplating, and metallurgy.67,68 

In 2009, Li and coworkers utilized polymer 1.38 to sense α-amino acids via a 

similar “turn on” fluorescence approach, where 1.38·Cu2+ is initially non-emissive, and 

then upon competitive binding of copper, the emission can be restored with the formation 

of free 1.38.69 The use of a normal UV lamp allowed histidine (an imidazole-containing 

amino acid) to be differentiated from other α-amino acids; in particular, the addition of 
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histidine allowed for the visual observation of a restored blue fluorescence at amino acid 

concentrations as low as 4.0 x 10-5 M. Using fluorescence spectroscopy to monitor the 

“turned on” fluorescence signal after exposure of the polymeric complex 1.38·Cu2+ in 

ethanol allowed histidine to be detected at concentrations as low as 2.1 ppm when added 

as an aqueous solution. 

Recognizing that the human eye is not generally as sensitive to the blue 

fluorescence produced by 1.38 as it is to green light, Li et al. generated a second 

generation imidazole-pendant PPA (e.g., polymer 1.39).70 In this polymer the residual 

halogen groups were completely converted to imidazole substituents (effected 

synthetically by converting 1.38 to the corresponding bromide); this yielded a polymer 

with strong green fluorescence (1.39). The chemosensing 

behavior of 1.39 could be observed visually or with the 

help of a normal UV lamp. This material was capable of 

detecting copper(II) and cyanide ions at concentrations as 

low as 0.85 and 1.38 ppm, respectively.   

Prior to these studies, Hosseini and coworkers 

investigated protonated macrocyclic amine receptors for 

the organophosphates adenosine triphosphate (ATP) and 

adenosine diphosphate (ADP). The receptor, a 

hexaazamacrocycle (1.40) was appended to polystyrene 

beads by first nitrating the aromatic ring, then reducing to 

an amine group which could then be condensed with a 

dialdehyde, in this case gluteraldehyde (see Figure 1.13). 

After mono-imine formation, the second aldehyde was 

condensed with the propylamine-containing macrocycle. 

 

Figure 1.13. 
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Subsequent reduction with sodium cyanoborohydride yielded the macrocyclic.appended 

polystyrene beads. These beads could then be packed into a column and, at pH = 4, the 

column was capable of retaining ATP and ADP. Subsequent washing with a buffered 

solution at pH = 11 led to the deprotonation of the macrocycle and a decrease in affinity 

of the macrocycle for the phosphates, leading to release of ATP and ADP in a relatively 

short period of time (~30-60 seconds).71 

Using a similar strategy to Hosseini and coworkers, Yilmaz, et al. functionalized 

silica gel with calixarenes 

derivatized with pyridines 

to affect the adsorption of 

dichromate and arsenate 

anions. In this study, p-

tert-butylcalix[4]arene 

was functionalized with 

two pyridines, appending 

them through either the 

meta-position (1.41a) or 

ortho-position (1.41b) 

(see Figure 1.14). The 

remaining phenol moiety was used to effect substitution onto solid silica gel to form the 

sorbent materials 1.42a and 1.42b, respectively.72 To evaluate the adsorption properties 

and selectivity of the two receptor functionalized silica gels, the sorbents were added to 

aqueous solutions of either sodium dichromate or sodium arsenate at varying pH values 

(cf. Figure 1.15). Further, competition of the receptor for these target oxoanions with 

potentially competitive anions, namely Cl-, SO4
2-, and NO3

-, showed no significant 

 

Figure 1.14. Calix[4]arenes functionalized with pyridine 
in the meta- (1.41a) and ortho- (1.41b) 
positions for the adsorption of dichromate 
and arsenate. 
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decrease in absorption of the targeted oxoanions. As can be seen in Figure 1.15, lower pH 

values led to greater absorption efficiencies. This finding is attributed to the protonation 

of the pyridine, with the resulting pyridinium providing an added electrostatic attraction 

on top of the hydrogen bonding provided by the neutral form of the receptor. 
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Figure 1.15. Plots of the absorption efficiencies of a) 1.42a and 1.42b in aqueous 
solutions of sodium dichromate [1.0 x 10-4 M] at varying pH and b) 
1.42a and 1.42b in aqueous solutions of sodium arsenate [1.0 x 10-4 
M] at varying pH. The results for 1.42a are shown as red bars and 
those for 1.42b are shown as green bars. Reproduced with permission 
from Desalination, 2010, 262, 99-105. Copyright 2010 Elsevier.72 

 

pH of the aqueous solution was 3.5, these hosts attained minimum
sorption values 25% for 4a and 13% for 4b when pH of the aqueous
solution increased to 7.0. The proposed interaction for the attraction
between the arsenate and Calix-CECHES is shown in Scheme 3.

As(V) speciation is affected by the solution pH through the
following equilibrium [6]:

H3AsO4⇌H2AsO
−
4 þ Hþ pKa1 ¼ 2:3 ð2Þ

H2AsO
−
4 ⇌HAsO2−

4 þ Hþ pKa2 ¼ 6:8 ð3Þ

HAsO2−
4 ⇌AsO3−

4 þ Hþ pKa3 ¼ 11:6: ð4Þ

From Eqs. (2) to 4, the As(V) species occurs mainly in the form
of H2AsO4

− in the pH range between 3 and 6, while a divalent
anion H2AsO4

2− dominates at higher pH values (such as between
pH 8 and 11). The monoanion (H2AsO4

−) will have a smaller free
energy of hydration than does the dianionic form HAsO4

2−. As a
result, there is a smaller loss in hydration energy as H2AsO4

− is
transferred from the aqueous phase into the dichloromethane
phase. An additional advantage of H2AsO4

− over HAsO4
2− is that for

the former only one sodium ion needs to be coextracted to
maintain charge balance, whereas for HAsO4

2− two sodium ions are
extracted, with additional loss of hydration energy [16].

4. Conclusion

The preparation and characterization of silica-immobilized with
calix[4]arene polymers (4a and 4b) were achieved. The sorption
studies of dichromate and arsenate anions were performed by using
4a and 4b as sorbent materials. The sorption results show that the
ligands 4a and 4b are effective extractants to remove both arsenate
and dichromate anions by means of electrostatic interaction and
hydrogen bonding between protonable nitrogen of pyridinium unit

Table 1
Results of elemental analysis for ECHES, 4a and 4b.

C(%) H(%) N(%) Bounded amount (mmol/g)a

4a 19.28 2.66 0.70 2.00
4b 12.88 1.97 0.11 0.32
ECHES 10.30 1.94 – –

a Calculated according to the N content.

Fig. 3. Sorption percentages of dichromate anion with 4a and 4b at pH 1.5–4.5. (SOLID
phase, sorbent=25 mg (4a, 4b), aqueous phase, Na2Cr2O7=1.0×104−M (10 mL) at
25 °C for 1 h).

Scheme 3. The suggested complexation phenomena of arsenate and dichromate ion with Calix-CECHES.

Table 2
Dichromate retention results of 4a at 1.5 pH, in the presence of interfering anions
(Cl−, SO4

2− and NO3
−) and their mixturea.

Different anionsb

None Cl− SO4
2− NO3

− Mixture

4a 48 47.5 47.3 42.7 46
a Solid phase, sorbent=25 mg (4a), aqueous phase, Na2Cr2O7=1.0×10−4 M

(10 mL) at 25 °C.
b Concentration of different anions=1.0×10−2 M.
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and the oxygen of arsenate anions. It was observed that the
percentage of arsenate removal reached 62–57% for polymer 4a and
59–50% for 4b when the pH of the aqueous solution was kept in the
range of 3.5–4.5. The results suggest that the rigid partially protonated
pyridyl groups at the lower rim of calix[4]arene plays an important
role for the host–guest interaction.
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A novel PPA containing naphthalimide subunits in the side-chain was developed 

by Tian and coworkers in 2009.73 Previous work with naphthalimides demonstrated that 

these systems act as chemosensors for fluoride ions based on a unique intermolecular 

proton-transfer (IPT) signaling mechanism (Fig. 1.16).74,75 Polymer 1.43 was synthesized 

using [Rh(2,5-norbornadiene)Cl]2 as  a catalyst, resulting in  a material that was soluble 

in most common organic solvents.   

Upon addition of tetrabutylammonium 

fluoride (TBAF) to an acetonitrile solution of 

1.43, a drastic color change from colorless to 

yellow was observed. The change in the 

absorption and emission spectra of 1.43 

allowed for a ratiometric detection of fluoride 

anions in solution. Titrations with other anionic 

species lead to no spectral changes. Ratiometric 

fluorescent probes allow for improved reliability and a greater effective dynamic range 

relative to normal probes by providing a built-in correction for environmental effects.76,77 

While there have been a number of ratiometric fluorescent probes developed for cationic 

species,78,79 there are few reports of ratiometric fluorescent polymers for F- anions.80 

Interest in the detection and recognition of the fluoride anion is of growing interest given 

its association with nerve gas (it is, for instance, a hydrolysis product of Sarin) and the 

role that UF6 plays in the enrichment of uranium-235.  

Tian and coworkers then switched gears, retaining the naphthalimide receptor, but 

changing out the polymer backbone from PPA to a methacrylate derivative in order to use 

RAFT polymerization methods to synthesize the anion responsive polymer 1.44 (cf. Fig. 

1.17).81 The RAFT polymerization method generally allows greater control over 

 

Figure 1.16. Poly(phenylacetylene) 
functionalized with a 
pendant naphthalimide 
derivative.  
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molecular weight and molar mass dispersity. In the present instance it allowed the 

naphthalimide moiety to be functionalized with a thiourea hydrogen bond donor group to 

enhance the anion affinity of the receptor. A dimethyl sulfoxide (DMSO) solution of 

polymer 1.44 produced a naked-eye detectable change from light yellow to orange when 

treated with the fluoride, acetate, or dihydrogen phosphate anions, as their TBA salts. 

Upon the addition of a large excess of fluoride anion, the color could be further red-

shifted to purple. This finding was attributed to the deprotonation of the NH proton by the 

basic fluoride anion.  

Kakuchi and coworkers have also taken 

advantage of the unique sensing properties of 

poly(phenylacetylene)s to develop anion sensing 

polymers. In their approach α-amino acids were used 

as pendant side-chains, which allowed the sensing of 

anions through both UV-vis and circular dichroism 

(CD) spectroscopic methods. The initial system 

utilized a PPA with L-Leucine residues linked by 

ureas to the polymer backbone. This led the polymer 

to adopt a helical conformation, as observed by 

variable temperature CD spectroscopy, with lower 

temperatures giving rise to an increased Cotton 

effect.82,83 Interestingly, these researchers reported 

that the polymer responded to anions based on size-

specificity, rather than basicity or Hofmeister biases. 

In fact, acetate and chloride gave rise to the greatest 

response, followed by bromide, and other anions 

 

Figure 1.17. Molecular 
structure of 
polymer 1.44, 
synthesized via 
RAFT 
polymerization 
using a 
methacrylate 
derivative of the 
naphthalimide 
anion receptor.  
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(studied as their TBA salts in THF), as can be seen by an inspection of Figure 1.18.  

To develop this polymer 

system further, Kakuchi and 

coworkers then reported appending 

a number of different α-amino acids 

to PPAs through urea linkages.84 

The amino acids used were L-

leucine, L-glutamic acid, L-aspartic 

acid, L-phenylalanine, L-isoleucine, 

and L-alanine, which produced 

polymers PPA-Leu, PPA-Glu, 

PPA-Asp, PPA-Phe, PPA-Ile, 

PPA-Ala, respectively. As was seen 

in the initial polymer system, lower 

temperatures led to increased Cotton 

effects, and the polymers displayed good solubility in a range of solvents. While all the 

polymers responded similarly to TBA acetate in terms of their UV-vis spectroscopic 

“outputs”, i.e., red shift in the absorption maximum, the chiroptical responses were 

different, with PPA-Leu, PPA-Ile, and PPA-Ala yielding positive Cotton effects and 

PPA-Phe, PPA-Glu, and PPA-Asp yielding negative Cotton effects (cf. Figure 1.19). 

The authors believed that the differing response observed within this series of polymers 

to acetate, along with a large variety of other anions evaluated, makes the system of 

potential interest for the formulation of a sensor array for anion recognition. 

 

 

 

Figure 1.18. Visible color changes in THF of the 
L-Leucine appended 
poly(phenylacetylene), as can be 
seen from left to right: blank, 
perchlorate, iodide, hydrogen 
sulfate, fluoride, nitrate, azide, 
bromide, chloride, and acetate. The 
anions were studied as their TBA 
salts. This figure, which originally 
appeared in Chem. Eur. J., 2008, 
14, 10259-10266 (copyright 2008 
WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim), is reproduced 
with permission.83 

 

route to a wide range of sophisticated sensory systems com-
prised of a p-conjugated polymer backbone as a scaffold.
The improvement in the detection sensitivity through effec-

tive organization of the hydrogen-bonding systems is cur-
rently being investigated and will be reported in due course.

Experimental Section

Materials : N,N-Dimethylformamide was purchased from Kanto Chemi-
cals and distilled under reduced pressure. DMAc and NMP were avail-
able from Kanto Chemicals and were used as received. HFIP was kindly
supplied from Central Glass. TBAN, TBAF, TBABr, and TBAA were
purchased from Aldrich Chemical and used as received. TBACl, TBAI,
and TBAClO4 were available from Tokyo Kasei Kogyo (TCI, Tokyo,
Japan). 4-Ethynylaniline and TBAHS were purchased from Wako Pure
Chemical Industries and used without further purification. N,N-Dime-
thylformamide for the spectroscopy (purity>99.7 %, water content
<0.1%), and THF for the spectroscopy (>99.0 %) were available from
Kanto Chemicals and used without further purification. The N-carbonyl-
l-leucine ethyl ester was synthesized according to a previous report.[34]

[Rh+ ACHTUNGTRENNUNG{h6-C6H5)B! ACHTUNGTRENNUNG(C6H5)3}(2,5-norbornadiene)] was prepared in accord-
ance with a previous report.[35]

Instruments : The 1H and 13C NMR spectra were recorded by using JEOL
JNM-A400II instruments. Size-exclusion chromatography (SEC) was per-
formed at 40 8C using a Jasco high-performance liquid chromatography
(HPLC) system (PU-980 Intelligent HPLC pump, CO-965 column oven,
RI-930 Intelligent RI detector, and Shodex DEGAS KT-16) equipped
with a Shodex Asahipak GF-310 HQ column (linear, 7.6 mm ! 300 mm;
pore size, 20 nm; bead size, 5 mm; exclusion limit, 4! 104) and a Shodex
Asahipak GF-7M HQ column (linear, 7.6 mm ! 300 mm; pore size,
20 nm; bead size, 9 mm; exclusion limit, 4 ! 107) in DMF containing lithi-
um chloride (0.01 m) at the flow rate of 0.4 mL min!1. The number-aver-
age molecular weight (Mn) and polydispersity (Mw/Mn) of the polymers
were calculated on the basis of a polystyrene calibration. The CD spectra

Figure 8. Visible color changes upon the addition of various anionic
guests (from left to right: blank, perchlorate, iodide, hydrogen sulfate,
fluoride, nitrate, azide, bromide, chloride, and acetate).

Figure 9. Relationship between the basicity of the anion and l![q]first.

Figure 10. Relationship between the radius of the anion and l![q]first.

Figure 11. CD (upper) and UV/Vis absorption (lower) spectra of
poly(PA0.51-co-PA-Leu0.49) in the presence of ten equivalents of TBAA or
TBACl in THF. [poly(PA0.51-co-PA-Leu0.49)]=1 mg mL!1, [TBAA or
TBACl]/ ACHTUNGTRENNUNG[poly(PA0.51-co-PA-Leu0.49)]=10.

Chem. Eur. J. 2008, 14, 10259 – 10266 " 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 10265
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Next, instead of altering the chiral α-amino acids appended to the PPA backbone, 

Kakuchi et al. decided to alter the hydrogen bond donor group, replacing the urea linkage 

of the previous reports with a sulfonamide, which they derivatized with L-aspartic acid 

(polymer 1.46) (cf. Figure 1.20).85 As seen in the urea-based systems, the highest 

association constants were observed for fluoride and acetate (as their TBA salts). The 

addition of acetate produced a red-shift in the UV-vis absorption maximum from 408 to 

447 nm (naked-eye detectable color change from yellow to orange) and the addition of 

fluoride produced an even greater red-shift in the UV-vis absorption maximum from 408 

 

Figure 1.19. Synthesis of poly(phenylacetylene) polymers PPA-Leu, PPA-Ile, PPA-
Ala, PPA-Phe, PPA-Glu, and PPA-Asp and the chiroptical response of 
these polymers to TBA acetate (10 equiv. based on receptor unit) in THF. 
Reprinted with permission from Macromol. 2009, 42, 4430-4435. 
Copyright 2009 Am. Chem. Soc.84 
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L-isoleucine,PA-Ile; and L-alanine,PA-Ala) were synthesized and
then polymerized in DMF using a rhodium complex as the
catalyst to yield the cis-poly(phenylacetylene)s bearing L-amino
acids and urea groups (PPA-Leu,PPA-Glu,PPA-Asp,PPA-Phe,
PPA-Ile, and PPA-Ala). The anion signaling properties of the
obtained polymers were investigated using a series of anions, as
illustrated in Scheme 1.

Results and Discussion

Synthesis and Chiroptical Properties of r-Amino Acid
Conjugated Poly(phenylacetylene)s. In order to clarify the
universality for the anion signaling property of urea-functio-
nalized polymers and the effect of diversity in the structure of
the R-amino acid on the anion recognition property, we
prepared the N-(4-ethynylphenylcarbamoyl)-L-amino acid
ethyl ester, which includes the phenylacetylene derivatives of
L-leucine (PA-Leu), L-glutamic acid (PA-Glu), L-aspartic acid
(PA-Asp), L-phenylalanine (PA-Phe), L-isoleucine (PA-Ile),
and L-alanine (PA-Ala).We carried out the polymerization of
the monomers using Rh+(2,5-norbornadiene)[(η6-C6H5)
B-(C6H5)3] (Rh(nbd)BPh4) as the catalyst in DMF, and the
polymerization results are summarized in Table 1. All the
polymerization reactions of the urea-functionalized phenyla-
cetylene derivatives homogenously proceeded to produce the
corresponding polymers. All the obtained polymers had a
very high number average molecular weight and moderate
polydispersity. Furthermore, the 1H NMR spectra of all the
obtained polymers showed sharp peaks at around 5.6 ppm,
indicative of the cis-configuration in the polyacetylene main

chain (see Supporting Information). Therefore, we succeeded
in synthesizing poly(phenylacetylene)s bearing urea-function-
alities derived from natural R-amino-acids (PPA-Leu, PPA-
Glu, PPA-Asp, PPA-Phe, PPA-Ile, and PPA-Ala). To inves-
tigate the effect of the structure of the R-amino acid in the
obtained polymers, we first characterized their solubility
toward common organic solvents including DMF, N,N-di-
methylacetoamide (DMAc), N-methylpyrrolidone (NMP),
DMSO,CH2Cl2,MeOH, andTHF(Table 2).All the obtained
polymers were essentially soluble in extremely polar solvents,
such as DMF, DMAc, and NMP, whose solubility was
probably due to the urea functionality property to form a
strong self-assembly via hydrogen-bonding. On the other
hand, the solubility of the obtained polymers toward DMSO,
CH2Cl2, MeOH, and THF were dependent on the R-amino
acids introduced, thus showing that the installedR-amino acid
was a key factor to determine the properties of the urea-
functionalized polymers.

The absorption and chiroptical properties of the urea-
functionalized polymers were investigated in order to pro-
vide insights into the structural effect of the R-amino acid on
the helical backbone of the poly(phenylacetylene). Figure 1
shows the circular dichroism (CD) and ultraviolet-visible
(UV-vis) spectra of all the urea-functionalized polymers in
DMF at room temperature. Distinctive Cotton effects were
significantly observed in the UV-vis wavelength ranging
from 300 to 550 nm, in which the π-conjugation of the
polymer backbone typically appears. As expected, the ob-
served Cotton effect of all the urea-functionalized polymers
in the polymer backbone absorption was significantly de-
pendent on the structure of the R-amino acid. For example,
PPA-Leu and PPA-Glu showed positive Cotton effects

Scheme 1. Schematic Representation for Anion-Signaling Event of Poly(phenylacetylene)s Bearing Urea Derivatives of the R-Amino Acids at a
Molecular Level

Table 1. Polymerization Results of Urea Functionalized Phenylace-
tylene Derivativesa

monomer yield (%) Mn ( ! 105)b Mw/Mn
b

PA-Leu 77 2.0 2.4
PA-Glu 82 1.7 2.2
PA-Asp 87 1.5 3.9
PA-Phe 82 2.4 3.2
PA-Ile 88 1.7 2.3
PA-Ala 87 3.6 2.2

aThe polymerization conditions were as follows; temperature, room
temperature; [M]/[Rh] = 50; solvent, DMF; [M] = 0.03 mol 3L

-1.
bDetermined by SEC in DMF containing 0.01 mol 3L

-1 LiCl using
polystyrene standards.

Table 2. Solubility of Urea Functionalized Poly(phenylacetylene)
Derivativesa

polymer DMF DMAc NMP DMSO CH2Cl2 MeOH THF

PPA-Leu ++ ++ ++ - - - ++
PPA-Glu ++ ++ ++ ++ ++ - ++
PPA-Asp ++ ++ ++ ++ ++ - -
PPA-Phe ++ ++ ++ + ++ - -
PPA-Ile ++ ++ ++ - + + -
PPA-Ala ++ ++ ++ ++ - - -

aKey: ++, soluble, +, partly soluble, -, insoluble.
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to 482 nm (naked-eye detectable color change from yellow to red). These optical 

changes, combined with the increased Cotton effects seen upon the addition these two 

anionic species provided two modes of detecting the anion binding event.  

More recently, Kakuchi and coworkers have sought to improve their 

poly(phenylacetylene) anion sensing systems by engineering positive homotropic 

allosterism into the binding process. They have sought to do this by appending more 

electron deficient functional groups to the urea recognition units.86 For instance, a 

bis(trifluoromethyl)phenyl group was appended to the urea recognition moiety in lieu of 

the α-amino acids that had been used previously. Polymerizing the phenylacetylene 

according to previously published methods (vida supra) then yielded PPA-CF3. In 

analogy to what was seen for the α-amino acid derivatized-PPAs, polymer PPA-CF3 

gave rise to distinct color changes from yellow to red upon addition of various anions. 

Unlike the α-amino acid derivatized-PPAs, however, PPA-CF3 displayed cooperativity 

in the binding of certain anions, as determined by titrations monitored by UV-vis 

spectroscopy, as well as by Job’s plots and Hill plot analysis. An example of these 

responses is shown in Figure 1.21 for PPA-CF3 binding to TBA acetate. In total, the 

 

Figure 1.20. Poly(phenylacetylene) appended with the ethyl ester of L-aspartic acid 
through a sulfonamide linkage and its naked-eye detectable color change 
from yellow to red upon the addition of TBAF. Reproduced with 
permission from Macromol., 2009, 42, 3892-3897. Copyright 2009 Am. 
Chem. Soc. 85 
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complex as the catalyst to yield the cis-poly(phenylacetylene)s
bearing L-aspartic acid and sulfonamide groups (poly-1). The
anion signaling properties of the obtained polymers were inves-
tigated using a series of ammonium salts with variable counter-
anions, as illustrated in Scheme 1.

Results and Discussion

Synthesis and Chiroptical Properties of Sulfonamide-
Conjugated Poly(phenylacetylene). To provide a system for
counteranion signaling, the N-(4-ethynylphenylsulfonyl)-L-
aspartic acid diethyl ester (1) was prepared and pol-
ymerized using Rh+(2,5-norbornadiene)[(η6-C6H5)B

-(C6-
H5)3] (Rh(nbd)BPh4) as the catalyst. The number-average
molecular weight (Mn) and polydispersity (Mw/Mn) of poly-1
were 1.9! 105 and 2.4, respectively. The 1H NMR spectrum
showed a sharp peak at 5.68 ppm, indicative of the cis-
configuration in poly-1 (Figure 1).24,25

The absorption and chiroptical properties of poly-1 were
investigated for the purpose of providing fundamental
insights into the scaffold for anion binding. Figure 2 shows
the circular dichroism (CD) and ultraviolet-visible (UV-
vis) spectra of poly-1 in CHCl3 at 25 !C. Distinctive Cotton
effects were observed in the UV-vis wavelength ranging
from 300 to 550 nm where the π-conjugation of the polymer
backbone typically appears. The Cotton effects in the poly-
mer backbone absorption clearly indicated that the poly-1
presents a biased, one-handed helical conformation directed

by the pendant L-aspartic acid groups, which in turn showed
that the embedded sulfonamide functionalities were helically
arrayed along the polymer main chain.

As expected, the temperature and solvent have an
effect on the conformational diversity of the helical scaffold
due to the dynamic conformation of the poly-1.26-30 Figure 3
shows the temperature dependence of the molar ellipticity at
the first Cotton effect ([θ]first) of poly-1 in CHCl3. The
magnitude of the Cotton effects increased as the temperature
decreased, reflecting the enhanced thermodynamic stability
of the dynamic helical structures at lower temperatures.
The enhanced stability is presumably due to the suppression
of the interconversion between the right- and left-handed
helices at low temperatures. The thermodynamic stability
also reflected the polarity and hydrogen-bonding ability
of the solvents. The CD and UV-vis spectra of poly-1
were recorded in various solvents such as 1,1,1,3,3,3-hexa-
fluoro-2-propanol (HFIP), CHCl3, DMSO, and THF
(Figure 4). The CD profiles in HFIP and CHCl3 were
essentially mirror images of those found in DMSO and
THF, thus showing that poly-1 has a mirror-imaged, biased
helical conformation in these solvents. Thus, poly-1 is re-
vealed to have a flexible main chain that was affected by
external stimuli. Hence, an anion recognition event is sup-
posed to have an effect on both the optical and chiroptical
properties of poly-1 rising from the π-conjugated helical
polymer backbone (Scheme 1).

Scheme 1. Schematic Representation of the Anion Reception Triggered Helical Conformation Change of Polyacetylene Helicity at a Molecular Level

Figure 1. 1H NMR spectrum of poly-1 in DMSO-d6.

Figure 2. CD (upper) and absorption (lower) spectra of poly-1 in
CHCl3 at 25 !C ([poly-1] = 1.0 mg mL-1).

1.45% 1.46%
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highest binding affinity was 

observed for benzoate (Ka = 11,700 

M-1) and cooperative binding was 

observed for benzoate, acetate, 

fluoride, and chloride (as their 

TBA salts), as determined from 

their Hill coefficients.  

Moving more toward solid-

state methods of adsorption, Zheng 

and coworkers designed a cross-

linked ionic liquid based off of a 

vinyl imidazole derivative and 

divinylbenzene.87 The cross-linked 

material was then evaluated to 

determine the adsorption efficiency 

for anionic azo dyes, specifically 

Orange II, sunset yellow FCF, and 

amaranth. To evaluate the 

adsorptive properties of the cross-

linked ionic liquid, the polymeric 

material was soaked in an aqueous 

solution of the dye (varying the pH 

and the time of submersion). 

Following centrifugation, the UV-

vis-NIR spectrum of the solution 

 

Figure 1.21. a) UV-vis spectra recorded during 
the titration of PPA-CF3 in THF 
with TBA acetate. Note the 
absorption maximum at 470 nm. b) 
Plot of absorbance at 470 nm vs. 
the mole fraction of TBA acetate to 
urea repeat unit of PPA-CF3. Note 
the sigmoidal binding isotherm. The 
inset shows the Hill plot for the 
binding of PPA-CF3 to TBA 
acetate, yielding a Hill coefficient 
of 8.0. Reproduced with permission 
from Macromol., 2010, 43, 7406-
7411. Copyright 2010 Am. Chem. 
Soc.86 

 

7408 Macromolecules, Vol. 43, No. 18, 2010 Sakai et al.

In order to further elucidate this complex formation, the stoi-
chiometry of the poly-1/CH3CO2

- system was determined by
means of continuous-variation plots (Job’s plots), in which the
variation of the absorbance at 470 nm was plotted against the
molar fraction of the monomeic units of poly-1 (χ) (Figure 4).
Although the shape of plots was not symmetrical because of the
cooperativity that is described later, the maximum value was
clearly observed at 0.5 of χ, which indicated that the urea receptor
in poly-1 and CH3CO2

- formed the 1:1 complex.
To understand the binding ability of poly-1, an absorption

titration experiment was conducted using CH3CO2
-. By adding

CH3CO2
-, the absorption corresponding to the polymer back-

bone gradually red-shifted and the λmax reached 466 nm when
1.0 equiv of CH3CO2

- was added to the system (Figure 5a).
Figure 5b shows the plots of the absorbance at 470 nm as a
function of the CH3CO2

- amount. The saturation in the absorp-
tion changewas produced by the addition of almost an equimolar
amount ofCH3CO2

- relative to the urea units of poly-1, implying
that the efficient anion reception event was accomplished. More
importantly, the resulting titration curve displayed a sigmoidal
curvature, indicative of a cooperative binding mode.10,11 Thus,
this binding process was analyzed using the Hill equation, which
is a suitable equation for determining both the binding constant
and cooperativity in the case of a cooperative binding system.35

Themonomer unit-based apparent association constant (Ka) and
Hill coefficient (n) of this binding system was determined to be
11500 M-1 and 8.0, respectively (the inset of Figure 5b). The
resulting Ka value obviously indicates that poly-1 possesses a
superior binding ability to CH3CO2

-.36 More importantly, an
exceptional n value was observed in this binding system, implying
a positive homotropic allosterism. The n value describes the
cooperativity in the binding process and the values greater than
one are obtained in the case of positive allosteric bindingmode, in
which the initial guest-binding facilitates further complex forma-
tion. Given the observed large n value, it is obvious that the
cooperative and positive allosteric binding occurs between poly-1
and CH3CO2

-, thus providing the increasing anion binding
ability. For this binding system, the partially formed urea/
CH3CO2

- complex units in the polymer chain should produce
a change in the whole main chain conformation, which is more
suitable for further CH3CO2

- binding. Therefore, the binding
ability of poly-1 nonlinearly increases with the increasing amount
of CH3CO2

- bound to poly-1. The observed positive allosteric
binding mode is definitely attributable to the molecular feature
that cooperative conformation change of the polymer backbone
is actualized. A similar cooperative conformation change has
been particularly observed for helical poly(phenylacetylene)s,37

which is the so-called chiral amplification via the sergeants and
soldiers principle.38,39Given the scarcity of suchhighly cooperative

conformational change for the polymeric receptor, poly(phenyl-
acetylene) backbone should be important for the observed
allosteric anion-binding capability of poly-1. The inherent rigi-
dity and stiffness of the poly(phenylacetylene) backbone may
contribute to the exceptional cooperativity.

We further examined the effect of themolecular design of poly-
1 on the anion binding affinity by comparison to that of poly-
(phenylacetylene) featuring urea receptors derived fromL-glutamic
acid (poly-2), which is one of the polymers that we previously
reported.40 The change in the absorption spectrum with the
addition of CH3CO2

- and the resulting titration curve are shown
in Figure S1 of the Supporting Information. Poly-2 exhibited
a bathochromic shift similar to poly-1 upon the addition of
CH3CO2

-. However, the spectral change was gradual, and thus
more than 15 equiv of CH3CO2

- was necessary for completing
the change. On the basis of the Hill analysis, the Ka and n values
of this binding system were found to be 2800 M-1 and 1.3,
respectively, which were both significantly lower than those for
poly-1. In particular, the resulting n value indicates little co-
operativity in the binding process between poly-2 and CH3CO2

-.
These results suggest that the both binding ability and coopera-
tivity were remarkably enhanced for the newly designed poly-1.

The most reasonable explanation in the improvement of the
binding ability of poly-1 is the rational molecular design of the
urea moiety. Two electron-withdrawing -CF3 groups probably
endow the urea receptor with amore robust and efficient hydrogen-
bonding ability, thus enabling the improved anion binding
affinity. For realization of the highly cooperative binding, the
rational molecular design of the receptor units was therefore
clarified to be indispensable as well as the inherent nature of the
poly(phenylacetylene) backbone.

Finally, we carried out the absorption titration experiment and
Hill analysis for all the anions in order to elucidate the binding

Figure 4. Job’s plots upon mixing of THF solutions of poly-1 and
CH3CO2

-, obtained by means of UV-vis spectroscopy. The total con-
centration of monomeric units of poly-1 and CH3CO2

- was kept con-
stant at 260 μM.

Figure 5. (a)UV-vis absorption titration and (b) the resulting titration
curve of poly-1 with CH3CO2

- in THF ([monomeric units of poly-1]=
130μM, [CH3CO2

-]/[monomeric units of poly-1]=0-5.0). Inset shows
the Hill plot analysis of this complexation.
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was measured and 

from this the amount 

of dye remaining in 

solution was 

calculated. The 

polymeric material 

displayed the highest 

affinity for Orange II, 

followed by sunset 

yellow FCF, and 

finally amaranth. The 

affinity was observed 

to decrease as the pH 

of the solutions 

increased. This is as 

would be predicted, since an increase in pH was expected to lead to a decrease in cationic 

sites in the material, and thus a decrease in electrostatic attraction for the negatively 

charged azo dyes. Also worth noting is that measuring the kinetics of adsorption, the 

material sorption plateaued after 5 hours. This was considered an indication that the 

binding sites underwent saturation, with maximum adsorptions of 868.41 ± 23.04 mg/g, 

760.25 ± 41.32 mg/g, and 490.51 ± 28.32 mg/g for Orange II, sunset yellow FCF, and 

amaranth, respectively (see Figure 1.22) 

Taking a more materials-based approach to anion sensing, Li and coworkers 

developed a novel photonic ionic liquid (IL) system for the detection of various anions.88 

Utilizing an imidazolium-based IL monomer (1.47) (cf. Figure 1.23), these investigators 

 

Figure 1.22. Plots of the adsorption profile of the cross-
linked ionic liquid as a function of time for 
Orange II (black squares), sunset yellow FCF 
(red circles), amaranth (blue triangles) 
Reproduced with permission from J. Hazardous 
Materials, 2013, 261, 83-90. Copyright 2013 
Elsevier.87 
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Fig. 5. (A) N2 sorption isotherms and (B) pore size distributions for PDVB-IL.

Fig. 6. TGA of PDVB-IL under nitrogen.

yellow FCF, and amaranth) is different. One SO3
− (orange II) needs

one cationic site, while one molecule of sunset yellow FCF and ama-
ranth need two and three cationic sites, respectively. Therefore, the
capacity of different dyes adsorption is different at the same pH
value. The following experiments were carried out at natural pH
(5.6).

Fig. 7. Influence of pH on the adsorption capacity of PDVB-IL toward anionic azo
dyes. (C0 = 120 mg/L, T = 25 ◦C, contact time = 6 h).

Fig. 8. Adsorbed amount of anionic azo dyes by PDVB-IL as a function of contact
time. (C0 = 100 mg/L, T = 25 ◦C).

3.3. Adsorption kinetics

The adsorption kinetics of orange II, sunset yellow FCF and ama-
ranth on PDVB-IL were studied to investigate the adsorption rate at
which contaminates were removed from aqueous solutions. Fig. 8
shows the effect of contact time on the amount of adsorbed anionic
azo dyes at 25 ◦C.

Fig. 8 showed that the three anionic azo dyes were adsorbed
rapidly at the initial 1 h. After 5 h, the adsorption capacity did not
change with the contact time, indicating the adsorption equilib-
rium was approached. The adsorption capacity of anionic azo dyes
on PDVB-IL at equilibrium are 868.41, 760.52, and 490.51 mg/g for
orange II, sunset yellow FCF and amaranth at 25 ◦C, respectively.

The pseudo-first-order and pseudo-second-order kinetic
parameters are given in Table 2. The coefficient of determination
(R2) values of pseudo first-order kinetic curve can reach up to
0.97. However, the experimental qe values do not agree with that
calculated ones (Table 2), indicating that the adsorption of anionic
azo dyes onto PDVB-IL adsorbent does not conform to the pseudo-
first-order model. The R2 values of pseudo second-order kinetic
curve are greater than 0.99. Moreover, the values of calculated qe
are closer to the experimental qe values for pseudo-second order
kinetics, indicating that the adsorption kinetics is well fitted by
a pseudo second-order model [29]. Ranking of these anionic azo
dyes in terms of k2 order:

Orange II > Sunset yellow FCF > Amaranth
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performed a photopolymerization of this monomer in a 1:1 feed ratio with 

methylmethacrylate in the presence of the cross-linker ethylene glycol dimethacrylate, 

and the initiator 2,2’-azoisobutyronitrile (AIBN). The polymerization itself was effected 

in the presence of silica colloidal crystals in a mixed solvent system consisting of a 1:1 

mixture of methanol and chloroform. The silica colloidal crystals were then etched away 

with 1% HF solution to yield a photonic IL film with an inverse opal structure. The 

resulting 3D ordered photonic IL was used for the naked eye detection of anions (vide 

infra). 

It is well known that the hydrophobicity 

and hydrophilicity of ILs can be tuned by 

counteranion exchange.89 In the case of 

macromolecules containing such species, such 

tuning was expected to reflect the inherent 

characteristics of the material. The use of appropriate solvents leads to swelling or 

shrinking of the films, which was expected to result in a tuning of the stop gaps of the 

photonic ILs. Similar effects were expected in the case of counteranion exchange. As can 

be seen from an inspection of Fig. 1.24, such effects were observed upon exposure of the 

photonic IL films to the ammonium nitrate (NO3
-), sodium tetrafluoroborate (BF4

-), 

sodium perchlorate (ClO4
-), ammonium phosphorous hexafluoride (PF6

-), lithium 

bis(trifluoromethylsulfonyl)imide (Tf2N-) and sodium bromide (Br-) salts as 0.02 M 

aqueous solutions. Subsequent monitoring by FT-IR served to confirm adsorption of the 

anions to the films. The most hydrophobic anion, Tf2N-, results in the largest shift in 

absorbance, 76 nm, while the most hydrophilic, NO3
-, led to a relatively modest shift of 

only 18 nm. 

 

Figure 1.23. Phonotic ionic liquid 
monomer based on 
imidazolium bromide. 
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Boron-based heterocyclic receptors have also been appended to polymers. Fabre 

and coworkers in 1999 reported one of the first examples of an immobilized boronate 

anion receptor.90 In particular, Fabre et al. detail a polypyrrole functionalized with 

pendant boronate pinacol ester derivatives (1,48) that can function as an electrochemical 

chemosensor for anions when electrodeposited onto a platinum electrode via anodic 

oxidation performed in acetonitrile (see structure in Figure 1.25). The concentration of 

anionic analyte was then monitored via shifts in the cyclic voltammagrams. To synthesize 

the pyrrolic monomer, Fabre and coworkers began with 1-(phenylsulfonyl)-3-

vinylpyrrole. Hydroboration by diisopinocampheylborane yielded the intermediate 

diethyl boronate derivative. Reaction with pinacol then gave the pinacol boronate 

derivative. Subsequent deprotection of the phenylsulfonyl group by electrochemical 

reduction gave monomer 1.48 in 13% overall yield. Electropolymerization of 1.48 was 

achieved in anhydrous MeCN using 10-1 M TBAPF6 as the supporting electrolyte. 

 

Figure 1.24. A photonic IL polymer that undergoes a shift in its stop gap as a function 
of added counter anion. Depending on the hydrophobicity of the anion, 
the color of the system shifts from pink to blue. This figure, which 
originally appeared in Adv. Mater. 2008, 20, 4074-4078 (Copyright 
Wiley-VCH GmbH & Co. KGaA), is reproduced with permission.89   
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chains are solvophilic to strong polar solvents, but solvophobic to
non polar solvents. As a consequence, these photonic IL films
present different volume changes and stop band shifts in
different solvents due to the different solvation effects,
suggesting that the polarity of solvents can also shift the stop
bands of the photonic IL films. Like in diversified anion
solutions, the photonic IL films show reversible color changes in
different solvents.

The area of anion detection and the development of
chemoresponsive receptors and reporting systems that work on
anions has been a challenge. Electrochemical, optical, colori-
metric, and chromatographic techniques to detect anions
already exist. But despite being accurate, most of the
techniques are labor-intensive, expensive, and require a high
level of expertise.[12] Compared to these methods, however,

the new concept described here does not
have such problems and exhibits several
desirable advantages.

In conclusion, based on the combination
of the unique properties of both ILs and
photonic crystals, this work demonstrates a
new concept for anion detection in a handy,
rapid and sensitive way. Through simple
counteranion exchanging of the pendant
imidazolium IL units the 3D highly ordered
IL porous structure can directly sense
different anions and easily convert the anion
detection events into readable optical signals
with color changes. On the other hand, the
constructed photonic IL also shows promise
for the detection of solvents with different
polarities. Besides imidazolium IL units, this
reported concept or protocol might be
general and easily amenable to adaptation
for other ionic liquids. Since there are
thought to be at least one million possible
ionic liquids,[13] we believe that the combina-
tion of the unique properties of both ILs and

photonic crystals could open immense opportunities for
constructing novel advanced materials. The resulting 3D

Figure 3. FTIR spectra of dried photonic IL films after soaking in diversified
anions aqueous solutions for 2 h.

Figure 4. A) Stop band shifts of a photonic IL film soaked in three sodium
phosphates with 0.02M; B) stop band shifts of a photonic IL film soaked in
0.01 M HCl, deionized water and 0.01 M NaOH.

Figure 2. SEM images of the fabricated photonic ionic liquid film with opened pore structure
(A) and closed pore structure (B). C) Stop band shifts of the photonic ionic liquid film upon
soaking in diversified 0.02M anions aqueous solutions. D) The induced color changes of the
photonic ionic liquid film upon soaking in diversified 0.02 M anions aqueous solutions.

4076 www.advmat.de ! 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2008, 20, 4074–4078



 41 

In water/acetonitrile mixtures, the polymer-coated 

platinum electrode based on 1.48 exhibited a reversible 

redox process at -0.11 V versus a standard calomel 

electrode (SCE). Upon addition of a 2 mM solution of 

potassium fluoride (KF) to the system, a cathodic shift to -

0.37 V versus SCE was observed. This result was deemed 

consistent with the expectation that the polymer would be 

easier to oxidize when fluoride is bound. Fabre et al. also 

reasoned that the negative charge of the fluoride anion 

might be stabilized by the positive charge created on the 

polymer backbone as the result of oxidation. Presumably, this adds to the signal response. 

In contrast to fluoride, very little response was seen when the boronate functionalized 

polypyrrole was exposed to the chloride or bromide anions. In this case, a minimum 

concentration of 20 mM was required before a recognizable response was seen in the 

cyclic voltammetry (CV) traces.  

Jäkle and coworkers have also developed a series of boron-based sensors 

appended to polystyrene and used them for the sensing of the fluoride and cyanide 

anions. The first version of these polymers relied on luminescent triarylboranes. The 

arenes bound to the boron center consisted of 1) the benzene of the styrene polymer, 2) a 

mesitylene, and 3) a bithiophene derivative (see Figure 1.26). The polymers differed in 

the bithiophene moiety bound to the boron with 1.49 being α-free, 1.50 having a hexyl 

group at the α-position, and 1.51 having a diphenylamine at the α-position. All three 

polymers displayed good fluorescence properties with 1.49 emitting at 463 nm in a 

CH2Cl2 solution and at 425 nm in thin films, 1.50 emitting at 455 in a CH2Cl2 solution 

and at 437 nm in thin films, and 1.51 emitting at 537 in a CH2Cl2 solution and at 540 nm 

 

Figure 1.25. Pinacol-
based 
boronate 
derivatized 
pyrrole 
monomer. 
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in thin films. The polymeric materials displayed a 8-fold increase in sensitivity to anions, 

when monitored by fluorescence spectroscopy, compared to the corresponding small 

molecule models. The binding affinity (Ka) for the fluoride anion, assuming each boron 

represents an independent binding site, was estimated to be ~106.9 M-1 for both 1.50 and 

1.51. No value was reported for 1.49. The polymers also showed fluorescence quenching 

in the presence of cyanide, but not when exposed to a variety of other anions.91 

Building upon these results, Jäkle and coworkers next developed a triarylborane-

containing polystyrene which was redox active. These systems were created so as to be 

able to follow the binding of fluoride electrochemically, rather than spectroscopically. 

Further, these authors mention the fact that coupling boron, which has an empty p-orbital, 

with the π-system of an 

organometallic compound could 

lead to extended π-conjugation. 

This, it was proposed, would 

result in altered electronic and 

photophysical properties. To this 

end, an arylborane was coupled to 

polystyrene. In this case, the 

arenes were 1) the benzene of 

styrene, 2) ferrocene, and 3) 

either mesitylene (1.52) or tri-iso-

propylbenzene (1.53) (cf. Figure 

1.26). The bulkier tri-iso-

propylbenzene was chosen to 

enhance the stability of the boron 

 

Figure 1.26. Structures of polystyrene appended 
with triarylboranes 1.49 – 1.53. 
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center by preventing hydrolysis. The affinity of the polymers for fluoride was determined 

by UV-vis spectroscopic titrations carried out in THF with fluoride being added as its 

TBA salt. Upon fitting of the binding isotherms, the Ka values for 1.52 and 1.53 were 

determined to be 2.9 x 104 M-1 and 2.7 x 104 M-1, respectively. While no mention of the 

change in redox potentials upon the addition of fluoride to solutions of the polymers was 

made, it was noted that the ferrocene-oxidized versions of the polymers appear to bind 

fluoride more strongly.92 

A different set of electrochemical sensors for anion detection was developed by 

Royal and coworkers, who relied on ferrocene-viologen (4,4’-bipyridinium) based redox 

active receptors, as well as related polymer films.93 The stated long-range goal of this 

research was to develop a sensor for ATP2- that would function in biological milieus. This 

is a particularly challenging objective given the ubiquity and relatively high 

concentrations of other anionic species in the human body, including in particular 

chloride and inorganic phosphate. Cognizant of this challenge, Royal et al. first 

synthesized the small molecule receptors 1.54 and 1.55 (cf. Fig. 1.27). These compounds 

were made so as to test the sensing abilities of the ferrocene-viologen receptors per se. 

Here, it is to be noted that receptor 1.54 represents a ferrocene with viologens bound at 

the 1 and 1’ positions, while 1.55 is an ansa system wherein two viologens are connected 

through two ferrocenes to form a macrocycle that is formally analogous to the 

cyclobis(paraquat-p-phenylene) “blue box” made famous by Stoddart.94 Films of poly-

1.56 were deposited onto an electrode surface via oxidative electrochemical 

polymerization of the pyrrole fragment (0.9 V vs. Ag/Ag+ 10-2 M in MeCN + 

tetrabutylammonium perchlorate (TBAClO4)). 

These investigators chose CV and differential pulse voltammetry (DPV) as the 

probe methods used to investigate the binding affinities of 1.54, 1.55 and poly-1.56. In 
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the case of the small molecule redox active receptors 1.54 and 1.55, exposure to H2PO4
-, 

SO4
2-, HPO4

2-, CF3COO-, F- and Cl- produced no significant shifts in the CV or DPV 

curves. However, the FeII/III couple in 1.54 was found to undergo a shift of -10 mV when 

exposed to HSO4
-, S2O4

2- and ATP2-, while a shift of -10 mV in this wave was seen when 

1.55 was exposed to PhPO4
2- and S2O4

2-. Of particular note is that the ferrocene-linked 

system 1.55 experienced a shift in the FeII/III wave of -25 mV when titrated with two-

molar equivalents of ATP2-, thus revealing a selectivity for this all-important biological 

analyte. Royal et al. argued that this selectivity could be attributed to 1.55 forming a 

hexacationic receptor upon oxidation, increasing the electrostatic interactions with ATP2-. 

Charge-transfer interactions between the electron rich adenosine ring system and the 

viologen subunits are also thought to contribute to the anion binding process.  

Upon oxidative electropolymerization of monomer 1.56 in MeCN, an ATP2- 

selective electrode was produced. When the polymer-coated electrode was exposed to the 

 

Figure 1.27. Ferrocene-viologen based receptors developed for polypyrrole based 
ATP2- sensing. 
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H2PO4
-, PhPO4

2- and halide anions (as the potassium salts in aqueous solutions), which 

had previously caused no shifts or only modest shifts in the CV peaks of receptors 1.54 

and 1.55, little in the way of response was likewise observed. On the other hand, 

exposure to ATP2- over a concentration range of 10-5 to 10-3 M produced a cathodic shift 

in the Fc0/+ peak that increased to a maximum ΔEp of -35 mV (i.e., from Ep = 460 mV to 

Ep = 425 mV vs. SCE). This was considered an excellent result that was proposed as 

highlighting the ability of this electrode to detect ATP in aqueous environments. 

A different materials strategy to sequester anionic species based on pendant 

receptors involves the molecular imprinting/templating of a polymeric material. This 

strategy takes advantage of the material properties of crosslinked polymers, which can 

imbue a material with 3-

dimensional order. Typically, 

this leads to enhanced selectivies 

and enhanced affinities relative 

to small molecule receptors. A 

further advantage is that this 

technique can utilize relatively 

simple monomer units with 

cationic or hydrogen bonding 

units. These can then be oriented 

in 3-dimensional space to create 

a selective binding site, rather 

than requiring the synthesis of 

complicated receptor molecules 

that then must be polymerized 

 

Figure 1.28. Scatchard plot of ethyleneglycol 
crosslinked polymer of N-allyl-N’-
methyl-thiourea binding to phosphate 
in aqueous solutions. Reproduced with 
permission from Anal. Lett., 2008, 41, 
302-3011. Copyright 2008 Taylor & 
Francis.96 

 

pH Dependent Binding Profile

The pH-dependent binding profile of PAMT(DP) was estimated (Fig. 4). The
binding characterization of PAMT(DP) for phosphate was compared to that for
sulfuric acid, which has a similar chemical structure to phosphate. The
imprinted polymer, PAMT(DP), showed higher affinity for phosphate at pH 3.0
than at pH 7.0, but no selectivity for sulfuric acid was observed. At pH 7.0, a
neutral pH, the binding ability was relatively low, but selectivity was superior.

Evaluation of Binding and Recovery of Imprinted Polymers for
Phosphate in River Water

A selectivity test regarding the imprinted polymers’ affinity to phosphate in
river water was also conducted (Table 3). The test sample was collected
from Yagi Yousui intended for agricultural use. The impurities in the
sample, F2, Cl2, Br2, NO2

2, and SO4
22 were observed using ion chromato-

graphy. The phosphate concentration in the river water was 50 mM and the
pH was 7.7, and both PAMT(DP) and PAT(DP) showed selective binding for
phosphate, and especially PAMT(DP) which showed higher selectivity for
phosphate than did PAT(DP).

The binding capacity profile of the imprinted polymer, PAMT(DP), for
phosphate is shown in Fig. 5. By loading 4 l of river water (50 mM

Figure 3. Scatchard plot of PAMT(DP).

A. Kugimiya and H. Takei308
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into the material. Using imprinting, a cavity can be templated into the polymeric material 

by performing the polymerization with an unreactive template, which can then be washed 

away after the synthesis. Wu has recently covered this subject matter in a review in 

Microchimica Acta. Nevertheless, an example of this method is presented here by way of 

illustration.95  

This system, prepared by Kugimiya and Takei, consists of a polymer based on N-

allyl-N’-methyl-thiourea monomer and ethyleneglycol dimethacrylate as a crosslinker. 

This polymerization was templated with diphenyl phosphate, in hopes of forming a 

phosphate-selective molecularly imprinted polymer.96 The templated polymeric material 

displayed a marked selectivity for phosphate (75% extracted from aqueous solution) 

compared to other anions (F- = 15%, Cl- = 13%, Br- = 17%, NO2
- = 12%, and NO3

- = 

20%) (as their sodium salts and prepared as 20 μM aqueous solutions). Control extraction 

studies using non-templated polymers demonstrated the necessity of the diphenyl 

phosphate template to allow for 

phosphate extraction (non-

templated material extracted 13% 

of the phosphate from an aqueous 

solution). Further, as can be seen in 

Figure 1.28, there was a 

concentration dependence for the 

extraction, with phosphate levels 

above 500 nM leading to saturation 

of the binding sites. It was also 

noted that this material could be 

used to pack a column and purify 

 

Figure 1.29. The swelling-deswelling behavior 
of PVA-T in a 0.5 M Li2SO4/1 mM 
HCl solution as observed when the 
temperature is varied between 40°C 
and 5°C. Reproduced with 
permission from eXPRESS Polymer 
Letters, 2010, 4, 450-454.97 

4. Conclusions
In the temperature range from 5 to 40°C, PVA-T
hydrogels showed reversible and continuous thermo-
swelling behavior only in the presence of SO4

2–.
This rather specific behavior was ascribed to scis-
sion and formation of the inter- and/or intramolecu-
lar HBs in the course of the heating and the cooling,
respectively. Although the PVA-T hydrogel only
continuously responded to temperature under the
Li2SO4/HCl conditions tested in the present study,
it may be expected that a reversible volume-phase
transition driven by HB may be realized through
optimizing the composition of swelling medium
such as sulfate salt and HCl. To delve into the
mechanism of salt- and thermo-swelling of PVA-T
gels in sulfate solutions, a spectroscopic study with
NMR and FTIR are now being undertaken, which
will be published in our coming paper.
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river water, recovering 85% of the phosphate found in the river water, as determined by 

ion chromatography measurements. 

In a related approach, Wang et al. utilized a poly(vinyl alcohol) appended with 

trimellitate and crosslinked with ethylene glycol diglycidyl ether to form a swellable gel 

capable of recognizing and binding the sulfate anion.97 In their report, Wang et al. 

evaluated three lithium salts: Cl-, SCN-, and SO4
2-. Of these, only sulfate was observed to 

lead to reversible thermo-swelling. This result was rationalized in terms of the sulfate salt 

being able to break up the hydrogen bond network between the trimellitate and alcohol 

functional groups in the gel system. This effect was found to be reversed by the addition 

of HCl solutions, which was believed re-protonated the carboxylic acid groups of the 

trimellitate and lead to renewed hydrogen bonding within the gel. Evidence for this 

reversible swelling-deswelling process is provided in Figure 1.29. In this study, the gel is 

initially swollen in a solution of 0.5 M Li2SO4 /1 mM HCl. It was then placed in solutions 

at 40°C or 5°C and allowed to equilibrate. For further reading on gels (specifically small 

molecule gelators) as recognition materials for anions, please see the review by Tu and 

coworkers entitled “Visual-Size Molecular Recognition Based on Gels”.98   

Swager and coworkers are well known for their work utilizing conjugated 

fluorescent polymers for sensing application, especially electron deficient nitroaromatic 

compounds.99 One strategy they have employed is to take advantage of the fluorescent 

quenching induced by polymer aggregation to sense for ditopic or multi-topic analytes, 

such as spermine (a polyalkylammonium) which can interact with poly(phenylene)s 

adorned with negatively charged carboxylates to bring multiple polymer chains together. 

Upon aggregation, the exciton transfer efficiency between polymer chains is increased, 

which then leads to a shift in, or quenching of, the fluorescence emission.  
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Following a similar strategy, in 2010 Zhao and Schanze reported a water-soluble 

polyelectrolyte (1.57) for the detection of the pyrophosphate anion through aggregation 

induced UV-vis absorption shifts and fluorescence quenching.100 Upon the addition of 

increasing equivalents of sodium pyrophosphate in 2-(N-morpholino)ethanesulfonic acid 

buffered aqueous solution, a shift was observed in the UV-vis absorption maximum from 

400 to 430 nm. The fluorescence emission maximum was also observed to shift 

bathochromically from 433 to 520 nm. This latter difference was manifest in terms of a 

visible shift from a blue to green fluorescence (see Figure 1.30). Polymer 1.57 displayed 

good selectivity between pyrophosphate and phosphate, showing no change in its 

absorption or emission features upon the addition of excess sodium phosphate. The 

authors also tested a number of other biologically relevant anions and observed good 

selectivity for pyrophosphate over the other anions, although sodium ADP and ATP 

engendered fluorescence quenching, but not as well as sodium pyrophosphate. 

 

Figure 1.30. The molecular structure of conjugated polyelectrolyte 1.57 and the UV-
vis absorption spectra and fluorescence emission spectra of 1.57 observed 
upon the addition of sodium pyrophosphate in a pH 6.5 buffered aqueous 
solution. The inset photograph shows the naked-eye observable shift of 
the fluorescence emission from blue to green. Reproduced with 
permission from Chem. Commun., 2010, 46, 6075-6077. Copyright 2010 
Royal Society of Chemistry.100 
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polymers with linear ionic groups. Specifically, many CPEs
with linear side chains exhibit optical properties that are
strongly dependent on the solvent.2 Typically, addition of
water (‘‘poor solvent’’) to methanol (‘‘good solvent’’) results
in the emergence of a new absorption band at longer wave-
length and the replacement of a strong emission band at
shorter wavelength with a red-shifted, weak and broad band.
In clear contrast, PPE-NH3Cl shows a negligible change of
the absorption band with a maximum at 405 nm in water
(pH B 6.0) the same as that in methanol solution, as shown in
Fig. 1. For both solutions, a strong and sharp fluorescence
assigned to the 0–0 band with lmax = 432 nm is observed for
the polymer. The polymer retains approximately 50% of its
quantum efficiency in water (F = 0.23) compared to that in
methanol (F = 0.45) and maintains a similar vibrational
structure. The optical properties were found to be strongly
dependent on the solution pH (Fig. S3, ESIw). For pH r 6.5,
the polymer shows similar spectra as in deionized water, and
varying pH in this range resulted in minimal spectral changes.
An abrupt and significant change in both absorption and
emission spectra is observed between pH 7.0 and 8.0. Further
increasing of pH only leads to slight spectral changes. The
potentiometric titration curve (Fig. S4, ESIw) of the polymer
indicates a three-step deprotonation process around pH 4, 8
and 10, which corresponds well with the pKa values of the
polyamine ligand.15 Combined with the spectral changes of
the polymer solution with pH, it is clear that deprotonation of
the side chains leads to a significant reduction of the electronic
repulsion and induces aggregation of polymer chains through
hydrophobic and p–p stacking interactions.16

To investigate the analyte-induced aggregation for PPi
sensing, we next examined the response of this polymer to
PPi in 10 mM 2-(N-morpholino)ethanesulfonic acid (MES)
buffered solution at pH = 6.5. Fig. 2 shows the absorption
and fluorescence spectra of PPE-NH3Cl upon the addition of
PPi. As the PPi concentration increases, the absorbance at
lmax = 400 nm decreases and an absorption band at lmax =
430 nm emerges to become the dominating peak. Consistent
with our earlier results and others,12,17 this red-shift corres-
ponds to aggregation-induced planarization of phenylene-
ethynylene backbone. In addition, a well-defined isosbestic
point at l = 410 nm is observed suggesting a conversion
between the ‘‘free chain state’’ and the ‘‘aggregate state’’ of the
polymer chains. The fluorescence spectra also reveal the clear
transition between the two states. The strong blue emission

with resolved vibrational structure (433–455 nm) decreases in
intensity with increasing PPi concentration accompanied by
enhancement of the green emission band at lmax = 520 nm. This
large red-shift (B90 nm) of the emission spectra is due to the
efficient intermolecular exciton coupling among polymer chains
with close proximity, leading to a lower energy ‘‘aggregate state’’.
The blue-to-green transition is visually readily observable under
UV illumination (Fig. 2, inset).
Discrimination between PPi and Pi is an important issue for

PPi sensing as the two anions coexist under many circumstances.8

To demonstrate the feasibility of our current system to selectively
detect PPi, we tested the response of PPE-NH3Cl to Pi under
the same conditions. As expected, neither absorption nor
emission spectra show distinct changes to Pi even at higher
concentrations (Fig. S5, ESIw). We ascribed the different
response to the ability of PPi to ‘‘crosslink’’ the polymer
chains carrying polyamine ligands, thus inducing polymer
aggregation, as illustrated in Fig. 3. Although Pi can also
neutralize the polymer charges, clearly, it is unable to induce
the interpolymer interactions. We have also examined the
sensing selectivity of the current CPE sensor to other inorganic
anions including halide ions, carbonate, sulfate and biologically
important anions, such as adenosine monophosphate (AMP),
adenosine diphosphate (ADP) and adenosine triphosphate
(ATP). It is found that the current sensor is highly selective
to PPi compared to a number of tested inorganic ions. However,
the polymer’s fluorescence is affected somewhat by ADP
and ATP (Fig. S6, ESIw), therefore interference by these
species must be considered in developing assays based on the
PPE-NH3Cl/PPi sensor.
Fig. 4 shows the ratiometric response of both the absorption

(A430/A400) and fluorescence (I510/I455) signals to the PPi

Fig. 1 Absorption and emission spectra of PPE-NH3Cl in methanol

and water ([PPE-NH3Cl] = 4 mM).

Fig. 2 Absorption (left) and fluorescence (right) spectra of

PPE-NH3Cl in buffered solutions (pH = 6.5) with increasing PPi

concentration ([PPE-NH3Cl] = 10 mM). Inset: fluorescence images of

the solutions before and after the addition of PPi (1 equiv.).

Fig. 3 Schematic illustration of PPi-induced polymer aggregation.

6076 | Chem. Commun., 2010, 46, 6075–6077 This journal is !c The Royal Society of Chemistry 2010
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In this section we have covered polymeric materials that incorporate anion 

receptors as pendant side chains. These systems have been applied as chemosensors for 

species such as CN-, F-, and phosphate derivatives. This approach toward material 

development is attractive because it allows the beneficial features of various small 

molecule receptors (e.g., specificity and signal output) to be combined with those of 

polymers (e.g., solubility and stability). In this section, the receptors discussed derived 

their selectivity from electrostatic interactions or subsequent deprotonation upon 

exposure to anionic species. In contrast, the ensuing section will focus on polymer 

backbones incorporating neutral heterocyclic receptors with a strong affinity for anionic 

species. 

1.2.2 Polymers Incorporating Neutral Anion Receptors 

The previous section provides an introduction into polymeric materials containing 

receptors capable of recognizing anionic species.  The aforementioned systems 

incorporated anion responsive or sensing moieties as side-chain appendages.  However, 

the innate functionality of these materials was typically derived from electrostatic 

interactions or subsequent deprotonation after exposure to anionic species. This often 

resulted in a colorimetric or fluorometric response. In this section, we will look at neutral 

receptors capable of binding anions with a high affinity, often through multiple hydrogen 

bonding interactions. In particular, the structural incorporation of calix[4]pyrrole into 

polymeric systems will be covered, as well as other molecular receptors (e.g., crown 

ether, DPQ, and diindolylquinoxaline (DIQ)). Earlier in this chapter, polymer matrices 

containing calix[n]pyrrole, and derivatives thereof, were described. These materials not 

only represent a creative approach to ISE development, but also are exemplary of initial 

progress in the development of polymers containing neutral anion receptors. Advantages 
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associated with the strategies described below include an ability to tune material 

properties based on either the choice of receptor monomer loading levels). 

  

 

Figure 1.31. Polymer resins containing calix[4]pyrrole (1.58 and 1.59) and 
calix[4]pyrrole[2]thiophene (1.60) anion receptors. 
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Early progress in this field is exemplified by two sets of resins prepared by 

Kaledkowski and coworkers.101,102 In the first of these, calix[4]pyrrole (1.58) and 

calix[4]pyrrole[2]thiophene (1.60) were attached to cross-linked vinylbenzene 

chloride/divinylbenzene copolymer beads (see Figure 1.31). A condensation of phenol-

substituted calix[4]pyrrole with formaldehyde (1.59) was used to synthesize the second 

set of resins. Both these materials displayed an ability to “capture” halides and cyanide 

anions as their TBA salt from MeCN (i.e., a non-aqueous environment). Furthermore, 

resins that contained the “expanded” calix[4]pyrrole[2]thiophene unit demonstrated an 

enhanced affinity for larger anionic species, such as iodide. This result correlates well 

with the selectivities observed for the stand-alone receptor.103  

In a more recent study, Sessler, Bielawski, and coworkers reported poly(methyl 

methacrylate)s (PMMAs) containing pendant calix[4]pyrroles (see Figure 1.32).104 These 

new polymeric materials proved effective in the extraction of TBAF and TBACl from 

aqueous environments. The calix[4]pyrrole methacrylate monomer (1.61) was prepared 

in 84% yield by treating a hydroxymethyl calixpyrrole derivative with methacryloyl 

 

Figure 1.32. Calix[4]pyrrole methacrylate monomer (1.61), calix[4]pyrrole 
methacrylate homopolymer (1.62), calix[4]pyrrole-co-
methylmethacrylate polymer (1.63), and the calix[4]pyrrole-co-
benzocrown[5]-co-methylmethacrylate polymer (1.64) developed by 
Sessler, Bielawski, and coworkers. 
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chloride in the presence of triethylamine (TEA). Homopolymer (1.62) was prepared via 

treatment of monomer 1.61 with 1 mol% AIBN in THF solution. The reaction was then 

stirred at 70 °C for 17 h under a nitrogen atmosphere. The resulting viscous polymer 

solution was precipitated by drop-wise addition into excess cold methanol, and recovered 

in 66% yield. Analysis using size-exclusion chromatography (SEC) revealed a number-

average molecular weight (Mn) of 23,600 Da (relative to PMMA standards) and a molar 

mass dispersity (Đ) of 2.3. This conventional free radical polymerization technique was 

also used to generate a calixpyrrole containing PMMA copolymer (1.62). On the basis of 

a SEC analysis, copolymer 1.63 was found to possess a Mn of 85,500 Da and a Đ of 2.1. 

Sessler and Bielawski concluded from the high molecular weight of 1.63 compared to 

that of 1.62 that the steric bulk of the calixpyrrole negatively impacted the growth of the 

latter polymer.   

In an effort to explore the anion binding ability of copolymer 1.63 under 

interfacial conditions, Sessler and Bielawski utilized NMR spectroscopic techniques. 

Towards this end, a D2O solution of TBAF (90 mM) was exposed to a CD2Cl2 solution of 

polymer 1.63 (effective concentration of calixpyrrole repeat unit = 6.5 mM). The layered 

mixture was shaken for 20 min and then centrifuged to separate the organic and aqueous 

layers. Analysis of the organic layer (CD2Cl2) via 1H NMR spectroscopy revealed a 

substantial downfield shift in the pyrrole NH protons (Δppm = 0.32 ppm). Such 

downfield shifts are typically observed upon anion binding to calix[4]pyrrole monomers. 

Peaks corresponding to the TBA+ counter cation (at δ = 3.2 ppm) were also observed, 

providing support for the conclusion that both the anion (F-) and the cation (TBA+) were 

present in the organic phase. A greater downfield shift in the NH pyrrole proton signal 

was observed upon exposure to TBACl under analogous extraction conditions and 

concentrations. These results are consistent with an increase in the ability of polymer 
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1.63 to extract chloride over fluoride. However, they run counter to the anion affinities 

displayed by calix[4]pyrrole in dichloromethane.53 This was not considered surprising 

since they are in accord with the Hofmeister bias. Specifically, chloride is a more 

hydrophobic anion (ΔGh = -340 kJ mol-1)7 than fluoride (ΔGh = -465 kJ mol-1) and thus 

should be extracted more easily.41,105 Supporting this rationale, was the fact that both 

octamethylcalix[4]pyrrole and PMMA proved capable of extracting TBACl, but with 

35% lower efficiency than polymer 1.63. Only polymer 1.63 proved capable of removing 

fluoride (as TBAF) from the aqueous layer.  

The results described above represent one of the first examples of a molecular 

receptor functionalized polymer capable of extracting anionic species from aqueous 

environments. However, polymer 1.63 displayed a low affinity for “hard” salts containing 

hydrophilic cations (e.g., K+ and Na+). In 2008, Sessler, Bielawski, and coworkers 

addressed this issue by appending benzo-[15]-crown-5-ether, a subunit know for its 

ability to complex cationic species,106 as a pendant group to the calix[4]pyrrole 

functionalized PMMA polymer backbone.107 The resulting copolymer (i.e., 51) was 

prepared by the previously described free radical polymerization method. Initial 

quantitative evidence that copolymer 1.64 could extract chloride salts came from a visual 

extraction test utilizing the water-soluble dye 1.65 (Fig. 1.33). In terms of experiment, an 

aqueous solution of 1.65 was subject to extraction using a CH2Cl2 solution of copolymer 

1.64, as well as control solutions of octamethylcalix[4]pyrrole (Fig. 1.33B), benzo-[15]-

crown-5-ether (Fig. 1.33C), and a mixture of both receptors (Fig. 1.33D). Only, the 

organic layer containing copolymer 1.64 displayed evidence of successful extraction of 

dye 1.65, as observed by a light blue colored organic phase.    

The amount of dye (1.65) removed from the aqueous layer, upon exposure to 

copolymer 1.64 and control compounds, was quantified with the use of UV-Vis 
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spectroscopy. Analysis of the aqueous layer, post-extraction, confirmed that copolymer 

1.64 was able to extract dye 1.65 into the organic phase 54% more effectively than 

octamethylcalix[4]pyrrole, benzo-15-crown-5-ether, or the mixture of receptors.   

The promise of the results described above, led Sessler and Bielawski to explore 

whether or not copolymer 1.64 was capable of extracting two hard ions, namely 

 

Figure 1.33. Aqueous solutions of water-soluble chloride salt (1.65) after extraction 
with CH2Cl2 (bottom layer) solutions of: a) blank with CH2Cl2; b) 
octamethylcalix[4]pyrrole; c) benzo-15-crown-5-ether; d) a mixture of 
octamethylcalix[4]pyrrole and benzo-15-crown-5-ether; e) and polymer 
1.64. This figure, which originally appeared in Angew. Chem. Int. Ed. 
2008, 47, 9648-9652 (Copyright Wiley-VCH GmbH & Co. KGaA), is 
reproduced with permission.107 

 

respectively); however, no transfer of color was observed.
These results were quantified using UV/Vis spectroscopy. As
shown in Figure 2, analysis of the aqueous phases of these
extraction experiments confirmed that 4 was able to extract 9
into the organic phase more effectively (greater than 54%)
than 1, 3, or their mixture. Similar qualitative and quantitative
results were observed for aqueous solutions of 10, a water-
soluble dye that contains a potassium countercation. In this
case, copolymer 4 proved more effective as an extractant
(greater than 30%) relative to either 1, 3, or the same mixture
of 1 and 3 used above (see the Supporting Information).

Encouraged by these initial results, we next sought to
address the question of whether copolymer 4 could extract a

salt consisting of two hard ions, namely potassium fluoride. In
parallel, the extraction properties of 5 and 6 were examined.
These systems contain either calixpyrrole or crown ether
recognition subunits, respectively, and were designed to assess
the relative importance of each individual ion recognition unit
on the overall extraction properties of 4. As shown in
Figure 3, addition of a 3.4m D2O solution of KF to a CD2Cl2

solution of 4 (effective concentration of the calix[4]pyrrole
and crown ether repeat units 6.25 and 4.86 mm, respectively)
resulted in the appearance of a signal at d =!121.7 ppm in
the 19F NMR spectrum of the organic phase. A similar signal,
but of reduced intensity, was seen in the case of 5, whereas
very little signal was observed in the case of 6.

To quantify the amount of fluorine present in the organic
phases of the aforementioned extraction experiments, fluo-
robenzene (final concentration: 14.21 mm) was added to each
sample as an internal standard (d =!114.3 ppm). On the
basis of comparative integrations (i.e., comparing total
fluoride content in the CD2Cl2 layer relative to this standard),
copolymer 4 was found to be capable of extracting KF more
efficiently (7.55" 0.04 mm) then polymer 5 (5.71" 0.03 mm)
under conditions where the effective concentration of the
calix[4]pyrrole repeat units in both polymers were essentially
the same (6.25 mm versus 6.50 mm for 4 and 5, respectively).
In addition, both of these polymers were found to extract
significantly more fluoride into the organic phase than 6
([F] = 0.34" 0.03 mm in the CD2Cl2 layer), a copolymer that
does not contain any calix[4]pyrrole subunits, as noted above.
As control experiments, extractions were also performed in
an analogous manner using 1, 3, MMA homopolymer,[6] an
equimolar mixture of calixpyrrole 1 and crown ether 3, and
the calixpyrrole crown ether pseudo dimer 8, which was
envisioned as a small-molecule analogue of 4.[11] No quantifi-
able fluorine signal was observed in the organic phase when
any of these control systems were used as extractants.[12]

Flame emission spectroscopy (FES) was used to confirm
the coextraction of potassium in the above experiments.[13]

The organic phase obtained after extracting KF with polymer
4 afforded an emission intensity (EI) of 0.401 (at 766.5 nm,
i.e., the emission wavelength of the excited potassium ion

Figure 1. Aqueous solutions of 9 (top layers): a) After treatment with
CH2Cl2 (bottom layer). b) After treatment with a CH2Cl2 solution of 1
(bottom layer). c) After treatment with a CH2Cl2 solution of 3 (bottom
layer). d) After treatment with a CH2Cl2 solution of 1 and 3 (bottom
layer). e) After treatment with a CH2Cl2 solution of polymer 4 (bottom
layer). See text for details.

Figure 2. UV/Vis spectra of aqueous solutions of 9 (initial concentra-
tion = 25.5 mm) after exposure to an equal volume of a CH2Cl2 solution
of polymer 4 (effective concentration of the calix[4]pyrrole and crown
ether repeat units was 1.56 and 1.22 mm, respectively), 1 (1.56 mm), 3
(1.22 mm), or a mixture of 1 and 3 (1.56 and 1.22 mm, respectively).

Figure 3. 19F NMR spectra of CD2Cl2 solutions of copolymers a) 4
(effective [calix[4]pyrrole] =6.25 mm), b) 5 ([calix[4]pyrrole] = 6.50 mm),
and c) 6 (no calix[4]pyrrole) after adding D2O solutions of KF (3.4m),
shaking the tubes vigorously, and then separating the phases with the
aid of centrifugation (10 min). * denotes KF.

Communications

9650 www.angewandte.org ! 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2008, 47, 9648 –9652
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potassium fluoride (KF). Thus, a 3.4 M D2O solution of KF was exposed to a CD2Cl2 

solution of copolymer 1.64 (effective concentration of the calix[4]pyrrole and crown 

ether repeat units 6.25 and 4.86 mM , respectively) and extracted via the previously 

described procedure. This resulted in the appearance of a signal at δ = -121.7 ppm in the 
19F NMR spectrum of the organic phase. The fluoride anion concentration in this phase 

was quantified via addition of fluorobenzene (final concentration: 14.21 mM) as an 

internal standard (δ = -114.3 ppm) to the aforementioned extraction experiment. 

Comparative integration of the organic phase showed copolymer 1.64 was capable of 

extracting KF (CD2Cl2; concentration = 7.55 ± 0.04 mM) more efficiently than 

copolymer 1.63 (CD2Cl2; concentration = 5.71 ± 0.03 mM). The extraction efficiencies 

determined by 19F NMR were further supported by flame emission spectroscopy (FES), 

which was used to quantify the amount of potassium extracted into the organic phase by 

copolymer 1.64 (6.84 ± 0.05 mM). 

1.2.4. Polymers Incorporating Anion Receptors into the Main Chain 

As previously mentioned, polymeric materials often provide advantages beyond 

those displayed by their constituent monomers. One such advantage, displayed by certain 

polymers (particularly conjugated polymers), is an ability to conduct charge. In principle, 

conductive polymers can be used to transform a chemical signal into an easily detectable 

optical or electrical event.108 The incorporation of anion receptors into such materials 

should facilitate sensing applications via signal amplification. With this goal in mind, it 

was considered useful to incorporate discrete receptors into the main-chain of covalent 

polymers. An excellent example of this strategy was reported by Lee et al., who in 2007 

succeeded in incorporating quinoxaline receptors into a set of derivatized polyfluorene 

copolymers (Fig. 1.34).109 The polymer in question, poly[ortho-diaminophenylene-
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fluorene)-co-

(quinoxaline-

fluorene)] 

(1.66), was 

prepared by 

effecting 

polymerization 

of 4,7-dibromo-

2,1,3-

benzothiadiazole, 9,9-dihexylfluorene-2,7-bis(trimethyleneborate), and 5,8-dibromo-2,3-

diphenylquinoxaline through Suzuki coupling, followed by reduction to the ortho-

diamino group using lithium aluminum hydride (LAH). The authors suggested that a 

selective interaction between the ortho-diamino group and the fluoride anion results not 

only in a colorimetric change observable by the naked-eye, but also in fluorescence 

quenching as the result of a photo- induced electron transfer process (PET).    

In 2008, Lee and coworkers reported a new set of azomethine-containing 

conjugated polymers containing fluorene and/or quinoxaline units that are closely 

 

Figure 1.35. Azomethine-containing conjugated polymers containing linked fluorene 
and quinoxaline subunits. 
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Figure 1.34. Poly[ortho-diaminophenylene-fluorene)-co-
(quinoxaline-fluorene)]. 
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attached to their main chains; as above, these systems, represented by canonical 

structures 1.67 and 1.68, were synthesized by Suzuki coupling reactions followed by 

hydrogenation and condensation with cyclohexanone (Fig. 1.35).110   

Polymers 1.67 and 1.68 were used in the naked-eye detection of acid vapors. 

Towards this end, the polymers were adsorbed onto filter paper and exposed to acid 

vapors. This led to a dramatic color change from bright red to bluish violet (Fig. 1.36). 

This color change, which is thought to result from protonation of the imine unit, as 

opposed to a structural alteration, was found to be reversible, with the color fading when 

the adsorbed polymer was left exposed to air for 5 minutes. Protonated versions of 

polymers 1.67 and 1.68, obtained by pre-exposure to TFA, were also used to prepare a set 

of anion-induced colorimetric sensors. Specifically, exposure of these TFA-treated 

polymers to iodide and acetate ions resulted in drastic chromatic changes, which allowed 

for the so-called naked eye detection of these particular negatively charged species.   

 

Figure 1.36. Changes in the color of polymer 1.67 upon exposure to acid gas in the 
solid state; (a) polymer 1.67 adsorbed onto filter paper (b) after exposure 
to acid vapors for 10 s (c) regeneration after exposure to air for 5 min. This 
figure, which originally appeared in React. Funct. Polym. 2008, 68, 1696-
1703 (Copyright, Elsevier) is reproduced with permission.110   

 

We, therefore, conjecture the naked-eye acid gas sensing
system via chromatic transformation with azomethine-
containing P3. Fig. 2 demonstrates photographs of color
change of P3 adsorbed onto cellulosic filter paper upon
exposure to acid gas from hydrochloric acid. The red color
of P3 was readily changed to bluish violet by the addition
of proton to nitrogen in the azomethine group in the poly-
mer. Along with this chromogenic alteration, fluorescence
quenching was also observed simultaneously. Initial red
color induced by protonation was regenerated by keeping
the filter paper at ambient condition less than 5 min, pre-
sumed that the chemical structural change was not in-
volved in this sensing mechanism. Thus it is thought that
the solid state P3 can be exploited as an acid gas detecting
material. Similar result was drawn in the case of P6 as well.

Using the acid-controllable chromatic transformation,
we attempted to devise a naked-eye detectable molecular
switch by acid/base titration. pH-controllable molecular
switch whose switching can be monitored via its absorp-
tion and emission color can be seen in Fig. 3. As the same
mechanism can be adapted from the reversible acid gas
detection, the absorption color of P3 solution was changed
from red to dark blue by addition of TFA, which demon-
strated increase in absorption at 333 and 660 nm and
decrease at 505 nm (spectrum 2 in Fig. 3a). Specifically,
absorption at 333 nm was red-shifted to 342 nm upon pro-
tonation presumably due to extended planar structure by
protonation. As the azomethine units (CH@N) transformed
to protonated forms (CH@NH+) upon protonation, this re-
sulted in the decrease in absorption around 550 nm as-
signed to azomethine units. As electron transfer from
electron-donating fluorene to electron-accepting azome-
thine was not facilitated upon protonation, as a conse-
quence, the absorption around 335 nm increased. Initial
red absorption color and original absorption maximum
were recovered instantaneously upon neutralization with
basic triethylamine which acts as proton scavenger
(spectrum 3 in Fig. 3a). Similar to absorption color switch-
ing, red emission color was quenched upon addition of TFA
and recovered its fluorescence as shown in Fig. 3b. The pH-
responsive absorption and fluorescence colors are revers-
ible as the acid-base titration cycles. The absorbance and

emission intensity can recover at the initial value (data
are not shown), exhibiting attenuation of absorbance and
emission intensity after several cycles resulted from the
dilution of the solution. Aggregation or precipitation was
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Fig. 3. (a) Absorption and (b) fluorescence spectra of P3 by addition of
TFA and triethylamine into chloroform solution; [P3] = 3.8 ! 10"5 M,
[TFA] = 3.72 ! 10"2 M for spectrum 2, [Et3N] = 4.8 ! 10"2 M for spectrum
3.

Fig. 2. Chromatic changes of P3 in solid upon exposure to acid gas; (a) P3 embedded onto filter paper, (b) exposed to acid gas for 10 seconds, and (c)
regenerated after 5 min in air.

1700 H.J. Kim et al. / Reactive & Functional Polymers 68 (2008) 1696–1703
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More recently, Lee et al. have 

developed a water soluble conjugated 

polymer based on 

polybenzodiazaborole for the detection 

of the cyanide anion in aqueous 

media.111 The polymer (1.69) had a 

molar ratio of m:n = 0.18:0.82, as 

implied in Figure 1.37. The polymer 

was also found to fluoresce blue, with 

an emission maximum at 428 nm 

being observed. The fluorescence intensity was quenched upon the addition of TBACN 

(most likely due to interaction with the boron center, as well as deprotonation of the NH 

of the heterocycle). The detection limit for cyanide was found to be ~2 μM. The polymer 

was also determined to have good selectivity for cyanide over other anions, as the 

polymer remained fluorescent in the presence of the TBA salts of fluoride, chloride, 

bromide, iodide, acetate, and dihydrogen phosphate. 

 

As previously mentioned, DPQ is a 

highly effective receptor for the fluoride 

anion. Recognizing this, several groups 

have developed polymeric systems that 

rely on this quinoxaline derivative as the 

anion chemosensor element. Sun and 

coworkers prepared a DPQ-containing 

poly(phenylene ethynylene) backbone via 

 

Figure 1.37. Molecular structure of the 
water-soluble 
polybenzodiazaborole for 
cyanide sensing in water.  
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Figure 1.38. DPQ-based poly(phenylene 
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palladium-catalyzed Sonagashira cross-coupling reactions, producing polymer 1.70 (Fig. 

1.38).112 These systems were found to undergo a bathocromic shift in the UV-Vis 

absorption spectra when exposed to TBAF in CH2Cl2 solutions. A quenching of the 

fluorescence intensity was also observed. 

Based on careful 1H NMR spectroscopic titrations, Sun et al. attributed the 

bathochromic shift in the UV-Vis absorption spectra, as well as the fluorescence 

quenching, to deprotonation of one of the pyrrolic units, rather than hydrogen bonding of 

the pyrrolic N-H protons to F-. From UV-Vis absorbance titrations, they were able to 

calculate effective binding constants (per DPQ subunit) of 2.52 x 103 M-1 and 1.44 x 103 

M-1 for iodide and pyrophosphate, respectively. 

Anzenbacher et al., have also prepared conjugated polymers containing DPQs. 

These systems were prepared from monomers of DPQ functionalized with 

ethylenedioxythiophenes (EDOTs), which were then electropolymerized and 

subsequently doped (Fig. 1.39).113 The polymeric systems prepared in this way (1.71 and 

1.72) allow for two forms of anion sensing. 

These involved following the anion-induced 

color changes via UV-Vis absorption 

spectroscopy or using a bipotentiostat to 

monitor the changes in current produced by the 

addition of anions, respectively. Polymer 61 

demonstrated good affinities for the fluoride 

and pyrophosphate anions (as the TBA salts in 

DMSO (0.1% H2O)), yielding effective binding 

constants of 48,000 and 61,100 M-1 for these 

two anions, respectively. Polymer 1.72 is 

 

Figure 1.39. Structure of DPQ-
based polymers used as 
sensors by 
Anzenbacher et al. 
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similar to 1.71; however, it contains chlorides at the α-position of the pyrrolic subunits. 

The chloride-modified polymer showed selectivity toward TBA dihydrogen phosphate, 

exhibiting an effective per DPQ binding constant of 90,000 M-1 (in DMSO (0.1% H2O)). 

This polymer also displayed an affinity for fluoride and pyrophosphate, although this 

affinity was reduced compared to that displayed for the dihydrogen phosphate anion (the 

effective affinity constants were 24,000 and 11,000 M-1 for fluoride and pyrophosphate, 

respectively). 

A somewhat different class of conjugated polymers containing neutral 

heterocycles as anion chemosensors was reported by Wang et al.; these researchers 

produced polyphenylenes copolymerized with phenol-substituted oxadiazoles (systems 

1.75 and 1.76) as efficient fluorescent sensors for fluoride anions.114 Wang and coworkers 

began by first synthesizing the small molecule model compounds 2,5-bis(2-

hydroxyphenyl)-1,3,4-oxadiazole (1.73) and 2-(2-hydroxyphenyl)-5-phenyl-1,3,4-

oxadiazole (1.74), systems that they found to act as colorimetric and fluorescent 

chemosensors of F- and H2PO4
- (Fig. 1.40).115  

It was demonstrated that 1.73 exhibited a high affinity for dihydrogen phosphate 

and fluoride anions (Ka= 7.9 x 105 and 8.6 x 104 M-1, respectively) as the TBA salts in 

DMF, while 1,74 exhibited a slightly higher affinity for dihydrogen phosphate (Ka= 1.8 x 

106 and 4.1 x 104 M-1 for H2PO4
- and F-; studied as their respective TBA salts in DMF). 

The ability of the small molecule 

model systems to bind dihydrogen 

phosphate in organic media led to 

the assumption that polymeric 

systems would follow suit. 

However, contrary to this 

 

Figure 1.40. Structures of oxadiazole small 
molecule chemosensors. 
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expectation, Wang et al. reported that polymers 1.75 and 1.76 (Fig. 1.41) exhibited 

higher affinities for fluoride over dihydrogen phosphate when studied in chloroform 

solutions (at a concentration of 5 μM). The emission intensity of polymer 1.75 decreased 

up to 380-fold upon exposure to F-. This reduction was accompanied by a red-shift in the 

emission of up to 15 nm. However, the addition of H2PO4
- led to only a 6-fold reduction 

in emission intensity (both anions were studied as their respective TBA salts). The anion 

binding properties of 1.76 were similar to 1.75 but a significant reduction in sensitivity 

for F- was observed. This latter finding was attributed to the different number of hydroxyl 

binding sites in each repeat unit. The more global change in affinity, namely selectivity 

for fluoride over dihydrogen phosphate, was ascribed to the fact that the polymers exist in 

coiled conformations. Such compact structures were expected to limit access to the 

hydroxyl sites in the case of bulky anions, such as dihydrogen phosphate. On the other 

hand, they were expected to allow access to smaller, more charge dense anions, such as 

fluoride. Based in part on further studies (vide infra) from the Wang group, it is likely 

that this “binding” involves at least a partial deprotonation of the hydroxyl protons. 

Ding and coworkers also explored the sensing properties of oxadiazoles in 

conjugated polymers. They incorporated oxadiazoles into highly fluorinated polymer 

backbones, as shown in Figure 1.42.116 As an initial test, the 

bis(perfluorophenyl)oxadiazole monomer was combined with a series of fluoride salts: 

NaF, KF, RbF, CsF, and TBAF in dimethylacetamide (DMAc), which produced a signal 

 

Figure 1.41. Polyphenylenes containing phenol-substituted oxadiazole moieties. 
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as observed by UV-vis 

spectroscopy. Other anions 

tested, such as Cl-, Br-, HSO4
-, 

ClO4
-, and PF6

- (as their TBA 

salts), did not give rise to a 

new peak in the UV-vis 

spectrum. Once the monomer had been polymerized to polymer 1.77, the sensing 

properties of the polymer were evaluated in DMAc and followed by UV-vis 

spectroscopy. From titrations of the monomer and the polymer, binding constants were 

determined using the Benesi-Hildebrand equation for fluoride interacting with the 

monomer Ka = 52,000 M-1 and for the polymer Ka = 4440 M-1. The authors attribute the 

decrease in sensitivity from monomer to polymer to the poor solubility of the polymer 

and its propensity to aggregate, leading to fluorescence quenching.  

In a separate study involving conjugated fluorescent polymers as anion sensors, 

Wang et al. prepared hydroxyl-functionalized polyquinoline-derived macromolecules 

(PQOH, 1.78; cf. Fig 1.43).117 Polymer 1.78 was prepared via a nickel-catalyzed coupling 

of a methoxy-protected precursor followed by demethylation (BBr3 followed by water).118 

A hydroxyl-containing quinoline, 1.79, was synthesized as a small molecule control.  

 

Both the model 

compound 1.79 and the 

polymer 1.78 were found to 

undergo naked-eye detectable 

color changes, as well as 

fluorescence “turn-on” in the 

 

Figure 1.43. Small molecule model hydroxylated 
diquinoline control and corresponding 
polymer system. 
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fluoroinated oxadiazole polymer.  

 

O
CF3

CF3
O

N N

O

F F

F F F F

F

FF
n

1.77$



 63 

presence of TBAF in DMSO. Upon addition of this fluoride anion salt, solutions of 1.79 

were found to change from colorless to yellow, with even larger changes, from colorless 

to red, being seen in the case of polymer 1.78. Other anionic species, namely chloride, 

bromide and dihydrogen phosphate (all studied as their TBA salts), did not produce color 

changes in the case of polymer 1.78. Exposure of polymer 1.78 to TBAF, but not to other 

anions, was also found to engender a new fluorescent emission peak at 620 nm. This 

observation was rationalized in terms of the hydroxyl groups undergoing deprotonation 

when exposed to F- (an anion recognized for its basicity in organic milieus). Such 

deprotonation was expected to give rise to an intramolecular charge transfer interaction.  

Deprotonation also likely accounts for the efficacy of a set of 

polyhydroxybenzoxazole-based colorimetric and fluorometric chemosensors for fluoride 

(cf. structure 1.82) introduced by the Lee group.119 In this case, a Suzuki cross-coupling 

polymerization strategy was employed (Scheme 1.3). Specifically, palladium-catalyzed 

polymeric coupling of the dibromo-benzoxazole monomer (1.80) with a 

dialkoxyphenylene diboronic acid precursor (1.81), followed by deprotection of the 

benzyl groups, gave rise to the desired polymer, namely poly[2-(2’-

hydroxyphenyl)benzoxazole] (1.82). This polymer, a grayish-white powder with Mn = 

5090 Da and a molar mass dispersity of 1.56, proved soluble in most organic solvents. 

 

Scheme 1.3. Suzuki cross-coupling reaction to yield poly[2-(2’-
hydroxyphenyl)benzoxazole (1.82). 
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Polymer 1.82 exhibited a UV-Vis absorbance maximum at 331 nm, and upon 

excitation at 330 nm, was characterized by fluorescence emission maxima at 414 nm and 

518 nm (both spectra being observed in chloroform). The unique fluorimetric results are 

attributed to excited-state intramolecular proton transfer (ESIPT) of the enol form and the 

excited state of a polar tautomeric keto-form.120,121 Furthermore, naked eye and 

spectroscopic analysis of polymer 1.82 in DMF in the presence of various anionic salts 

demonstrated the use of this macromolecular system as a fluoride chemosensor. 

Specifically, upon the addition of TBAF, DMF-polymer solutions were found to undergo 

a naked-eye detectable shift from colorless to yellow. This process, when followed by 

UV-Vis spectroscopy, revealed the emergence of a new maximum at 420 nm. 

Unfortunately, Lee et al. did not quantify these results to determine, e.g., binding 

selectivities or limits of detection. 

A different class of polymers containing anion receptors within the main-chain is 

those that rely on the use of bipyridyl moieties as the anion recognition motif. An 

excellent example of this type of material was reported by Lee and coworkers.122 These 

researchers carried out a Knoevenagel condensation of 5,5’-bis(cyanomethyl)-2,2’-

bipyridine (1.83) and 2’,5’-didecyloxy-p-terphenyl-4,4”-dialdehyde (1.84); this gave rise 

to a bipyridine polymer linked by cyanostyryl groups (1.85, cf. Scheme 1.4). This 

polymer proved to be a dark yellow solid with an Mw = 12,500 Da and a molar mass 

dispersity of 1.47. 
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Lee et al. tested a number of anions against polymer 1.85, including chloride, 

sulfate and dihydrogen phosphate (all anions tested as their corresponding TBA salts 

using DMF as the solvent). However, only the hydroxide anion appeared to induce any 

significant colorimetric shift in the UV-Vis spectrum or fluorescent amplification. Initial 

fluorescence spectral analyses of polymer 1.85 in DMF revealed a broad emission peak at 

535 nm when excitation was effected at 404 nm. Upon addition of TBAOH, the 

photoluminescence intensity increased with a strong new emission peak at 480 nm and 

bright, blue-green fluorescence visible by the naked-eye also being observed. In the case 

of the UV-Vis absorption spectrum, the initial absorption maximum at 404 nm seen for 

1.85 was found to disappear as TBAOH was titrated into the DMF solution. A blue-shift 

in the absorption maximum (to 354 nm) takes place. This results in a color shift from 

orange to colorless. These results were rationalized in terms of changes in the electronics 

of the system that occur as the hydroxide anion binds to the bipyridine subunits. 

Interestingly, the authors did not report having tested fluoride or cyanide; both of these 

 

Scheme 1.4. Bipyridine containing polymer synthesized via Knoevenagel condensation. 
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anions are relatively basic and may also be capable of being bound by the bipyridine 

recognition sites present in polymer 1.85, as well. 

Bai and coworkers took a similar approach to Li et al.123 of using imidazole 

functional groups to bind copper(II) ions and quench the fluorescence of the polymer and 

then forming a “turn-on” sensor for anions that 

bind to Cu2+ (see Section 1.2.2 and the example of 

polymer 1.38.124 In the case of Bai et al., though, 

in lieu of linking the imidazole groups to the 

polymer via side chains, they used 2,2’-

biimidazole as the monomer in the main chain of 

the polymer backbone. Three polymers were 

synthesized (1.86, 1.87, and 1.88), which varied in 

the comonomer associated with the biimidazole. 

1.86 and 1.87 were found to have their 

fluorescence efficiently quenched by copper(II) in 

DMF-H2O solutions (cf. Figure 1.44). All three 

polymers were found to have blue fluorescence 

emission maxima at 425 nm in DMF. The polymers complexed to copper(II) displayed a 

high selectivity for pyrophosphate, with a lower detection limit of 0.17 ppm, whereas a 

variety of other anions led to no “turn on” in the fluorescence of the polymer-Cu2+ 

complexes.  

Further building upon the use of imidazolium salts as main chain components to 

sense anions, Cheng, Zhu, and coworkers developed chiral polymers based on BINOL 

and imidazolium for the detection of chiral α-amino acids.125 Polymer 1.89 displays a 

fluorescent emission maximum at 420 nm, which is then shifted to 500 nm upon the 

 

Figure 1.44. Biimidazole-based 
conjugated polymers 
1.86, 1.87, and 1.88.  
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addition of TBA L-alanine or TBA D-alanine. A preference was seen for the L-alanine, as 

the fluorescence intensity could be increased 15-fold upon exposure to 140 equivalents of 

anion, whereas the fluorescence emission of 1.89 could only be increased 2.8-fold upon 

analogous equivalents of the D-alanine salt (cf. Figure 1.45). 

 

Figure 1.45. Molecular structure of polymer 1.89, and the fluorescent spectra of a) 
1.89 titrated with TBA L-alanine and b) 1.89 titrated with TBA D-
alanine. Inset shows the naked-eye observable fluorescence of, from left 
to right, 1.89, 1.89 + D-alanine, and 1.89 + L-alanine. Reproduced with 
permission from Chem. Commun., 2013, 49, 2891-2893. Copyright 2013 
Royal Society of Chemistry.125 

 

2892 Chem. Commun., 2013, 49, 2891--2893 This journal is c The Royal Society of Chemistry 2013

and the aliphatic H atoms attached to the BINOL moiety. The
weight-average relative molecular mass (Mw), number-average
relative molecular mass (Mn) and polydispersity index (PDI) of the
polymer were determined by gel permeation chromatography using
polystyrene standards in THF and the values are 14 560, 8630 and
1.68, respectively, indicating the moderate molecular weight of the
polymer. The UV-vis absorption spectra of the chiral ionic polymer
in THF solution display three characteristic peaks at 219, 291 and
317 nm, typical for BINOL-based molecules (Fig. S2, ESI 4†).

The chiral ionic polymer emits fluorescence at 420 nm in THF
solution (5.0 ! 10"5 mol L"1 corresponding to the BINOL moiety)
(Fig. 2a). Upon addition of (L)-Ala", the peak is significantly shifted
to 500 nm, indicating an unusual interaction between the alanine
anion and the chiral polymer. More interestingly, the fluorescence
intensity increases sharply with the increase in the concentration of
the Ala-TBA (tetrabutylammonium salt of alanine). If the (D)-Ala"

anion is added to the chiral ionic polymer solution, the fluorescence
emission is also shifted from 420 nm to 500 nm. However, the
concentration of the (D)-Ala" anion has much less influence on the
fluorescence intensity of the chiral ionic polymer under the
same conditions (Fig. 2b). It was also found that the fluorescence
intensities at 500 nm of the chiral polymer can be gradually
enhanced as high as 15.5-fold with the increase in the molar ratio
of (L)-Ala" from 1 to 140 equiv., but only a maximal 2.8-fold increase
in intensity of the chiral ionic polymer in the presence of (D)-Ala"

can be reached (Fig. S3, ESI 5†). The enantioselective recognition
effect on chiral molecules is related to the enantiomeric
fluorescence difference ratio, ef [ef = (IL " I0)/(ID " I0)].3c Based
on the emission intensity at 500 nm, the calculated value of ef
is 8.14 for the chiral ionic polymer (Table 1, entry 1), indicating
that the chiral ionic polymer can exhibit highly enantioselective
response toward (L)-Ala". The high enantioselectivity can be
attributed to an inherent chiral recognition based on the steric

repulsion of the (R)-binaphthol-imidazolium precursor for (L)-Ala".
The building block of the (R)-binaphthol-imidazolium receptor can
adopt a well-defined spatial arrangement in the regular polymer
main chain backbones and a good fit for the formation of a more
stable R–L complex as compared to the R–D diastereomeric complex.
The large red shift in fluorescence spectra could be attributed
to excited-state intermolecular proton transfer (ICT) when the
carboxylic acid anion of Ala interacts with the OH group of BINOL
and the 2-H of the imidazolium cation (C2–H)+.7a,b,8a It has been
reported that the strong cation–anion interactions can significantly
influence the charge transfer from donor oxygen of naphthol to the
acceptor substituent (imidazolium).7b,10 Most interestingly, the
chiral ionic polymer solution exhibits blue fluorescence, but it
appears in weak green color upon addition of (D)-Ala"; the color of
polymer solution turns from blue to bright green upon the addition
of (L)-Ala", which can be clearly observed by the naked eye (Fig. 2b,
inset). In this experiment, the fluorescence image of a polymer
solution (5! 10"5 mol L"1) plus 60.0 equiv. of Ala" was excited by a
commercially available UV lamp (l = 365 nm).

The circular dichroism (CD) spectrum of the chiral ionic polymer
has been investigated in THF solution (Fig. 3). The molecular
ellipticities of the chiral polymer are as follows: [y]l(max) = +7.47 !
105 (234 nm), +1.83 ! 105 (259 nm),"4.82 ! 105 (292 nm), +1.23 !
105 (354 nm). The CD spectra of the chiral polymer were also
recorded in the presence of 10 equiv. of Ala" in THF. The chiral
ionic polymer and the complex of chiral polymer + (L)/(D)-Ala"

exhibit intense CD signals with positive and negative Cotton effects
in their CD spectra (Fig. 3). It was also found that the CD spectra of
the polymer and its corresponding model molecule exhibit similar
CD signals, suggesting that each chiral repeating unit in the polymer
chain acts independently. Moreover, the signal centered at 259 nm
is shifted to 255 nm upon addition of (L)/(D)-Ala", but the intensity

Fig. 2 Fluorescence spectra of the chiral ionic polymer (5.0 ! 10"5 mol L"1 in
THF) with increasing amounts of (L)-Ala" (a) and (D)-Ala" (b) (0.5, 2.5, 5, 10, 20,
30, 50, 70, 100 ! 10"4 mol L"1, 1.0 ! 10"1 mol L"1 in THF). lem = 500 nm; lex =
385 nm; inset – left: P, middle: P + (D)-Ala", right: P + (L)-Ala".

Table 1 Amino acid salts and derivatives employed for enantioselective sensing
studies and the sensitivities and enantioselectivities of the chiral ionic polymer
(5.0 ! 10"5 mol L"1) towards thema

Entry Analytes Concentration lem IL/I0 efe

1 Ala-TBA 7 ! 10"3 M 500 15.45 8.14
2b Val-TBA 7 ! 10"3 M 498 4.66 6.21
3c Pro-TBA 4 ! 10"3 M 494 3.79 3.11
4 PG-TBA 10 ! 10"3 M 501 13.45 14.03
5 Phe-TBA 5 ! 10"3 M 496 8.30 12.37
6d Trp-TBA 2 ! 10"3 M 505 1.55 1.11

a lex = 385 nm, 3.0/5.0 nm. b Solvent: THF contains 1% DME. c THF
contains 10% DME. d THF contains 3% DME. e ef = (IL " I0)/(ID " I0).

Fig. 3 CD spectra of model compound 5 (1.0 ! 10"5 mol L"1 in THF) and the
chiral ionic polymer (1.0 ! 10"5 mol L"1 in THF) with and without (L)/(D)-Ala-TBA.
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Valijaveettil and coworkers developed a series of poly(p-phenylene carbazole) 

copolymers that enabled the colorimeteric and fluorometric detection of iodide anions 

(Fig. 1.46).126 Carbazole is an interesting functional group for incorporating into polymers 

given its high thermal stability and moderately high oxidation potential.127,128 The 

polymerization reactions used to produce polymers 1.90 – 1.94 relied on the use of a 

Suzuki polycondensation process carried out in the presence of potassium carbonate, a 

palladium catalyst, and cetyltriethylammonium bromide (CTAB), which was used as the 

chain transfer reagent (40 mol%). Thermal gravimetric analyses of 1.90 – 1.94 revealed 

that these polymers were stable up to 390 ⁰C. 

Polymers 1.90 – 1.94 proved to be highly fluorescent. They displayed quantum 

yields in the range of 0.58 – 0.78 when studied in THF; these values are significantly 

 

Figure 1.46. Carbazole-containing conjugated polymers.  
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higher than those of typical polycarbazoles,129 and led to the consideration that these 

polymers could be used as fluorometric anion chemosensors. In fact, spectral changes 

were only observed when these systems were exposed to iodide (e.g., TBAI, LiI, NaI, and 

KI) and not with other common anions, including fluoride, chloride, bromide, nitrate, 

perchlorate, dihydrogen phosphate, and hydrogen sulfate (all studied as their TBA salts in 

THF solution). The polymers were colorless in solution; however, upon the addition of 

iodide salts a change to yellow was observed. A red shift in absorbance and emission was 

also observed upon the addition of iodide salts. The red shift in absorbance is attributed to 

the lower level of carbazole loading present in polymers 1.93 and 1.94. In all cases, the 

nature of the iodide counter cation was found to have no influence on the observed color 

change. 

We previously mentioned the work of Yilmaz and coworkers on appending 

calixarenes as side chains to polymers (see Section 1.2.2). This group has also 

 

Figure 1.47. Structures of polymer 1.95 – 1.99 that contain dinitrile and diamino 
calix[4]arenes incorporated into a polymeric backbone via condensation 
with bis-phenol A and the monomer 1.100.  
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contributed to the field of 

incorporating anion receptors 

into the main chain of 

polymers. In a 2004 report 

appearing in the Journal of 

Macromolecular Science, 

Yilmaz and coworkers detail 

the polymerization of 

calixarenes containing either 

nitrile or amine groups, 1.95 – 

1.99. 

 The use of these 

materials in the extraction of dichromate anions is detailed subsequently.130 As prepared, 

polymers 1.95 – 1.99 (cf. Figure 1.47) were characterized by modest molecular weights 

(Mn ≈ 15 kDa). Their extracting properties were studied using a liquid-liquid extraction 

set-up consisting of water-CH2Cl2 phases. Table 1.4 summarizes the extraction 

efficiencies of the polymers at varying pH conditions. Based on these results, it was 

found that polymers 1.95 and 1.98 show the highest efficiencies at the lowest pH, while 

at higher pH, most of the polymers display a decreased ability to extract the dichromate 

anion. Also worth noting is that use of the nitrile monomer leads to very little to no 

extraction regardless of the pH of the aqueous layer.  

 

Table 1.4. Extraction efficiencies for calixarene 
monomer 1.100  and polymers 1.95 – 
1.99 in a liquid-liquid system consisting 
of water-methylene chloride phases. The 
pH was varied from 1.5 to 4.5. 
Reproduced with permission from J. 
Macromol. Sci. Part A, 2004, A41, 433-
447. Copyright 2004 Taylor & Francis.130 

 

ORDER                        REPRINTS

into the immobilized polymeric structures 5–7 has significantly increased the anion
extraction ability of these compounds. This increase may be due to the more rigid
structural features of these compounds 5–7, which could help in transferring anions when
compared to 3. For compounds 5–7, the percentage of dichromate extracted is increased
by lowering the pH of the aqueous phase. This pH dependence can be explained by anion
hydration. The importance of ion hydration in liquid–liquid phase extraction has been
documented by Hofmeister.[17] In aqueous solutions having a lower pH the dichromate
will be primarily in its protonated form HCr2O7

2. This monoanion will have a smaller free
energy of hydration than does the dianionic form Cr2O7

22. As a result, there is a smaller
loss in hydration energy as HCr2O7

2 is transferred from the aqueous phase into the
dichloromethane phase. An additional advantage of HCr2O7

2 over Cr2O7
22 is that for the

former only one sodium ion needs to be coextracted to maintain charge balance, whereas
for Cr2O7

22 two sodium ions are extracted, with additional loss of hydration energy. For
the calix[4]arene nitriles 5–7 we discount the possibility that increased extraction at the
lower pH values is due to protonation of the nitrile nitrogens to give a dication. Because
the pKa of CH3CNH

þ is 24.3, the protonated form is not expected to be present in
significant concentrations in aqueous solutions having pH values in the 1.5–4.5 range.[48]

By contrast, the amines 8 and 9 are expected to be protonated in these acidic aqueous
solutions. Two factors are now involved in the pH dependence of dichromate extraction.
At the lower pH values both the formation of NaHCr2O7 and the protonation of the amine
nitrogens favors extraction into dichloromethane. Since the free energy of hydration of the
alkylammonium ion is less than that of the sodium ion, the extracted complex will
be primarily the alkylammonium salt of 8 and 9 with HCr2O7

2.
In order to investigate the extraction efficiency of amino groups in more than one

calixarene unit, copolymers 6 and 7 have been reduced to 8 and 9. Observations show that
the extraction ratio of HCr2O7

2 ion with 9 remain closely similar at low pH (1.5) as
compared to the nitrile precursor 7. The extraction ratios decrease at higher pH. The most
significant difference is observed for the case of copolymers 6 and 8, where 8 shows a high
affinity toward HCr2O7

2. Due to the higher oxidative stability of nitriles over amines,
polymers 5–7 have been explored as suitable candidates for the removal of HCr2O7

2.
These extraction data are shown in Figs. 1 and 2.

Table 1. Percentage extraction of dichromate by ligands.a

Compound

Dichromate extracted (%)

pH 1.5 pH 2.5 pH 3.5 pH 4.5

3 8.5 3.2 4.9 3.6
5 91.2 89.3 48.6 ,1.0
6 76.3 45.5 42.1 40.3
7 74.7 38.5 37.2 29.5
8 92.0 94.0 61.7 17.8
9 68.0 61.3 59.5 56.7

aAqueous phase, [metal dichromate] ¼ 1 ! 1024M; organic phase, dichloro-
methane, [ligand] ¼ 1 ! 1023M or a 1 ! 1023M solution of calix[4]arene
unit/g resin for copolymers at 258C, for 1 hr.

Memon et al.440

1.100$
1.95$
1.96$
1.97$
1.98$
1.99$
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In more recent work, Taylor 

and coworkers have employed 

squaramides, a well-known anion 

receptor,131 to synthesize a 

fluorescent polymer capable of 

sensing phosphate selectively.132 

Alternating copolymers of 

squaramide and fluorene were 

synthesized by a scandium(III) 

triflate catalyzed condensation 

reaction. This yielded polymers with molecular weights ranging from 7,000 to 18,000 Da 

(1.101 and 1.102), as shown in Figure 1.48. These polymers, along with a small molecule 

model (1.103), were evaluated by fluorescence spectroscopy in competitive media (10% 

water/90% N-Methyl pyrrolidone) The small molecule model displayed the highest 

affinity for fluoride, followed by phosphate (Ka = 2.8 x 103 M-1). In contrast, the polymer 

showed the highest selectivity for phosphate, and a 4x greater sensitivity to phosphate 

than the small molecule. In DMF, the polymer was found to form well-defined 

aggregates with a hydrodynamic radius of 120 nm. The authors believe that this 

aggregation behavior could lead to cooperative binding behavior and enhanced the 

affinity of the polymer for phosphate anions.   

Taking inspiration from Nature’s self-assembling of polymers to form anion-

binding pockets, Jeong and coworkers have synthesized a family of foldamers based 

upon the indolocarbazole functional group. Such “foldamers” have recently been 

reviewed by Juwarker and Jeong.133 A brief summary of Jeong’s contributions in 

nevertheless appropriate here. 

 

Figure 1.48. Structures of polysquaramides 
1.101 and 1.102, and a small 
molecule squaramide model 1.103. 
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Jeong and coworkers 

were able to synthesize a 

family of foldamers based 

upon biindole (see Figure 

1.49) and indolocarbazole 

(see Figure 1.51). These 

macromolecular systems 

proved capable of binding 

anions in organic, as well as 

aqueous solutions. The first 

foldamer in this series, was 

based on compound 1.104. It 

and was found to have a 

strong affinity for the chloride anion, yielding association constants between 105 (for n = 

0) and >107 M-1 (for n =2) in acetonitrile. The folding of the system in the presence of 

chloride was confirmed by both 1-D and 2-D NMR spectroscopy (including NOESY and 

ROESY studies).134 

The next in the series, foldamer 1.105, was developed as a fluorescent sensor for 

anions.135 Like the foldamers based on 1.104, oligomers containing 1.105 proved capable 

of binding chloride tightly, with the effective affinity increasing as the length of the 

receptor increased. This is consistent with more NH donors being directed to the interior 

binding pocket. The binding of chloride and the conformational shift from  “s-trans” 

stretched out to form “s-cis” helix was again confirmed through the shift in the 1H NMR 

signals attributed to the aromatic rings, as well as by 2-D NOESY and ROESY NMR 

spectroscopy. Using fluorescence spectroscopy, the quenching of the initial emission 

 

Figure 1.49. A series of foldamers based upon 
biindole, synthesized by Jeong and 
coworkers. Reproduced with permission 
from Chem. Soc. Rev., 2010, 39, 3664-
3674. Copyright 2010 Royal Society of 
Chemistry.133 
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CH! ! !Cl" from the enol bridge. They expanded upon the
boron-derivatized motif by synthesizing longer oligomers,
but anion binding and folding studies have not been
reported.14,15

2.2 Oligoindoles

In 2005, Jeong and co-workers first reported single strand
oligoindoles, containing four, six, and eight indoles, which
helically folded around anions.16 A series of oligoindoles were
synthesized in which monomeric indole units were connected
sequentially by ethynyl linkers (Fig. 3). First, oligomers 5
adopted an expanded conformation in the absence of an
anion, but folded into helical conformations in the presence
of a chloride, thus encapsulating the anion within a helical
cavity. This was proven by 1H NMR spectroscopy where
addition of chloride gave rise to large downfield shifts of the
1H NMR signals of the indole NHs due to NH! ! !Cl" hydrogen
bonds. In addition, characteristic upfield shifts of the aromatic
CH signals of the longer oligoindoles 5 (n = 1, 2) were
observed as a result of p-stacking between adjacent helical
turns, where one turn was composed of about four indole
rings. The anion-induced, helical folding was further proved
by 2D 1H–1H ROESY experiments where NOE cross-peaks
between stacked aromatic protons were observed only in the
presence of TBA+Cl". The association constants (Ka) between
5 and chloride were determined to be in the range of
105–107 M"1 in acetonitrile, depending on the chain length
of the oligomers. In a more competitive medium for hydrogen
bonding (10% v/v H2O–CH3CN), the association constants
were greatly reduced to 210–23 000 M"1, proving that the
complex formation is driven mainly by hydrogen bonds.

A strongly fluorescent oligoindole 6 was prepared by mod-
ification of the oligomer termini, to compare relative binding
affinities between anions.17 Upon binding an anion, oligomer 6
displayed bathochromic and hypochromic shifts (Dl up to
65 nm) of the emission spectra due to intramolecular excimer
formation by p–p stacking in the helical array, resulting in a
color change from bright blue to bluish green. Oligomer 6 was
shown to bind a variety of anions (F">Cl">N3

"E CN">
AcO" > Br" > I" E NO3

") with association constants (Ka)

ranging from 103 to 106 M"1 in 20% MeOH–CH2Cl2
determined by fluorescence spectroscopy.
Next, chiral segments were introduced to the foldamer

termini to investigate whether the preferential formation of a
left- or right-handed helix could be controlled in the presence
of an anionic stimulus.18 Chiral oligomer 7 showed no circular
dichroism (CD) signal by itself, but a strong Cotton effect was
observed upon the addition of TBA+Cl" in CH2Cl2. The
signal intensity gradually increased and saturated upon
addition of approximately one equivalent of the chloride
ion, and the enantiomer of 7 showed identical behaviour but
the opposite Cotton effect. The association constant between 7
and TBA+Cl" was determined to be 2.9 # 105 M"1 in 1%
(v/v) MeOH–CH2Cl2. These results demonstrate that the
chirality of terminal groups induces the formation of a
particular helix over the other at least preferentially in the
presence of an anion.
The same group synthesized indolocarbazole oligomers that

possessed extended p-surfaces relative to the corresponding
biindole-based ones, thus possibly providing increased p–p
stacking and hydrophobic interactions.19 A water-soluble
foldamer 8 folded into a helical conformation with an internal
cavity encircled by multiple neutral hydrogen bond donors
(Fig. 4). In water, 8 bound halides such as fluoride
(Ka = 46 M"1), chloride (65 M"1), and bromide (19 M"1)
as determined by 1H NMR titrations. Interestingly, the chloride
ion was bound more strongly in water than the fluoride ion,
possibly attributed to the higher degree of solvation of fluoride.
This study is a rare example of synthetic receptors that achieve
binding of hydrophilic anions by neutral hydrogen bonds
in water.
The indolocarbazole building block was further utilised to

synthesize oligomer 9 which contained six indole NHs and two
aliphatic OHs (Fig. 4).20 The sulfate complex of 9 yielded
single crystals suitable for X-ray diffraction analysis. The
tetrahedral sulfate ion was encapsulated in a helical cavity

Fig. 3 Oligoindole based foldamers 5–7 fold into helical structures in

the presence of anions.

Fig. 4 Oligomers 8 and 9 in the hydrogen bonding modes with

anions. An energy-minimized structure of 8!Cl"(top right) and a

crystal structure of 9!SO4
2" (bottom right) depict a helical cavity

encapsulating anions by hydrogen bonds.
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peak at 428 nm and the growth of a new emission peak at 493 nm could be monitored as 

the concentration of anion increased. Further, the foldamer displayed affinity for a large 

variety of anions; F-> Cl- > CN- > N3
- > AcO- > Br- > NO3

- > I- with Ka values in the range 

of 105 to 103 M-1 being recorded in 20% (v/v) MeOH/CH2Cl2. 

The most recent in this series of biindole-based foldamers is the chiral derivative 

1.106. The foldamer in this case has been end-capped with (S)- or (R)-1-

phenylethylamine to induce a preference for either the (P)- or (M)-helix conformation.136 

The Cotton effect upon addition of TBACl to the foldamer in CH2Cl2 and helix formation 

could be followed by CD 

spectroscopy, as seen in Figure 

1.50, where the (S,S) derivative 

appeared to prefer the (P)-helix 

over the (M)-helix conformation. 

The development of the 

indolocarbazole-based foldamers 

1.107 and 1.108 by Jeong and 

coworkers will be detailed next. 

As can be seen in Figure 1.51, 

these foldamers follow similar 

structures as the biindole 

foldamer series 1.104 – 1.106 by 

utilizing alkyne linkages 

between the extended aromatic 

π-faces.  

 

Figure 1.50. Circular dichroism spectra of the (S,S) 
(top) and (R,R) bottom of foldamer 
1.106. Note the lack of signal initially, 
and then the increase in the Cotton 
effect as the concentration of chloride 
anion is increased. Reproduced with 
permission from Org. Lett., 2008, 10, 
5373-5376. Copyright 2008 Am. 
Chem. Soc.136  

 

) 0.75 and 1.21 ppm, suggesting that these hydrogens also
participate in hydrogen bonding with the chlordie ion. Third,
the aromatic CH signals exhibit noticeable changes in the
chemical shift (∆δ ) (0.1- 0.5 ppm), indicative of
conformational reorganization. The 2D 1H-1H NOESY
experiment with a mixture of 8a and TBA+Cl- (3 equiv) in
acetone-d6 gave clear evidence for the helical folding,
showing characteristic NOE cross peaks between NH1 and
Hf, Hi and Hj, and Hb and Hn, which could not be observed
in the absence of TBA+Cl- (see Supporting Information).

CD spectroscopy has been widely used to reveal the helical
chirality. In the absence of an anion, 8a shows almost no
CD signal in CH2Cl2 (5 × 10-5 M) at room temperature.
Addition of TBA+Cl- gives rise to strong positive CD signals
centered at 296 nm (θ ) 54 mdeg) and 395 nm (θ ) 120
mdeg), corresponding to the absorption wavelengths of the
benzoate and biindole segments, respectively. The intensity
of the signal gradually increases and becomes saturated upon
addition of approximately 1 equiv of the anion (Figure 3,
top). The enantiomer 8b display identical behaviors of the
CD spectrum but the opposite Cotton effect (Figure 3,
bottom). In addition, other anions such as bromide, iodide,
azide, and nitrate also impart the induced CD signals with
different ellipticities (see Supporting Information). These CD
results suggest that chiral oligoindoles 8a and 8b form one
of two possible helices, at least preferentially.

The association constants between 8a and anions were
quantitatively measured by UV-vis titration experiments.
Each titration was carried out by increasing the amount of
tetrabutylammonium anion to constant concentration (1.0 ×
10-5 M) of 8a in 99:1 (v/v) CH2Cl2/MeOH at 21 ( 1 °C.
Nonlinear least-squares fitting13 of the titration curve gave
the association constants (Ka ( 15%); 2.9 × 105 M-1 for
Cl-, 6.2 × 104 M-1 for Br-, 2.6 × 102 M-1 for I-, 4.4 ×
104 M-1 for NO3

-, and 8.5 × 105 M-1 for N3
-. Job plots

suggest that 8a forms 1:1 complexes with all the anions (see
Supporting Information).

To find out which of the two possible helices of complex
8a·Cl- was more energetically stable, we conducted theoreti-
cal calculations in the gas phase using hybrid ab initio
methods with the Gaussian 03 package.14 First, structure
optimization was performed with the HF/3-21G method for
both cases. Using the optimized structures, we performed

(13) (a) Long, J. R.; Drago, R. S. J. Chem. Educ. 1982, 59, 1037–1039.
(b) Connors, K. A. Binding Constants; John Wiley & Sons: New York,
1987.

(14) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N.;
Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian 03,
Revision C.02; Gaussian, Inc.: Wallingford CT, 2004.

Figure 1. Partial 1H NMR spectra (400 MHz, 10 mM acetone-d6,
25 °C) of (a) 8a and (b) 8a + TBACl (3 equiv).

Figure 2. Proposed structure of complex 8a·Cl- with the NOE
correlation shown in the 2D 1H-1H NOESY spectrum.

Figure 3. Changes in CD spectra of 8a (top) and 8b (bottom) (0.05
mM) upon addition of TBACl in CH2Cl2 at 24 ( 1 °C.
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In the case of 1.107, 

Jeong and coworkers 

synthesized both an organic-

soluble foldamer with ester 

groups and a water-soluble 

foldamer with sodium 

carboxylate functional 

groups. The water-soluble 

version was found to bind 

smaller halides in water, 

including fluoride, chloride 

and bromide (as their 

sodium salts), while 

showing very little affinity 

for larger anions, such as 

iodide and perchlorate. This 

receptor showed a 

preference for chloride (Ka = 

65 ± 2 M-1) over fluoride (Ka = 46 ± 2 M-1) and bromide (Ka = 19 ± 2 M-1). This 

selectivity was reversed in organic media, where the ester-functionalized receptor 

displayed a selectivity for fluoride over chloride.137  

Jeong and coworkers next sought to modify the indolocarbazole-based foldamers 

to alter the anion selectivity. This goal resulted in the design and synthesis of foldamer 

1.108, wherein a hydroxyl group is appended to both ends of the receptor. Receptor 1.108 

 

Figure 1.51. Molecular structures of foldamers 1.107 
and 1.108. The conformations where they 
bind chloride and sulfate, respectively are 
illustrated on the right side. The energy-
minimized structure of 1.107 bound to 
chloride is shown on the top right, while a 
crystal structure of 1.108 bound to sulfate 
is shown in the bottom right. Reproduced 
with permission from Chem. Soc. Rev., 
2010, 39, 3664-3674. Copyright 2010 
Royal Society of Chemistry.133   
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CH! ! !Cl" from the enol bridge. They expanded upon the
boron-derivatized motif by synthesizing longer oligomers,
but anion binding and folding studies have not been
reported.14,15

2.2 Oligoindoles

In 2005, Jeong and co-workers first reported single strand
oligoindoles, containing four, six, and eight indoles, which
helically folded around anions.16 A series of oligoindoles were
synthesized in which monomeric indole units were connected
sequentially by ethynyl linkers (Fig. 3). First, oligomers 5
adopted an expanded conformation in the absence of an
anion, but folded into helical conformations in the presence
of a chloride, thus encapsulating the anion within a helical
cavity. This was proven by 1H NMR spectroscopy where
addition of chloride gave rise to large downfield shifts of the
1H NMR signals of the indole NHs due to NH! ! !Cl" hydrogen
bonds. In addition, characteristic upfield shifts of the aromatic
CH signals of the longer oligoindoles 5 (n = 1, 2) were
observed as a result of p-stacking between adjacent helical
turns, where one turn was composed of about four indole
rings. The anion-induced, helical folding was further proved
by 2D 1H–1H ROESY experiments where NOE cross-peaks
between stacked aromatic protons were observed only in the
presence of TBA+Cl". The association constants (Ka) between
5 and chloride were determined to be in the range of
105–107 M"1 in acetonitrile, depending on the chain length
of the oligomers. In a more competitive medium for hydrogen
bonding (10% v/v H2O–CH3CN), the association constants
were greatly reduced to 210–23 000 M"1, proving that the
complex formation is driven mainly by hydrogen bonds.

A strongly fluorescent oligoindole 6 was prepared by mod-
ification of the oligomer termini, to compare relative binding
affinities between anions.17 Upon binding an anion, oligomer 6
displayed bathochromic and hypochromic shifts (Dl up to
65 nm) of the emission spectra due to intramolecular excimer
formation by p–p stacking in the helical array, resulting in a
color change from bright blue to bluish green. Oligomer 6 was
shown to bind a variety of anions (F">Cl">N3

"E CN">
AcO" > Br" > I" E NO3

") with association constants (Ka)

ranging from 103 to 106 M"1 in 20% MeOH–CH2Cl2
determined by fluorescence spectroscopy.
Next, chiral segments were introduced to the foldamer

termini to investigate whether the preferential formation of a
left- or right-handed helix could be controlled in the presence
of an anionic stimulus.18 Chiral oligomer 7 showed no circular
dichroism (CD) signal by itself, but a strong Cotton effect was
observed upon the addition of TBA+Cl" in CH2Cl2. The
signal intensity gradually increased and saturated upon
addition of approximately one equivalent of the chloride
ion, and the enantiomer of 7 showed identical behaviour but
the opposite Cotton effect. The association constant between 7
and TBA+Cl" was determined to be 2.9 # 105 M"1 in 1%
(v/v) MeOH–CH2Cl2. These results demonstrate that the
chirality of terminal groups induces the formation of a
particular helix over the other at least preferentially in the
presence of an anion.
The same group synthesized indolocarbazole oligomers that

possessed extended p-surfaces relative to the corresponding
biindole-based ones, thus possibly providing increased p–p
stacking and hydrophobic interactions.19 A water-soluble
foldamer 8 folded into a helical conformation with an internal
cavity encircled by multiple neutral hydrogen bond donors
(Fig. 4). In water, 8 bound halides such as fluoride
(Ka = 46 M"1), chloride (65 M"1), and bromide (19 M"1)
as determined by 1H NMR titrations. Interestingly, the chloride
ion was bound more strongly in water than the fluoride ion,
possibly attributed to the higher degree of solvation of fluoride.
This study is a rare example of synthetic receptors that achieve
binding of hydrophilic anions by neutral hydrogen bonds
in water.
The indolocarbazole building block was further utilised to

synthesize oligomer 9 which contained six indole NHs and two
aliphatic OHs (Fig. 4).20 The sulfate complex of 9 yielded
single crystals suitable for X-ray diffraction analysis. The
tetrahedral sulfate ion was encapsulated in a helical cavity

Fig. 3 Oligoindole based foldamers 5–7 fold into helical structures in

the presence of anions.

Fig. 4 Oligomers 8 and 9 in the hydrogen bonding modes with

anions. An energy-minimized structure of 8!Cl"(top right) and a

crystal structure of 9!SO4
2" (bottom right) depict a helical cavity

encapsulating anions by hydrogen bonds.

Pu
bl

is
he

d 
on

 2
3 

A
ug

us
t 2

01
0.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f T

ex
as

 L
ib

ra
rie

s o
n 

23
/0

5/
20

14
 0

3:
22

:1
4.

 



 75 

displayed selectivity for the sulfate anion over a variety of other anions as inferred from 

fluorescence spectroscopic studies carried out in a mixed solvent medium consisting of 

10%/90% (v/v) MeOH/CH3CN. The binding affinity of 1.108 for sulfate was determined 

to be 640,000 M-1, while the next closest Ka for an anion was chloride at Ka = 8,800 M-1. 

Jeong and coworkers were also fortunate to obtain a single crystal suitable for X-ray 

diffraction analysis of the complex of 1.108 and sulfate. Analysis of the structure led to 

the conclusion that the complex was a “true racimate” showing stacks of the complex 

alternating between (M)- and (P)-helices. Further it was also deduced from the crystal 

structure that the increase in hydrogen bond donors (the 6 NHs from the indolocarbazoles 

and the 2 OHs from the hydroxyl end groups) relative to the earlier systems led to 

increased selectivity for the sulfate anion.138 

1.3 SUMMARY AND OUTLINE 

This chapter provides a summary of polymeric systems that contain heterocyclic 

anion receptors. The polymeric materials covered within this chapter are diverse and 

cover a broad range of applications. The ability to incorporate neutral receptors (and/or 

charged species) into different varieties of polymers is beginning to be translated into a 

corresponding ability to tune the anion recognition properties of macromolecules to meet 

specific needs. A number of these needs were discussed, including applications involving 

the use of receptor-polymer combinations as additives for ion-selective membrane 

development, in the extraction of ions from aqueous environments, and the selective 

sensing of anionic species. Likewise, a broad range of anion receptors, including aza-

crown ethers, calix[4]pyrrole, carbazole, and quinoxalines were reviewed in the context 

of highlighting these applications. The anion-specific receptors can be directly blended 

with existing polymers as so-called “additives” to enhance various material properties. 
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Appropriate synthetic design also allows for the incorporation of anion receptors into the 

polymers themselves, either as pendant side-chains or as part of the main-chain polymer 

backbone. The examples given in this chapter are meant to provide a general overview of 

the field of anion specific polymers and provide a summary of the current state-of-the art. 

As such, it is expected that the present review will make it clear to the reader that there is 

much left to do within this fast-evolving area of materials chemistry. 

Chapter 2 describes the synthesis and characterization of a poly(methyl 

methacrylate) copolymer containing dipyrrolylquinoxaline moieties as pendant side 

chains. This novel copolymer was observed to bind anionic species through both 1H 

NMR and UV-Vis spectroscopic titrations. Further, the solid state behavior of the drop-

cast films of the copolymer were studied and the films were found to be capable of 

detecting hydrofluoric acid vapors, with the response being reversible. The majority of 

this work was published in an article in the Journal of Supramolecular Chemistry.139 The 

candidate is the first author on this publication and was responsible for the synthesis, 

characterization, and ensuing binding studies both in solution and in the solid states.  

Chapter 3 describes the controlled polymerization of methyl methacrylate with a 

calix[4]pyrrole methacrylate monomer through the reversible addition-fragmentation 

chain transfer (RAFT) polymerization technique. This copolymer was found to undergo 

reversible crosslinking in the presence of dianionic species, as observed in the solution 

state by 1H NMR spectroscopic studies and viscosity studies. Further, the copolymer was 

found to undergo reversible gelation and to form films when drop-cast from organic 

solutions. The majority of this work was published in a communication in the Journal of 

the American Chemical Society.140 The candidate is the first author on this publication 

and was responsible for the synthesis, characterization, viscosity studies, solid-state 

studies, and initial drafting of the manuscript.  
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Chapter 4 describes the synthesis and characterization of a series of compounds 

based on the naturally occurring anti-inflammatory compound 6-shogaol. A novel 

synthetic pathway was devised to synthesize 6-shogoal, as well as a series of derivatives 

with varying functionality. The series of compounds was then evaluated to determine 

their ability to arrest cell growth in three prostate cancer cell lines. Further, the 

compounds were evaluated to determine the protein signaling pathways of interest that 

are impacted by these molecules. A part of this work was published in the journal Cancer 

Prevention Research.141 The candidate was the third author on this publication and was 

responsible for synthesizing the compounds. This project was performed in collaboration 

with Prof. John DiGiovanni and Dr. Achinto Saha of the Dell Pediatrics Research Instute 

and the University of Texas at Austin Department of Pharmacology and Toxicology. Dr. 

Achinto Saha performed some of the MTT assays, as well as performing all of the protein 

signaling pathway studies.  

Chapter 5 details the synthetic procedures and characterization of all the 

compounds discussed in this dissertation. This includes 1H NMR and 13C NMR 

spectroscopic data, mass spectrometry data, size exclusion chromatography profiles, 

thermogravimetic analysis plots, differential scanning calorimetry plots, dynamic 

mechanincal analysis data, and the spectra of the titration studies.  
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Chapter 2 

Poly(methyl methacrylate) Copolymers Containing 
Dipyrrolylquinoxaline Receptors for the Colorimetric Detection of 

Halide Anion Saltsb 

2.1 INTRODUCTION 

The role of anionic species in the natural world is becoming increasingly well 

understood, and as the importance of these negatively charged species becomes better 

appreciated, the need for systems capable of recognizing, sensing, and transporting 

anions has dramatically increased.1 Two species that stand out amongst the wide range of 

biologically relevant anions are fluoride and phosphate.  The fluoride anion is being 

explored extensively as a treatment for osteoporosis,2,3 and also for its role in preventing 

dental caries.4 Separately, phosphate is known to play a critical role in energy storage and 

signal transduction in biological systems,5 as well as being recognized as an essential 

structural element in teeth and bones.6 However, in some situations exposure (or over 

exposure) to these anionic species can have hazardous effects on both the environment 

and the human body. Excess fluoride anion intake, commonly due to exposure to fluoride 

dust/fumes or ingestion of natural sources of drinking water that contain high fluoride 

levels, can lead to a medical condition known as fluorosis. Fluorosis can lead to teeth 

mottling or increased bone density.7 Phosphate on the other hand, is a key pollutant 

whose role in the eutrophication of waterways is well established.8 Also, elevated levels 

of serum phosphate, a disease state known as hyperphosphetamia, can result in the 
                                                
b The majority of this work was published as an article in the journal Supramolecular Chemistry: 
Silver, E.S.; Rambo, B.M.; Bielawski, C.W.; Sessler, J.L.: “Poly(methyl methacrylate) copolymers 
containing dipyrrolylquinoxaline receptors for the colorimetric detection of halide anion salt” 
Supramolecular Chemistry, 2012, 24, 101-105. The author synthesized all the molecules, evaluated the 
materials, planned experiments and wrote the manuscript. Rambo helped to plan experiments, evaluate the 
solid state materials, and edit the manuscript. Bielawski and Sessler helped to plan experiments and edit the 
manuscript.  
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calcification of tissues and is a substantial problem in patients suffering from end-stage 

renal disease.9 The double-edged sword nature of both fluoride and phosphate has led to 

an increased interest in finding methods that will allow for their facile recognition and 

detection.10,11  

In 1999, the Sessler group reported a series of dipyrrolylquinoxaline-based 

receptors that display distinct colorimetric responses in the presence of selected anions. 

These species contain at least two pyrrolic NH groups that act as hydrogen bond donors 

and a built-in quinoxaline ring that acts as a colorimetric reporter (cf. Figure 2.1).12 The 

first member of this series, namely 2,3-dipyrrol-2’-yl-quinoxaline (DPQ; 2.1), allowed 

for detection of fluoride anions (as, e.g., the corresponding tetrabutylammonium salts) in 

 

Figure 2.1. Dipyrrolylquinoxaline (2.1) and 6-nitro-dipyrrolylquinoxaline (2.2) and 
vials containing dichloromethane solutions of, from left to right: 2.1, 2.1 
and tetrabutylammoinum (TBA) Cl-, 2.1 and TBAF, 2.2, 2.2 and TBACl, 
and 2.2 and TBAF. Note the yellow to purple color change of 2.2 upon the 
addition of TBAF. Reprinted with permission from J. Am. Chem. Soc. 
1999, 121, 10438-10439. Copyright 1999 Am. Chem. Soc.12 

tigated using UV-visible absorption21 and fluorescence emission22
methods. The latter studies, which provided Ka values, were
complemented by molar ratio analyses;22 here, data consistent with
a proposed 1:1 binding stoichiometry were obtained in each case.
As summarized in Table 1, the compounds function as anion
receptors. In fact, compound 3 undergoes a very dramatic yellow
to purple fluoride anion-induced color change, as illustrated in
Figure 2. Both systems also display fluorescence emission spectra
that are to all extents and purposes quenched in the presence of
F- (cf. Supporting Information). The observed color changes also
take place in DMSO. However, in both dichloromethane and
DMSO the changes are reversed upon addition of water. Presum-
ably this is because water competes for F- at the pyrrolic NH
hydrogen bond donating sites.

The greater “success” of 3 relative to 1 is not really surprising
considering that the greater electron deficiency of the mononitro
derivative should lead to an increase in its hydrogen bond-donating
character. Indeed, 3 displays an affinity constant (Ka) for F- in
dichloromethane ( ∼1.2 × 105 M-1), that is quite high compared
to 1 (Ka ) 2 × 104 M-1). Sensor 3 also shows a remarkable
selectivity for fluoride anion (KaF/KaCl > 1800; KaF/KaH2PO4-
> 1400). Further evidence that compounds 1-3 bind fluoride
anion in dichloromethane solution came from chemical ionization
mass spectrometric analyses which revealed that in addition to
the peaks corresponding to the anion-free receptors, unique peaks
corresponding to the mono-TBAF adducts could be observed at
m/z 521, 450, and 565 in the case of 1, 2, and 3, respectively.
As a test of our proposed model of binding/sensing, the

interaction of various anions with the three control system, namely
quinoxaline, the mono-SEM-protected species 4, and 2,3-dipyrrol-
2′-ylethanedione 2 was investigated. The first of these, quinoxaline
itself, is fluorescent but only faintly colored (i.e., it possess a
low extinction coefficient for absorption in the visible spectral
region). It also lacks the pyrrole NH hydrogen bonding donor
functionality and displays no discernible changes in either its
absorption or emission spectra in the presence of F-, Cl-, or
H2PO4-. The mono-SEM-protected systems 4 contains a fluo-
rescent quinoxaline subunit. However, it too lacks a full comple-
ment of NH hydrogen bonding donor functionality and, like
quinoxaline, displays little in the way of optical or spectroscopic
changes when exposed to fluoride anion, even in a large excess
(cf. Table 1). In contrast to the first two controls, diketone 2
displays a relatively large extinction coefficient but does not
fluoresce. It is brightly colored in dichloromethane solution and,
like 1, undergoes a naked-eye detectable change in color, from
yellow-green to orange, in the presence of F-.24 However, the
lack of fluorescence displayed by this system leads us to suggest
that the dipyrryldiones such as 2 are likely to be less useful as
anion sensors than their quinoxaline-containing congeners such
as 1 or 3.
In conclusion, 2,3-dipyrrol-2′-ylquinoxalines provide a simple,

hitherto unexplored class of anion receptors that, at least in
dichloromethane and DMSO solution, allow for the detection of
fluoride anion under both visual (i.e., naked-eye) and fluorescence
emission conditions. Accordingly, it is possible to conceive the
use of these systems in various sensing applications as well as in
other situations, such as anion transport and purification, where
the availability of cheap and easy-to-make anion receptors would
be advantageous. We are currently exploring these possibilities
and working to prepare more elaborate systems, including
macrocyclic products that incorporate dipyrrylquinoxaline moi-
eties.
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Supporting Information Available: Experimental details describing
the syntheses of compounds 1-4, UV-vis spectra of compounds 1 and
3 both free and in the presence of excess tetrabutylammonium fluoride,
and fluorescence spectra of compounds 1 and 3 in the presence of F-,
Cl-, and H2PO4- (as their tetrabutylammonium salts), and the 1H NMR
spectra from a titration experiment in which a tetrabutylammonium
flouride is added to a DMSO-d6 solution 6,7-dintro analogue of 1 (PDF).
This material is available free of charge via the Internet at http://pubs.acs.org.

JA992579A

(22) Fluorescence titrations were carried out by adding stock dichlo-
romethane solutions of the anions in question (as tetrabutylammonium salts)
to solutions of the receptors in dichloromethane. Emission spectra were
collected on a Perkin-Elmer LS-5. The fluorescence signal was measured as
the area of the emission intensity between 420 and 750 nm. Fitting was carried
out using eq 2, as described by Connors.23

F/Fo ) (1 + (kf/ks)K[L])/(1 + K[L]) (2)
Here, F refers to the fluorescence intensity, Fo is the fluorescence of the
receptor in question, kf is proportionality constant of the bound complex, ks is
the proportionality constant of the receptor, and K is the anion binding constant.
(23) Connors, K. A. Binding Constants; John Wiley and Sons: New York,

1987.
(24) Compared to 1, 3, and 4, system 2 shows a relatively high (but still

low absolute) affinity for inorganic phosphate. We speculate that the two
carbonyl groups present in 2 may be involved in binding, stabilizing the
complex via ancillary hydrogen bonding interactions involving the two HOP-
phosphate protons.

Table 1. Anion Binding Constants (Ka) for Compounds 1-4a

1b 3 4 2c

F- 18200 M-1 118000 M-1 120 M-1 23000 M-1

H2PO4- 60 M-1 80 M-1 <50 M-1 170 M-1

Cl- 50 M-1 65 M-1 <50 M-1 <50 M-1

a All errors are (10%. All binding constants are reported as the
average of 2-4 trials. b Binding constants determined by fluorescence
quenching: For 1 λmax(ex)) 412 nm, λmax(em)) 490 nm; for 2 λmax(ex)
) 341 nm, λmax(em) ) 458 nm; for 3 λmax(ex) ) 450 nm, λmax(em) )
600 nm; for 4 λmax(ex) ) 396 nm, λmax(em) ) 492 nm; Scan rate )
240 nm/min, emission slit width ) 5 µm, excitation slit width ) 5
µm. c Binding constants were determined from UV-vis absorbance
titration measurements monitoring the spectral change occurring at 341
nm.

Figure 2. Color changes (if any) induced by he addition of anions. From
left to right (dichloromethane solutions): 1; 1 + Cl-; 1 + F-; 3; 3 +
Cl-; 3 + F-. All anions were used in the form of their tetrabutylammo-
nium salts.
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organic media via both fluorescence emission and naked eye detection. It was also found 

that a 6-nitro-DPQ derivative (2.2) binds fluoride with a relatively high affinity (Ka = 

1.18 x 105 M-1 in CH2Cl2) and thus displays selectivity over phosphate (Ka = 80 M-1 in 

CH2Cl2), which displayed a weak response, as well as most other common anions (no 

appreciable binding or detectable optical response). Although the mechanism of the 

response is not certain, and may involve deprotonation rather than binding, these findings 

make DPQs attractive for the construction of functional anion sensors. A key step 

towards the realization of this goal is the incorporation of DPQ indicator elements into 

easy-to-manipulate polymeric materials. 

 

In a related report 

by Sessler and coworkers, 

an analogue of DPQ was 

synthesized where the 

pyrrole groups have been 

replaced by indole groups 

to form 

diindolylquinoxaline (DIQ; 

2.3).13 They reported the 

synthesis of both the 

simple, unfunctionalized 

DIQ, as well as its nitro-

derivative (2.4) (see Figure 

2.2). While the previously 

reported nitro-DPQ had 

 

Figure 2.2. Diindolylquinoxaline (DIQ; 2.3) and 6-
nitro-DIQ (2.4) and vials containing 2.4 
[4.34 x 10-5 M] in CH2Cl2 with, from left to 
right: 2.4 + TBAF, 2.4 + TBACl, 2.4 + 
TBA benzoate, 2.4 + TBAHSO4, 2.4 + 
TBAH2PO4, and 2.4.  Reproduced with 
permission from J. Am. Chem. Soc. 2006, 
128, 16518-16519. Copyright 2006 Am. 
Chem. Soc.13 
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Anions are ubiquitous in biological milieus. Among the most
important physiologically relevant anions is inorganic phosphate.
Not only does it play a critical role in energy storage and signal
transduction,1 it is recognized as an essential structural element in
teeth and bones.2 On the other hand, elevated serum phosphate
levels can result in calcification of tissues3 and is a recognized
problem in patients suffering from chronic kidney failure. Phosphate
is also a key pollutant whose role in the eutrophication of waterways
is well recognized.4 This diversity of function has stimulated
considerable current interest devoted to the recognition and sensing
of phosphate anions.5 Increasingly, efforts in this area have focused
on the use of acyclic small molecule receptors,4 including those
based on amide, sulfonamide, urea, and pyrrole recognition units.
While each of these motifs presents certain advantages, there is
incentive to explore additional putative binding subunits that could
be used to generate new receptor systems. One such motif is indole,
a potential hydrogen bond donor that has yet to be exploited
extensively in the area of anion sensor development. Indeed,
currently only indolocarbazoles, 1,6 and bis(indolyl)methane, 2,7
are known to the best of our knowledge, and, in the case of the
latter system, quantitative binding studies were not fully carried
out. Thus, there remains a need to explore the fundamental anion
binding properties (e.g., selectivity, affinity) of indole-based recep-
tors. Toward this end, we report here the synthesis of a new series
of 2,3-diindol-3′yl quinoxalines (DIQ, 6 and 7), as well as a
comparison of their anion recognition properties to those of our
previously reported pyrrole based sensors, 2,3-dipyrrol-2′yl qui-
noxalines (DPQ, 3).8 To the best of our knowledge, this new DIQ
system, which relies on !-connectivity, represents the first example
of an indole-based small molecule receptor for which evidence of
anion binding is available both in solution and in the solid-state. It
also provides one of the few structurally characterized neutral
receptor-dihydrogen phosphate complexes.9

Receptors 6 and 7 require very short syntheses. Although the
synthesis of receptor 6 was not clearly described in the literature,
the syntheses of 2,3-diindol-3′yl diketone 510 and bis-indole 611
have been published. In the event, we have found that intermediate
5 is easily prepared by the reaction of indole Grignard reagent with
indolyl oxaacethyl chloride 4 (Scheme 1). Subsequent reaction
between the resulting diketone 5 and either o-phenyldiamine or its
mononitro analogue gave the final receptors 6 and 7 in unoptimized
yields of 48 and 30, respectively.
The association constants (Ka) of receptors 6 and 7 were

determined from standard UV-vis absorption titrations carried out
in dichloromethane. Figure 1 presents the observed changes in the

UV-vis spectrum of receptor 7 recorded in dichloromethane upon
the addition of tetrabutylammonium hydrogen phosphate (TBA‚
H2PO4). In the absence of the anion, an absorption maximum is
seen at 434 nm. Upon addition of H2PO4-, a large bathochromic
shift was observed (∆λmax) 40 nm). The resulting titration revealed
several isosbestic points as expected for a 1:1 binding stoichiometry.
Similar isosbestic points were also observed during the course of
titrations carried out with F-, Cl-, HSO4-, and BzO- anions as
well (all as TBA salts). This binding stoichiometry was confirmed
in solution by Job plots and, in the case of receptor 7 and dihydrogen
phosphate anion, by a single-crystal X-ray analysis carried out in
the solid state (cf. Figure 3 and discussion below).
Association constants determined from these titrations are

summarized in Table 1. An inspection of this table reveals that in
the case of receptor 6 the greatest affinity is displayed for
dihydrogen phosphate anion, followed by F- > BzO- > Cl- >
HSO4-. This same table also confirms that, as proved true in the
case of the corresponding DPQ systems, the nitro-bearing receptor
7 shows higher affinities across the board than does the unsubsti-
tuted system 6. This result is attributed to the electron withdrawing

Scheme 1. Synthetic Scheme

Figure 1. Evolution of the UV-vis spectrum of receptor 7 (3.99 × 10-5
M in dichloromethane) seen during titration with tetrabutylammonium
hydrogen phosphate (TBA‚H2PO4; 0 to 10 equiv). (Inset) Job plot for the
interaction between receptor 7 and TBA‚H2PO4.

Figure 2. Color changes observed upon the addition of anions (10 equiv)
to otherwise identical solutions of receptor 7 (4.34 × 10-5 M in
dichloromethane). From left to right; F- + 7, Cl- + 7, BzO- + 7, HSO4-
+ 7, H2PO4-+ 7, 7.
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displayed a marked affinity for fluoride over other anions, the unfunctionalized-DIQ and 

nitro-DIQ displayed selectivity for dihydrogen phosphate (Ka = 6,800 and 20,000 M-1, 

respectively). The binding event could be monitored by both 1H NMR spectroscopy and 

by UV-vis spectroscopy, demonstrating a naked-eye color change from yellow to orange 

upon the addition of dihydrogen phosphate in CH2Cl2 solutions (cf. Figure 2.2). This 

color change was further quantified by UV-vis spectroscopy, with an initial absorbance 

maximum for 2.4 being observed at 434 nm, and a clean bathochromic shift of this 

maximum to 474 nm was observed upon titration of TBAH2PO4 in CH2Cl2. Further, 

crystals of 2.4 bound to H2PO4
- were obtained and the quality were high enough for X-ray 

diffraction (cf. Figure 2.3).  

 

Figure 2.3. Single X-ray diffraction structure of receptor 2.4�TBA�H2PO4. Thermal 
ellipsoids are scaled to the 50% probability level. Most hydrogen atoms 
and the TBA cations have been omitted for clarity. (a) View illustrating 
the two types of phosphate bound receptor 2.4 complexes found in the 
solid-state structures; (b) view of the (receptor 2.4�TBA�H2PO4)8 
complex seen in the unit cell. Reproduced with permission from J. Am. 
Chem. Soc. 2006, 128, 16518-16519. Copyright 2006 Am. Chem. Soc.13 

 
nitro group, which serves to increase the pyrrole NH acidity.
Consistent with this postulate, receptor 7 shows biphasic behavior12
when subjected to titration with fluoride anion in dichloromethane.
Under these conditions, the fluoride anion presumably acts as both
a general base and as an anionic substrate (cf. Supporting
Information).
Among the anionic substrates for which clean binding behavior

is seen, receptor 7, like its congener 6, shows good selectivity for
phosphate anion (Ka(H2PO4)/Ka(Cl) ) 42, Ka(H2PO4)/Ka(BzO) )
7, and Ka(H2PO4)/Ka(HSO4) ) 80). Such a high inherent selectivity
was not seen in either the corresponding DPQ systems (Ka(recpt.
7)/Ka(recpt. 3) ) 250 for H2PO4-)8 or in the indolecarbazole6 based
receptors reported recently by Beer. We ascribe this selectivity to
the presence of the !-connectivity linking the two indole motifs to
the quinoxaline core; this provides a more open (and potentially
less rigid) cavity that is expected to favor binding of this relatively
larger anionic substrate.
Further support for the notion that compound 7 can act as a

dihydrogen phosphate anion receptor comes from a single-crystal
X-ray diffraction analysis of the complex formed between 7 and
TBA‚H2PO4. This structure reveals the presence of two different
phosphate-receptor interactions in the solid state. In one complex,
a molecule of receptor 7 interacts with two phosphate anions that,
in turn, interact with one another via hydrogen bonds. In the other
complex, receptor 7 binds three phosphates that again exist in a
self-associated network (cf. Figure 3). As the result of these and
other hydrogen bonding interactions, a series of infinite phosphate
channels and wires is observed in the solid state.13 Nonetheless,
the overall anion-to-receptor binding stoichiometry is 1:1, as
expected based on the solution-phase Job plot analyses.

A further notable feature of receptor 7 is that color changes are
seen upon the addition of F- and H2PO4- anions (Figure 2). Such
color changes are considered a useful feature of anion receptors in
that they allow analytes to be detected easily without recourse to
spectrometers.14
In summary, the new indole-based receptors 6 and 7 provide a

new series of anion receptors that are particularly effective for the
dihydrogen phosphate anion. Receptor 7 allows for the visual
detection of this anion via the production of a simple, anion-
triggered color change (as well as fluoride for which less clean
binding behavior is seen). The interaction between H2PO4- and
receptor 7 also gives rise to the formation of a unique extended
structure in the solid state, leading to the suggestion that systems
such as 7 could be used as the basis for new engineered crystalline
materials. We are currently studying this possibility while working
to produce more elaborate indole-based receptors.
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Table 1. Anion Binding Constants (Ka; M-1)a for Receptors 6 and
7 in Dichloromethane at 22 °C

38 6 7

F- 118 000 2100 b

Cl- 65 170 470
HSO4- N.D. 80 250
BzO- N.D. 600 2700
H2PO4- 80 6800 20 000c

a Values were determined by UV-vis spectroscopic titrations; errors are
<(10%. All anions were used in the form of their respective tetrabutyl-
ammonium (TBA) salts. b A reliable binding constant could not be
determined due to the observation of biphasic behavior. c The association
constant for the interaction of receptor 7 with H2PO4- was also examined
in acetone, acetonitrile, and DMSO; the Ka values are 5600, 2400, and 300
M-1, respectively. N.D. ) not determined.

Figure 3. Single-crystal X-ray diffraction structure of receptor 7‚TBA‚
H2PO4. Thermal ellipsoids are scaled to the 50% probability level. Most
hydrogen atoms and the TBA cations have been omitted for clarity. (a)
View illustrating the two types of phosphate bound receptor 7 complexes
found in the solid-state structure; (b) view of the (receptor 7‚TBA‚H2PO4)8
complex seen in the unit cell.
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A good control receptor to compare with these hydrogen bond donor receptors 

was thought to be a quinoxaline lacking hydrogen bond donors, e.g. phenyl groups. Thus 

we sought to evaluate polymers incorporating diphenylquinoxaline (DPhQ). The nitro-

derivative of this compound (2.12, see Scheme 2.1) had been previously reported by 

Mallory and coworkers.14 In addition, Braun and Quarg had previously reported the 

synthesis of a polymer incorporating an acrylamide-derivatized diphenylquinoxaline.15 

In seminal work in the field, Anzenbacher and coworkers demonstrated the 

generation of chromogenic conductive polymers containing DPQ recognition moieties for 

the sensing of aqueous phosphate-related anions (as previously mentioned in Section 

1.2.3).16 In a more recent 

study, Sun and coworkers 

utilized DPQ-containing 

conjugated polymers (2.5) to 

develop chromogenic and 

fluorescent chemosensors for 

inorganic anions (as 

previously mentioned in 

Section 1.2.4; see Figure 

2.4).17 In both of these cases, 

the DPQ moiety was directly 

incorporated into the 

backbone of a conjugated 

polymer.  While attractive, 

such approaches can give rise 

to materials with solubility 

 

Figure 2.4. Poly(phenylacetylene) with DPQ 
incorporated into the polymer. This 
system, synthesized by Sun and 
coworkers, gave rise to UV-vis and 
fluorescence emission spectral changes 
(inset) upon the addition of TBAF. 
Reproduced with permission from Chem. 
Eur. J. 2006, 12, 2263-2269. Copyright 
2005 John Wiley and Sons.17 

DPQ would be a perfect candidate to use this strategy.
Upon addition of fluoride or pyrophosphate anions, the re-
sulting deprotonated DPQ unit will form a low-energy, non-
fluorescent energy-trapping site in an array of DPQs inter-
connected by polyconjugated macromolecules. The DPQ
sites are bound within the conjugated framework of the
polymer structure so that quenching of the excited state
occurs from the deprotonated DPQ site in the network by
rapid exciton migration.[18] The result is an amplified fluores-
cence quenching response even at very low quencher con-
centrations, since binding of only one of the many possible
receptor sites results in complete quenching of the polymer-
based fluorescence.

Similar colorimetric responses were observed upon addi-
tion of fluoride or pyrophosphate anions to polymers 2 or 3
where the instantaneous color changes from yellow to red in
polymers 2 or 3 were also ascribed to the anion-induced de-
protonation (see Figure 5 for the case of polymer 3). As ex-
pected, the sensitivity of anion-induced fluorescence
quenching is significantly enhanced in the cases of polymers
2 and 3 compared with monomer 1. Anzenbacher and co-
workers reported that the p-doped electropolymerized
DPQ-based polymers exhibited enhanced affinity toward
anions which was ascribed to stronger hydrogen bonding be-
tween DPQ unit and anions upon doping positive charge
into polymer.[4c,6h] In fact, we believe that the observed affin-

ity enhancement is simply due
to the higher proton acidity of
DPQ unit upon p-doping which
allows easier deprotonation by
the anions.

The Stern–Volmer plots of
polymers 2 and 3 with addition
of fluoride or pyrophosphate all
display linear relationships.
Figure 6 shows the Stern–
Volmer plots of polymer 3 with
addition of F! . Again, the fluo-
rescence lifetimes of the poly-
mer solution do not vary with
the concentrations of the anion,
indicating that a statically
quenched polymer–anion com-
plexes dominates the fluores-
cence quenching mechanism in
these systems. The quenching
constants derived from the
Stern–Volmer equation are also
included in Table 2. These re-
sults clearly demonstrated that
the conjugated polymer with
about ten-repeating recognition
sites is able to induce substan-
tial quenching effect with the
sensitivity enhancement up to
34-fold over corresponding
monomeric sensor. Our findings

also provide the implication that many reported small mole-
cule fluorescence anion-sensing systems based on simple
anion-induced proton dissociation process are all potential

Figure 4. Simulated absorption spectra of 1 (c), 1+F! (a), and deprotonated 1+F! (g).

Figure 5. Absorption spectra changes of polymer 3 titrated with Bu4NF in
CH2Cl2 solution. Inset shows the respective fluorescence spectral
changes.
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characteristics that are 

difficult to control. They 

also require more elaborate 

synthetic routes to the target 

polymers. We thus felt that 

an alternative strategy, 

involving the creation of 

polymeric materials 

containing DPQ subunits as 

pendants to the main polymeric backbone, would be worth exploring.   

To date only a limited number of polymeric systems containing supramolecular 

receptors as pendant side-chains have been reported (see Section 1.2.3).18 This is 

particularly true in the area of sensing. A few different tactics have been used to sense 

fluoride anions with polymeric systems. An early method employed by Swager and 

coworkers involved a conjugated polymer (poly(phenylacetylene)) with fluoride reactive 

moieties appended to the side chain (see Figure 2.5).19 In this case, a silyl-protected 

precursor to coumarin was appended to a fluorescent conjugated polymer. Upon the 

addition of fluoride anion deprotection of the silyl-group, the ring formation occurs to 

yield the coumarin derivative. This in turn led to a red shift in both the absorption 

maximum (384 to 396 nm) and the fluorescence emission (482 to 517 nm). Interestingly, 

the polymer displayed a 100-fold increase in sensitivity to fluoride compared to the small 

molecule sensor. This enhancement was attributed to the “molecular wire” effect. The 

unfortunate downside to chemodosimeters, illustrated by this example, is the inherent 

lack of recyclability.  

 

Figure 2.5. Molecular structure of fluoride sensing 
conjugated polymer chemodosimeter of 
Swager and coworkers with the silyl-
protected coumarin precursor (2.6a) and 
after the addition of fluoride (2.6b). 
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Another strategy is to take 

advantage of the affinity of boron for 

fluoride. Toward this end Jäkle and 

coworkers utilized triarylboranes as 

polymeric receptors for fluoride, as 

detailed in Section 1.2.2. Lee, Do and 

coworkers utilized a similar strategy, but 

instead of using a polystyrene backbone, 

as did Jäkle et al., they utilized 

poly(norbornene) with pendant 

triarylboranes (Polymer 2.7 in Figure 

2.6).20 In this case, the binding of fluoride 

could be monitored by both UV-vis 

absorption and fluorescence emission 

spectroscopies, with a Ka of 1.0 x 107 M-1 

being determined for 2.7 binding to 

fluoride. This corresponds to a 10-fold increase in affinity over the monomer. 

 Using a complementary strategy, Ribeiro, Bonifácio, and coworkers synthesized 

a polymer with the boron center incorporated 

directly into the polymer backbone through a 

dibenzoborole unit.21 The resulting random 

copolymer of fluorene and dibenzoborole 

(2.8) (cf. Figure 2.7) was coated onto nano-

gold interdigitated electrodes to fabric 

sensors that could be monitored by 

 

Figure 2.6. Poly(norbornene) with 
triarylborane (2.7) and the 
fluorescence emission 
spectrum upon increasing 
equivalents of TBAF. 2.7 
concentration of 2.46 x 10-5 
M based on the repeat unit 
in THF and λexc = 311 nm. 
Reproduced with permission 
from Polymer 2012, 53, 
1857-1863. Copyright 2012 
Elsevier.20 

B

n

boron center by the two mesityl groups [15]. The polymers are air
and moisture stable and can be stored for a long period of time
without any decomposition.

3.2. Fluoride sensing properties

To examine the fluoride sensing properties of the polymers,
UVevis andPL titrationexperimentswere carriedoutusinga solution
ofn-tetrabutylammoniumfluoride (TBAF). Changes in the absorption
and fluorescence spectra of M1 and P1 were first compared in THF
(Fig. 3). The absorption spectrum of P1 shows a major absorption
band at 311 nm (log ε ¼ 4.08) assignable to the dominant p(Mes)"
pp(B) transition in the borane moiety [15,40,42,52e56]. The absorp-
tion features of P1 are almost identical to those of the monomeric
boraneM1 (labs¼ 311 nm, log ε¼ 4.34) except for a slight decrease in
the molar extinction coefficient. Apparent band broadening was not
observed in the low energy region. These invariant absorption
features indicate that the ground state of the triarylborane moiety in
P1 is minimally affected by the neighboring borane moieties. Upon
addition of incremental amounts offluoride ion, the absorption band
was gradually quenched as a result of the binding of fluoride to the
boronatomof the triarylboranemoiety inbothP1andM1 (Scheme2)
[40,42,43,57,58].

The fluoride binding constant (K), derived from the 1:1 binding
isotherm,was calculated to be1.0#107M"1 forP1 and6.0#106M"1

for M1. These values are comparable to that for PhBMes2
(K ¼ 5.0 # 106 M"1 in THF) [52,59], which has a similar steric envi-
ronment around the boron center. The PL spectra of P1 andM1 also
exhibit almost identical emission features with a maximum fluo-
rescence around 381 nm and similar quantum yields (F ¼ 0.09 for
M1 and 0.10 for P1). There is little indication of the excited state
aggregation or excimer formation in P1, which has often been
observed in other side-chain luminescent polymers [15,36,60e62],
as judged from the nearly identical emission features in the low
energy region to those of M1. Despite the presence of repeating
triarylboranemoieties, the absence of intramolecular aggregationor
excimer formation in both the ground state and excited state could
bemainlyascribable to the steric bulkiness of thedimesityl groups in
the triaryborane moiety [15,34]. Similar to absorption quenching,
the addition of fluoride into the solution of P1 and M1 led to the
gradual quenching of fluorescence intensity [15,63e67]. Since the

Fig. 3. Spectral changes in the UVevis absorption (left) and fluorescence (right) of (a)
P1 (2.46 # 10"5 M based on borane units, lexc ¼ 311 nm) and (b)M1 (2.44 # 10"5 M) in
THF upon addition of n-Bu4NF. The inset shows the absorbance at 311 nm as a function
of [F"]. The line corresponds to the binding isotherm calculated with K ¼ 1.0 # 107 M"1

for P1 and 6.0 # 106 M"1 for M1.
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Scheme 2. Binding of fluoride ion with polymers (P1"P3).

Fig. 4. (a) Spectral changes in the fluorescence of P1 and M1 in CH2Cl2 (2.46 # 10"5 M
based on borane units, lexc ¼ 252 nm) upon addition of n-Bu4NF. (b) The experimental
and SterneVolmer (e) plots of the intensity change (I0/I) as a function of [F"]. The
quenching constant for M1 was estimated to be KSV ¼ 4.8 # 104 M"1.
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impedance spectroscopy. Marrying the affinity of boron with this sensitive 

electrochemical sensing technique allowed for fluoride anion detection (as the TBA salt) 

in aqueous media over a wide range of concentrations (10-11 to 10-4 M).  

An interaction we have exploited extensively for anion recognition is hydrogen 

bonding. Recently our group described several examples of polymeric materials 

containing H-bond-based supramolecular receptors appended to the polymeric backbone 

and showed that these systems had utility in the area of separations. In particular, we 

detailed the synthesis of several poly(methyl methacrylate) polymers (PMMAs) 

containing pendant calix[4]pyrroles. We also showed that these systems are capable of 

extracting tetrabutylammonium chloride and fluoride from aqueous media (see Section 

1.2.3).22 This theme was further elaborated on by incorporating pendant crown ether 

 

Figure 2.8. Cartoon representation of a benzocrown-6-calix[4]arene containing 
methacrylate polymer and its selectivity for cesium nitrate over a variety of 
other ion pairs. Reproduced with permission from Chem. Sci. 2010, 1, 716-
722. Copyright 2010 Royal Society of Chemistry.24 

aqueous layer of the experiment involving 1 (Fig. 5, Vial D). Such

results are consistent with small molecule 1 being a less selective

Cs+ extractant than copolymer 3.

Extraction studies using 1H NMR spectroscopy

To explore further the ability of copolymer 3 to effect the

extraction of the caesium cation in the presence of various

inorganic salts, a series of 1H NMR extraction studies were

carried out. Here, 1H NMR spectroscopic techniques were used

to monitor the spectral changes of copolymer 3 in CD2Cl2
([calix[4]arene]0 ¼ 6 mM) upon exposure to aqueous solutions of

inorganic caesium salts (viz., CsF, CsCl, CsBr, CsNO3, CsSO4,

KNO3 and NaNO3) at initial concentrations that ranged from

0–200 mM.27 The greatest spectral response (i.e., the largest

change in chemical shifts) was observed upon exposure of 3 to

aqueous CsNO3. For example, inspection of Fig. 6 revealed that

the signals attributed to the calix[4]arene (i.e., d ¼ 6.6–7.5 ppm)

and the crown ether bridge (i.e., d ¼ 3.4–4.2 ppm) were shifted to

lower fields as the aqueous CsNO3 concentration increased and

were in agreement with previously reports that explored Cs+

complexation with other calix[4]arene-crowns.28 In contrast, less

pronounced downfield changes in chemical shifts were observed

when CsBr was added under identical biphasic conditions and no

significant response was observed upon exposure of 3 to aqueous

solutions of CsF, CsCl, or CsSO4.† In a separate set of extraction

studies, conducted under analogous conditions, but using KNO3

and NaNO3 instead of CsNO3, no appreciable extraction was

observed, as inferred from the lack of spectral shifts.† Collec-

tively, these results provide support for the contention that

copolymer 3 is capable of removing caesium nitrate from the

aqueous layer, as inferred in part from the observation that little

or no spectral response is observed upon extraction of caesium

salts containing other anions (e.g., F", Cl", Br", and SO4
"), or in

the case of other metal nitrate salts (e.g., sodium and potassium).

To test whether copolymer 3 could be used to extract caesium

nitrate from aqueous environments in the presence of other

anionic and cationic species (see Fig. 7 for schematic depiction),

a CD2Cl2 solution of the copolymer 3 ([calix[4]arene]0 ¼ 6 mM)

was exposed to equal volume of an aqueous solution containing

both NaNO3 and KNO3 (100 mM in each) in analogy to the

experiments described above. In accord with what would be

expected for a caesium cation-selective system, no evidence of

salt extraction was observed by 1H NMR spectroscopy under

these conditions.† However, mixing CD2Cl2 solutions of 3

([calix[4]arene]0 ¼ 6 mM) with an aqueous mixture containing

CsNO3 (100 mM), NaNO3 (100 mM), and KNO3 (100 mM)

resulted in spectral changes consistent with the coordination of

CsNO3, as described above. Similarly, exposure of CD2Cl2
solutions of 3 ([calix[4]arene]0 ¼ 6 mM) to an equal volume of an

aqueous mixture of CsF, CsCl, and CsSO4 (the initial concen-

tration of each salt was 100 mM) resulted in no significant

spectral response. However, when 3 was exposed to an aqueous

solution containing CsF, CsCl, CsSO4, CsBr, and CsNO3,

a spectral response consistent with CsNO3 extraction was

observed. Additional control experiments revealed that CsBr was

also extracted by copolymer 3, albeit less effectively than CsNO3

(see ICP-MS results below). Collectively, these results are

consistent with the Hofmeister effect,19,29 which implies that

hydrophobic anions are extracted more readily than their

Fig. 5 Photographs of vials showing the results of competition experi-

ments. In these studies, copolymer 3 and analogue 1 (vials C and D) in

CH2Cl2 (bottom layer) were first exposed to an aqueous solution (top

layer) of sodium picrate (0.6 mM) and then caesium chloride (2 equiv.

relative to sodium picrate) was directly added to the mixture. This

resulted in complete or partial transfer of the color ascribed to the picrate

anion to the bottom layer (vials B and D).

Fig. 6 Partial 1H NMR spectra (7.6–3.4 ppm) of 3 dissolved in CD2Cl2
([calix[4]arene]0 ¼ 6 mM) after exposure to (A) deionized water and

various solutions of CsNO3 (B–E; concentrations noted in the respective

spectra).

Fig. 7 Schematic representation of the extraction properties of

copolymer 3 highlighting the ability of this system to extract caesium

nitrate from aqueous environments containing several other ionic species.

This journal is ª The Royal Society of Chemistry 2010 Chem. Sci., 2010, 1, 716–722 | 719
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subunits into the polymer; this allowed for the concurrent complexation of both halide 

and potassium ions.23 In a separate report, it was demonstrated that the selectivity of 

benzocrown-strapped calixarenes for cesium salts could be dramatically improved when 

appended to PMMA backbones (see Figure 2.8).24 However, none of these systems 

contains a “built-in” recognition unit capable of signaling the presence of an ionic 

substrate via an optical response.    

To address the above need, we sought to prepare a series of polymers wherein, 

quinoxaline-based receptors are incorporated into poly(methyl methacrylate) backbones. 

Such a strategy, we surmised, would allow for facile solution processing. As detailed 

below, thin films of the resulting polymeric species (prepared from drop casting) give rise 

to an easy-to-visualize colorimetric response when exposed to either the fluoride or 

phosphate anions (as their tetrabutylammonium salts in CH2Cl2). Moreover, glass 

substrates coated with a thin film of the DPQ-MMA copolymer can be used to detect HF 

vapors. This work thus marks a step forward in the rapid detection of what are potentially 

hazardous materials. 

2.2 SYNTHESIS AND CHARACTERIZATION OF COPOLYMERS 2.19, 2.20, AND 2.21 AND 
SMALL MOLECULE MODEL 2.22 

At the outset of this project, we had three target compounds in mind: Poly(DPQ-

co-MMA) (2.19), Poly(diindolylquinoxaline-co-MMA) (poly(DIQ-co-MMA); 2.20), and 

Poly(diphenylquinoxaline-co-MMA) (Poly(DPhQ-co-MMA); 2.21). To synthesize these 

target polymers, we elected, to synthesize each of the quinoxaline-based monomers, 

DPQ-methacrylamide (2.16), DPhQ-methacrylamide (2.17), DIQ-methacrylamide (2.18) 

(Scheme 1). This choice reflected the fact that the oxalyl-based starting materials could 

be synthesized via the condensation of oxalyl chloride with either pyrrole (2.9) or indole 

(2.11), available according to literature procedures.25,26 (Note: benzil (2.10) is a 
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commercially available compound)  The 6-nitro-derivatives (2.2, 2.12, and 2.4) were then 

synthesized by condensing of 4-nitro-ortho-phenylenediamine with the respective oxalyl-

derivative in acetic acid under reflux.12,13,14 Subsequent reduction to the corresponding 

amines was effected using 10% Pd/C under an atmosphere of hydrogen gas at 50 psi to 

afford the amino-quinoxaline derivatives (2.13 in 97% yield, 2.14 in >95% yield, and 

2.15 in 83% yield). Next, the amino-quinoxalines were condensed with methacryloyl 

chloride in dry THF under basic conditions (triethylamine; TEA) to produce the 

quinoxaline-methacrylamide monomers (2.16 in 53% yield, 2.17 in 83% yield, and 2.18 

in 24% yield).  

With 2.16, 2.17, and 2.18 in hand, efforts turned toward the incorporation of these 

monomers into polymer backbones. For this, we chose free radical polymerization due to 

its synthetic ease and high degree of versatility.27 The copolymer targets poly(DPQ-co-

MMA) (2.19), poly(DPhQ-co-MMA) (2.20), and poly(DIQ-co-MMA) (2.21) were 

generally synthesized as follows: An oven-dried Schlenk flask was charged with the 

 

Scheme 2.1. Synthesis of the methacrylamide-based monomers dipyrrolylquinoxaline 
(2.16), diphenylquinoxaline (2.17), and diindolylquinoxaline (2.18). 
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methacrylamide monomer, methyl methacrylate, and 2,2’-azobisisobutyronitrile (AIBN) 

in a 1:10:0.01 ratio, respectively, and dissolved in dry THF. The reaction vessel was then 

heated to 70°C for 18 hours (Scheme 2.2). Precipitation into cold methanol and filtration 

then produced copolymer 2.19 as a bright yellow powder, 2.20 as a white powder, and 

2.21 as a bright yellow powder. These materials proved to be soluble in a variety of 

organic solvents and were characterized by 1H NMR spectroscopy. Such analyses 

allowed for quantification of the monomer ratio as 10:1, MMA to DPQ-methacrylamide. 

The weight average molecular weight (Mw) was determined to be 29.7 kDa with a molar 

mass dispersity (Đ) of 2.83 by size exclusion chromatography (SEC) using well-defined 

polystyrene standards. For 2.20, the peak molecular weight (Mp) was determined to be 57 

 

Scheme 2.2. Polymerization of the methacrylamide-based quinoxaline monomers 
(2.16, 2.17, and 2.18) to the corresponding copolymers by free 
radical methods yields poly(dipyrrolylquinoxaline-co-MMA) (2.19), 
poly(diphenylquinoxaline-co-MMA) (2.20), and 
poly(diindolylquinoxaline-co-MMA) (2.21), respectively. 
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kDa relative to polystyrene, and the molar mass dispersity 

was found to be 1.2. Finally, for copolymer 2.21, the Mw 

was determined to be 13 kDa and the molar mass 

dispersity was determined to be 1.2. 

A small molecule model of 2.19 was also 

synthesized in an effort to determine more accurately the 

underlying binding events involved in anion recognition. 

Toward this end, the amino-DPQ 2.13 (vide supra) was 

condensed with acetylchloride in dry THF under basic 

conditions to yield acetamide-DPQ 2.22 in 66% yield as a 

yellow-brown powder (Figure 2.9).  

 

2.3 UV-VIS SPECTROSCOPY TITRATION STUDIES  

Once copolymers 2.19, 2.20, and 2.21 were synthesized and characterized as 

described above, our efforts turned to understanding the binding properties and 

subsequent response of these materials to anionic species, specifically the fluoride and 

dihydrogen phosphate anions.  Initial evidence of anion binding was found when 5 mL of 

a 50 µM solution of 2.19 in CH2Cl2 was exposed to 10 mg of tetrabutylammonium 

fluoride (TBAF) resulting in a marked naked-eye detectable color change from yellow to 

orange (cf. Fig 2.10).  

In an effort to quantify this binding event, UV-vis absorption spectroscopic 

titrations were carried out. Here copolymer 2.19 was exposed to increasing quantities of 

TBAF in CH2Cl2. On the basis of the observed spectral changes, it was concluded that 

copolymer 2.19 bound fluoride in the form of its TBA+ salt in a 1:1 binding mode (based 

 

Figure 2.9. Acetamide-
dipyrrolylqui
noxaline 
small 
molecule 
model, 2.22. 
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on DPQ repeat unit) with a relatively high binding 

affinity (Ka = 6.16 x 105 M-1) (cf. Fig 2.11).28 This high 

affinity stands in marked contrast to what was seen in 

the case of the dihydrogen phosphate and chloride 

anions, species that were found to not bind effectively 

when studied as their TBA+ salts in dichloromethane 

under identical conditions (cf. Table 2.1). On the basis 

of these analyses, the affinity, albeit not the selectivity, 

of copolymer 2.19 for the fluoride anion was found to 

be improved over the nitro-containing DPQ species 

(2.2) from which it is formally derived.  

 6-Nitro-DPQ 2.19 2.20 2.21 

TBAF 1.18 x 105 6.16 x 105 6.56 x 103 2.13 x 105 

TBAH2PO4 80 5.66 x 104 6.34 x 103 2.35 x 105 

Table 2.1. Binding constants (Ka) (in M-1) for compounds 2.2, 2.19, 2.20, and 2.21 with 
fluoride, dihydrogen phosphate and chloride, as their TBA salts in CH2Cl2. 
6-Nitro-DPQ values reported from reference 12.  

If the concentration of fluoride was increased even further in these titrations new 

spectral features began to emerge and the binding event appeared to shift away from a 1:1 

stoichiometry. As can be gleaned from an inspection of Figure 2.12a, a new peak arises at 

506 nm. These emerging spectral features are in line with what had previously been 

observed upon the titration of 6-nitro-DPQ with TBAF (cf. Figure 2.12b). Further 

evidence of this deviation from 1:1 binding at higher equivalents of fluoride was obtained 

through a Benesi-Hildebrand plot (Figure 2.13). In this case, the reciprocal of the change 

 

Figure 2.10. Solutions of 
copolymer 2.19 
in CH2Cl2 before 
(left) and after 
(right) addition 
of TBAF 
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in absorbance (1/ΔA) was plotted against the inverse concentration of the analyte 

(1/[TBAF]), according to the Benesi-Hildebrand equation29: 
𝑏
∆𝐴 =

1
𝐻! 𝐾∆𝜀!"[𝐺]

+
1

[𝐻!]∆𝜀!"
 

Where ΔA is the change in absorbance, b is the path length of the cell, [H0] is the 

initial concentration of host (receptor), K is the stability constant, [G] is the concentration 

of guest (analyte) and ΔεHG is the extinction coefficient of the complex minus the 

extinction coefficients of the host and guest. If the binding were 1:1, the data points 

should fit to a straight line, whereas in our data set, the points appear to increase 

exponentially as the concentration of fluoride is increased. This led us to wonder whether 

this behavior could be attributed to structural features inherent to the polymeric system, 

or whether this may be related to the electronics of the receptor (i.e., replacing the nitro 

group with an amide bond). To probe these facets of our system, we proposed to study a 

small molecule model of the polymeric receptor.  

 

Figure 2.11. UV-vis spectroscopic titration of copolymer 2.19 with 
tetrabutylammonium fluoride (TBAF) in CH2Cl2. The spectra on the left 
shows the changes in absorption as a function of concentration, whereas 
the plot on the right shows the binding isotherm (solid points) and best fit 
derived from the change in absorption at 410 nm vs. concentration of 
TBAF. 
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Figure 2.12. UV-vis spectra of a) polymer 2.19 [7 x 10-5 M] in CH2Cl2 titrated with 
TBAF from 0 to 320 molar equivalents and b) 6-nitro-DPQ (2.4) [3 x 10-6 
M] in CH2Cl2 titrated with TBAF from 0 to 198 molar equivalents.  
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2.4 1H NMR SPECTROSCOPIC STUDIES OF THE POLYMERS AND SMALL MOLECULE 
MODEL 

With the qualitative, as well as quantitative, studies of the binding of 2.19 to 

fluoride and dihydrogen phosphate complete, we next sought to determine how these 

anions were binding with the polymer. The increased association constants for fluoride 

observed with polymer 2.19 compared to the initial 6-nitro-DPQ went in the face of strict 

electronics arguments. The amide functionality linking the DPQ to the PMMA backbone 

should be more electron-donating than the nitro group of 6-nitro-DPQ. These electronic 

 

Figure 2.13. Benesi-Hildebrand plot of the titration of copolymer 2.19 with 
TBAF in CH2Cl2 as monitored by UV-vis absorption spectroscopy.  

1/[TBAF])(M,1))

1/
ΔA

)(A
.U
.,1
))



 101 

contributions would be reflected in the acidity of the NHs of the pyrrole moieties, as 

electron-withdrawing groups would help to stabilize the buildup of negative charge 

(resulting in a higher Ka), whereas the electron-donating groups would not stabilize the 

charge buildup due to hydrogen bonding or deprotonation (resulting in a lower Ka). We 

therefore decided to study the binding event through 1H NMR spectroscopy titrations 

comparing 2.19 to a small molecule acetamide-DPQ 2.22. Titrating the small molecule 

model with TBAF in a solution of CD2Cl2 led to the observation that the fluoride anion 

appeared to interact with both the pyrrolic NHs and the NH of the amide bond (see Figure 

2.14), with a downfield shift in the signals attributed to both hydrogen bond donors. In 

addition, a new triplet arising at ~14 ppm could be observed in the 1H NMR spectra, 

indicative of the formation of bifluoride from the deprotonation of one of the NH 

moieties. Such deprotonation behavior has also been observed by Sun and coworkers 

with their DPQ-polymer system.17 With this new data in hand, it was now clear as to why 

the stoichiometry appeared to shift in the copolymer system when equivalents of fluoride 

increased further and further from 1.0.  Specifically, the initial fluoride binding event was 

complicated by a second binding/deprotonation event occurring simultaneously.  

The major rationale for attaching the DPQ sensing unit to the backbone of PMMA 

was to allow for facile solution processing and the subsequent deposition of this material 

onto a variety of substrates. Studies designed to probe these features are described below. 
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2.5 THIN FILM STUDIES OF COPOLYMER 2.19 

Thin films of polymer 2.19 on glass slides were produced by both drop-cast and 

spin-cast methods from 1,2-dichloroethane solutions. The resulting materials were tested 

for their ability to detect hydrofluoric acid (HF) in solution, as a “dipstick”, as well as in 

the vapor form (cf. Fig. 2.15). Our interest in HF stems from its recognized toxicity, and 

 

Figure 2.14. Stacked spectra of the 1H NMR spectroscopy titration of 6-acetamido-
DPQ (2.22) [0.0349 M] with 0 to 1.0 equivalent of tetrabutylammonium 
fluoride in CD2Cl2. The red squares mark the amide NH signal, the 
green circles mark the pyrrole NH signals, and the orange triangles 
mark the pyrrole β-position proton signals. 
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from the fact that currently there does not exist a quick and easy colorimetric detection 

device for the vapor. Quick action is required if one is exposed to concentrated (>20%) 

HF since within minutes it can work its way through the skin and into the bone. However, 

in instances of exposure to 1-20% HF, the symptoms can be delayed for hours, leading to 

deep, subcutaneous burns and painful bone etching, which one is not aware of until it is 

sometimes too late. In the air, 2.59-4.74 ppm of HF leads to visible skin and eye irritation 

in humans. While an LC50 value has not been determined for humans, a value for 

comparison is the LC50 for a monkey, 1,774 ppm exposure for 1 hour.30 Contact with 

only 2.5% body surface can be lethal. The other danger of HF comes from fluoride 

poisoning, where fluoride anions enter the bloodstream and bind with calcium and 

magnesium ions, potentially inducing cardiac arrest from the flux in calcium levels. Thus, 

a simple and cheap colorimetric sensing device for HF would be most desirable.  

To our delight, we were able to demonstrate a distinct naked-eye detectable 

colorimetric change in our polymers upon exposure to vapors of 12.5% HF solutions, by 

weight. Upon exposure, the initially bright yellow thin films shift to a distinct red color. 

Furthermore, it was found that this color change was readily reversible upon exposure to 

vapors of concentrated ammonium hydroxide, or slowly over time under ambient 

conditions. Analogously, performing a “dip-stick” test by submerging the end of the thin 

film covered slide into an aqueous solution of HF produced an even stronger response, 

with the 49% w/w solution eliciting a yellow to purple change (cf. Figure 2.15e), while 

lowering the concentration to 6% w/w still produced a yellow-to-red naked-eye 

detectable response on the order of seconds (cf. Figure 2.15d).31 Although it is 

appreciated that these tests are qualitative in nature, it is nevertheless to be noted that they 

provide a clear indication that the systems of this chapter are useful in the area of HF  
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sensing. They also provide some indication of the limits of detection accessible with this 

new polymeric material. 

To determine how much of the binding was due to the pyrrole rings, and how 

much was related to the quinoxaline ring, we compared 2.19 to 2.20, which has the two 

pyrrole rings replaced with two phenyl rings. In this case, the proton of HF would be able 

to protonate the nitrogen of quinoxaline, but the pyrrole rings would not be available to 

interact with the counter anion, fluoride. Toward this end we studied the solution 

behavior of 2.19 and 2.20 by UV-vis spectroscopy while an organic soluble acid 

(trifluoroacetic acid (TFA)) was titrated into the system. As can be seen from an 

inspection of Figure 2.16, the initial absorption maximum at 421 nm decreases upon 

 

Figure 2.15. Photographs showing (a) a glass slide coated with copolymer 2.19, (b) 
exposure of the slide in question to HF vapors, and (c) reversibility of the 
response seen after allowing the slide to stand for 2 minutes under 
ambient conditions. Photographs showing (d) a glass slide coated with 
copolymer 2.19, (e) after dipping the slide into a 6% w/w aqueous HF 
solution, and (f) after dipping the slide into a 49% w/w aqueous HF 
solution. 

 

c) b) a) 
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addition of TFA to the solution, while a new absorption maximum can be observe 

observed emerging at 510 nm. This change in absorption was observable by the naked 

eye as a yellow to red color change of the polymer solution. On the other hand, 2.20 was 

also titrated with TFA under similar conditions and produced a marked change in 

absorbance with the initial absorption maximum at 365 nm decreasing and a new 

absorption maximum at 430 nm growing in. This color change was marked as a colorless 

to yellow change in solution (see Figure 2.17). 

  

 

Figure 2.16. UV-vis spectroscopic titration of 2.19 [4.82 x 10-5 M] with trifluoroacetic 
acid (TFA) in CH2Cl2 from 0 to 45 equivalents. Inset: binding isotherm 
of 2.19 based on change in absorbance at 510 nm as the concentration of 
TFA is increased.  
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As noted above, incorporating the DPQ receptor unit into a PMMA backbone 

produced a slight increase in binding affinity for fluoride, as well as phosphate, relative to 

the starting 6-nitro-DPQ (2.2). While further experiments will be needed to solidify any 

conclusion, we tentatively rationalize this on the basis of multivalency. In particular, we 

propose that the observed enhancement in affinity may be due to the multiple DPQ 

subunits present within the polymer backbone, which may help stabilize a bound fluoride 

anion. Regardless of the binding mode or modes, the incorporation of DPQ into a 

polymeric material may ultimately enable the facile production of thin films capable of 

rapidly detecting acidic vapors. 

 

Figure 2.17. UV-vis absorption spectroscopic titration of 2.20 [5.85 x 10-5 M] with 
TFA in CH2Cl2 from 0 to 95 equivalents. Inset: binding isotherm of 2.20 
based on the observed change in absorbance at 430 nm as the 
concentration of TFA is increased. 
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2.6 CONCLUSIONS AND FUTURE WORK 

In summary, we have designed and synthesized a series of novel poly(methyl 

methacrylate) copolymers incorporating DPQ (2.19), DPhQ (2.20), and DIQ (2.21) 

sensing moieties. The 2.19 copolymer system proved capable of producing a naked-eye 

detectable signal when exposed to fluoride ions in organic media. It also displays a higher 

sensitivity (as inferred from the relevant affinity constants) than the 6-nitro-DPQ from 

whence it is derived. Similarly, copolymer 2.21 displayed an increased affinity for 

dihydrogen phosphate compared to the 6-nitro-DIQ precursor. Unlike the small molecule 

precursor, the copolymer of this study (2.19) can easily be cast as a thin film onto glass 

slides. The resulting slides proved capable of detecting HF vapors, as inferred from 

preliminary testing experiments. The versatile immobilization approach described here is 

attractive because it may represent a general strategy for incorporating sensing elements 

into polymeric supports thereby providing improved functional materials useful in, e.g., 

the sensing of hazardous materials, including HF as described herein. 

While our initial results demonstrate sensing of HF and other hazardous analytes 

in the solid state via naked-eye color change in thin films, the ultimate goal of our project 

is to produce a device using these polymeric materials. Toward this end, one could 

imagine fabricating a device using fiber optic sensing coupled with our copolymer 

sensors. By having our receptor incorporated into a fiber/film forming copolymer, we 

could potentially blend the sensing copolymer with a fiber optic cable, which would then 

allow a remote reading by means of a UV-vis absorbance spectrometer or a fluorescence 

emission spectrometer. When vapors of HF came into contact with the fiber blend, a 

change in color from yellow to red would occur, should be observable by the 

spectrometer and lead to a positive read out and warning of danger.  
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In a somewhat similar vein, one could imagine fabricating simple badges 

containing cast thin films of our copolymers for workers in job situations where HF 

exposure may be a potential hazard, e.g. aluminum smelting or microchip fabrication. 

With a badge that is wearable and light, similar to a radiation-monitoring badge, one 

could easily observe a change in color of the badge from yellow to red if exposure to HF 

has occurred and would then know to take rapid action to obtain treatment.  
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Chapter 3 

Reversible Anion-Induced Crosslinking of Well Defined 
Calix[4]pyrrole-Containing Copolymersc 

3.1 INTRODUCTION 

The field of supramolecular polymers has witnessed explosive growth over the 

last 20 years. Its influence is now manifest in a number of important application areas, 

including sensor design,1 self-healing materials,2 and controlled delivery systems.3 The 

ability to assemble and crosslink polymeric structures through multiple weak non-

covalent interactions can endow a macromolecular system with a number of unique 

properties, such as the ability to respond on a molecular level to external stimuli.4 To 

date, a number of strategies have been successfully used to create a controlled response in 

both supramolecular and covalent polymers. These include exploiting light-induced 

rearrangements,5 pH-sensitive moieties,6 hydrogen bonding motifs,7 hydrophobic effects,8 

charge-transfer interactions,9 cation complexation,10 and thermally-sensitive polymer 

backbones.11 However, one approach, that to our knowledge has yet to be explored, 

involves anion binding. It is our belief that bis-anionic species could be used not only to 

induce supramolecular cross-linking (see Figure 3.1), but also to provide a means for 

selective extraction and removal of targeted dianionic species from aqueous 

environments.12 Further, such systems could prove useful in advanced applications, 

including as scaffolds for biomineralization (calcium carbonate and calcium phosphate 

                                                
c T he majority of this work was published as a communication in the Journal of the American Chemical 
Society: Silver, E. S.; Rambo, B. M.; Bielawski, C. W.; Sessler, J. L.: “Reversible Anion-Induced Cross-
Linking of Well-Defined Calix[4]pyrrole-Containing Copolymers” J. Am. Chem. Soc., 2014, 136, 2252-
2255. The author synthesized all the molecules, performed all the analyses of the materials, planned 
experiments, and wrote the manuscript. Rambo helped to write and edit the manuscript. Bielawski and 
Sessler helped to design experiments, write, and edit the manuscript.  
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being key targets),13 or as charge-neutral alternatives to cationic materials for transporting 

anionic payloads in vivo.14 

A number of dianions have biological features that make them of specific interest. 

For instance, pyrophosphate plays a central role in DNA synthesis and is the product of 

ATP hydrolysis. It is also a key component of teeth and bones.15 Various dicarboxylates 

are involved in the citric acid and glyoxylate cycles,16 while glutamate is a recognized 

neurotransmitter.17 Our own group has found that terephthalate (as well as other aromatic 

dicarboxylates) in its mono- and bisanionic forms can be used to control the self-

assembly of cationic “Texas-sized boxes” (larger ring systems analogous to Stoddart’s 

famed “blue boxes”18).19 One approach to achieving the selective recognition of these and 

other targeted species would be through the use of polymeric systems that undergo 

supramolecular cross-linking in the presence of dianions but not in the presence of 

ostensibly similar monoanions.   

 In previous studies by Huang and coworkers, bis-ammonium cations were 

employed to crosslink polymers bearing pendant dibenzo[28]crown-8-ether groups, 

 

Figure 3.1. Illustration of polymer crosslinking through anion receptors appended to 
the polymer backbone and bisanions. Competitive monoanions could 
then reverse the crosslinking event. 
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"
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resulting in reversible self-healing gel formation (cf. Scheme 3.1).20 Separately, Meijer 

and coworkers exploited the recognition features of 2-ureido-pyrimidinone  incorporated 

into poly(norbornene) to force the collapse of individual polymer chains through 

intrachain hydrogen bonding interactions (see Figure 3.2).21 A number of other systems 

that exploit inter alia cation complexation,22 hydrogen bonding,23 and hydrophobic24 

interactions, to effect cross-linking have also been reported.25 Here, we report a 

complementary approach to achieving supramolecular control over polymer function. 

Specifically, we detail a poly(calix[4]pyrrole ethyl methacrylate-co-methyl methacrylate) 

 

Scheme 3.1. Cartoon representations of a supramolecular crosslinking system 
developed by Huang and coworkers that is based on ammonium and 
crown ether recognition a) crown ether containing copolymer 3.1, b) 
bis-ammonium crosslinkers 3.2 and 3.3 and c) gels formed from the 
mixing of 3.1 + 3.2 and 3.1 + 3.3. Reproduced with permission from 
Angew. Chem. Int. Ed. 2012, 51, 7011-7015. Copyright © 2012 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.20 

 

ratio, DB24C8/ammonium ion) was prepared by heating for
30 days at reflux in chloroform/acetonitrile (v/v = 1:1) and
stirring at room temperature for another 45 days,[16] because
achieving equilibrium takes longer because of the larger size
of the cyclohexyl unit.[17]

Proton NMR spectra gave important insights into the
complexation behavior of polymer 1 with cross-linkers 2 and 3
in solution. Obvious changes in the chemical shift were
observed by comparison of the 1H NMR spectra of polymer 1,
cross-linker 2, and their mixture (Figure 1). Because the
complexation of DB24C8 and DBAS is a slow exchange
system,[14a, 18] the NMR spectra are complicated and each of
the protons of DB24C8 and DBAS splits into two signals,
corresponding to the complexed and uncomplexed species.[19]

Upfield chemical shift changes were found for aromatic

protons H1, H2, H3, H5, and H6 and benzyloxymethylene
protons H7 of 2, while the benzyl protons H4 shifted downfield
after complexation, consistent with the well-known DB24C8/
DBAS complexation systems.[14, 18] This result indicated that
the complexation of the DB24C8 units and DBAS moieties
exists in the cross-linked supramolecular networks and leads
to the formation of supramolecular gel 4 at high concen-
trations of polymer 1 and cross-linker 2.

However, owing to the larger ring size of the cyclohexyl
moiety relative to phenyl, DB24C8 would not complex the
bisammonium salt with cyclohexane end groups 3 just by
simple mixing.[17] Consistent with this expectation, no changes
in chemical shift were observed by comparison of the
1H NMR spectra of polymer 1, cross-linker 3, and their
fresh mixtures even after excess 3 was added (Figure S1 in the
Supporting Information). When polymer 1 (1.00 mm) and
cross-linker 3 (3.60 mm) were heated at reflux, peaks corre-
sponding to protons (H12, H13, and H15) on complexed species
became more and more obvious as time went on (Figure 2).
Upfield shifts were observed for aromatic protons H12 while
benzyl protons H13 and cyclohexylmethylene protons H15

shifted downfield, thus indicating the complexation of
DB24C8 and bisammonium salts carrying cyclohexane end
groups. Moreover, the solution of the mixture became more
and more viscous, and gel 5 formed when the solution was
evaporated to 10% of its original volume.

Viscometry (Figure S2 in the Supporting Information)
gave direct evidence of the existence of polymer networks in
these two gels. Both the specific viscosities and reduced
viscosities of the two gels are larger than those of polymer 1.
Notably the specific viscosities and reduced viscosities of gel 5
are much larger than those of gel 4, thus indicating that the
mechanical cross-linking in gel 5 was much more efficient
than the noncovalent cross-linking in gel 4.[20]

Rheological data were also collected to characterize gels 4
and 5 (Figure S3 in the Supporting Information). For gels 4

Scheme 1. Cartoon representations of a) polymer 1, b) cross-linkers 2
and 3, and c) supramolecular gels 4 and 5.

Figure 1. Partial 1H NMR spectra (400 MHz, 1:1 CDCl3/CD3CN, 20 8C):
a) cross-linker 2 ; b) a mixture of cross-linker 2 (3.60 mm) and polymer
1 (1.00 mm); c) polymer 1. Here “c” and “u” denote complexed and
uncomplexed moieties, respectively.
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ratio, DB24C8/ammonium ion) was prepared by heating for
30 days at reflux in chloroform/acetonitrile (v/v = 1:1) and
stirring at room temperature for another 45 days,[16] because
achieving equilibrium takes longer because of the larger size
of the cyclohexyl unit.[17]

Proton NMR spectra gave important insights into the
complexation behavior of polymer 1 with cross-linkers 2 and 3
in solution. Obvious changes in the chemical shift were
observed by comparison of the 1H NMR spectra of polymer 1,
cross-linker 2, and their mixture (Figure 1). Because the
complexation of DB24C8 and DBAS is a slow exchange
system,[14a, 18] the NMR spectra are complicated and each of
the protons of DB24C8 and DBAS splits into two signals,
corresponding to the complexed and uncomplexed species.[19]

Upfield chemical shift changes were found for aromatic

protons H1, H2, H3, H5, and H6 and benzyloxymethylene
protons H7 of 2, while the benzyl protons H4 shifted downfield
after complexation, consistent with the well-known DB24C8/
DBAS complexation systems.[14, 18] This result indicated that
the complexation of the DB24C8 units and DBAS moieties
exists in the cross-linked supramolecular networks and leads
to the formation of supramolecular gel 4 at high concen-
trations of polymer 1 and cross-linker 2.

However, owing to the larger ring size of the cyclohexyl
moiety relative to phenyl, DB24C8 would not complex the
bisammonium salt with cyclohexane end groups 3 just by
simple mixing.[17] Consistent with this expectation, no changes
in chemical shift were observed by comparison of the
1H NMR spectra of polymer 1, cross-linker 3, and their
fresh mixtures even after excess 3 was added (Figure S1 in the
Supporting Information). When polymer 1 (1.00 mm) and
cross-linker 3 (3.60 mm) were heated at reflux, peaks corre-
sponding to protons (H12, H13, and H15) on complexed species
became more and more obvious as time went on (Figure 2).
Upfield shifts were observed for aromatic protons H12 while
benzyl protons H13 and cyclohexylmethylene protons H15

shifted downfield, thus indicating the complexation of
DB24C8 and bisammonium salts carrying cyclohexane end
groups. Moreover, the solution of the mixture became more
and more viscous, and gel 5 formed when the solution was
evaporated to 10% of its original volume.

Viscometry (Figure S2 in the Supporting Information)
gave direct evidence of the existence of polymer networks in
these two gels. Both the specific viscosities and reduced
viscosities of the two gels are larger than those of polymer 1.
Notably the specific viscosities and reduced viscosities of gel 5
are much larger than those of gel 4, thus indicating that the
mechanical cross-linking in gel 5 was much more efficient
than the noncovalent cross-linking in gel 4.[20]

Rheological data were also collected to characterize gels 4
and 5 (Figure S3 in the Supporting Information). For gels 4

Scheme 1. Cartoon representations of a) polymer 1, b) cross-linkers 2
and 3, and c) supramolecular gels 4 and 5.

Figure 1. Partial 1H NMR spectra (400 MHz, 1:1 CDCl3/CD3CN, 20 8C):
a) cross-linker 2 ; b) a mixture of cross-linker 2 (3.60 mm) and polymer
1 (1.00 mm); c) polymer 1. Here “c” and “u” denote complexed and
uncomplexed moieties, respectively.
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ratio, DB24C8/ammonium ion) was prepared by heating for
30 days at reflux in chloroform/acetonitrile (v/v = 1:1) and
stirring at room temperature for another 45 days,[16] because
achieving equilibrium takes longer because of the larger size
of the cyclohexyl unit.[17]

Proton NMR spectra gave important insights into the
complexation behavior of polymer 1 with cross-linkers 2 and 3
in solution. Obvious changes in the chemical shift were
observed by comparison of the 1H NMR spectra of polymer 1,
cross-linker 2, and their mixture (Figure 1). Because the
complexation of DB24C8 and DBAS is a slow exchange
system,[14a, 18] the NMR spectra are complicated and each of
the protons of DB24C8 and DBAS splits into two signals,
corresponding to the complexed and uncomplexed species.[19]

Upfield chemical shift changes were found for aromatic

protons H1, H2, H3, H5, and H6 and benzyloxymethylene
protons H7 of 2, while the benzyl protons H4 shifted downfield
after complexation, consistent with the well-known DB24C8/
DBAS complexation systems.[14, 18] This result indicated that
the complexation of the DB24C8 units and DBAS moieties
exists in the cross-linked supramolecular networks and leads
to the formation of supramolecular gel 4 at high concen-
trations of polymer 1 and cross-linker 2.

However, owing to the larger ring size of the cyclohexyl
moiety relative to phenyl, DB24C8 would not complex the
bisammonium salt with cyclohexane end groups 3 just by
simple mixing.[17] Consistent with this expectation, no changes
in chemical shift were observed by comparison of the
1H NMR spectra of polymer 1, cross-linker 3, and their
fresh mixtures even after excess 3 was added (Figure S1 in the
Supporting Information). When polymer 1 (1.00 mm) and
cross-linker 3 (3.60 mm) were heated at reflux, peaks corre-
sponding to protons (H12, H13, and H15) on complexed species
became more and more obvious as time went on (Figure 2).
Upfield shifts were observed for aromatic protons H12 while
benzyl protons H13 and cyclohexylmethylene protons H15

shifted downfield, thus indicating the complexation of
DB24C8 and bisammonium salts carrying cyclohexane end
groups. Moreover, the solution of the mixture became more
and more viscous, and gel 5 formed when the solution was
evaporated to 10% of its original volume.

Viscometry (Figure S2 in the Supporting Information)
gave direct evidence of the existence of polymer networks in
these two gels. Both the specific viscosities and reduced
viscosities of the two gels are larger than those of polymer 1.
Notably the specific viscosities and reduced viscosities of gel 5
are much larger than those of gel 4, thus indicating that the
mechanical cross-linking in gel 5 was much more efficient
than the noncovalent cross-linking in gel 4.[20]

Rheological data were also collected to characterize gels 4
and 5 (Figure S3 in the Supporting Information). For gels 4

Scheme 1. Cartoon representations of a) polymer 1, b) cross-linkers 2
and 3, and c) supramolecular gels 4 and 5.

Figure 1. Partial 1H NMR spectra (400 MHz, 1:1 CDCl3/CD3CN, 20 8C):
a) cross-linker 2 ; b) a mixture of cross-linker 2 (3.60 mm) and polymer
1 (1.00 mm); c) polymer 1. Here “c” and “u” denote complexed and
uncomplexed moieties, respectively.
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copolymer (3.11) that undergoes supramolecular cross-linking upon exposure to selected 

bis-anionic species. The resulting supramolecular cross-linking was found to induce 

reversible changes in the viscoeleastic properties of the polymeric system, as inferred 

from viscosity measurements, 1H NMR spectroscopy, and dynamic mechanical analysis 

(DMA). Moreover, it was found that copolymer 3.11 could be used to extract the 

terephthalate dianion (as the tetrabutylammonium (TBA) salt) from aqueous 

environments with concurrent formation of an organic gel. These findings lead us to 

suggest that systems such as 3.11 could find utility in the extraction and separation of 

dianions from aqueous media. 

Previously, our group reported a poly(methyl methacrylate) that contained 

pendant calix[4]pyrrole26 groups.27 The innate ability of calix[4]pyrrole to bind the 

fluoride and chloride anions in solution and when incorporated into this polymer 

provided a means of extracting negatively charged substrates (as the corresponding TBA 

salts) from aqueous solutions. Further, when the starting calix[4]pyrrole methacrylate 

monomer was copolymerized with a benzo-15-crown-5-ether methacrylate derivative, a 

copolymer was produced that was capable of extracting relatively hard halide salts (e.g., 

KF and KCl) from an aqueous environment into an organic phase (as detailed in Chapter 

1).28 Subsequently, Sada and coworkers reported a covalently cross-linked polymer 

system with thiourea-based anion receptors, which when swelled in organic solvents was 

capable of recognizing fluoride and acetate anions.29 In early seminal work, 

Sun,30Anzenbacher,31 and Steed32a prepared polymers with anion recognition properties. 

In the case of Steed, an organic gel was also reported.32b However, no evidence of anion-

based cross-linking was disclosed in any of these systems. In an effort to address the 

challenge of achieving a macromolecular system capable of anion induced cross-linking, 
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the calixpyrrole-containing copolymer 3.11 was synthesized and exposed to dianionic 

species. 

 

 

Figure 3.2. Poly(norbornene)s with ureidopyrimidinones appended via urea linkages 
(3.4) or urethane linkages (3.6) reported by Meijer and coworkers. These 
systems may be expanded and protected with a UV-cleavable group (3.4 
and 3.6). Exposure to light leads to deprotection (3.5 and 3.7). The 
change in hydrodynamic volume of the polymers is illustrated by the 
change in the retention time in the size-exclusion chromatogram. 
Reproduced with permission from J. Am. Chem. Soc. 2009, 131, 6964-
6966. Copyright 2009 Am. Chem. Soc.21 
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The emergent field of nanotechnology requires the facile
preparation of well-defined shape-persistent three-dimensional
nanometer-sized objects. Polymeric nanoparticles (PNPs) continue
to receive intensive research efforts for these ends.1-13 The
synthesis of PNPs through the intramolecular cross-linking and
collapse of single polymer chains is currently being investigated
as a simple and facile route to discrete nanometer-sized objects
without the need for selective solvent techniques.2,5,6,11 Drawing
from the elegance of nature’s own chemistry the application of
noncovalent bonding to materials synthesis permits the fabrication
of unique and highly defined architectures.14 Invoking this concept
in the collapse of single polymer chains by replacing covalent cross-
links with supramolecular cross-links provides reversibility to this
intramolecular collapse and ultimately control over the polymer
conformation.4

Carefully selecting the species that will effect the supramolecular
cross-linking is critical. Based on our previous work14,15 we chose
the 2-ureido-pyrimidinone (UPy) group linked to the polymer
through urea or urethane moieties. Coupling the two combines the
high dimerization constant of UPy with the added stability of the
urea or urethane and their proven ability to form highly defined
aggregates and fibers. While other reports in this area rely on
selective solvent techniques to induce the collapse of a single chain
by hydrogen bonding,4 we sought to devise a method analogous to
the covalent strategy where the cross-linking is carried out in a
single step on a dilute solution of the precursor polymer.2,5,6,11 By
protecting the terminal carbonyl site on the UPy group with
o-nitrobenzyl chloride we have effectively decreased the association
constant such that photo-deprotection promotes UPy dimerization,16

gel formation in concentrated solutions, and chain collapse into
nanoparticles when sufficiently dilute.

The examples discussed here are substituted poly(norbornenes)
bearing protected UPy urea (1) or UPy urethane (2) pendants.
Polymer 1 is decorated with alkyl substituents simply to overcome
solubility problems, which were not encountered in the synthesis
of 2. These polymers were synthesized at concentrations of ∼5
mg/mL of monomer in CH2Cl2 by ROMP using second generation
Grubbs’ catalyst. UPy-pendant group concentrations of 20 mol %
(a) and 10 mol % (b) were examined, and molecular weights range
from 163 kDa to 207 kDa with polydispersity indices from 1.49 to
1.81. Detailed molecular weight data for these protected polymers
can be found in the Supporting Information (SI). We initially choose
the work with norbornenes because ROMP is one of the most
efficient methods available for the synthesis of functionalized
polymers.7,13,17-23 While these examples have very specific
structures, this method is general and has been successfully applied
to a variety of additional systems as well.24

Figure 1 illustrates the method for collapsing the single chains
at concentrations below 1 mg/mL in CHCl3. The deprotected
polymers 3 and 4 show a decrease in hydrodynamic volume upon

irradiation with 350 nm light as evident by the increased retention
time in a GPC experiment.25 Polymers with 10 mol % UPy
incorporation show a 20% decrease in apparent molecular weight
after deprotection with no noticeable difference between UPy urea
or UPy urethane moieties. At higher cross-linker concentrations,
the apparent decrease in molecular weights for the UPy urea and
UPy urethane groups are 26% and 34%, respectively. Acidification
of the sample (formic acid, 1-4 µL/mL) disrupts the hydrogen
bonding resulting in the expansion from a nanoparticle into a coil,
demonstrating the reversibility of this state. Table 1 depicts typical
GPC data for this intramolecular collapse for polymer 3b. The
concentration upon which the intramolecular collapse is favored
over intermolecular cross-linking is below the C*-concentration of
the protected polymer 1b, but much higher than expected for
excluding the network formation, probably due to the reversible
nature of the cross-linking. The latter is only observed at concentra-
tions above 10 mg/mL yielding highly viscous solutions.

When a film of these collapsed nanoparticles (3 or 4) is cast
from CHCl3 solutions on glass, the film remains completely soluble

Figure 1. Nanoparticle fabrication for polymers 3a,b and 4a,b; the collapse
by UV irradiation and expansion on the addition of acid. The GPC curves
illustrate the collapsed and expanded state of polymer 3b.

Table 1. Collapse and Expansion GPC Data for Polymer 1b f 3b

cross-linking time (h) Mn
a (g/mol) Mw/Mn % change

0 207 000 1.55 -
1 175 000 1.53 15
2 153 000 1.54 26
2 followed by acidification 193 000 1.64 7

a Determined by GPC in CHCl3 versus polystyrene standards.

Published on Web 04/30/2009

10.1021/ja901687d CCC: $40.75 © 2009 American Chemical Society6964 9 J. AM. CHEM. SOC. 2009, 131, 6964–6966
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3.2 SYNTHESIS OF COPOLYMER 3.11 

To prepare the aforementioned copolymer, the requisite methacrylate-derived 

calix[4]pyrrole monomer 3.9 was synthesized in two steps from commercially available 

starting materials (see Scheme 3.2). First, a catalytic amount of trifluoroacetic acid (TFA) 

was added to a dilute methanol solution of a 4:1:3 molar ratio of pyrrole, 4-hydroxy-2-

butanone, and acetone under an inert atmosphere. Filtration of the ensuing precipitate and 

subsequent purification by column chromatography resulted in ethyl 

hydroxycalix[4]pyrrole (3.8) being isolated as a solid white powder in 10% yield.33 

Compound 3.8 was then esterified with methacryloyl chloride in dry tetrahydrofuran 

(THF) under basic conditions at 0°C to produce the calix[4]pyrrole-methacrylate 

monomer 3.9 in 65% yield as a fluffy white solid. Once monomer 3.9 was in hand, 

conventional reversible addition-fragmentation chain transfer polymerization (RAFT) 

methods were used to generate copolymer 3.11. Briefly, monomer 3.9, methyl 

methacrylate, 5 mol% of a chain-transfer agent (3.10),34 and 1 mol% of 

azobisisobutyronitrile (AIBN) were dissolved in dry THF and subjected to three freeze-

pump-thaw cycles. The reaction mixture was then heated to 70° C, stirred overnight, and 

finally precipitated from a large excess of cold methanol. This yielded polymer 3.11 as a 

slightly off-white powder. Analysis via size-exclusion chromatography revealed that the 

resulting polymer had an average molecular weight (Mp) of 26.2 kDa and a molar mass 

dispersity (Đ) of 1.41. Furthermore, 1H NMR spectroscopic analysis revealed copolymer 

3.11 to be a random copolymer comprised of a 1:14 molar ratio of 3.9 to MMA. By 

varying the monomer ratios, the percent composition of calix[4]pyrrole incorporated into 

the copolymer could be controlled. 
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3.3 1H NMR STUDIES OF THE ANION BINDING OF POLYMER 3.11 

To investigate the ability of copolymer 3.11 to recognize mono- and dianionic 

species in organic media, 1H NMR spectroscopic analyses were carried out. Initially, the 

interactions of copolymer 3.11 with monoanionic species were investigated. In these 

studies, TBA fluoride (TBAF), TBA benzoate, and 1-butyl-3-methylimidazolium 

bromide were added separately as 0.1 M CD2Cl2 solutions to CD2Cl2 solutions of 

copolymer 3.11 (cf. Figure 3.3). Upon addition of the monoanionic species, downfield 

shifts in the signals corresponding to the pyrrolic NH protons were observed. Typically, 

these signals were shifted from their initial value of ~7.2 ppm to between 10 and 11 ppm. 

In addition, the NMR signal for the β-pyrrolic protons exhibited an upfield shift from 

~5.9 ppm to ~5.5 ppm. These shifts are consistent with previous binding studies 

involving octamethylcalix[4]pyrrole.35 Thus, the NMR spectroscopic data were taken as 

 

Scheme 3.2. a) Synthesis of calix[4]pyrrole methacrylate monomer (3.9); b) synthesis 
of poly(calix[4]pyrrole ethyl methacrylate-co-methyl methacrylate) 
(3.11). 
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initial evidence for the presence of hydrogen bonding interactions between the pyrrole 

moieties of the calix[4]pyrrole receptor and the monoanionic species. 

Next, using an experimental protocol that was analogous to that described above, 

copolymer 3.11 was treated with several dianionic species of interest, viz. tris(TBA) 

hydrogenpyrophosphate ((TBA)3HP2O7), bis(TBA) terephthalate ((TBA)2TPA) (a model 

dicarboxylate), and the bis(imidazolium) dibromide 3.12 shown in Figure 3.3.36 Again, 

 

Figure 3.3. 1H NMR spectra of polymer 3.11 in CD2Cl2 recorded before and after the 
addition of tetrabutylammonium (TBA) fluoride, 1-butyl-3-
methylimidazolium bromide, bis(imidazolium) dibromide (3.12), TBA 
benzoate, and bis(TBA) terephthalate. All ionic species were added as 
0.1 M solutions in CD2Cl2. 
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distinct shifts in the 1H NMR spectral features ascribable to copolymer 3.11 were 

observed upon the addition of the dianionic species. As above, this was taken as evidence 

for hydrogen bond-mediated anion binding.  

3.4 UBBELOHDE TUBE VISCOSITY STUDIES OF COPOLYMER 3.11 

With the above predictive studies complete, we sought to determine whether or 

not the inferred anion-polymer interactions could be used to induce control over the bulk 

material properties of copolymer 3.11. Toward this end, a semi-micro Ubbelohde tube 

viscometer was used to monitor the changes, if any, seen in viscosity upon exposure to 

mono- and dianionic species. For these studies, solutions of copolymer 3.11 (25 mg/mL 

in dry CHCl3) were separated into two fractions: a) a fraction containing only polymer 

and b) a fraction with copolymer 3.11 containing 10 equivalents of a TBA salt (with the 

stoichiometry based on the number of calix[4]pyrrole repeat units in 3.11). Fraction B 

was then titrated into Fraction A. The kinematic viscosity was measured prior to the first 

addition and after each additional aliquot. The kinematic viscosity was then converted to 

specific viscosity (ηsp) by 1) dividing the kinematic viscosity by the kinematic viscosity 

of the pure solvent to obtain the relative viscosity and 2) subtracting one from the relative 

viscosity: 
𝜂!" =

𝜂 − 𝜂!
𝜂!

= 𝜂! − 1 

where η is the kinematic viscosity of the polymer solution, η0 is the kinematic viscosity 

of the pure solvent, and ηr is the relative viscosity. The log of specific viscosity was 

subsequently plotted against the log of the salt concentration. From these plots, the 

critical crosslinking concentrations (determined from the observed inflection point in the 

slope) upon exposure of copolymer 3.11 to (TBA)3HP2O7, (TBA)2TPA, and 3.12 were 

determined to be 0.02 M, 0.025 M, and 0.01 M, respectively (see Figure 3.4). The use of 
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(TBA)2TPA resulted in the largest observable induced cross-linking, as inferred from 

these measurements. Specifically, a change in slope from 0.15 to 0.93 was observed, a 

finding consistent with polymer entanglement induced by the bisanion. In contrast, a 

control study with a monoanion (TBAF) exhibited no significant change in slope (0.16) 

as the number of equivalents of fluoride was increased (cf. Figure 3.5). On the basis of 

these observations, we suggest that the differing behavior seen with monoanions vs. 

dianions reflects not only binding of the dianion to copolymer 3.11 in chloroform 

solution, but also the fact that binding of an appropriately selected bis-anionic substrate 

gives rise to changes in viscosity as the result of supramolecular polymer cross-linking 

under the conditions of the experiment. 

The enhanced crosslinking induced by the terephthalate and pyrophosphate salts, 

as compared to the bisimidazolium dibromide salt, can be rationalized on the basis of 

previous binding studies conducted with octamethylcalix[4]pyrrole and the benzoate, 

phosphate, and bromide anions (as their TBA salts). In these studies, benzoate was found 

to display a higher affinity than bromide (Ka = 1.4 x 105 and 3.4 x 103 M-1, respectively), 

as determined by isothermal calorimetry (ITC) measurements carried out in acetonitrile.35 

Likewise, as inferred from early 1H NMR spectroscopic analyses, calix[4]pyrrole binds 

the dihydrogen phosphate anion more strongly than the bromide anion (Ka = 97 and 10 M-

1 in CD2Cl2 as the TBA salts, respectively).37  
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Figure 3.4. Double logarithmic plots of the specific viscosity vs. the concentration 
[mol L-1] of salt for copolymer 3.11 with a) tris(tetrabutylammonium) 
hydrogen pyrophosphate with an initial slope of 0.12 and a final slope of 
1.02, b) tetrabutylammonium dihydrogen phosphate with an initial slope 
of 0.10 and a final slope of 0.57, c) bis(tetrabutylammonium) 
terephthalate with an initial slope of 0.15 and a final slope of 0.93, and d) 
bis(imidazolium) dibromide 3.12 with an initial slope of 0.05 and a final 
slope of 1.70. Inflection points at the critical crosslinking concentration 
can be observed at 0.02 M, 0.02 M, 0.025 M, and 0.01 M, respectively. 
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Figure 3.5. Double logarithmic plots of the specific viscosity vs. the concentration 
[mol L-1] of salt for: a) copolymer 3.11 with tetrabutylammonium 
fluoride with a slope of 0.16, b) poly(methyl methacrylate) (PMMA) 
with tetrabutylammonium fluoride with a slope of 0.27, c) PMMA with 
bis(tetrabutylammonium) terephthalate with a slope of 0.16, and d) 
PMMA with tris(tetrabutylammonium) hydrogen pyrophosphate with an 
initial slope of 0.15 and a final slope of 0.72. It should be noted that in 
panels a-c, there is no change in slope upon increasing concentration of 
salt. In contrast, (TBA)3HP2O7 gives rise to an inflection point at 0.03 M. 
This is a higher concentration than was necessary to produce an 
inflection point in the case of copolymer 3.11. 
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3.5 DYNAMIC MECHANICAL ANALYSIS (DMA) STUDIES OF POLYMER FILMS 

To investigate further how (if at all) the supramolecular cross-linking influences 

the solid-state behavior (i.e., the loss and storage moduli and the tan delta) of copolymer 

3.11, films of copolymer 3.11 were cast in the absence and presence of dianionic salts. 

While copolymer 3.11 could be cast as films from 1,2-dichloroethane or chloroform 

solutions, the films were brittle and lacked mechanical robustness. However, when the 

polymer was combined with salts in a chloroform solution, the drop-cast films were 

viscoelastic.  

The properties of the solid-state polymers were investigated by dynamic 

mechanical analysis (DMA), which is a general term for studying how a material 

responds to deformation. Initially we had sought to determine the tensile strength of the 

composite films using a tension film clamp, (as seen in Figure 3.6a). This measurement 

would inform us how strong the films were and how much they resisted being deformed 

by pulling, since this measures the stress (force applied to the material) over the strain 

(the change in the material due to the force). 

 

Figure 3.6. Cartoon illustrations of the two dynamic mechanical analysis (DMA) 
setups used to analyze the polymer films: a) the tensile film clamp where 
the film is clamped to a stationary position at the top and the bottom 
clamp is attached to a moveable piston and b) the dual cantilever clamp 
where the film is held in place by stationary clamps on the ends of the 
sample, while a clamp in the middle is attached to a moveable piston 
(figure reproduced from TA’s DMA manual).  
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 Unfortunately, the films were found to break under the test conditions (cf. Figure 

3.7). Qualitatively, this appeared to be due to the fact that the polymer films composites 

were absorbing ambient water and becoming “gooier” over time. This then led us to 

change the test setup to obtain more meaningful data. Specifically, we studied the storage 

and loss moduli, as well as the tan delta, of the pure copolymer 3.11, pure poly(methyl 

methacrylate) (PMMA) and composites of polymer 3.11 with various salts using a dual-

cantilever setup (cf. Figure 3.6b) and ramping the temperature from -80°C to 150°C while 

keeping the frequency constant (see Figures 5.76 -5.80 in Chapter 5). In this set-up, rather 

than pulling on the material, we are pressing on the material, therefore we do not need to 

be concerned with tearing of the film. The storage modulus measures the “elastic” aspect 

 

Figure 3.7. Plot of the tensile stress-strain analysis of copolymer 3.11 with 
(TBA)3HP2O7 using the tensile film clamp setup, keeping the temperature 
constant at 27°C and ramping the force at 1 N/min. 
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of a viscoeleastic, so the ideal solid aspect of the material and how it can store energy 

input into the system. The loss modulus measures the “viscous” part of a viscoelastic, 

how much it performs likes an ideal liquid and can dissipate energy. An example of how 

the storage and loss modulus would change as a material is heated is shown in Figure 3.8. 

One can observe that the storage modulus will decrease as the material is heated, as it 

will most likely melt and become more liquid like. Similarly, one can observe the loss 

modulus increasing at points where the material transitions from a more to less solid 

state.  

With our materials, copolymer 3.11 and the PMMA samples did not exhibit 

substantial thermal features, as gleaned from the plot of the loss modulus versus 

temperature. In contrast, composites of polymer 3.11 with (TBA)3HP2O7, TBAH2PO4,  

 

Figure 3.8. An example material demonstrating how the storage and loss moduli will 
change over a temperature range as the material shifts from solid to 
liquid. Adapted from TA’s manual for the DMA.  
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(TBA)2TPA, and TBAF exhibited β-transitions (transitions in the material properties due 

to increased degrees of freedom) at -17.7°C, -57.3°C and 13.6, -43.8°C and 10.5°C, and -

44.5°C, respectively. Furthermore, a shift in the glass transition temperature (Tg) was 

observed for all four salt composites at 56.5°C, 80.5°C, 84.3°C, and 52.9°C, respectively 

(cf. Figure 3.9). These results reflect a clear change in the ordering and crystallinity of the 

polymers in the presence of appropriately chosen anions, a result we interpret in terms of 

specific polymer-anion interactions.  

In purely operational terms, it is important to note that the polymer-anion 

composites were more flexible and produced more malleable films than those derived 

from the pure copolymer 3.11. We attribute this observation to two competing factors: 1) 

the large, flexible TBA cations disrupt the packing of the polymer chains, which leads to 

lower crystallinity and, as a result, more flexible films; and 2) the anion binding of the 

bisanions to the calix[4]pyrrole units counteract the disruptive force of the large cations 

by bringing the polymer chains together. As inferred from the viscosity studies (cf. Figure 

3.4), the most effective dianion was (TBA)2TPA as it gave the copolymer-salt system 

with the highest Tg. Similarly, the use of (TBA)3HP2O7 leads to crosslinking and gave rise 

to a distinctly lowered Tg (changes in Tg were confirmed independently using differential 

scanning calorimetry (DSC); see Table 3.1 and Chapter 5 Section 5.8). In contrast, the 

monoanions tested did not induce crosslinking in the viscosity studies. They also resulted 

in materials that adopted relatively disordered morphologies in the solid state. 

Presumably, this reflects the fact that in this case it was the large cations that dominated 

the observed physical properties. 
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Figure 3.9. Plots of the loss modulus (in MPa) as a function of temperature from -80 
°C to 150 °C for: copolymer 3.11 (light blue), 3.11 + 
bis(tetrabutylammonium) terephthalate ((TBA)2TPA) (purple), 3.11 + 
(TBA)3HP2O7 (green), 3.11 + TBAH2PO4 (red), 3.11 + TBA fluoride 
(dark blue). Note the glass transition temperatures of the polymer-salt 
composites at 84.3°C, 56.5°C, 80.5°C, and 52.9°C, respectively. 
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Material via Loss Modulus (°C) via DSC (°C) 
Copolymer 3.11 143 83 & 141 
3.11 Film with TBAF 52.9 Cannot be determined 
3.11 Film with (TBA)3HP2O7 56.5 91 & 116 
3.11 Film with (TBA)2TPA 84.3 143 & 176 
3.11 Film with 3.12 85.5 110 & 167 

Table 3.1. The glass transition temperatures (Tg) of copolymer 3.11 and films fabricated 
with TBAF, (TBA)3HP2O7, (TBA)2TPA, and 3.12 as determined by the plot 
of the change in loss modulus versus temperature from DMA studies. The 
thermal features as observed from DSC are listed in tandem for copolymer 
3.11 by itself and the films fabricated with TBAF, (TBA)3HP2O7, 
(TBA)2TPA, and 3.12.  

3.6 GELATION STUDIES OF 3.11 WITH DIANIONS 

The effects of anion addition to polymer 3.11 were also apparent under conditions 

of bulk analysis. For instance, when copolymer 3.11 (40 mg) was dissolved in a 

minimum quantity of CH2Cl2, the free-flowing solution gelled upon the addition of 

(TBA)2TPA (15 mg), a process that was found to be reversible. For example, the addition 

of a competitive monoanion (TBAF) to the gel led to its breakup (cf. Figure 3.10a). 

Similarly, heating the gel system also led to a disruption in gelation (cf. Figure 3.10b). 

The de-gelling phenomenon was ascribed to the competitive binding of the fluoride anion 

to the calix[4]pyrrole sites and hence a severing of the dianion-induced supramolecular 

polymer cross-linking process. 
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The above findings led us to propose that copolymer 3.11 could be applied to the 

extraction and separation of dianions from aqueous environments. To test this possibility, 

a)

 
b) 

 

Figure 3.10. Photographs of a) in order from left to right of 40 mg of polymer 3.11 
dissolved in CH2Cl2 (0.15 mL), a gel formed after the addition of 
bis(tetrabutylammonium) terephthalate ((TBA)2TPA; 15 mg), and the 
breaking up of the gel observed after the addition of excess 
tetrabutylammonium fluoride (TBAF) and b) the gel formed between 
copolymer 3.11 and (TBA)2TPA: left, at room temperature after allowing 
to set overnight; center, after heating and; right, after cooling to room 
temperature, gelation appeared to be restored according to the inversion 
test. Note the bubbling of the material seen in the center panel is ascribed 
to solvent boiling.  
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Figure 4. Polymer 4 was dissolved in CH2Cl2 and to this solution was added (TBA)2Terephthalate.  
Upon sitting the solution gelled, as seen in the middle photo. Upon the addition of TBAF, a more 
preferred anion, the gel began to dissolve.  
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a solution of copolymer 3.11 in CH2Cl2, was mixed with an aqueous solution of 

(TBA)2TPA. After 12 hours, the organic layer gelled, an effect ascribed to the extraction 

of the dianion from the water layer, and the subsequent crosslinking of copolymer 3.11 

(see Figure 3.11). The two layers were then separated by simply decanting the aqueous 

layer from the gelled organic layer.  

 

Analogous studies carried out with (TBA)3HP2O7 also allowed extraction 

followed by gelation. However, in this case the gelation process took considerably longer 

(3 days). Likewise, copolymer 3.11 showed a lower extraction efficiency for 

(TBA)3HP2O7 (10%) than for (TBA)2TPA (13%) in a biphasic extraction system of 

CD2Cl2-D2O (cf. Table 3.2). In these studies, copolymer 3.11 was dissolved in 0.5 mL of 

CD2Cl2, while 15 equivalents of a TBA salt (based on the concentration of the 

 

Figure 3.11. Liquid-liquid extraction of bis(tetrabutylammonium) terephthalate 
((TBA)2TPA; 23 mg) from an aqueous layer to an organic layer (CH2Cl2) 
using copolymer 3.11 (40 mg). After extraction of the dianion, the 
organic layer undergoes gelation, as inferred from a standard inversion 
test as shown. 
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calix[4]pyrrole subunit) was dissolved in 0.5 mL of D2O. The two solutions were then 

mixed by sonication for 30 minutes and then allowed to set overnight. The organic phase 

was then removed and spiked with a known aliquot of benzene. Comparing the signal in 

the 1H NMR spectrum attributed to benzene to that of the signal for the methylene 

adjacent to the nitrogen of TBA, the concentration of the TBA salt extracted into the 

organic phase could be quantified.  This trend is in accord with the Hofmeister bias, as 

terephthalate is more hydrophobic than pyrophosphate. 
Saltb % Extracted from D2O 
(TBA)2 terephthalate 13 
(TBA)3HP2O7 10 
TBA benzoate 53 
TBA acetate 6 
(TBA)2 malonate 38 
TBAH2PO4 12 
TBACl 2 

a. 7 mg of copolymer 3.11 in 0.5 mL of D2O 

b. TBA salts: 15 equiv. relative to the calix[4]pyrrole repeat unit of copolymer 3.11 in 0.5 mL of CD2Cl2. 

Table 3.2. Extraction of tetrabutylammonium (TBA) salts by copolymer 3.11a in a liquid-
liquid CD2Cl2-D2O system 

3.7 CONCLUSION AND FUTURE DIRECTIONS 

In summary, we have synthesized a copolymer of methyl methacrylate and 

calix[4]pyrrole through controlled RAFT methods and demonstrated that this material 

undergoes crosslinking upon the addition of appropriately chosen dianions. DMA studies 

of the polymer-salt composite films revealed changes in the structural ordering of the 

copolymer as the result of interactions with the dianions. Moreover, gel-like materials 

were obtained by dissolving copolymer 3.11 in a minimum amount of CH2Cl2 and then 

adding (TBA)2TPA. Gel formation was reversed through the addition of TBAF (a source 
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of a competitive monoanion) and/or the application of heat. This ability to form gels 

allowed for the extraction and separation of dianions from aqueous media under 

conditions of liquid-liquid extraction. Taken in concert, the present findings lead us to 

suggest that anion-induced cross-linking may be used to influence the physical and 

material properties of polymeric species and to produce materials that have potential 

utility in the recognition and selective separation of a broad range of dianions. 

Toward this end, we envision a few different pathways that can be taken to 

advance this reported chemistry. The first is to shift from the solution state chemistry of 

our polymer system to the solid-state chemistry of membrane filters. While polymer 3.11 

is a powder, capable of being cast into thin films, the mechanical properties of the thin 

films were not ideal to forming membranes. To overcome this issue, we have turned to 

blending our polymer with a commercially available 

polysulfone, UDEL-3500, to create more robust 

membranes capable of filtering aqueous solutions of salts. 

Initial attempts focused on preparing membrane filter discs 

by dissolving copolymer 3.11 and UDEL-3500 in CH2Cl2 

and letting the resulting solution set in a Teflon mold. 

While filters could be formed, these discs had the 

downside of not forming watertight seals when placed into 

our filtration set-up. To address this issue, we decided 

instead to form the membranes directly in the filtration set-

up. We thus blended CH2Cl2 solutions of 3.11 and UDEL-

3500in 6 mL syringes, and allowed the membranes to set 

under slow evaporation overnight (see Figure 3.12). Use of 

this approach ensured that all of the aqueous solution 

 

Figure 3.12. Membrane 
filter 
composed 
of 40% 3.11 
and 60% 
UDEL-3500 
(by weight). 
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would pass through the polymer system before exiting the filter column. Initial results 

comparing the ability of the membranes composed solely of UDEL-3500 to membranes 

of blends of 3.11 and UDEL-3500 to remove fluoride anions from an aqueous solution 

have proven promising. Whereas the UDEL-3500 membrane demonstrated 25% removal 

of fluoride ions from an aqueous 0.02 M TBAF solution, a composite of 3.11-UDEL-

3500 (40%-60% by weight) led to 60% retention of fluoride ions from solution. Studies 

are now underway that involve varying the percent composition of 3.11 (cf. Figure 3.13), 

as well as determining the possibility for the removal of other highly hydrated anions, 

such as dihydrogen phosphate. 

 

The other strategy we are 

currently investigating, takes inspiration 

from the work of Hawker, Welch and 

coworkers. These researchers created 

1,4,7,10-tetraazacyclododecanetetraacetic 

acid (DOTA)-containing copolymers and 

applied them to positron emission 

spectroscopy (PET) using 64Cu as the 

radioactive source.38 In the context of this 

work, the synthesis of amphiphilic block 

copolymers, containing a water-soluble 

polyethylene glycol methacrylate 

(PEGMA) block, a hydrophobic MMA 

block, and a block of a DOTA-

methacrylate block (cf. Figure 3.14). 

 

Figure 3.13. Proposed method for 
analyzing the effects of the 
percent composition of 
membranes by varying the 
amount of 3.11 used and 
monitoring anion retention.  
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Copolymer 3.11 contains a calix[4]pyrrole subunit, which bears a structural analogy to 

copolymer 3.13, although the cation receptor, DOTA, is replaced by an anion recognition 

moiety calix[4]pyrrole. Given this analogy, we envision using our calix[4]pyrrole 

monomer (3.9) to produce water-soluble polymer nanoparticles capable of binding anions 

in aqueous environments. This could potentially open up new avenues of anion 

separation and allows us to address more effectively the challenge of achieving anion 

recognition in aqueous environments.  
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Scheme 1

Table 1. Structural Features of DOTA-Functionalized Graft
Copolymers, 3a-c

polymer
PEG
graft

%PEG
(wt %)

Mn

(GPC)
PDI
(GPC)

Dh

(DLS)a

3a 1.1 kDa 66 26 000 Da 1.3 9.7 ( 1.1 nm
3b 2.0 kDa 72 60 300 Da 1.3 17 ( 2 nm
3c 5.0 kDa 82 91 800 Da 1.3 20 ( 3 nm
a Size measured after copolymer collapse and nanoparticle assembly

in water.

Biodistribution and PET Imaging of Nanoparticles Biomacromolecules, Vol. 8, No. 10, 2007 3129

="
Hydrophilic+shell+

Hydrophobic+core+



 135 

3) a) Kost, J.; Langer, R. Adv. Drug Deliver. Rev. 2001, 46, 125-148. b) Schmaljohann, 
D. Adv. Drug Deliver. Rev. 2006, 58, 1655-1670. 

4) Brunsveld, L.; Folmer, B. J. B.; Meijer, E. W.; Sijbesma, R. P. Chem. Rev. 2001, 101, 
4071-4097. 

5) Burnworth, M.; Tang, L.; Kumpfer, J. R.; Duncan, A. J.; Beyer, F. L.; Fiore, G. L.; 
Rowan, S. J.; Weder, C. Nature 2011, 472, 334-338. 

6) Du, J.; Fan, L.; Liu, Q. Macromolecules 2012, 45, 8275-8283. 
7) Sijbesma, R. P.; Beijer, F. H.; Brunsveld, L.; Folmer, B. J. B.; Hirschberg, J. H. K. K.; 

Lange, R. F. M.; Lowe, J. K. L., Meijer, E. W. Science 1997, 278, 1601-1605. 
8) Hasegawa, Y.; Miyauchi, M.; Takashima, Y.; Yamaguchi, H.; Harada, A. 

Macromolecules 2005, 38, 3724-3730. 
9) Liu, Y.; Yu, Y.; Gao, J.; Wang, Z.; Zhang, X. Angew. Chem. Int. Ed. 2010, 49, 6576-

6579. 
10) a) Yan, X.; Xu, D.; Chi, X.; Chen, J.; Dong, S.; Ding, X.; Yu, Y.; Huang, F. Adv. 

Mater. 2012, 24, 362-369. b) Ji, X.; Yao, Y.; Li, J.; Yan, X.; Huang, F. J. Am. 
Chem. Soc. 2013, 135, 74-77. c) Yan, X.; Li, S.; Pollock, J. B.; Cook, T. R.; Chen, 
J.; Zhang, Y.; Ji, X.; Yu, Y.; Huang, F.; Stang, P. J. Proc. Natl. Acad. Sci. U.S.A. 
2013, 110, 15585-15590.  

11) Vasani, R. B.; McInees, S. J. P.; Cole, M. A.; Jani, A. M. M.; Ellis, A. V.; Voelcker, 
N. H. Langmuir, 2011, 27, 7843-7853. 

12) Kioussis, D. R.; Kofinas, P. Polymer 2005, 46, 10167-10172. 
13) Shi, N.; Yin, G.; Han, M.; Xu, Z. Colloids and Surfaces B: Biointerfaces 2008, 66, 

84-89. 
14) Kleij, A. W.; van de Coevering, R.; Gebbink, R. J. M. K.; Noordman, A. -M.; Spek, 

A. L.; van Koten, G. Chem. Eur. J. 2001, 7, 181-192. 
15) Sessler, J. L.; Cai, J.; Gong, H. -Y.; Yang, X.; Arambula, J. F.; Hay, B. P. J. Am. 

Chem. Soc. 2010, 132, 14058-14060. 
16) Voet, D.; Voet, J. G.; Pratt, C. W. Fundamentals of Biochemistry, 2nd Ed.; Wiley: 

Hoboken, NJ, 2006. 
17) Liu, S. -Y.; Fang, L.; He, Y. -B.; Chan, W. -H.; Yeung, K. -T.; Cheng, Y. -K.; Yang, 

R. -H. Org. Lett. 2005, 7, 5825-5828. 
18) Odell, B.; Reddington, M. V.; Slawin, A. M. Z.; Spencer, N.; Stoddart, J. F.; 

Williams, D. J., Angew. Chem. Int. Ed. 1988, 27, 1547-1550 
19) a) Gong, H. -Y.; Rambo, B. M.; Karnas, E.; Lynch, V. M.; Sessler, J. L. Nat. Chem. 

2010, 2, 406-409. b) Gong, H. –Y.; Rambo, B. M.; Karnas, E.; Lynch, V. M.; 
Keller, K. M.; Sessler, J. L. J. Am. Chem. Soc. 2011, 133, 1526-1533. c) Rambo, 



 136 

B. M.; Gong, H. -Y.; Oh, M.; Sessler, J. L. Acc. Chem. Res. 2012, 45, 1390-1401. 
d) Gong, H. –Y.; Rambo, B. M.; Lynch, V. M.; Keller, K. M.; Sessler, J. L. Chem. 
Eur. J. 2012, 18, 7803-7809. e) Gong, H. –Y.; Rambo, B. M.; Lynch, V. M.; 
Keller, K. M.; Sessler, J. L. J. Am. Chem. Soc. 2013, 135, 6330-6337. 

20) Zhang, M.; Xu, D.; Yan, X.; Chen, J.; Dong, S.; Zheng, B.; Huang, F. Angew. Chem. 
Int. Ed. 2012, 51, 7011-7015. 

21) Foster, E. J.; Berda, E. B.; Meijer, E. W. J. Am. Chem. Soc. 2009, 131, 6964-6966. 
22) a) Tamesue, S.; Ohtani, M.; Yamada, K.; Ishida, Y.; Spruell, J. M.; Lynd, N. A.; 

Hawker, C. J.; Aida, T. J. Am. Chem. Soc. 2013, 135, 15650-15655. b) Hunt, J. 
N.; Feldman, K. E.; Lynd, N. A.; Deek, J.; Campos, L. M.; Spruell, J. M.; 
Hernandez, B. M.; Kramer, E. J.; Hawker, C. J. Adv. Mater. 2011, 23, 2327-2331.  

23) Tang, C.; Lennon, E. M.; Fredrickson, G. H.; Kramer, E. J.; Hawker, C. J. Science 
2008, 322, 429-432. 

24) a) Böhm, I.; Kreth, K. S.; Ritter, H.; Branscheid, R.; Kolb, U. Macromol. Chem. 
Phys. 2012, 213, 243-248. b) Nakahata, M.; Takashima, Y.; Hashidzume, A.; 
Harada, A. Angew. Chem. Int. Ed. 2013, 52, 5731-5735.   

25) a) Appel, E. A.; del Barrio, J.; Loh, X. J.; Scherman, O. A. Chem. Soc. Rev. 2012, 41, 
6195-6214. b) Kumpfer, J. R.; Rowan, S. J. ACS Macro. Lett. 2012, 1, 882-887.  

26) Baeyer, A. Ber. Dtsch. Chem. Ges. 1886, 19, 2184-2185. 
27) Aydogan, A.; Coady, D. J.; Lynch, V. M.; Akar, A.; Marquez, M.; Bielawski, C. W.; 

Sessler, J. L. Chem. Commun. 2008, 1455-1457.  
28) Aydogan, A.; Coady, D. J.; Kim, S. K.; Akar, A.; Bielawski, C. W.; Marquez, M.; 

Sessler, J. L., Angew. Chem. Int. Ed. 2008, 47, 9648-9652. 
29) Krishnamurthi, J.; Ono, T.; Amemori, S.; Komatsu, H.; Shinkai, S.; Sada, K. Chem. 

Commun. 2011, 47, 1571-1573.  
30) Wu, C. -Y.; Chen, M. -S.; Lin, C. -A.; Lin, S. -C.; Sun, S. -S. Chem. Eur. J. 2006, 12, 

2263-2269. 
31) a) Aldakov, D.; Anzenbacher, P. Jr. J. Am. Chem. Soc. 2004, 126, 4752-4753. b) 

Nishiyabu, R.; Anzenbacher, P., Jr. J. Am. Chem. Soc. 2005, 127, 8270-8271. c) 
Palacios, M.A.; Nishiyabu, R.; Marquez, M.; Anzenbacher, P., Jr. J. Am. Chem. 
Soc. 2007, 129, 7538-7544.  

32) a) Russell, J. M.; Parker, A. D. M.; Radosavljevic-Evans, I.; Howard, J. A. K.; Steed, 
J. W. Chem. Commun. 2006, 269-271. b)  Piepenbrock, M. -O. M.; Clarke, N.; 
Foster, J. A.; Steed, J. W. Chem. Commun. 2011, 47, 2095-2097. 

33) Although the synthesis of 3.8 proceeds in low yield, all starting materials are 
commercially available and inexpensive. 



 137 

34) Liu, Z.; Hu, J.; Sun, J.; He, G.; Li, Y.; Zhang, G. J. Poly. Sci., A 2010, 48, 3573-3586. 
35) Gale, P. A.; Sessler, J. L.; Král, V.; Lynch, V. J. Am. Chem. Soc. 1996, 118, 5140-

5141. 
36) For synthesis of 3.12, see: Pitawala, J.; Matic, A.; Martinelli, A.; Jacobsson, P.; 

Koch, V.; Croce, F. J. Phys. Chem. B 2009, 113, 10607-10610. 
37) Gross, D. E.; Yoon, D. -W.; Lynch, V. M.; Lee, C. -H.; Sessler, J. L. J. Incl. Phenom. 

Macrocycl. Chem. 2010, 66, 81-85. 
38) a) Pressly, E. D.; Rossin, R.; Hagooly, A.; Fukukawa, K.; Messmore, B. W.; Welch, 

M. J.; Wooley, K. L.; Lamm, M. S.; Hule, R. A.; Pochan, D. J.; Hawker, C. J. 
Biomacromol. 2007, 8, 3126-3134. b) Fukukawa, K.; Rossin, R.; Hagooly, A.; 
Pressly, E. D.; Hunt, J. N.; Messmore, B. W.; Wooley, K. L.; Welch, M. J.; 
Hawker, C. J. Biomacromol. 2008, 9, 1329-1339.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 138 

 

Chapter 4 

6-Shogaol and its Derivatives as Chemopreventives of Prostate Cancerd 

4.1 INTRODUCTION  

For thousands of years traditional medicines 

have relied on a wide variety of folk remedies to 

treat diseases. Most of these treatments, such as the 

use of sap from aloe plants to treat rashes and the 

bark of willow trees to alleviate headaches, rely on 

products obtained from the local vegetation. In 

many cases, the underlying chemistry and 

pharmacology has been thoroughly investigated. 

This has allowed the active compounds to be 

characterized and optimized to provide useful 

drugs. Classic examples of pharmaceutical agents 

developed in accord with this paradigm include 

aspirin,1 whose medicinal origins can be traced 

directly to the early use of willow bark, and 

                                                
d Part of this work was published as an article in the journal Cancer Prevention Research: 
Saha, A.; Blando, J.; Silver, E.: Beltran, L.; Sessler, J.; DiGiovanni, J.: “6- 
Shogaol from Dried Ginger Inhibits Growth of Prostate Cancer Cells Both In Vitro and In Vivo through 
Inhibition of STAT3 and NF-κB Signaling” Cancer Prev. Res., 2014, 7, 627-638. 
The author’s contribution consisted of synthesizing the reported compounds and performing some of the 
MTT assays. The author synthesized the compounds tested and helped to write the manuscript. Saha 
planned the experiments, acquired the cell and protein signaling data, and wrote the manuscript. Blando 
helped to acquire in vitro and in vivo data and to write the manuscript. Beltran helped to write and edit the 
manuscript. Sessler and DiGiovanni planned the experiments and helped to write and edit the manuscript.  
 

 

Figure 4.1. The molecular 
structures of 
aspirin, vincristine, 
and taxol and the 
plants they are 
derived from. 
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vincristine, an anticancer drug isolated from the 

Madagascar periwinkle (Catharanthus roseus) (see 

Figure 4.1).2 More recently, paclitaxel, a naturally 

occurring mitotic inhibitor, isolated from the bark of 

the Pacific yew tree, Taxus brevifolia, provided the 

basis for a semi-synthetic effort that culminated in the 

development Taxol®, a highly potent drug used to 

treat a variety of cancers, including lung, ovarian and 

breast cancer.3 While chemotherapeutics have advanced over the past half-century, the 

area of chemopreventives, compounds that could decrease the chance of developing 

cancerous lesions in the first place, has lagged behind. We therefore desired to adopt the 

optimization strategies that have been utilized to 

develop natural products into chemotherapeutics to 

develop chemopreventives of cancer from naturally 

occurring compounds. Our efforts have focused on 6-

shogaol, a presumed active species, isolated from 

ginger. Before discussion our contributions, a brief 

review of the field is in order.  

One of the better-developed efforts to explore a 

possible chemopreventive effect based on leads from 

traditional medicine involves curcumin. Curcumin is 

a naturally occurring polyphenol that imbues turmeric 

with its signature yellow color (cf. Figure 4.2). Kwon 

and coworkers reported pyrazole-curcumin 

derivatives (4.1 – 4.6) (see Figure 4.3) that 

 

Figure 4.2. Molecular 
structure of 
curcumin and in 
the solid state. 
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Figure 4.3. Pyrazole 
curcumin 
derivatives by 
Kwon et al. 
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demonstrated cell growth inhibition in HCT-15 cells through Ca2/Calmodulin protein 

targeting,4 as well as anti- angiogenic potency in bovine aortic endothelial cells.5 More 

recently, Ye and coworkers produced a large library of derivatives (compounds 4.11 

through 4.30) by carrying out asymmetric Michael additions between nitroolefin 4.7 and 

curcumin derivatives 4.8 in the presence of a tertiary amine thiourea catalyst 4.10 (refer 

to Figure 4.4). However, they did not evaluate the biological properties of the resulting 

compounds.6 

These examples demonstrate that it is possible to use phytochemicals as a 

launching point for an anticancer drug development program. (Note: Phytochemicals are 

generally-regarded-as-safe compounds isolated from food sources.) However, to the best 

of our knowledge, this strategy has yet to be developed successfully for the production of 

an actual clinically relevant cancer chemopreventive agent. As noted above, we have 

sought to develop new chemopreventives based on 6-shogaol (a naturally occurring 

compound found in ginger root) (cf. Figure 4.5). We also sought to investigate the 

mechanism of action of 6-shogaol in prostate cancer cells in vitro and in vivo. To place 

this project within the current state of the art, we first need further background on 6-

shogaol, prostate cancer, and the links between inflammation and cancer, which will be 

elaborated upon below.   
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Figure 4.4. Library of curcumin derivatives produced by Michael additions by Ye and 
coworkers. 
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4.1.1 Introduction to 6-Gingerol and 6-Shogaol 

To achieve our objective, we took inspiration from what appear to be highly 

promising cancer preventive agents present in the ginger root (Zingiber officinale 

Roscoe). Ginger is a natural remedy that we think is poised to make the transition from 

traditional medicine to being a mainstay in the emerging area of rational, pharmaceutical-

based cancer prevention. Ginger plants are common in Southeast Asia and ginger root has 

been prescribed for thousands of years as a treatment for a myriad of ailments, including 

headaches, nausea, common colds and rheumatoid arthritis.7 Two of these ailments, 

headaches and arthritis, can be characterized as inflammatory conditions, and indeed, 

compounds isolated from the rhizome of ginger have exhibited potent anti-inflammatory 

properties. Two compounds of note, and the starting point of our efforts, are 6-gingerol 

and 6-shogaol (see Figure 4.5). Both are pungent oils, with 6-gingerol being the main 

contributor to the flavor of raw ginger, while, 6-shogaol 

is more prevalent in the dehydrated form of ginger.8 

Beyond their anti-inflammatory attributes, 6-gingerol 

and 6-shogaol have exhibited efficacy as antioxidants, 

anti-diarrhetics, anti-fouling agents and anti-cancer 

therapeutics.9 

A number of in vitro cell studies have been 

performed over the past decade in a variety of cancer 

cell lines in an effort to evaluate the cytotoxicity of 6-

gingerol, and to a lesser extent that of 6-shogoal and 

other ginger root components (see Figure 4.6).10,11,12 Pan 

et al. observed increased cytotoxicity for 6-shogaol 

compared to 6-gingerol in COLO 205 cells, with the 

 

Figure 4.5. a) Ginger root 
and b) 
structures of 
6-gingerol and 
6-shogaol. 
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 mechanism of agent-induced 

cell death being linked to the up-

regulation of Caspase-3, -8, and 

-9, (key proteins in the apoptotic 

pathway), as well as the 

increased production of reactive 

oxygen species (ROS) and the 

concurrent depletion of 

glutathione (GSH) (an important 

antioxidant in cells)13.14 Lee and 

Surh investigated the effects of 

6-gingerol (among other agents) 

on human promyelocytic 

leukemia (HL-60) cells, and 

found that this ginger derivative 

induced cell apoptosis through 

inhibition of DNA synthesis.15 It 

was observed that 6-shogaol was 

significantly more potent than 6-gingerol in H-1299 cells. The same trend was seen in the 

case of HCT-116 cells, as well. 

Beyond inducing apoptosis in cancerous cells, 6-gingerol and 6-shogaol have 

been found to inhibit metastasis in cancer cells in vitro. Kim et al. evaluated the ability of 

6-gingerol to inhibit metastasis in MDA-MB-231 human breast cancer cells.16 As can be 

observed in Figure 4.7, invasion of MDA-MB-231 cells could be decreased in a dose-

dependent manner as the concentration of 6-gingerol treatment increased from 0 to 10 

 

Figure 4.6. ED50 values (μg/mL) for cell growth 
inhibition in A549 (human lung 
cancer), SK-OV-3 (human ovarian 
cancer), SK-MEL-2 (human skin 
cancer), and HCT15 (human colon 
cancer) for 4-, 6-, 8-, and 10-gingerol, 
6-shogaol, and doxorubicin. 
Reproduced with permission from 
Arch. Pharm. Res. 2008, 31, 415-418. 
Copyright 2008 Springer.10 

Cytotoxic Components from the Dried Rhizomes of Zingiber officinale Roscoe 417

Cell proliferation inhibitory activity assay in vitro
To monitor cell proliferation, drug- and vehicle-treated

cells were harvested every second day and cell prolifera-
tion was determined by direct cell counting or by using
crystal-violet dye as described by Orsulic et al. (Orsulic et
al., 2002). The mouse ovarian cancer cell lines were gen-
erated (Xing and Orsulic, 2005) as follows: C1 (genotype:
p53-/-, c-myc, K-ras) and C2 (genotype: p53-/-, c-myc, Akt).

RESULTS AND DISCUSSION

The methanolic extract of the rhizomes of Z. officinale
exhibited significant cytotoxic activity. To isolate the cyto-
toxic constituents from Z. officinale, the cytotoxic chloroform-
soluble fraction was subjected to chromatography, as
described in the extraction and isolation section. Five com-
pounds (1-5) were separated as the active constituents
and identified as 4-gingerol (1), 6-gingerol (2), 8-gingerol
(3), 10-gingerol (4), and 6-shogaol (5) from comparison of
their NMR data with those published in the literature.

Compounds 1-5 had similar NMR spectral patterns. The
1H-NMR spectrum of 2 showed the typical pattern of a
coupling group of 1,3,4-trisubstituted benzene rings at !
6.53 (1H, dd, J=8.4, 2.0 Hz, H-6), 6.60 (1H, d, J=8.4 Hz,
H-5), 6.69 (1H, d, J=2.0 Hz, H-2), a methoxy group ! 3.74
(3H, s, 3-MeO), and a methyl proton ! 0.83 (3H, t, H-10').
In the 13C-NMR spectrum of 2, 17 carbon signals were
observed, which included a carbonyl carbon (! 212.1, C-
5'), 6 aromatic carbons (! 149.0, 145.9, 134.2, 121.9, 116.3
and 113.3) and 10 aliphatic carbons. From this evidence,
the structure of compound 2 was deduced to a gingerol-
related compound, 6-gingerol, which has previously been
isolated from this plant (Shoji et al., 1982).

The NMR spectrum of 1 was very similar to that of 2,
suggesting it had the same carbon skeleton. The main
difference was the lack of two aliphatic carbon signals in
the 13C-NMR spectrum. So the structure of 1 was estab-
lished as 4-gingerol, which has previously been isolated
from this plant (Jolad et al., 2005). The NMR spectra of 3
and 4 were also similar to that of 2. The main differences
were the number of carbons in the aliphatic region of the
13C-NMR spectra. On the basis of this evidence and litera-
ture comparison, the structures of 3 and 4 were deter-
mined to be 8- and 10-gingerol, respectively (Shoji et al.,
1982).

The NMR spectrum of 5 was similar to that of 2, except
for the presence of two olefinic carbons (! 150.0, 131.4)
instead of the two aliphatic carbons of 2. Thus, the struc-
ture of 5 was determined to be 6-shogaol (Jang, 2003).

There has been interest in finding potential chemo-pre-
ventive constituents from ginger, but only limited com-
pounds have been studied (Wei et al., 2005). 6-Gingerol

and 6-paradol can inhibit proliferation by induction of
apoptosis and decrease the viability of human HL-60 cells
(Lee et al., 1998). The galanals A and B isolated from ginger
can induce apoptosis of human T lymphoma Jurkat cells
(Miyoshi et al., 2003).

The cytotoxic activities of the isolated compounds were
determined using the SRB (Sulforhodamin B) assay method
against four cultured human tumor cells, A549, SK-OV-3,
SK-MEL-2, and HCT15, with 50% growth inhibition (ED50)
values listed in Table II. Compound 5 showed the most
potent cytotoxicity against the four tumor cell lines (ED50:
1.05-1.76 "g/mL), with compounds 1-4 showing moderate
cytotoxicity (Fig. 1). Compound 5 also inhibited prolifera-
tion of the transgenic mouse cancer cell lines, C1 (geno-
type: p53-/-, c-myc, K-ras) and C2 (genotype: p53-/-, c-myc,
Akt), with ED50 values of 0.58 "M (C1) and 10.7 "M (C2)
(Fig. 2 and 3).

Table II. Cytotoxicity of compounds 1-5 against four human tumor
cell lines (ED50, "g/mL)a

Compounds
Cell linesb

A549 SK-OV-3 SK-MEL-2 HCT15
1
2
3
4
5

Doxorubicin

10.42
17.43
19.58
15.09
11.47
10.014

15.97
15.72
18.85
14.52
11.05
10.132

18.93
20.94
12.12
15.92
11.13
10.016

10.72
30.05
12.57
16.57
11.76
10.185

a ED50 was defined as the concentration ("g/mL) that caused 50%
inhibition of cell growth in vitro. 

b Cell lines: A-549, human lung cancer; SK-OV-3, human ovarian
cancer; SK-MEL-2, human skin cancer; HCT15, human colon cancer.

Fig. 1. Structures of compounds 1-5 isolated from Zingiber officinale
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μM, as monitored by a Matrigel invasion chamber. Further, activity of the matrix 

metalloproteinases (MMP)-2 and -9 (proteins involved in the degradation of collagen and 

which are linked to tumor metastasis) were also observed to decrease in a dose dependent 

manner. Using this same cell line, Chew and coworkers evaluated the ability of 6-shogaol 

to inhibit cancer cell metastasis, while also investigating the mechanism of action.17 They 

were able to induce a 4-fold decrease in phorbol 12-myristate 13-acetate (PMA)- induced 

invasion of MDA-MB-231 cells by the treatment with 10 μM 6-shogaol, as monitored by 

Matrigel invasion chambers. Further, the decrease of MMP-2 and -9 activity they 

observed could be linked to a decrease in phosphorylation of NF-κB, a pathway of 

interest in inflammation, which will be discussed further below. 

Only a limited number of studies have assessed the chemopreventive potential of 

6-gingerol and 6-shogaol. In a mouse skin model, 6-gingerol was found to inhibit skin 

tumor promotion by 12-O-tetradecanoylphorbol-13-acetate (TPA).18 This was seen as a 

reduction in both papilloma incidence and the number of tumors. In another study, 6-

gingerol was found to decrease benzo(a)pyrene tumorigenesis in a complete 

carcinogenesis protocol.19 Kim et al. also reported more recently that this compound 

inhibited COX-2 expression by blocking p38 MAP kinase and NF-κB in TPA treated 

mouse skin, an effect that was ascribe to its ability to block TPA skin tumor promotion.20 

Furthermore, 6-shogaol was found to be more effective than 6-gingerol and curcumin at 

blocking skin tumor promotion by TPA.21 It was also found that 6-shogaol more 

effectively inhibited the expression of iNOS and COX-2 mRNA (both involved in 

cellular inflammation pathways) in mouse skin following TPA treatment compared to 

both 6-gingerol and curcumin. 
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Figure 4.7. a) Quantitative measurement of MDA-MB-231 cells treated with varying 
concentration of 6-gingerol (0, 2.5, 5, 10 μM) in Matrigel invasion 
chambers; b) Western blot analysis of MMP-2 activation upon treatment 
with 6-gingerol (0, 2.5, 5, 10 μM); and c) quantitative bar graphs of 
activity of MMP-2. Reproduced with permission from J. Nutr. Biochem. 
2008, 19, 313-319. Copyright 2008 Elsevier.16 

cell adhesion of MDA-MB-231 cells. [6]-Gingerol had no
effect on cell adhesion at 5 μM, but resulted in a 16%
reduction at 10 μM compared to that at 0 μM.

3.2. Effects of [6]-gingerol on invasion and motility

The invasion and motility of the MDA-MB-231 human
breast carcinoma cell line were examined. [6]-Gingerol
showed a dose-dependent inhibitory effect on cell invasion
through the Matrigel chamber (Fig. 3). Cell migration
(motility) is a critical process of invasion allowing primary

tumors to metastasize. The treatment of MDA-MB-231 cells
with increasing concentrations of [6]-gingerol led to a
concentration-dependent decrease in wound healing cell
migration (Fig. 4) and cell motility by Boyden chamber
assay (Fig. 5).

3.3. Effects of [6]-gingerol on activities, amount and mRNA
expression of MMPs

Invasion of BMs is principally mediated by the gelatinase
matrix metalloproteases, MMP-2 and MMP-9. To determine
whether [6]-gingerol affects the MMP-2 and MMP-9, their
activities, amounts and mRNA expressions were tested.
Fig. 6 shows that the activity of MMP-2 or MMP-9 in MDA-
MB-231 cells was decreased by [6]-gingerol in a dose-
dependent manner. The amount of MMP-2 protein in culture

Fig. 2. Effect of [6]-gingerol on adhesion in MDA-MB-231 cells. After
8×105 cells/ml suspended in DMEM/F12 containing 0, 2.5, 5, 10 μM
[6]-gingerol had been plated in each well of 96-well fibronectin-coated
plates for 1 h, the medium was gently removed, and attached cells were
assayed using MTT assay. Each bar represents the mean±S.D. calculated
from three independent experiments. Comparisons among different
concentrations of the [6]-gingerol that yielded statistically significant
difference (Pb.05) are indicated by different letters above each bar.

Fig. 3. Effects of [6]-gingerol on invasion in MDA-MB-231 cells. The cells
were cultured in the presence of various concentrations of [6]-gingerol for
12 h within a Matrigel invasion chamber. Microphotographs of filters (A)
and quantitative analysis of the Matrigel chamber invasion assay (B) are
shown. Invasion was expressed as a percentage of control (0 μM). Each bar
represents the mean±S.D. calculated from three independent experiments.
Comparisons among different concentrations of the [6]-gingerol that yielded
statistically significant difference (Pb.05) are indicated by different letters
above each bar.

Fig. 4. Effects of [6]-gingerol on migration in MDA-MB-231 cells. The cells
were plated in a 12-well plate at a density of 0.5×105 cells/well with DMEM/
F12 supplemented with 10% FBS. Confluent monolayers were wounded and
then incubated in serum-free medium in the presence of 0, 2.5, 5, 10 μM
[6]-gingerol. At 0, 12, 24 and 48 h after wounding, the cells were
photographed under a phase contrast microscope.

Fig. 5. Effects of [6]-gingerol on cell motility in MDA-MB-231 cells. The
cells were cultured in the presence of various concentrations of [6]-gingerol
for 22 h within a Boyden chamber. Microphotographs of filters (A) and
quantitative analysis of the Boyden chamber assay (B) are shown. Motility
was expressed as a percentage of control (0 μM). Each bar represents the
mean±S.D. calculated from three independent experiments.
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supernatants was detected to decrease in a dose-dependent
manner as a result of MDA-MB-231 cell culture with various
concentrations of [6]-gingerol (Fig. 7). Reverse transcriptase
polymerase chain reaction (RT-PCR) analysis of MDA-MB-
231 cell mRNA suggested that the expression of MMP-2 and
MMP-9 was decreased in these cells upon treatment with [6]-
gingerol (Fig. 8). Although there was no change in the
MMP-9 protein levels, the mRNA expression for MMP-9
was decreased by [6]-gingerol treatment.

4. Discussion

This investigation attempted to address the role of [6]-
gingerol on metastasis, by which it may exert its antitumor
effects. Metastasis is a complex multi-step process involving
cell adhesion, invasion and motility. Hence, interruption of

one or more of these steps is one approach for anti-metastatic
therapy. To date, there is no direct evidence to show that
[6]-gingerol exerts such an effect on the development of
breast cancer metastasis. The present study is the first to
demonstrate that [6]-gingerol can significantly inhibit
the metastatic process of MDA-MB-231 human breast
cancer cells.

The initial invasive action of metastatic cells involves
interaction of tumor cells with the ECM, through the process
of cell matrix adhesion. Once malignant cells have detached
from the primary tumor, they bombard the surrounding BMs
and adhere to its meshwork of Type IV collagen, laminin and
fibronectin [29]. As shown in Fig. 2 of this manuscript,
[6]-gingerol inhibits attachment to the fibronectin, which is
one of the major components of BM, dose dependently.

The process of tumor cell invasion and metastasis
requires the degradation of connective tissue associated
with vascular BMs and interstitial connective tissue
[30,31]. The BM is the largest barrier between a free
malignant cell and the bloodstream, and it must be
traversed before malignant cells can enter circulating
blood [32]. Therefore, invasion through a BM is a critical
step in metastasis [33]. Breast cancer cell invasiveness was

Fig. 6. Effect of [6]-gingerol on MMP-2 and MMP-9 activity in MDA-MB-
231 cells. MDA-MB-231 cells were plated in six-well plates at a density of
1×103 cells/well with DMEM/F12 supplemented with 10% FBS for 48 h; the
monolayers were incubated in serum-free medium in the absence or presence
of 0, 2.5, 5, 10 μM [6]-gingerol for 22 h. Medium was collected, and the
activities of MMP-2 (A) and MMP-9 (B) were measured by zymography. (a)
Photograph of the MMP bands, which is representative of three independent
experiments, is shown. (b) Quantitative analysis of the bands. Each bar
represents the mean±S.D. calculated from three independent experiments.
Comparisons among different concentrations of the [6]-gingerol that yielded
statistically significant difference (Pb.05) are indicated by different letters
above each bar.

Fig. 7. Effect of [6]-gingerol on MMP-2 and MMP-9 amount in MDA-MB-
231 cells. MDA-MB-231 cells were plated in six-well plates at a density of
1×106 cells/well with DMEM/F12 supplemented with 10% FBS for 48 h.
The monolayers were incubated in serum-free medium in the absence or
presence of 0, 2.5, 5, 10 μM [6]-gingerol for 22 h. Medium was collected
and the protein amount of MMP-2 (A) and MMP-9 (B) was estimated by
ELISA. Each bar represents the mean±S.D. calculated from three
independent experiments. Comparisons among different concentrations of
the [6]-gingerol that yielded statistically significant difference (Pb.05) are
indicated by different letters above each bar.
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Taken in concert, the studies carried out to date provide support for the notion that 

both 6-gingerol and 6-shogaol possess chemopreventive activity and that 6-shogaol is 

more potent than 6-gingerol in inhibiting cell growth, inducing apoptosis in cancer cell 

lines, and inhibiting tumor development in in vivo models. These studies also substantiate 

the idea behind this project, namely that structure-activity differences are significant in 

the case of these ginger root derivatives and that further optimization of potency is thus 

possible. This is a very appealing conclusion, especially since 6-gingerol and 6-shogaol 

are natural compounds isolated from ginger and thus generally regarded as safe (GRAS) 

as per the FDA guidelines. This stands in marked contrast to typical frontline 

chemotherapeutic agents that often suffer from dose limiting toxicities. We thus saw the 

development of 6-gingerol and 6-shogaol as extremely promising in the context of cancer 

prevention and therapy. This chapter describes efforts to test 6-shogaol and a set of 

synthetic derivatives. 

4.1.2 On Prostate Cancer 

Prostate cancer is the most commonly diagnosed cancer among men. In the 

Western world, approximately 1 in 6 men will be diagnosed with the disease, and about 

3–4% of men will die from it.22 Slow progression of preclinical prostate cancer to clinical 

disease provides an excellent opportunity to delay the natural history of the disease. At 

least 20% of all human cancers, and most epithelial cancers, likely arise in tissue micro-

environments dominated by chronic or recurrent inflammation triggered by 

environmental exposures such as infections, diet, and trauma. Prostate cancer appears to 

be no exception, and evidence is accumulating linking inflammation and prostate cancer 

from the pathological, molecular, genetic, and epidemiological perspectives (see this 

review by De Marzo and coworkers for a more in depth analysis).23 In terms of 
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chemoprevention, Finasteride (a 5α-reductase inhibitor) has been evaluated as a potential 

chemopreventive agent for prostate cancer in the Prostate Cancer Prevention Trial 

(PCPT).24 A 24.8% reduction in prostate tumor prevalence was observed over a 7-year 

period in men taking this drug daily, although the finasteride administered group showed 

higher rates of sexual side-effects and higher cancer grades when prostate tumors were 

present. Epidemiologic studies have provided support for the suggestion that a number of 

dietary agents may be protective for prostate cancer.25 Moreover several agents, including 

curcumin, have shown chemopreventive effects in vivo in animal models of prostate 

cancer.26 In terms of the ginger compounds to be studied in this chapter, only 6-gingerol 

has been studied on a very limited basis.  In a single study, 6-gingerol was found to 

induce apoptosis in LNCaP cells and to reverse the effects of testosterone on anti-

apoptotic proteins in both LNCaP cells in vitro as well as in the ventral prostate of Swiss 

albino mice after oral dosing.27 Given the anti-inflammatory properties of both 6-gingerol 

and 6-shogaol we believe that these compounds warrant for further analysis of their 

chemopreventive effects on prostate cancer. 

4.1.3 Link Between Inflammation and Cancer 

As noted above, 6-shogaol and 6-

gingerol display anti-inflammatory activity. 

The link between inflammation and the onset 

of cancer was suggested almost 150 years 

ago by Virchow.28 Consistent with this 

proposed link, it is important to note that a 

number of anti-inflammatory agents have 

been shown to reduce the risk of certain types 

 

Figure 4.8. Conversion of arachidonic 
acid to prostaglandin E2. 
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of cancer in humans. In particular, several non-steroidal anti-inflammatory drugs 

(NSAIDs), such as aspirin, have demonstrated an ability to cut the risk of developing 

colon cancer by 40-50%, as well as preventing lung, esophageal and stomach cancers.29 

The chemopreventive mechanism of aspirin and NSAIDs has been traced to the inhibition 

of the cellular enzymes cyclooxygenase (COX)-1 and -2. These enzymes serve as 

checkpoints that regulate the transformation of arachidonic acid into prostaglandins (e.g., 

PGH2, PGE2) that play a critical role in mediating inflammation (Figure 4.8).30,31 COX-2 

inhibitors have also been implicated in angiogenesis suppression, which represents a 

second potent line of attack for cancer prevention and suppression.32 In fact, the COX-2 

antagonist celecoxib has been approved by the FDA as a treatment for familial 

adenomatous polyposis, an inherited form of colon cancer.33 

A dominant oncogene that has also been implicated in inflammation and 

carcinogenesis is the transcriptional factor 

nuclear factor-κB (NF-κB). Constitutively 

active NF-κB has been observed in many 

cancers, and serves to prevent apoptosis of the 

cell (allowing survival of the cancer cell) by 

up-regulating the expression of JNK-

phosphatase MKP1; this leads to the pro-

apoptotic kinase JNK not undergoing 

activation.34 In addition, NF-κB has been found 

to regulate the expression of a variety of 

downstream proteins involved in 

carcinogenesis, including TNF-α, a growth 

factor up-regulated in inflammation and tumor 

 

Figure 4.9. Molecular structures of 
NF-κB inhibitors 
CDDO and CDDO-Me. 

O

NC

O H

H COOCH3

H

O

NC

O H

H COOH

H
CDDO$

CDDO%Me$



 149 

growth. COX-2 expression (vide supra) is also 

increased by NF-κB. Finally, NF-κB plays a role 

in the expression of MMP2 and MMP9 (these 

were previously mentioned in Section 4.1.1).35 

Due to the importance of the NF-κB pathway in 

controlling apoptosis, it has been the target of a number of cancer therapeutic programs. 

The drug leads CDDO and CDDO-Me were designed to inhibit NF-κB activity and 

induce caspase-mediated apoptosis (cf. Figure 4.9).36 In addition to targeting NF-κB 

directly, medicinal chemists have also sought to target the protein kinases that control the 

expression of NF-κB, namely IκB kinase (IKK), which activates NF-κB. Toward this 

end, the cyanoguanidine species, CHS-828, was developed as an inhibitor of IKK; it was 

expected to suppress NF-κB activity and, consequently, achieve tumor suppression (cf. 

Figure 4.10).37 CHS-828 has undergone clinical trials. Unfortunately, however, the 

observed improvements were not as great as expected.38 Curcumin, a phytochemical 

being studied as a potential chemopreventive agent, as noted above, has shown activity as 

a suppressor of NF-κB.36 6-Shogaol and 6-gingerol display anti-inflammatory activity 

and have been reported to block activation of NF-κB, as noted above. We thus believed 

that these agents represented a worthy starting point for the synthetic development of new 

prostate cancer chemopreventive agents whose mode of action could be based on the 

targeting of anti-inflammatory signaling pathways. The rest of the chapter will detail our 

synthetic and analytical efforts toward this goal.    

 

 

 

Figure 4.10. Molecular structure 
of CHS-828. 
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4.2 SYNTHESIS OF 6-SHOGAOL AND DERIVATIVES 

Initial synthetic efforts focused on the synthesis of 6-shogaol, as this was the 

initial compound to be evaluated. Toward this end, we started with commercially 

available precursor zingerone (4.1) and utilized a modified synthetic route based on the 

work of Fleming et al.39 and Kim et al.40 (see Scheme 4.1). First, the zingerone was 

subject to condensation with tert-butyldimethylsilyl chloride under basic conditions 

(imidazole) in dry methylene chloride. After purification through a plug of silica gel, 

TBDMS-protected zingerone (4.2) could be isolated as a colorless oil in 99% yield. 

Subsequent enolate formation with lithium diisopropylamide (LDA) in dry THF at -78°C 

and condensation with hexanal yielded the crude 6-gingerol, which could then be purified 

by silica gel chromatography to yield 6-gingerol (4.3) as a slight yellowish oil in 70% 

yield. Finally, dehydration of 6-gingerol to 6-shogaol was effected by stirring 4.3 in 1,2-

dimethoxyethane in the presence of a catalytic amount of phosphoric acid at 50°C. This 

gave 6-shogaol (4.4) as a yellow oil in 60% yield.  

 

Scheme 4.1. Synthesis of 6-shogaol by our modified route. First phenol 4.1 was 
protected with a TBDMS group. An LDA-promoted aldol reaction 
was then peformed. Finally, the resulting product was dehydrated by 
treatment with catalytic phosphoric acid. 
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Next, we sought to synthesize a series of 6-shogaol derivatives through 

modification of the phenolic functional group with various solubility-altering groups. The 

general reaction conditions involved dissolving zingerone in acetonitrile (MeCN) 

containing potassium carbonate (K2CO3) and then adding the bromo- or iodo-alkane of 

choice (see Scheme 4.2). This lead to the synthesis of methyl ether zingerone (4.5), hexyl 

ether zingerone (4.6), decyl ether zingerone (4.7), benzyl ether zingerone (4.8), and 

triethylene glycol monomethyl ether zingerone (4.9) in 90-95% yields. While 4.5 and 4.9 

were obtained as oils, the other alkylated derivatives were collected as white solids (4.6 

and 4.7) or slight yellow solids (4.8).  

With these alkylated zingerone derivatives in hand, we next sought to form the 

complementary 6-shogaol derivatives. Towards this end, similar aldol condensation 

 

Scheme 4.2. Synthesis of phenol-modified zingerones. 
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reactions, as were used to produce 6-shogaol, were carried out with LDA as the base (see 

Scheme 4.3). This produced a variety of gingerol and shogaol derivatives (see Figure 

4.11). 

           

  

4.3 EVALUATION OF CYTOTOXICITY OF COMPOUNDS VIA MTT ASSAYS 

With the above compounds in hand, our efforts next turned to evaluating the 

cytotoxicity of these compounds in three prostate cancer cell lines. The cell lines used 

were LNCaP, DU-145, and PC-3. The LNCaP cell line originates from a lymph node 

metastasized prostate cancer and has a low metastasis potential. These cells express the 

 

Scheme 4.3. General synthetic route to gingerol and shogaol derivatives. 
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Figure 4.11. Molecular structures of gingerol and shogaol derivatives 4.10 - 4.14. 
All these compounds were evaluated by MTT assay. 
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prostate specific antigen (PSA; a well known marker in testing for PCa), and are 

androgen sensitive.41 The DU-145 cell line originates from a brain metastasized PCa and 

has a moderate potential for metastasis. It does not express PSA and is androgen 

insensitive.42 The PC-3 cell line originates from a bone metastasized PCa and has a high 

metastasis potential. It is 

androgen insensitive (like DU-

145) but expresses PSA (like 

LNCaP).42 The virulence of these 

PCa cell lines can be ranked from 

greatest to lowest as follows: PC-3 > DU-145 > LNCaP.  

To evaluate the viability of the cancer cell lines, we chose to monitor the cells by 

MTT (3-(4,5—dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, due its 

ease of use and good sensitivity. In this assay the cancer cells are first plated into a 96-

well plate and then incubated in media containing the compound of interest. After a 

specific period of incubation, the MTT dye (yellow colored dye) is added to the cells, 

which are further incubated. If the cells are viable, the NAD(P)H-dependent cellular 

oxidoreductase enzymes in the mitochondria will reduce the MTT to formazan (a purple 

colored dye) (cf. Figure 4.12). If the cells are not viable, they will remain yellow. After 

incubation with MTT, the insoluble formazan crystals formed can be solubilized with an 

additional solution. The plate can then be read by a UV-vis spectrometer to determine the 

intensity of the dye absorption, which is correlated to the concentration of viable cells. In 

this way, a plot of the number of viable cells versus the concentration of target compound 

can be produced and an IC50 value for the compound determined. 

 

 

Figure 4.12. MTT reduction to formazan. 
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Initially we tested the natural 6-shogaol to determine its potency in the 3 prostate 

cancer cell lines noted above. While 6-shogaol had been previously tested in other cancer 

cells lines, as detailed in Section 4.1.1, its efficacy in prostate cancer cell growth arrest 

had not been evaluated. As a result, we tested 6-shogaol (4.4) in LNCaP, DU-145, and 

PC-3 cells by varying the concentration at 0, 10, 20 and 40 μmol L-1, while also varying 

the time of incubation (24, 48 and 72 hours) to determine both the concentration and 

incubation time dependency of cell growth arrest (see Figure 4.13). As can be seen from 

an inspection of this figure, cell survival in LNCaP cells with 40 μmol L-1 of 6-shogaol 

was reduced by 67%, 85%, and 96%, at 24, 

48, and 72 hours, respectively. Similar 

results were seen in the DU-145 and PC-3 

cell lines, with 40 μmol L-1 of 6-shogaol 

leading to a cell survival reduction of 64%, 

80%, and 80% for DU-145 at 24, 48, and 72 

hours respectively, and 66%, 78%, and 76% 

for PC-3 at 24, 48, and 72 hours, 

respectively.  

We next sought to evaluate a new 

prostate cancer cell line developed by Jorge 

Blando and colleagues of the Beltran 

research group in the University of Texas at 

Austin’s Division of Pharmacology and 

Toxicology. This model (HMVP-2) was 

developed from a prostate tumor obtained 

from a HiMyc mouse model which expresses 

 

Figure 4.13. MTT assays comparing 
the effects of 6-shogaol at 
varying concentration (10 
– 40 μmol/L) and varying 
incubation times (24 h to 
72 h). 

mice weremeasuredweekly. Allograft tumors were weighed
at the end of the study.

Statistical analyses
Data are representative of at least three independent

experiments unless otherwise indicated. Statistical analyses
were performed using one-way ANOVA followed by Bon-
ferroni multiple comparison test except for the single-dose
studies where a two tailed Student t test was used. Signif-
icance was set at P ! 0.05 in all cases.

Results
Inhibition of human prostate cancer cell survival by 6-
SHO
The effect of 6-SHO on cell survival was evaluated using

both androgen-dependent (LNCaP) and androgen-inde-
pendent (DU145, PC-3) human prostate cancer cells. As
shown in Fig. 1A, 6-SHO at concentrations of 10 to 40
mmol/L reduced the survival of LNCaP cells. Reductions in
survival of LNCaP cells at a concentrationof 40mmol/Lwere
67%, 85%, and 96% at 24, 48, and 72 hours of treatment,
respectively. 6-SHO also decreased the survival of DU145
and PC-3 cells at the same concentration by 64% and 66%
after 24 hours, 80% and 78% after 48 hours, and 80% and
76% after 72 hours, respectively.

6-SHO induces apoptosis in human prostate cancer
cells
Given the robust survival inhibition of prostate cancer

cells observed following treatment with 40 mmol/L 6-SHO,

we investigated whether this effect was due to the induction
of apoptosis. As shown in Fig. 1B, 6-SHO (40 mmol/L)
significantly increased the number of apoptotic cells in all
three human prostate cancer cells as assessed by flow
cytometry. Furthermore, treatment with 6-SHO led to the
cleavage of both caspase-7 and PARP(Fig. 1C).

Inhibition of constitutive and IL-6–induced STAT3
activation by 6-SHO

To further explore the mechanism for the effects of 6-
SHO on cell survival, we examined its effects on consti-
tutive and IL-6–induced activation of STAT3 in human
prostate cancer cells. Previous studies have shown in both
LNCaP and DU145 cells that STAT3 is constitutively
phosphorylated on Ser727, whereas constitutive phos-
phorylation on Tyr705 is observed only in DU145 cells
(refs. 22, 24; see Fig. 2A). PC-3 cells did not express
significant levels of either unphosphorylated or phos-
phorylated STAT3 and therefore were not used for these
studies. As shown in Fig. 2B and C, 6-SHO inhibited the
phosphorylation of STAT3Ser727 in both LNCaP and
DU145 cells and STAT3Tyr705 in DU145 cells in both a
concentration- and time-dependent manner.

Treatment with IL-6 induced phosphorylation of STAT3
at both Ser727 and Tyr705 in LNCaP cells (Fig 2D and E)
and6-SHOat concentrations of 20 and40mmol/L inhibited
phosphorylation of STAT3 at both phosphorylation sites.
The inhibition of IL-6–induced levels of pSTAT3Ser727 and
pSTAT3Tyr705 by 6-SHO in both cells was further confirmed
by immunocytochemical staining (see Supplementary Fig.
S1A andS1B). Following phosphorylation at Tyr705, STAT3

Figure 1. 6-SHO inhibits cell
survival and induces apoptosis in
human prostate cancer cells. A,
LNCaP, DU145, and PC-3 cells
were treated with the indicated
concentrations of 6-SHO for 24,
48, and 72 hours and cell survival
was measured by MTT assay. The
data are presented asmean"SEM.
B, cells were treated with vehicle or
40 mmol/L 6-SHO for 48 hours and
apoptosis was measured by
Annexin V staining. The data are
presented as mean"SEM. C, cells
were treated with vehicle or 6-SHO
for 24 hours and Western blot
analysis was performed for
apoptosis markers. a, significantly
different (P < 0.05) compared with
the control group and (b) compared
with the other treated groups.
Changes in relative band
intensities (normalized to b-actin)
for Western blot data in C are given
at the top of each column and
represent the average of two
separate experiments.
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human c-Myc (a known oncogene) in the mouse prostate. The mice develop prostate 

neoplasia within 2 weeks that then progresses to prostate cancer.43 The appeal of this cell 

line model is that it would allow us to 

determine how the compounds would 

work in mice without having to factor in 

the use of a different species cells to 

generate tumors (as most cancer cell 

lines evaluated are of humor tumor 

origin). Toward this end, we evaluated 

the effects of 6-shogaol, 6-gingerol, and 

6-paradol (6-shogaol with the C=C 

bond reduced) at varying concentrations 

when incubated with the cells for 48 

hours to determine if HMVP-2 would 

be a comparable model to the human 

derived PCa cell lines. As can be 

observed from the cell survival curves 

shown in Figure 4.14, 6-paradol and 6-

gingerol did inhibit cell survival. 

However, roughly 4x the concentration 

of these compounds was required to see 

the same effects as those observed for 6-

shogaol at the 40 μmol L-1 range. On the 

other hand, the cell survival curve for 

HMVP-2 appeared to follow a similar 

 

Figure 4.14. MTT assays of LNCaP, DU-
145, PC-3, and HMVP-2 
incubated for 48 hours with 6-
paradol (20-160 μmol L-1), 6-
gingerol (20-160 μmol L-1), or 
6-shogaol (20-40 μmol L-1). 

Figure5. Effect of 6-SHO on mouse prostate cancer HMVP2 cells. A, HMVP2 cells were treated with the indicated concentrations of 6-SHO for 24, 48, and
72 hours and cell survival was measured by MTT assay. The data are presented as mean!SEM. B, HMVP2 cells were treated with vehicle or 40 mmol/L 6-
SHO for 48 hours and apoptosis was measured by Annexin V staining. The data are presented as mean!SEM. C, HMVP2 cells were treated with
40 mmol/L 6-SHO for 30 and 60 minutes and Western blot analysis was performed for pSTAT3Tyr705, STAT3, and b-actin (top two); HMVP2 cells were
treated with 20 and 40 mmol/L 6-SHO for 2 hours followed by IL-6 for 30 minutes and Western blot analysis was performed for pSTAT3Tyr705, STAT3, and
b-actin (bottom two). D, HMVP2 cells were treated with vehicle or 40 mmol/L 6-SHO followed by TNF-a treatment for 30 minutes and Western
blot analysis was performed for pNF-kBp65, NF-kBp65, and b-actin (top); HMVP2 cells were treated with 20 and 40 mmol/L 6-SHO for 2 hours followed
by TNF-a for 30 minutes and Western blot analysis was performed for pNF-kBp65, NF-kBp65, pIkBa, and b-actin (bottom). E, HMVP2 cells were
treated with vehicle, 20 or 40 mmol/L 6-SHO for 2 hours followed by IL-6 and the level of cyclin D1 was measured by Western blot analysis. F, HMVP2
cells were treated with vehicle or 40 mmol/L 6-SHO for 2 hours followed by TNF-a and the level of cMyc was measured by Western blot analysis.
Changes in relative band intensities (normalized to b-actin and total protein) for Western blot data are given at the top of each column. The results are
significant (P < 0.05) where a decrease in phosphorylation or protein level is "40%. G, LNCaP, DU145, PC-3, and HMVP2 cells were treated with the
indicated concentrations of 6-PAR, 6-GIN, or 6-SHO for 48 hours and cell survival was measured by MTT assay. The data are presented as mean!SEM.
a, significantly different (P < 0.05) compared with the control group and b, compared with the other treated groups of the same compound.

Saha et al.

Cancer Prev Res; 7(6) June 2014 Cancer Prevention Research634

Research. 
on July 9, 2014. © 2014 American Association for Cancercancerpreventionresearch.aacrjournals.org Downloaded from 

Published OnlineFirst April 1, 2014; DOI: 10.1158/1940-6207.CAPR-13-0420 



 156 

concentration response as seen for the PC-3 and DU-145 cell lines. This was taken as 

further validation of the proposal that this new cell line represents a reasonable prostate 

cancer cell model.  

With the initial tests of the potency of these three naturally occurring compounds 

complete, we next turned to evaluating the synthetic derivatives discussed above. To 

begin with, we assayed the cell growth inhibition power of the alkylated zingerones from 

Scheme 4.2. These derivatives, as well as 6-shogaol and zingerone, were incubated with 

LNCaP cells for 48 hours. As can be seen from Figure 4.15, 6-shogaol is clearly the most 

potent of these compounds (evaluated from 10 – 80 μmol L-1), whereas zingerone 

(evaluated from 20 – 160 μmol L-1) and derivatives 4.5 and 4.9 displayed little activity, 

 

Figure 4.15. MTT assay revealing cell growth inhibition in LNCaP cells incubated for 48 
h with: 6-shogaol (6-SHO), zingerone (4.1), methyl ether zingerone (4.5), 
decyl ether zingerone (4.7), benzyl ether zingerone (4.8), and 
triethyleneglycol monomethylether zingerone (4.9) [concentration: μmol L-1]. 
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and derivatives 4.7 and 4.8 displayed ~50% cell growth arrest at 160 μmol L-1. This was 

to be somewhat expected, as the zingerone derivatives were lacking half of the shogaol 

skeleton, and especially the α, β-unsaturated ketone. 

Continuing in this vein, we then assayed the potency of the gingerol and shogaol 

derivatives we had synthesized (as per Scheme 4.3). In these studies we used the LNCaP 

and PC-3 cell lines to evaluate the compounds. While unfortunately most compounds 

evaluated appeared to be less potent than the initial 6-shogaol (see Figure 4.16), we did 

observe one compound, 4.11 which appeared to have an IC50 close to that of 6-shogaol, 

while having a different solubility profile. In our view, this compound warrants further 

 

Figure 4.16. MTT assay of cell growth inhibition in LNCaP cells incubated for 48 
hours with 6-shogaol and 4.10-4.13 (10, 20, 40, 80 μmol L-1) and 4.14 
(20, 40, 80, 160 μmol L-1).  
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investigation. 

4.4 EVALUATION OF MECHANISM OF 6-SHOGAOL ACTION 

With preliminary investigations into the cell growth inhibition of gingerol and 

shogaol derivatives underway, our collaborators shifted their focus toward understanding 

the mechanism of action of 6-shogaol. It was our joint hope that determining a biological 

target or site of action of 6-shogaol would aid in the design and development of more 

potent chemopreventives of prostate cancer than 6-shogaol. Toward this end, protein-

signaling pathways involved in the inflammation signaling pathways (see Section 4.1.3) 

were investigated.  

First, the mechanism of cell growth arrest was probed to see if this was due to 

apoptosis (programmed cell death), necrosis or some other mode of action in the cells. 

Thus, LNCaP, DU-145, and PC-3 cells were incubated with 6-shogaol (40 μmol L-1) for 

48 hours and then stained with annexin V to determine the percent of apoptotic cells by 

flow cytometry.44 Compared to treating the cells with only SDS solution (control group), 

 

Figure 4.17. a) Assay of apoptosis in LNCaP, DU-145, and PC-3 cells under 
conditions where the cells are incubated with control (drug delivery 
vehicle) or 6-shogaol (6-SHO) (40 μmol L-1) for 48 h and then stained 
with annexin V. b) Western blot analysis for caspase-7 and PARP 
cleavage upon treatment of LNCaP, DU-145, and PC-3 cells with 6-
shogaol (0 – 40 μmol L-1).  

mice weremeasuredweekly. Allograft tumors were weighed
at the end of the study.

Statistical analyses
Data are representative of at least three independent

experiments unless otherwise indicated. Statistical analyses
were performed using one-way ANOVA followed by Bon-
ferroni multiple comparison test except for the single-dose
studies where a two tailed Student t test was used. Signif-
icance was set at P ! 0.05 in all cases.

Results
Inhibition of human prostate cancer cell survival by 6-
SHO
The effect of 6-SHO on cell survival was evaluated using

both androgen-dependent (LNCaP) and androgen-inde-
pendent (DU145, PC-3) human prostate cancer cells. As
shown in Fig. 1A, 6-SHO at concentrations of 10 to 40
mmol/L reduced the survival of LNCaP cells. Reductions in
survival of LNCaP cells at a concentrationof 40mmol/Lwere
67%, 85%, and 96% at 24, 48, and 72 hours of treatment,
respectively. 6-SHO also decreased the survival of DU145
and PC-3 cells at the same concentration by 64% and 66%
after 24 hours, 80% and 78% after 48 hours, and 80% and
76% after 72 hours, respectively.

6-SHO induces apoptosis in human prostate cancer
cells
Given the robust survival inhibition of prostate cancer

cells observed following treatment with 40 mmol/L 6-SHO,

we investigated whether this effect was due to the induction
of apoptosis. As shown in Fig. 1B, 6-SHO (40 mmol/L)
significantly increased the number of apoptotic cells in all
three human prostate cancer cells as assessed by flow
cytometry. Furthermore, treatment with 6-SHO led to the
cleavage of both caspase-7 and PARP(Fig. 1C).

Inhibition of constitutive and IL-6–induced STAT3
activation by 6-SHO

To further explore the mechanism for the effects of 6-
SHO on cell survival, we examined its effects on consti-
tutive and IL-6–induced activation of STAT3 in human
prostate cancer cells. Previous studies have shown in both
LNCaP and DU145 cells that STAT3 is constitutively
phosphorylated on Ser727, whereas constitutive phos-
phorylation on Tyr705 is observed only in DU145 cells
(refs. 22, 24; see Fig. 2A). PC-3 cells did not express
significant levels of either unphosphorylated or phos-
phorylated STAT3 and therefore were not used for these
studies. As shown in Fig. 2B and C, 6-SHO inhibited the
phosphorylation of STAT3Ser727 in both LNCaP and
DU145 cells and STAT3Tyr705 in DU145 cells in both a
concentration- and time-dependent manner.

Treatment with IL-6 induced phosphorylation of STAT3
at both Ser727 and Tyr705 in LNCaP cells (Fig 2D and E)
and6-SHOat concentrations of 20 and40mmol/L inhibited
phosphorylation of STAT3 at both phosphorylation sites.
The inhibition of IL-6–induced levels of pSTAT3Ser727 and
pSTAT3Tyr705 by 6-SHO in both cells was further confirmed
by immunocytochemical staining (see Supplementary Fig.
S1A andS1B). Following phosphorylation at Tyr705, STAT3

Figure 1. 6-SHO inhibits cell
survival and induces apoptosis in
human prostate cancer cells. A,
LNCaP, DU145, and PC-3 cells
were treated with the indicated
concentrations of 6-SHO for 24,
48, and 72 hours and cell survival
was measured by MTT assay. The
data are presented asmean"SEM.
B, cells were treated with vehicle or
40 mmol/L 6-SHO for 48 hours and
apoptosis was measured by
Annexin V staining. The data are
presented as mean"SEM. C, cells
were treated with vehicle or 6-SHO
for 24 hours and Western blot
analysis was performed for
apoptosis markers. a, significantly
different (P < 0.05) compared with
the control group and (b) compared
with the other treated groups.
Changes in relative band
intensities (normalized to b-actin)
for Western blot data in C are given
at the top of each column and
represent the average of two
separate experiments.
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we investigated whether this effect was due to the induction
of apoptosis. As shown in Fig. 1B, 6-SHO (40 mmol/L)
significantly increased the number of apoptotic cells in all
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cytometry. Furthermore, treatment with 6-SHO led to the
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To further explore the mechanism for the effects of 6-
SHO on cell survival, we examined its effects on consti-
tutive and IL-6–induced activation of STAT3 in human
prostate cancer cells. Previous studies have shown in both
LNCaP and DU145 cells that STAT3 is constitutively
phosphorylated on Ser727, whereas constitutive phos-
phorylation on Tyr705 is observed only in DU145 cells
(refs. 22, 24; see Fig. 2A). PC-3 cells did not express
significant levels of either unphosphorylated or phos-
phorylated STAT3 and therefore were not used for these
studies. As shown in Fig. 2B and C, 6-SHO inhibited the
phosphorylation of STAT3Ser727 in both LNCaP and
DU145 cells and STAT3Tyr705 in DU145 cells in both a
concentration- and time-dependent manner.

Treatment with IL-6 induced phosphorylation of STAT3
at both Ser727 and Tyr705 in LNCaP cells (Fig 2D and E)
and6-SHOat concentrations of 20 and40mmol/L inhibited
phosphorylation of STAT3 at both phosphorylation sites.
The inhibition of IL-6–induced levels of pSTAT3Ser727 and
pSTAT3Tyr705 by 6-SHO in both cells was further confirmed
by immunocytochemical staining (see Supplementary Fig.
S1A andS1B). Following phosphorylation at Tyr705, STAT3

Figure 1. 6-SHO inhibits cell
survival and induces apoptosis in
human prostate cancer cells. A,
LNCaP, DU145, and PC-3 cells
were treated with the indicated
concentrations of 6-SHO for 24,
48, and 72 hours and cell survival
was measured by MTT assay. The
data are presented asmean"SEM.
B, cells were treated with vehicle or
40 mmol/L 6-SHO for 48 hours and
apoptosis was measured by
Annexin V staining. The data are
presented as mean"SEM. C, cells
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for 24 hours and Western blot
analysis was performed for
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with the other treated groups.
Changes in relative band
intensities (normalized to b-actin)
for Western blot data in C are given
at the top of each column and
represent the average of two
separate experiments.

6-Shogaol Inhibits Prostate Cancer Cell Growth

www.aacrjournals.org Cancer Prev Res; 7(6) June 2014 629

Research. 
on July 9, 2014. © 2014 American Association for Cancercancerpreventionresearch.aacrjournals.org Downloaded from 

Published OnlineFirst April 1, 2014; DOI: 10.1158/1940-6207.CAPR-13-0420 

a)# b)#



 159 

those cells treated with 6-shogaol displayed about a 3-fold increase in apoptosis. In 

addition, it was observed that both caspase-7 and poly (ADP-ribose) polymerase (PARP) 

were cleaved in a dose dependent manner as the concentration of 6-shogaol was 

increased (see Figure 4.17). Both of these proteins are involved in the apoptotic process. 

Caspase-7, for instance, is referred to as an “executioner protein” of apoptosis, while 

PARP is involved in the activation of apoptosis.  

We next shifted our focus to investigating the STAT3 protein signaling in PCa 

cells, as this was linked to inflammation-induced tumors. STAT3 is constitutively 

 

Figure 4.18. a) Western blot analysis of the phosphorylation of STAT3 at Ser-727 (in 
LNCaP and DU-145 cells) and Tyr-705 (in DU-145 cells) as the 
concentration of 6-shogaol is increased (0, 20, 40 μmol L-1); b) Western 
blot analysis of the phosphorylation of STAT3 at Tyr-705 and Ser-727 
when LNCaP and DU-145 cells are incubated for 1, 3, or 6 hours with 40 
μmol L-1 of 6-shogaol; c) Western blot analysis of IL-6 induced 
phosphorylation of STAT3 at Tyr-705 and Ser-727 upon pretreatment 
with 6-SHO (0, 20, 40 μmol L-1); and d) Western blot analysis of IL-6 
induced phosphorylation of STAT3 at Tyr-705 and Ser-727 upon 
pretreatment with 6-shogaol for 0.5, 1, and 3 hours.  

Figure 2. Reduction of constitutive and IL-6 induced STAT3 activation by 6-SHO in human prostate cancer cells. A–E, cell lines were cultured as indicated in
Materials and Methods. Western blot analysis was performed to determine STAT3 status and level (pSTAT3Y705, pSTAT3S727, and total STAT3) in whole-cell
lysates collected after the indicated treatments. A, cell lysates were prepared from untreated cultures of LNCaP, DU145, and PC-3 cells. B, LNCaP and
DU145 cells were treated with 20 or 40 mmol/L 6-SHO and subjected to Western blot analysis. (Continued on the following page.)
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phosphorylated on serine-727 in 

LNCaP and DU-145 cells (PC-3 

cells do express constitutively 

phosphorylated STAT3), as well 

as tyrosine-705 in DU-145 cells. 

Further, phosphorylation of 

STAT3 can be induced by the 

addition of interleukin-6 (IL-6), 

a pro-inflammatory cytokine. As 

can be see from an inspection of 

Figure 4.18, phosphorylation of Tyr-705 could be decreased in a dose-dependent manner 

in DU-145 cells by treating with increasing doses of 6-shogaol (0, 20, and 40 μmol L-1). 

Similarly, phosphorylation of Ser-727 was seen to decrease in a dose dependent manner 

in LNCaP and DU-145 cells when treated with 6-shogaol. This effect could also be seen 

when LNCaP and DU-145 cells were treated with 40 μmol L-1 of 6-shogaol for increasing 

amounts of time, from 1 to 6 hours (see Figure 4.18b). To demonstrate further the 

effectiveness of 6-shogaol to inhibit phosphorylation of STAT3, LNCaP and DU-145, 

cells were pretreated with 6-shogaol (20 or 40 μmol L-1) and then treated with IL-6. To 

our delight, 6-shogaol was able to inhibit the phosphorylation of both Tyr-705 and Ser-

727 by IL-6 in a dose-dependent manner and in a time dependent manner (cf. Figure 4.18 

c & d). To further probe the ability of 6-shogaol to inhibit the phosphorylation of STAT3, 

fluorescence spectroscopy of DU-145 cells was performed. It is known that after 

phosphorylation of STAT3 at Tyr-705, pSTAT3 will translocate to the nucleus to bind to 

STAT3-binding sites on target genes.45 To this end, DU-145 cells were incubated with 

drug delivery vehicle (control) or 6-shogaol (40 μmol L-1) for 2 hours and then the 

 

Figure 4.19. Fluorescent images of DU-145 cells 
treated with vehicle (control) or 6-
shogaol (40 μmol L-1) and then stained 
with STAT3-specific 
immunofluorescence stain, DAPI. 
Also shown are the merged image of 
the two dyes. 

Figure 2. Reduction of constitutive and IL-6 induced STAT3 activation by 6-SHO in human prostate cancer cells. A–E, cell lines were cultured as indicated in
Materials and Methods. Western blot analysis was performed to determine STAT3 status and level (pSTAT3Y705, pSTAT3S727, and total STAT3) in whole-cell
lysates collected after the indicated treatments. A, cell lysates were prepared from untreated cultures of LNCaP, DU145, and PC-3 cells. B, LNCaP and
DU145 cells were treated with 20 or 40 mmol/L 6-SHO and subjected to Western blot analysis. (Continued on the following page.)
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location of STAT3 was visualized with immunofluorescence staining. At the same time, 

the DU-145 cells were treated with DAPI (4’,6-diamidino-2-phenylindole) a blue 

fluorescent dye which binds to A-T rich regions in DNA (i.e., it localizes in the cell 

nucleus). By merging the two fluorescent images, it can be observed that in the DU-145 

cells that were treated with vehicle only, the STAT3 localizes in the cell nuclei, whereas 

in DU-145 cells treated with 6-shogaol a large decrease in STAT3 nuclear localization is 

observed (Figure 4.19). 

Higher up the cell signaling pathway of STAT3 is the tyrosine-protein kinase Src. 

This is a known oncogene with links to prostate cancer. Also upstream from STAT3 is 

JAK2, a non-receptor tyrosine kinase also linked to various cancers.46 DiGiovanni and 

Saha therefore decided to test the effects of 6-shogaol on these two proteins in DU-145 

and LNCaP cells. Upon incubation of these latter cells with 6-shogaol (40 μmol L-1) for 2 

hours, followed by treatment with IL-6, led to a reduction in phosphorylation of JAK2 

and Src, compared to incubation with IL-6 alone (see 

Figure 4.20). This may indicate that 6-shogaol is 

interacting with STAT3, JAK2 and Src, or perhaps 

JAK2 and Src to inhibit the downstream 

phosphorylation of STAT3. 

While these findings served to underscore one 

possible mechanism of action of 6-shogaol in LNCaP 

and DU-145 cells, we realized this presumed mode of 

action could not explain how 6-shogaol was 

interacting in prostate cancer cells, such as PC-3, that 

lack the constitutively active STAT3 of LNCaP and 

DU-145. Therefore, DiGiovanni and Saha next 

 

Figure 4.20. Western blot 
analysis of IL-6-
induced 
phosphorylation 
of JAK2 and Src 
with and without 
pretreatment 
with 6-SHO (40 
μmol L-1) 

Figure 2. Reduction of constitutive and IL-6 induced STAT3 activation by 6-SHO in human prostate cancer cells. A–E, cell lines were cultured as indicated in
Materials and Methods. Western blot analysis was performed to determine STAT3 status and level (pSTAT3Y705, pSTAT3S727, and total STAT3) in whole-cell
lysates collected after the indicated treatments. A, cell lysates were prepared from untreated cultures of LNCaP, DU145, and PC-3 cells. B, LNCaP and
DU145 cells were treated with 20 or 40 mmol/L 6-SHO and subjected to Western blot analysis. (Continued on the following page.)
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looked at the NF-κB signaling pathway, as this had been previously shown to be affected 

in studies of 6-shogaol and 6-gingerol (see Section 4.1.3). A known upstream signaling 

protein for NF-κB is tumor necrosis factor alpha (TNF-α). TNF-α is a protein involved in 

inflammation signaling and is related to the interleukins (vide supra). As can be seen 

from the findings presented in Figure 4.19, 6-shogaol inhibits the activation of NF-κB in 

a dose dependent manner in both DU-145 and PC-3 cells.  

DiGiovanni and Saha evaluated next the ability of 6-shogaol to prevent TNF-α 

activation of NF-κB (cf. Figure 4.21b). In all three cell lines (LNCaP, DU-145, and PC-

3), a dose dependent decrease in the phosphorylation of NF-κB was observed upon 

incubating the cells with 6-shogaol (0, 20, 40 μmol L-1) for 2 hours prior to the treatment 

of the cells with TNF-α for 30 minutes. A negative biochemical regulator of NF-κB, 

IκBα, was also investigated. IκBα is a common signaling protein control for NF-κB  

through the formation of the IKK/IκB complex. Phosphorylation of IKK leads to 

phosphorylation of IκBα and release of the free form of NF-κB. As observed in Figure 

4.21b, IκBα is seen to undergo a dose dependent decrease in activation (phosphorylation) 

as the concentration of 6-shogaol increased. This led us to the conclusion that 6-shogaol 

is most likely working to induce apoptosis and inhibit cell growth through multiple 

cellular signaling pathways in prostate cancer cells. 
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 Once NF-κB is phosphorylated in cells, it localizes in the nucleus of the cell to 

activate genes, which will then to further cell proliferation and angiogenesis in tumors. 

Thus, similar to the STAT3 experiments above, DiGiovanni and Saha investigated the 

nuclear localization of NF-κB by fluorescence spectroscopy (cf. Figure 4.22). As above, 

the blue emitting DAPI dye was used to label the cell nuclei, and NF-κB was imaged by 

using immunofluorescence staining (green). DU-145 and LNCaP cells were incubated 

with either drug delivery vehicle (control) or 6-shogaol (40 μmol L-1) for 2 hours before 

subsequently being incubated with TNF-α for 30 minutes. As can be observed in the cells 

treated only with TNF-α, both blue and green fluorescence is observed that overlaps in 

the nuclei. This is taken as indication that NF-κB has translocated to the cell nuclei, 

whereas in cells pretreated with 6-shogaol, a drastic decrease in green dye in the nuclei is 

observed. This latter finding is consistent with the 6-shogaol preventing the translocation 

of NF-κB by inhibiting the phosphorylation of the target protein. 

 

Figure 4.21. a) Western blot analysis of the phosphorylation of NF-κB in DU-145 and 
PC-3 cells seen upon treatment with 6-shogaol (40 μmol L-1) and b) the 
Western blot analysis of the phosphorylation of NF-κB and IκBα in 
LNCaP, DU-145, and PC-3 cell lines as seen upon incubating with 6-
shogaol (0, 20, 40 μmol L-1) for 2 hours and then treating with TNF-α for 
30 minutes. 

blot analyses with 6-GIN and 6-PAR provided confirmation
that pSTAT3Tyr705 was reduced by both compounds at a
concentration of 100 mmol/L (Supplementary Fig. S3A) in
both LNCaP and DU145 cells. Both 6-GIN and 6-PAR
decreased the level of survivin and increased the expression
of cyclin-dependent kinase inhibitors p21 and p27 in all
three human prostate cancer cells, at the 100 mmol/L con-
centration (Supplementary Fig. S3B). TNF-a–induced
phosphorylation of NF-kBp65 and IkBa was also reduced
by 6-GIN and 6-PAR in both DU145 and PC-3 cells at the
100 mmol/L concentration (see Supplementary Fig. S4A). 6-
PAR also decreased the phosphorylation of STAT3, NF-
kBp65, and the level of survivin in HMVP2 cells (Supple-
mentary Fig. S4B). Collectively, these results demonstrate
that 6-GIN and 6-PAR have the ability to block growth and
reduce survival of both human and mouse prostate cancer
cells but that they are both less potent than 6-SHO.

6-SHO inhibits growth of HMVP2 cells in an allograft
model

The finding that 6-SHO inhibits growth and survival of
both human andmouse prostate cancer cell lines prompted
us to look at the efficacy of this compound in vivo. Toward
this end, HMVP2 cells, grown as spheroids, were used to
initiate tumors in FVB/N male mice following subcutane-
ous injection as described in the Materials and Methods
section. Cells were allowed to grow for approximately 2
weeks, at which time small tumors at the injection site were
palpable. As shown in Fig. 6A, treatment with 6-SHO
produced statistically significant decreases in tumor volume
at both the 50 and 100 mg/kg doses (62% and 73%,
respectively; P < 0.05) compared with vehicle control trea-
ted mice at the end of the study. In addition, tumor weights
were also reduced at both doses of 6-SHO (48% and 65%
reduction, respectively; Fig. 6B). The reduction in tumor

Figure 3. Inhibition of constitutive and TNF-a induced NF-kB activity by 6-SHO in human prostate cancer cells. A, DU145 and PC-3 cells were treated with
vehicle or 40 mmol/L 6-SHO and subjected toWestern blot analyses. B, cells were treated with 20 and 40 mmol/L 6-SHO for 2 hours followed by TNF-a for 30
minutes and pNF-kBp65, NF-kBp65, and pIkBa levels were measured by Western blot analysis. Changes in relative band intensities (normalized to b-actin
and total protein) forWestern blot data are given at the top of each column. The results are significant (P < 0.05) where a decrease in phosphorylation is!40%.
C, LNCaP and DU145 cells were treated with vehicle or 40 mmol/L 6-SHO for 2 hours followed by TNF-a for 30 minutes and the nuclear localization
of NF-kBp65 (green) was measured by immunofluorescence staining.
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4.5 IN VIVO MOUSE MODELS FROM HMVP2 CELL LINE TREATED WITH 6-SHOGAOL 

Upon completion of the in vitro studies above, we sought to investigate the in vivo 

effects of 6-shogaol on prostate tumor growth. To accomplish this, DiGiovanni and Saha 

utilized the HMVP2 prostate cancer cell line developed by Jorge Blando (see Section 4.3) 

to culture prostate cancer spheroids which could then be injected subcutaneously into the 

flanks of FVB/N mice (see Chapter 5, Section 5.1 for experimental details). Three groups 

of 5 mice each were evaluated, with Group 1 being treated with drug delivery vehicle 

(control) intraperitoneally (i.p.) every other day, Group 2 being treated with 50 mg/kg 

(based on body weight) i.p. every other day, and Group 3 being treated with 100 mg/kg 

(based on body weight) i.p. every other day for 32 days. Two weeks after injection of the 

spheroids, the 6-shogaol treatments began. The average tumor volume (Figure 4.23A) 

 

Figure 4.22. Fluorescence spectroscopy of DU-145 and LNCaP cells when treated with 
drug delivery vehicle (control) and TNF-α for 30 minutes (top row) and 
when pretreated with 6-shogaol (40 μmol L-1) for 2 hours and then treating 
with TNF-α for 30 minutes (bottom row). 

blot analyses with 6-GIN and 6-PAR provided confirmation
that pSTAT3Tyr705 was reduced by both compounds at a
concentration of 100 mmol/L (Supplementary Fig. S3A) in
both LNCaP and DU145 cells. Both 6-GIN and 6-PAR
decreased the level of survivin and increased the expression
of cyclin-dependent kinase inhibitors p21 and p27 in all
three human prostate cancer cells, at the 100 mmol/L con-
centration (Supplementary Fig. S3B). TNF-a–induced
phosphorylation of NF-kBp65 and IkBa was also reduced
by 6-GIN and 6-PAR in both DU145 and PC-3 cells at the
100 mmol/L concentration (see Supplementary Fig. S4A). 6-
PAR also decreased the phosphorylation of STAT3, NF-
kBp65, and the level of survivin in HMVP2 cells (Supple-
mentary Fig. S4B). Collectively, these results demonstrate
that 6-GIN and 6-PAR have the ability to block growth and
reduce survival of both human and mouse prostate cancer
cells but that they are both less potent than 6-SHO.

6-SHO inhibits growth of HMVP2 cells in an allograft
model

The finding that 6-SHO inhibits growth and survival of
both human andmouse prostate cancer cell lines prompted
us to look at the efficacy of this compound in vivo. Toward
this end, HMVP2 cells, grown as spheroids, were used to
initiate tumors in FVB/N male mice following subcutane-
ous injection as described in the Materials and Methods
section. Cells were allowed to grow for approximately 2
weeks, at which time small tumors at the injection site were
palpable. As shown in Fig. 6A, treatment with 6-SHO
produced statistically significant decreases in tumor volume
at both the 50 and 100 mg/kg doses (62% and 73%,
respectively; P < 0.05) compared with vehicle control trea-
ted mice at the end of the study. In addition, tumor weights
were also reduced at both doses of 6-SHO (48% and 65%
reduction, respectively; Fig. 6B). The reduction in tumor

Figure 3. Inhibition of constitutive and TNF-a induced NF-kB activity by 6-SHO in human prostate cancer cells. A, DU145 and PC-3 cells were treated with
vehicle or 40 mmol/L 6-SHO and subjected toWestern blot analyses. B, cells were treated with 20 and 40 mmol/L 6-SHO for 2 hours followed by TNF-a for 30
minutes and pNF-kBp65, NF-kBp65, and pIkBa levels were measured by Western blot analysis. Changes in relative band intensities (normalized to b-actin
and total protein) forWestern blot data are given at the top of each column. The results are significant (P < 0.05) where a decrease in phosphorylation is!40%.
C, LNCaP and DU145 cells were treated with vehicle or 40 mmol/L 6-SHO for 2 hours followed by TNF-a for 30 minutes and the nuclear localization
of NF-kBp65 (green) was measured by immunofluorescence staining.
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and average tumor weight (Figure 4.23B) were both monitored as the treatments 

progressed. As can be inferred from Figure 4.23, both the low dose and the high dose of 

6-shogaol led to about a 50% reduction in tumor volume in the mice compared to the 

control group. The reduction in tumor weight was also statistically significant, displaying 

about a 50% decrease in tumor weight for the low dose, and about a 66% reduction in 

tumor weight for the high dose of 6-shogaol. It is important to note that the reductions in 

tumor volume and weight came with little observable toxicity due to the 6-shogaol. This 

latter conclusion is based on the findings that the mice maintain their body weights 

(Figure 4.23C and D). Usually if the mice lose weight, it is ascribed to being poisoned by 

the drug. Moreover, the mice maintained a healthy appetite (no significant change in the 

amount of feed per mouse over the duration of the experiment). Taken in concert, these 

data lead us to conclude that 6-shogaol was effective at reducing tumor growth, while 

being non-toxic to the mice at the doses used.  

To determine whether the mechanism of action of 6-shogaol in vivo meshed with 

the mechanism of action observed in our in vitro experiments, the cell lysates of the 

tumors after sacrificing the mice were analyzed by Western blot analysis. As can be seen 

in Figure 4.23E, as the concentration of 6-shogaol increased, the phosphorylation of 

STAT3 decreased, matching the response we had seen in LNCaP and DU-145 cell lines 

above (Section 4.4). Also worth noting was that the expression of Cyclin D1 and 

surviving (two downstream proteins in the STAT3 and NF-κB signaling pathways, and 

noted inhibitors of apoptosis) were both down-regulated as the 6-shogaol dosage 

increased.  
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Figure 4.23. Spheroids from HMPV2 cells were injected subcutaneously into the 
flank of FVB/N mice. Two weeks after injection mice were treated i.p. 
with either vehicle (control) or 6-shogaol (6-SHO) (50 or 100 mg/kg, 
based on body weight) every other day for 32 days. A) average tumor 
volume per mouse (mm3); B) average tumor weight per mouse (mg); C) 
average body weight (g) of the mice for each group; D) average feed 
consumption per mouse per day (g); E) Western blot analysis of cell 
lysate of tumors to determine phosphorylation of STAT3; F) Western 
blot analysis of cell lysate of tumors to determine expression of Cyclin 
D1 and survivin. 

Figure 6. 6-SHO reduces HMVP2 allograft tumor growth in vivo. Spheroids from HMVP2 cells were injected subcutaneously into the flank of male FVB mice.
Two weeks after injection, mice were treated intraperitoneally with 6-SHO (50 or 100 mg/kg body weight, BW) every other day for the duration of the
experiment. A, tumor volume is expressed as average tumor volume/mouse (mm3). B, tumor weight is presented as average tumor weight (mg)/mouse. C,
average mouse BW (g) for each group. D, average feed consumption/mouse/day. Data are mean!SEM; n¼ 5 mice per group; #, P < 0.05 compared with the
control group. Lysates of allograft tumor tissues were subjected to Western blot analysis for pSTAT3Tyr705 and STAT3 (E) and cyclinD1 and survivin (F)
and b-actin was used as control for both sets of blots. Changes in relative band intensities (normalized to b-actin and total protein) for Western blot data are
given at the top of each column. The results are significant (P < 0.05) where a decrease in phosphorylation or protein level is $40%.
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4.6 CONCLUSION AND FUTURE DIRECTIONS 

In this chapter we have detailed a new synthetic pathway to 6-shogaol based on 

modifications of routes from Fleming et al. and Kim et al.39,40 In addition to this, we 

report the synthesis of a variety of new molecules based on modifying zingerone, as well 

as modifying the 6-shogaol skeleton to alter the solubility profile and functional groups 

capable of interacting with protein binding pockets. These new compounds were then 

evaluated to determine their ability to inhibit the growth of prostate cancer cells from 

LNCaP, DU-145, PC-3, and HMVP2 cell lines. Further, the mechanism of action of 6-

shogaol was elucidated through in vitro experiments on these 4 cell lines, through both 

Western blot analysis and fluorescence spectroscopy performed by Dr. Saha. On the basis 

of Western blot analysis, it was concluded that 6-shogaol inhibits the phosphorylation of 

STAT3 in LNCaP and DU-145 cells, and inhibits the phosphorylation of NF-κB in all 3 

cells lines. This inhibition of protein signaling could be observed in the decrease in 

translocation to the nuclei of STAT3 and NF-κB upon treatment with 6-shogaol. 6-

Shogaol was also demonstrated to inhibit tumor growth in vivo in FVB/N mice injected 

with HMVP2 spheroids. Taken in concert, these results support the contention that 6-

shogaol and its derivatives could have a future role to play as chemopreventives or 

chemotherapeutics for prostate cancer.  

To develop this research further, we are currently investigating new structures in 

the hopes of finding a “hit” (i.e., a more potent version of 6-shogaol). A rational approach 

to finding such a more active agent may come from protein structure analysis, if and 

when the specific protein targets of 6-shogaol are determined. Toward this latter end, a 

“pull-down” assay using a surface or solid support functionalized with 6-shogaol may be 

of use. Once this done, we could use reverse docking studies to determine which of these 

proteins may have a suitable binding pocket for 6-shogaol. At this juncture one could 
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determine what new functionalities should be added to 6-shogaol to increase the 

association constant for new compounds. In this vein, Dong and coworkers have 

demonstrated this technique to determine how 6-gingerol binds to leukotriene A4 

hydrolase, which was then confirmed in vivo.47 To our knowledge, such studies have yet 

to be carried out for 6-shogaol. In our view, they represent a next critical step for this 

project.  
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Chapter 5 

Experimental Procedures 

5.1 GENERAL PROCEDURES 

All reagents and starting materials were obtained from commercial suppliers and 

used as received unless otherwise noted. Pyrrole was distilled over sodium hydroxide 

under vacuum. Triethylamine was distilled over barium oxide under an atmosphere of 

nitrogen. Dichloromethane (CH2Cl2) was distilled over calcium hydride under an 

atmosphere of nitrogen. Tetrahydrofuran (THF) and methanol (MeOH) were purified 

using a Vac ISO 9001 Vacuum Atmospheres Solvent Purifier. Column chromatography 

was performed on silica gel (40-63 µm, Silicycle, Canada). Analytical thin layer 

chromatography (TLC) was performed on glass-backed silica gel (250 μm) plates 

purchased from Sorbtech Sorbent Technologies. Nuclear magnetic resonance (NMR) 

spectra were recorded on Varian Mercury 400 and Varian Inova 500 instruments. High 

resolution ESI mass spectra were obtained on an Ion Spec Fourier Transform mass 

spectrometer (9.4 T). Gel permeation chromatography (GPC) was performed at ambient 

temperature on a system equipped with a Waters Model 510 HPLC pump, two 

fluorinated polystyrene columns (IMBHW-3078 and I-MBLMW-3078) arranged in 

series, and a Waters 486 Tunable Absorbance Detector (λ = 450 nm). Molecular weight 

and molar mass dispersity data are reported relative to polystyrene standards in THF. 

Viscosity measurements were carried out with Cannon semimicro dilution Ubbelohde 

viscometers at 22°C in chloroform or chloroform/dimethyl sulfoxide (97/3 v/v). 

Thermogravimetric analyses (TGA) were performed on a TA Instruments-Waters LLC 

TGA Q500 instrument. Differential scanning calorimetry (DSC) analyses were performed 

on a Mettler Toledo DSC823e instrument. Dynamic mechanical analyses (DMA) were 



 172 

performed on a TA Instruments-Waters LLC DMA Q800 instrument. UV-Vis spectra 

were recorded on a Varian Cary 5000 UV-Vis-NIR Spectrophotometer.   

In regards to the biological experiments, the Media (RPMI-1640) and fetal bovine 

serum (FBS) was purchased from Life Technologies. Antibodies were purchased as 

follows:  STAT3, pSTAT3Y705, pSTAT3S727, cyclin D1, survivin, cMyc, pNF-

kBp65S536, NF-kBp65, pJAK2Y1007/08, JAK2, pSrcY416, PARP, and caspase 7, Cell 

Signaling Technology; p21, p27 and pIkBaS32/36 Santa Cruz Biotechnology;  b-actin, 

Sigma-Aldrich. Secondary antibodies were purchased from GE Healthcare.  

The cell studies performed by the author and Dr. Saha used human PCa cell lines 

LNCaP, DU145 and PC-3 which were purchased from ATCC. Cells were maintained in 

RPMI-1640 medium with 10% FBS. The prostate tumor cell line, HMVP2, was derived 

from the ventral prostate of a one-year-old HiMyc mouse (19) and cultured in RPMI-

1640 medium containing 10% FBS. A non-tumorigenic cell line, NMVP was isolated 

from the ventral prostate of 5.5-month-old FVB/N mice and cultured in DMEM/F12 

(Lonza) medium containing 10% FBS, bovine pituitary extract (28 µg/ml), EGF (10 

ng/ml), insulin (8 µg/ml), transferrin (5 µg/ml), and gentamycin (80 µg/ml) (Blando et. 

al. unpublished data). Cell viability was measured by MTT assay by the author and Dr. 

Saha (20). Briefly, cells (5 x104/mL) in 96-well plates were treated with indicated 

concentrations of 6-SHO, 6-GIN and 6-PAR. After incubation, the cells were treated with 

MTT solution, incubated for an additional 3 hours and was dissolved in SDS solution, 

and the absorbance was measured at 570 nm using a Tecan microplate reader (Tecan 

Group Ltd.). The percentage of apoptotic cells was determined by Dr. Saha using a 

Guava Nexin apoptosis detection kit and annexin V positive cells were measured by 

Guava-based flow cytometry according to the manufacturer’s instructions (Millipore). 

Expression of phosphorylated and total protein levels was measured by Dr. Saha using 
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Western blot analysis with slight modifications as described previously (21). Protein 

lysates were prepared from cultured cells following treatment as indicated. Proteins were 

visualized using a commercial chemiluminescent detection kit (Supersignal West Pico, 

Thermo Scientific). The immunofluorescent staining procedure Dr. Saha followed is as 

follows: DU145 or LNCaP cells (1 x105) were plated on coverslips, allowed to attach by 

overnight incubation, and exposed to vehicle or 6-SHO for 2 hours. Cells were stimulated 

with either 10 ng/mL IL-6 or TNFα for 30 min., fixed with ice-cold methanol for 10 min 

at -20°C and permeabilized with 0.05% Triton X-100 for 5 min. Cells were then 

incubated with PBS (10% goat serum, 1% BSA) for 1 hour followed by overnight 

incubation with primary antibodies at 4°C, washed and treated with 2 μg/mL of Alexa 

Fluor 568–conjugated secondary antibody (Molecular Probes) for 1 hour at room 

temperature, and mounted with medium containing DAPI (22). Cells were visualized 

using a fluorescence microscope (Olympus Optical Co. Ltd.). Syngeneic FVB/N male 

mice were obtained from an in house breeding colony and were fed a semi-purified diet 

(AIN76A, 10 Kcal%, Research Diets) and water ad libitum. In vivo experiments 

performed by Dr. Saha and Jorge Bland are as follows: all protocols were approved by 

the Institutional Animal Care and Use Committee of the University of Texas at Austin. 

HMVP2 cells were plated in ultra-low attaching tissue culture dishes for 3 days to 

generate spheroids. Spheroids were harvested, mixed with matrigel (1:1) and injected 

subcutaneously into the mouse flank. Mice were randomly divided into 3 groups of 5 

mice and treated with vehicle control or 6-SHO (50 and 100 mg/kg body weight) i.p. 

every other day for 32 days. Tumor size was measured twice a week using a digital 

caliper and tumor volume was calculated by the formula: 0.5236 D1(D2)2 , where D1 and 

D2 are the long and short diameter, respectively. Food consumption and body weight of 

the mice were measured weekly. Allograft tumors were weighed at the end of the study. 
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5.2 SYNTHETIC PROCEDURES AND CHARACTERIZATION DATA 

Synthesis of 2,3-di(1H-pyrrol-2-yl)quinoxalin-6-amine, 2.13 

A suspension of 6-nitro-2,3-di(1H-pyrrol-2-yl)quinoxaline, 1, (402 mg, 1.5 mmol) 

and 10% palladium on carbon (123.3 mg) in THF (100 mL) was placed on a 

hydrogenator at 50 psi and allowed to react for 12 hours. The reaction mixture was 

filtered through Celite® to remove the Pd/C. The excess solvent was then removed under 

reduced pressure from the filtrate to yield 2,3-dipyrrol-2’-yl-6-aminoquinoxaline as a 

yellow powder (353 mg, 97%); 1H-NMR (400 MHz, DMSO-d6) δ 5.87 (1H, m, pyrrole 

H), 5.94 (2H, m, pyrrole H), 6.03 (1H, m, pyrrole H), 6.08 (2H, m, pyrrole H), 6.88 (3H, 

m, NH2 and quinoxaline H), 7.09 (1H, dd, J = 1.1, J = 11.1 Hz, quinoxaline H), 7.61 (1H, 

dd, J = 2.4, J = 8.9 Hz, quinoxaline H), 11.21 (1H, broad s, NH), 11.36 (1H, broad s, 

NH); 13C NMR (75 MHz, DMSO-d6) δ 105.4, 109.0, 109.5, 109.9, 111.6, 119.9, 121.5, 

121.9, 129.5, 129.8, 130.0, 134.0, 140.7, 142.8, 145.4, 150.9; HRMS (ESI+) m/z (M+1) 

Calcd for C16H13N5  276.1249, found 276.12488 

Synthesis of 6-Amino-2,3-diphen-1’-ylquinoxaline, 2.14 

6-Nitro-2,3-Diphen-1’-ylquinoxaline (2.12) (0.8696 g, 2.65 mmol) was suspended 

with 10% Palladium on carbon (0.0904 g) in ethanol (60 mL). Hydrazine monohydrate 

was added drop-wise to the reaction flask with stirring at room temperature. The reaction 

was then heated to reflux and stirred while monitoring by TLC. After 3 hours, the 

reaction was cooled to room temperature, filtered through a plug of Celite®, and excess 

solvent removed under reduced pressure. The solid was further dried under vacuum to 

yield a bright yellow powder (0.7512, 95%<); 1H-NMR (400 MHz, DMSO-d6) δ 6.13 

(2H, broad s, NH2), 6.95 (1H, d, J = 2.4 Hz, quinoxaline H), 7.25 (1H, dd, J = 8.9 Hz, J = 

2.3 Hz, quinoxaline H), 7.30 (3H, m, phenyl H), 7.33 (2H, m, phenyl H), 7.37 (4H, m, 



 175 

phenyl H), 7.78 (1H, d, J = 9.0 Hz, quinoxaline H); HRMS (ESI+) m/z (M+1) Calcd for 

C20H15N3  298.3611, found 298.13408, MP = 175°C. 

Synthesis of 2,3-Diindol-3’-yl-6-aminoquinoxaline, 2.15 

To the suspension of 2,3-Diindol-3’-yl-6-nitroquinoxaline (2.4) (0.8472 mg, 2.09 

mmol) and 10% Palladium on carbon (43 mg) in ethanol (50 mL) was added N2H4·H2O (4 

mL, 83 mmol) prior to heating at reflux for 3 h. After cooling to room temperature, the 

reaction mixture was filtered through Celite® to removed Pd/C. The excess solvent was 

then removed under reduced pressure from the filtrate to yield 2,3-Diindol-3’-yl-6-

aminoquinoxaline as a red-orange powder (0.6450 g, 83%); 1H-NMR (400 MHz, DMSO 

d6) δ 5.84 (2H, broad s, NH2), 6.94 (1H, t, J = 7.1 Hz, indole H), 6.96 (1H, d, J = 1.1 Hz, 

indole H), 7.02 (1H, t, J = 7.5 Hz, indole H), 7.11 (3H, m, indole H), 7.17 (1H, d, J = 1.9 

Hz, indole H), 7.29 (1H, d, J = 1.8 Hz, indole H), 7.39 (2H, t, J = 7.7 Hz, indole H), 7.67 

(1H, br s, quinoxaline H), 7.69 (1H, br s, quinoxaline H), 8.03 (1H, d, J = 8.1 Hz, 

quinoxaline H), 11.25 (2H, br s, NH of indole)  

Synthesis of N-(2,3-di(1H-pyrrol-2-yl)quinoxalin-6-yl)methacrylamide, 2.16 

To an oven dried Schlenk flask was added a stir bar and compound 2 (1.0994 g, 

3.99 mmol). The flask was then sealed and purged with vacuum and backfilled with 

argon gas three times. The flask was subsequently charged with freshly distilled 

tetrahydrofuran (25 mL), stirred to homogeneity, and then freshly distilled triethylamine 

(0.56 mL, 4.02 mmol) was added. The resulting mixture was allowed to stir at room 

temperature for 10 minutes and was then cooled to 0°C in an ice-water bath. To the 

reaction flask was added methacryloyl chloride (0.47 mL, 4.84 mmol) drop-wise via a 

syringe over the course of 15 minutes. The reaction was allowed to stir at 0°C for an 

additional 30 minutes, and then stirred while warming to room temperature. After 3 hours 
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stirring at room temperature, the reaction mixture was quenched via the addition of 

distilled water (20 mL). The organic layer was removed under reduced pressure and the 

resulting aqueous layer was extracted with dichloromethane (3 x 20 mL). The combined 

organic layers were washed with brine (1 x 30 mL) and then dried over anhydrous 

sodium sulfate. After filtering off the sodium sulfate, the excess solvent was removed 

from the filtrate under reduced pressure to yield the crude product as a green-yellow 

solid. Subsequent purification by silica gel chromatography using a 2% methanol / 98% 

dichloromethane mixture as the eluent, gave the pure product as a golden powder (0.7277 

g, 53%); 1H-NMR (400 MHz, DMSO-d6) δ 2.00 (3H, s, CH3), 5.60 (1H, s, =CH2), 5.88 

(1H, s, =CH2), 6.09 (2H, m, pyrrole H), 6.12 (1H, m, pyrrole H), 6.24 (1H, m, pyrrole H), 

6.94 (2H, m, pyrrole H), 7.87 (1H, m, quinoxaline H), 7.89 (1H, d, J = 8.4 Hz, 

quinoxaline H), 8.52 (1H, d, J = 8.3 Hz, quinoxaline H), 10.21 (1H, br s, amide NH), 

11.44 (1H, br s, pyrrole NH), 11.56 (1H, br s, pyrrole NH); 13C NMR (75 MHz, DMSO-

d6) δ 19.3, 105.5, 109.0, 109.5, 109.9, 111.7, 119.9, 121.1, 121.5, 121.9, 129.5, 129.8, 

130.0, 134.0, 138.9, 140.7, 142.8, 145.4, 150.9, 167.6; HRMS (ESI+) m/z (M+1) Calcd 

for C20H17N5O 344.1467, found 344.1509. 

Synthesis of 6-Methyl acrylamide-2,3-diphen-1’-ylquinoxaline, 2.17 

A dry Schlenk flask was charged with 2.14 (0.7512 g, 2.53 mmol), 4-

(dimethylamino)-pyridine (0.1138 g, 0.93 mmol) and a stir bar, sealed with a suba seal, 

and then purged with vacuum and backfilled with argon (g) three times. The compound 

was then dissolved in freshly distilled tetrahydrofuran (20 mL) with stirring. Freshly 

distilled triethylamine (0.5 mL, 3.59 mmol) was then added to the reaction flask via 

syringe and the mixture was allowed to stir for 10 minutes at room temperature before 

being cooled to 0°C in an ice-water bath. Methacryloyl chloride (0.30 mL, 3.09 mmol) 
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was added drop-wise to the cooled flask via syringe over 5 minutes. The reaction was 

then stirred at 0°C for 30 minutes before warming to room temperature over 2 hours. 

After an additional 2 hours stirring at room temperature, the reaction was quenched with 

distilled water (30 mL) and then the THF was removed under reduced pressure. The 

remaining aqueous suspension was extracted with dichloromethane (3 x 30 mL) and the 

combined organic phase washed with brine (1 x 30 mL) and dried over anhydrous sodium 

sulfate. Subsequent filtration and removal of the solvent under reduced pressure yielded 

the crude product, which was further purified by silica gel chromatography using an 

eluent composed of 60%Hexanes/40%Ethylacetate to yield the product as a light orange 

solid (0.7632 g, 83%); 1H-NMR (400 MHz, DMSO-d6) δ 2.01 (3H, s, CH3), 5.63 (1H, s, 

=CH2), 5.92 (1H, s, =CH2), 7.35 (6H, m, phenyl H), 7.46 (4H, td, J = 6.4 Hz, J = 1.6 Hz, 

phenyl H), 8.10 (2H, s, quinoxaline H), 8.64 (1H, s, quinoxaline H), 10.32 (1H, s, NH); 

HRMS (ESI+) m/z (M+1) Calcd for C24H19N3O 366.1606, found 366.16067, MP = 206°C 

(decomposition). 

Synthesis of 6-Methyl acrylamide-2,3-diindol-3’-ylquinoxaline, 2.18 

A dry Schlenk flask was charged with 2.15 (0.5040 g, 1.34 mmol) and a stir bar. 

The sealed flask was purged with vacuum and backfilled with argon (g) three times. 

Freshly distilled tetrahydrofuran (20 mL) was introduced to the flask and stirred to 

homogeneity. Freshly distilled triethylamine (0.22 mL, 1.61mmol) was introduced to the 

reaction mixture via syringe and stirred for 10 minutes at room temperature prior to 

cooling the mixture to 0°C using a ice-water bath. Once cooled, methacryloyl chloride 

(0.16 mL, 1.61 mmol) was added drop-wise to the reaction flask with stirring. The 

reaction was stirred at 0°C for 30 minutes after completion of addition of methacryloyl 

chloride, and then allowed to warm to room temperature over 2 hours with stirring. After 
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4 hours stirring at room temperature, the reaction was quenched with distilled water (50 

mL), and the organic solvent removed under reduced pressure. The aqueous suspension 

was extracted with ethyl acetate (3 x 30 mL) and the combined organic phase washed 

with brine (1 x 40 mL) and dried over anhydrous sodium sulfate. Filtering of the sodium 

sulfate and removal of the solvent under reduced pressure gave the desired product as a 

golden brown powder (0.2984 g, 24%); 1H-NMR (300 MHz, DMSO-d6) δ 5.60 (1H, s, 

=CH2), 5.92 (1H, s, =CH2), 7.26 (2H, m, indole H), 7.43(2H, m, indole H), 7.52 (2H, m, 

indole H), 7.96 (1H, br s, quinoxaline H), 8.06 (1H, br d, quinoxaline H), 8.20 (2H, s, 

indole H), 8.25 (2H, m, indole H), 8.56 (1H, br s, quinoxaline H) HRMS (ESI+) m/z 

(M+1) Calcd for C28H21N5O 444.1824, found 444.1823  

Synthesis of Poly(dipyrrolylquinoxaline methacrylamide-co-methyl methacrylate), 
poly(DPQ-co-MMA), 2.19 

To an oven dried Schlenk flask was added a stir bar and 3 (0.1943 g, 0.50 mmol). 

The flask was then sealed with a suba seal, purged by applying a vacuum and backfilled 

with argon gas three times. The monomer was then dissolved in freshly distilled 

tetrahydrofuran (10 mL) and let stirred to homogeneity. Methyl methacrylate (0.5168 g, 

5.2 mmol) was passed through a plug of neutral alumina to remove radical inhibitors and 

then added to the reaction flask via syringe. The entire mixture was subject to three 

freeze-pump-thaw cycles. It was then allowed to warm to room temperature. 

Azobisisobutyronitrile (0.0085 g, 0.05 mmol) was added in one portion to the reaction 

mixture, and the vessel heated to 70°C for 3 hours with stirring. The reaction was then 

allowed to cool to room temperature, and the polymer precipitated via the addition to 

cold methanol (100 mL). The bright yellow solid that resulted was collected by filtration 

through filter paper and then washed with successive portions of cold methanol to yield 

the polymeric product 4 as a bright yellow powder (0.2402 g, 34%). 1H NMR (400 MHz, 



 179 

CD2Cl2): 0.80 (br, polymer backbone CH3), 0.98 (br, polymer backbone CH3), 1.80 (br, 

polymer backbone -CH2), 2.14 (3H, br s, -CH3 of DPQ unit), 3.57 (br, MMA O-CH3), 

6.26 (2H, br, pyrrole H), 6.87 (2H, br, pyrrole H), 7.59 (2H, br, quinoxaline H), 7.68 (2H, 

br, quinoxaline H), 8.15 (br, DPM-formyl CH), 9.75 (br, pyrrole NH), 9.93 (br, pyrrole, 

NH); Mw = 29,724 Da, Đ = 2.83. 

Synthesis of Poly(Diphenylquinoxaline acrylamide-co-methyl methacrylate), 
poly(DPhQ-co-MMA), 2.20 

A dry Schlenk flask was charged with 6-Methyl acrylamide-2,3-Diphen-1’-

ylquinoxaline (0.2999 g, 0.82 mmol) and a stir bar. The sealed flask was then purged 

with vacuum and backfilled with argon (g) three times before introducing freshly distilled 

tetrahydrofuran (10 mL) to the flask. Methyl methacrylate (0.45 mL, 4.22 mmol) was 

purified through a plug of neutral alumina and then added to the flask via syringe. To the 

reaction mixture then underwent three cycles of freeze-pump-thaw, whereupon the flask 

was warmed to room temperature and azobisisobutyronitrile was added. The reaction was 

heated to 70°C and stirred for 4 hours, after which the copolymer was precipitated from 

cold methanol (100 mL). The precipitate was filtered and washed with portion of cold 

methanol to leave behind a white solid (0.3921 g, 50%); 1H-NMR (400 MHz, CD2Cl2) δ 

0.82, 0.99, 1.27, 1.48, 1.91, 3.42, 3.59, 7.36 (broad m), 7.51 (broad m), 7.87 (broad d), 

8.10 (broad d), 8.37 (broad d); Mp = 15.7 kDa, Đ = 1.47   

Synthesis of Poly(Diindolylquinoxaline methacrylamide-co-methyl methacrylate) 
(Poly(DIQ-co-MMA), 2.21 

To an oven dried Schlenk flask is added a stir bar and 2.18 (0.2307 g, 0.52 mmol). 

The flask is then sealed with a suba seal and purged with vacuum and backfilled with 

argon (g) three times. The monomer was then dissolved in freshly distilled 

tetrahydrofuran (10 mL) and let stirred to homogeneity. Methyl methacrylate (0.5230 g, 
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5.21 mmol) was passed through a plug of neutral alumina to remove radical inhibitors 

and then added to the reaction flask via syringe. The entire mixture underwent three 

freeze-pump-thaw cycles and then was allowed to warm to room temperature. 

Azobisisobutyronitrile (0.0085 g, 0.05 mmol) was then added in one portion to the 

reaction, and the mixture heated to 70°C for 3 hours with stirring. The reaction was 

cooled to room temperature and the polymer precipitated by addition to cold methanol 

(100 mL). The bright yellow solid was filtered through filter paper and washed with 

successive portions of cold methanol to yield the product as a bright yellow powder 

(0.3780 g, 50%). 1H-NMR (400 MHz, CD2Cl2) δ 0.82 (br, -CH3, MMA backbone), 1.00 

(br, -CH3, MMA backbone), 1.82 (br, -CH3 DIQ monomer unit), 3.59 (br, -OCH3, MMA 

backbone), 7.16 (br, indole H), 7.21(br, indole H), 7.65 (br, quinoxaline H), 8.06 (br, 

quinoxaline H), 8.39 (br, quinoxaline H); Mp = 11 kDa, Đ = 1.20 

Synthesis of 6-Acetamido-2,3-dipyrrol-2’-ylquinoxaline, 2.22 

An oven dried round bottom Schlenk flask was charged with 2.13 (0.1388 mg, 

0.50 mmol) and subsequently purged with vacuum and backfilled with argon (g) three 

times. Freshly distilled tetrahydrofuran (20 mL) was introduced to the flask and the 

mixture allowed to stir to homogeneity. To this reaction mixture was added freshly 

distilled triethylamine (0.2 mL, 1.43 mmol) and the solution allowed to stir for 10 

minutes at room temperature. The reaction flask was then cooled to 0°C in an ice bath, 

once equilibrated, acetylchloride (0.05 mL, 0.70 mmol) was introduced drop-wise to the 

reaction flask via syringe over 15 minutes. Upon completion of the addition, the reaction 

was allowed to stir at 0°C for 30 minutes and then allowed to warm to room temperature 

over 2 hours. After 2 hours stirring at room temperature, the reaction was quenched with 

distilled water (10 mL). Removal of the THF was followed by extraction of the resultant 
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aqueous phase with dichloromethane (3 x 10 mL). The combined organic layers were 

washed with brine (1 x 15 mL) and dried over anhydrous sodium sulfate. Filtering of the 

sodium sulfate and removal of the excess DCM under reduced pressure yielded the 

product as a yellow-brown powder (0.1050 g, 66%); 1H-NMR (400 MHz, DMSO-d6) δ 

2.14 (3H, s, -CH3), 6.08 (2H, m, pyrrole H), 6.13 (1H, m, pyrrole H), 6.25 (1H, m, 

pyrrole H), 6.94 (2H, m, pyrrole H), 7.69 (1 H, d, J = 8.7 Hz, quinoxaline H), 7.85 (1H, d, 

J = 8.8 Hz, quinoxaline H), 8.48 (1H, s, quinoxaline H), 11.44 (1H, broad s, NH), 11.58 

(1H, broad s, NH); 13C NMR (75 MHz, DMSO-d6) δ 24.9, 109.3, 109.7, 111.3, 112.5, 

115.2, 121.2, 122.3, 123.0, 129.1, 129.4, 129.5, 136.7, 140.5, 141.0, 144.2, 145.9, 169.7 

HRMS (ESI+) m/z (M+1) Calcd for C18H15N5O 318.13490 found 318.13480, MP = 

167°C 

Synthesis of Ethyl hydroxycalix[4]pyrrole, 3.8 

In a 2 L round bottom flask, pyrrole (29.01 g, 432.4 mmol), 4-hydroxy-2-

butanone (9.5247 g, 108.1 mmol), and acetone (18.8353 g, 324.2 mmol) were dissolved 

in dry methanol (1250 mL) and placed under an atmosphere of nitrogen gas. To this 

dilute mixture was added a catalytic quantity of trifluoroacetic acid (TFA) (3 mL). The 

solution slowly darkened over time after the addition of the acid. After two hours of 

stirring at room temperature, the reaction was filtered to remove the precipitate that had 

formed. The precipitate was washed repeatedly with methanol to yield an off-white solid. 

The crude solid was then dissolved in dichloromethane and added as a solution to the 

silica gel column and purified by column chromatography (silica gel; eluent: 3/1 v/v 

CH2Cl2/hexanes gradually changing to 1/3 v/v ethyl acetate/hexanes). After collecting the 

appropriate fractions, removal of the solvent under reduced pressure yielded 5.0651 g of 

1 as a slight yellow solid (10.2% yield). Rf = 0.5 (3:1 v/v hexanes:ethyl acetate); 1H NMR 
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(400 MHz, CDCl3): δ 1.48 (21H, m, -CH3), 2.12 (2H, t, J = 2.1 Hz, -CH2-), 3.58 (2H, t, J 

= 3.6Hz, -CH2O), 5.90 (8H, m, β-CH of pyrrole), 7.07 (2H, broad s, NH), 7.15 (2H, 

broad s, NH); 13C NMR (75 MHz, CD2Cl2) δ 26.6, 29.1, 29.3, 29.5, 35.6, 35.7, 37.9, 43.2, 

59.9, 103.2, 103.4, 103.4, 104.1, 137.5, 139.0, 139.2, 139.6; HRMS (ESI+) calcd for 

C29H38N4ONa [M+Na]+: 481.2943; found: 481.29389, MP = 173°C (decomposition). 

Synthesis of Methacrylate-functionalized calix[4]pyrrole, 3.9 

In a 100 mL round bottom flask, ethyl hydroxycalix[4]pyrrole (3.8) (0.5191 g, 

1.13 mmol) was dissolved in dry tetrahydrofuran (50 mL) and placed under an 

atmosphere of nitrogen gas. To this solution was added freshly distilled triethylamine 

(0.20 mL, 1.43 mmol) and the resulting mixture was stirred for 10 minutes at room 

temperature and then cooled to 0 °C with an ice-water bath. To the cooled solution was 

added methacryloyl chloride (0.13 mL, 1.16 mmol) drop-wise over 15 minutes. The 

reaction was then allowed to stir while warming to room temperature over 2 hours. Upon 

consumption of the starting material, the reaction was quenched with water (30 mL). The 

excess THF was removed and the water layer was extracted with dichloromethane (3 x 20 

mL) and the combined organic layers were then washed with saturated aqueous sodium 

bicarbonate (2 x 20 mL) and brine (1 x 30 mL). The organic layer was then dried over 

sodium sulfate, decanted, and the excess solvent removed in vacuo. The resulting crude 

brown solid was then purified by column chromatography (silica gel; eluent: 

dichloromethane). After removal of the excess solvent product 3.9 (0.3883 g, 65% yield) 

was obtained as a fluffy white powder. Rf = 0.71 (CH2Cl2); 1H NMR (400 MHz, CDCl3): 

δ 1.49 (21H, s, -CH3), 1.88 (3H, s, methacrylate –CH3), 2.21 (2H, t, J = 8.0 Hz, -CH2-), 

4.01 (2H, t, J = 6.0 Hz, -CH2O), 5.50 (1H, d, J =  Hz, C=CH), 5.90 (8H, m, β-CH of 

pyrrole), 6.00 (1H, d, J =  Hz, C=CH), 7.05 (4H, broad s, NH); 13C NMR (75 MHz, 
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CDCl3) δ 18.6, 26.9, 29.2, 29.3, 29.4, 29.5, 35.4, 37.9, 39.1, 39.1, 62.1, 103.0, 103.1, 

103.2, 104.2, 125.6, 136.5, 136.6, 138.6, 138.7, 139.1, 167.6, 223.6; HRMS (ESI+) calcd 

for C33H42N4O2Na [M+Na]+: 549.3205; found: 549.32106, MP = 95°C. 
 

Synthesis of Poly(calix[4]pyrrole ethyl methacrylate-co-methyl methacrylate), 3.11 

In a 100 mL Schlenk flask, methacrylate-functionalized calix[4]pyrrole (3.9) 

(0.3290 g, 0.62 mmol), methyl methacrylate (0.6580 g,  6.57 mmol), RAFT agent (3.10) 

(0.0075 g, 0.021 mmol), and azobisisobutyronitile (AIBN) (0.0007 g, 0.0042 mmol), 

were dissolved in dry tetrahydrofuran (10 mL) and placed under an atmosphere of 

nitrogen gas. Once the reaction mixture had been stirred to homogeneity, the reaction 

flask was run through three cycles of freeze-pump-thaw to ensure the removal of any 

oxygen from the reaction vessel. The reaction was then allowed to warm to room 

temperature, sealed under nitrogen gas, and then heated to 70 °C with stirring overnight. 

The reaction was then allowed to cool to room temperature and was subsequently 

precipitated from cold methanol (200 mL). The off-white precipitate was collected by 

filtration and washed further with cold methanol (3 x 50 mL). The resulting solid was 

then dried under vacuum to yield 0.7471 g of the desired polymer as an off-white solid 

(75% yield). 1H NMR (400 MHz, CDCl3): δ 0.82 (28H, br, polymer backbone –CH3), 

1.00 (16H, br, polymer backbone –CH3), 1.19 (4H, m, calix[4]pyrrole methacrylate –

CH3), 1.49 (26H, br s, calix[4]pyrrole –CH3), 1.64 (8H, br s, calix[4]pyrrole –CH3), 1.79 

(25H, m, calix[4]pyrrole methacrylate polymer backbone –CH2-), 2.14 (2H, br, 

calix[4]pyrrole –CH2-), 3.58 (42H, broad s, polymer backbone –OCH3), 3.79 (2H, br, 

calix[4]pyrrole –CH2O-), 5.88 (8H, br, calix[4]pyrrole β-position CH), 7.03 (4H, br s, 

calix[4]pyrrole NH); Mp = 26,184, Đ = 1.41. 
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Synthesis of tert-butyldimethylsilyl-protected zingerone, 4.2 

A 1-L round bottom flask was charged with zingerone (10 g, 51.5 mmol) and the 

solid was subsequently dissolved in dry methylene chloride (400 mL) with stirring at 

room temperature. To this mixture was added imidazole (7.01 g, 103.0 mmol) and the 

reaction stirred for ½ hour. To the reaction was then added tert-butyldimethylsilyl 

chloride (7.76 g, 51.5 mmol) in one portion and the reaction was left to stir overnight 

under an atmosphere of N2 (g). The reaction was quenched by the addition of a saturated 

ammonium chloride solution (250 mL) and the aqueous layer was extracted with 

methylene chloride (2 x 100 mL). The combined organic layers were then washed with 

water (1 x 200 mL) and a saturated brine solution (2 x 200 mL). The organic layer was 

then dried over Na2SO4, decanted, and the excess solvent removed in vacuo. The crude 

oil was purified by column chromatography (silica gel; eluent: Methylene chloride) to 

yield the 16.75 g of pure product as a colorless oil (99% yield). 1H NMR (400 MHz, 

CDCl3): δ 0.12 (6H, s, Si-CH3), 0.97 (9H, s, C-(CH3)3), 2.10 (3H, s, O=C-CH3), 2.71 (2H, 

ddd, J = 2.0, 6.3, and 9.3 Hz, -CH2-), 2.80 (2H, dt, J = 2.0 and 5.1 Hz, -CH2-), 3.76 (3H, 

s, -OCH3), 6.59 (1H, dd, J = 2.1 and 8.0 Hz, ArH), 6.65 (1H, d, J = 2.1 Hz, ArH), 6.72 

(1H, d, J = 8.0 Hz, ArH); 13C NMR (75 MHz, CDCl3) δ -4.4, 18.6, 25.9, 29.7, 30.4, 45.7, 

55.7, 112.6, 120.4, 121.0, 134.6, 143.5, 151.0, 208.5; HRMS (ESI+) calcd for C17H29O3Si 

[M+H+]: 309.18800, found: 309.18830.  

Synthesis of 6-gingerol, 4.3 

A 100-mL oven-dried Schlenk flask was charged with diisopropylamine (0.82 

mL, 5.81 mmol) and dissolved in dry tetrahydrofuran (THF) (20 mL). The reaction was 

then cooled to -78°C using a CO2(s)/acetone bath. To the cooled reaction was then added 

a 2.5 M solution of n-butyllithium in hexanes (2.5 mL, 5.55 mmol) and the reaction was 

allowed to stir for one hour to ensure formation of the lithium diisopropylamide salt. A 
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solution of 4.2 (1.7129 g, 5.55 mmol) in dry THF (10 mL) was subsequently added drop-

wise via syringe to the reaction mixture. The reaction was stirred for three hours, and 

then a solution of distilled hexanal (0.68 mL, 5.55 mmol) in dry THF (10 mL) was added 

drop-wise via syringe to the reaction mixture. The reaction was then allowed to stir for 

three hours while warming from -78°C to 0°C. After three hours, the reaction was 

quenched with a dilute hydrochloric acid solution (25 mL). The reaction mixture was 

then further diluted with diethyl ether (50 mL), and the aqueous layer was extracted with 

diethyl ether (3 x 15 mL). The combined organic layers were washed with a 1 M HCl 

solution (25 mL) and then washed with a brine solution (2 x 50 mL). The organic layer 

was then dried over MgSO4, filtered, and the excess solvent was removed in vacuo. The 

crude oil was purified by column chromatography (silica gel; eluent: 95/5 Hexanes/Ethyl 

acetate) to yield 1.5883 g of 6-gingerol as a slightly yellowish oil (70% yield). The 1H 

NMR spectrum matched reported values1. 1H NMR (400 MHz, CDCl3): δ 0.87 (3H, t, J = 

6.3 Hz, -CH3), 1.31 (4H, m, -CH2-), 1.42 (2H, m, -CH2-), 1.80 (2H, m, -CH2-), 2.72 (2H, 

m, Ph-CH2-), 2.81 (2H, dd, J = 5.3 and 12.3 Hz, -CH2-C=O), 3.83 (3H, s, -OCH3), 3.95 

(1H, t, J = 6.9 Hz, -CH of the secondary alcohol), 6.67 (2H, m, ArH), 6.76 (1H, d, J = 8.0 

Hz, ArH) 

Synthesis of 6-shogaol, 4.4 

A 50-mL round bottom flask was charged with 6-gingerol (1.0015 g, 3.40 mmol) 

and dissolved in 1,2-dimethoxyethane (20 mL). To the reaction mixture was added 

concentrated phosphoric acid (3 drops) and the mixture was then heated to 50°C. The 

reaction was allowed to stir over night under an atmosphere of N2 (g). The reaction was 

then cooled to room temperature and diluted with diethyl ether (100 mL). The reaction 

was then washed with water (2 x 25 mL) and a saturated brine solution (2 x 25 mL) and 
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the organic layer was then dried over MgSO4, filtered, and the remaining solvent 

removed in vacuo. The crude oil was purified by column chromatography (silica gel; 

eluent: Methylene chloride) to yield 0.5641 g of 6-shogaol as a yellow oil (60% yield). 

The 1H NMR spectrum matched reported values1. 1H NMR (400 MHz, CDCl3): δ 0.87 

(3H, t, J = 6.9 Hz, -CH3), 1.28 (4H, m, -CH2-), 1.43 (2H, dt, J = 7.3 and 14.6 Hz, -CH2-), 

2.17 (2H, dd, J = 6.3 and 14.0 Hz), 2.83 (4H, tt, J = 5.9 and 12.0 Hz, -CH2- between Ph 

ring and ketone), 3.85 (3H, s, -OCH3), 5.50 (1H, bs, -OH), 6.07 (1H, dt, J = 1.5 and 15.9 

Hz, =CH-), 6.67 (1H, dd, J = 2.0 and 8.0 Hz,  =CH-), 6.69 (1H, d, J = 1.8 Hz,  ArH), 6.79 

(2H, m, ArH) 
 

Synthesis of methyl ether zingerone, 4.5  

To an oven-dried 100-mL round bottom flask was added zingerone (0.1271 g, 

0.65 mmol) and potassium carbonate (0.3721 g, 2.69 mmol) and the flaks was placed 

under an atmosphere of nitrogen (g). The solids were then suspended in dry acetonitrile 

(50 mL) with stirring. To this mixture was then added methyl iodide (0.06 mL, 0.96 

mmol) via syringe. The reaction mixture was then allowed to stir over night at room 

temperature. The reaction was worked up by removal of the solid K2CO3 by filtering 

through a fritted glass filter, and then removal of the excess solvent in vacuo. The crude 

oil was purified by column chromatography (silica gel; eluent: 97% methylene 

chloride/3% ethyl acetate) to yield 4.5 as a colorless oil (0.1323 g, 97% yield). Rf = 0.31 

(97%/3%, CH2Cl2/ethyl acetate); 1H NMR (400 MHz, CDCl3): δ 2.10 (3H, s, O=C-CH3), 

2.71 (2H, m, Ph-CH2-), 2.80 (2H, m, O=C-CH2-), 3.81 (3H, s, -OCH3), 3.83 (3H, s, -

OCH3), 6.66-6.76 (3H, m, ArH); 13C NMR (75 MHz, CDCl3) δ 29.3, 30.1, 45.4, 55.8, 

55.9, 111.2, 111.6, 120.0, 133.6, 147.3, 148.8, 208.1; HRMS (ESI+) calcd for 

C12H16O3Na [M+Na]+: 231.0992; Found: 231.0988 
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Synthesis of hexyl ether zingerone, 4.6 

To an oven-dried 50-mL round bottom flask was added zingerone (0.1093 g, 0.56 

mmol) and potassium carbonate (0.4141 g, 3.00 mmol). The solids were suspended in dry 

acetonitrile (20 mL) with stirring and placed under an atmosphere of nitrogen (g). To this 

mixture was add1-bromohexane (0.3 mL, 2.14 mmol)  and the mixture was then heated to 

70°C and allowed to stir over night. The reaction was worked by removal of the excess 

potassium carbonate through filtration through a bed of Celite® and then removal of the 

excess solvent in vacuo. The crude solid was purified by column chromatography (silica 

gel; eluent: 95% CH2Cl2/5% ethyl acetate) to yield 4.6 as a white crystalline solid (0.1489 

g, 95%). Rf = 0.57 (95/5 CH2Cl2/ethyl acetate); 1H NMR (400 MHz, CDCl3) δ 0.87 (3H, 

t, J = 6.3 Hz, -CH3), 1.31 (4H, dd, J = 3.5, J = 7.4 Hz, -CH2-) 1.41 (2H, dd, J = 7.7 Hz, J = 

15.6 Hz, -CH2-) 1.80 (2H, m, -CH2-), 2.12 (3H, s, O=C-CH3), 2.72 (2H, dd, J = 5.4 Hz, J 

= 12.3 Hz, Ph-CH2-), 2.81 (2H, dd, J = 6.7 Hz, J = 10.9 Hz, O=C-CH2-), 3.83 (3H, s, -

OCH3), 3.95 (2H, t, J = 6.91 Hz, -OCH2-), 6.65 – 6.77 (3H, m, ArH); 13C NMR (75 MHz, 

CDCl3) δ 14.3, 22.8, 25.9, 29.4, 29.6, 30.3, 31.8, 45.6, 56.2, 69.4, 112.4, 113.4, 120.3, 

133.8, 147.1, 149.5, 208.3.; HRMS (ESI+) calcd for C17H26O3Na [M+Na]+: 301.1774; 

Found: 301.1774; MP = 58°C. 
 

Synthesis of decyl ether zingerone, 4.7 

To an oven-dried 50-mL round bottom flask was added zingerone (0.1473 g, 0.76 

mmol) and potassium carbonate (0.3807 g, 2.75 mmol). The solids were suspended in dry 

acetonitrile (20 mL) with stirring and placed under an atmosphere of nitrogen (g). To this 

mixture was added 1-iododecane (0.33 mL, 1.54 mmol) and the mixture was heated to 

70°C and stirred over night. An addition dose of 1-iodecane (0.33 mL, 1.54 mmol) was 

added after 12 hours and the mixture stirred at 70°C for an additional 8 hours. The 
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reaction was worked up by filtration of the crude mixture through a bed of Celite® and 

the excess solvent was removed under vacuum. The crude solid was purified by silica gel 

chromatography (1H NMR (400 MHz, CDCl3) δ 0.86 (3H, t, J = 6.87 Hz, -CH3), 1.26 

(12H, br s, -CH2-), 1.40 (2H, dd, J = 7.1 Hz, J = 13.0 Hz, -CH2-), 1.79 (2H, m, -CH2-), 

2.12 (3H, s, O=C-CH3), 2.72 (2H, dd, J = 4.6 Hz, J = 11.3 Hz, Ph-CH2-), 2.81 (2H, m, 

O=C-CH2-), 3.82 (3H, s, -OCH3), 3.95 (2H, t, J = 6.9 Hz, -OCH2-), 6.65-6.78 (3H, m, 

ArH); 13C NMR (75 MHz, CDCl3) δ 14.1, 22.7, 25.9, 29.2, 29.3, 29.3, 29.4, 29.5, 29.5, 

30.1, 31.9, 45.4, 55.9, 69.1, 112.1, 113.0, 120.0, 133.5, 146.9, 149.3, 208.1; HRMS 

(ESI+) calcd for C21H34O3Na [M+Na]+: 357.2400; Found: 357.2401; MP = 53°C. 

Synthesis of benzyl ether zingerone, 4.8 

To an oven-dried 50-mL round bottom flask was added zingerone (0.1140 g, 0.59 

mmol) and potassium carbonate (04148 g, 3.00 mmol). The solids were suspended in dry 

acetonitrile (20 mL) with stirring and placed under an atmosphere of nitrogen (g). A 

catalytic amount of sodium iodide was added to the reaction (0.0071 g, 0.05 mmol) and 

then the benzyl bromide (0.18 mL, 1.54 mmol) was added via syringe. The reaction was 

then heated to 70°C and stirred over night. The crude mixture was filtered through a bed 

of Celiter® to remove salts and the excess solvent was then removed under vacuum. The 

crude solid was run through a plug of silica gel (eluent: CH2Cl2) to yield 4.8 as a slight 

yellow solid (0.1590 g, 95%): 1H NMR (400 MHz, CDCl3) δ 2.11 (3H, s, O=C-CH3), 

2.72 (2H, dd, J = 4.6 Hz, J = 11.5 Hz, Ph-CH2-), 2.80 (2H, dd, J = 5.3 Hz, J = 12.3 Hz, 

O=C-CH2-), 3.85 (3H, s, -OCH3), 5.10 (2H, s, -O-CH2-Ph), 6.62 (1H, dd, J = 2.0 Hz, J = 

8.1 Hz, ArH), 6.72 (1H, d, J = 2.0 Hz, ArH), 6.77 (1H, d, J = 8.2 Hz, ArH), 7.28 (1H, dt, 

J = 2.1 Hz, J = 5.0 Hz, ArH), 7.34 (1H, m, ArH), 7.41 (1H, m, ArH); 13C NMR (75 MHz, 

CDCl3) δ 29.4, 30.1, 43.4, 55.9, 71.1, 112.2, 114.2, 120.0, 126.9, 127.2, 127.6, 127.7, 
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128.4, 128.5, 134.2, 137.3, 146.5, 149.5, 208.1; HRMS (ESI+) calcd for C18H20O3Na 

[M+Na]+: 307.1305; found: 307.1305, MP = 61°C. 

Synthesis of Triethylene glycol monomethyl ether zingerone, 4.9 

To an oven-dried 100-mL round bottom flask was added zingerone (1.0135g, 5.15 

mmol) and potassium carbonate (3.6350 g, 25.75 mmol). The solids were then suspended 

in dry acetonitrile (50 mL) and placed under an atmosphere of nitrogen (g). To this 

mixture was added a catalytic amount of sodium iodide (10 mg) and 1-chloro-triethylene 

glycol monomethyl ether (1.45 g, 7.72 mmol). The mixture was then heated to 70°C and 

stirred overnight. The crude mixture was filtered through a bed of Celite® and the excess 

solvent removed under vacuum. The crude oil was then purified by column 

chromatography (silica gel; eluent: 50/50 ethyl acetate/hexanes, then 80/20 

ethylacetate/hexanes) to yield 4.9 (1.0758 g, 70% yield) as a slightly yellow oil. 1H NMR 

(400 MHz, CDCl3) δ 2.11 (3H, s, O=C-CH3), 2.71 (2H, m, Ph-CH2-), 2.80 (2H, dd, J = 

4.6 Hz, J = 11.5 Hz, O=C-CH2-), 3.35 (3H, s, -OCH3), 3.53 (2H, dd, J = 3.7 Hz, J = 5.6 

Hz, -CH2-), 3.64 (2H, ddd, J = 1.9 Hz, J = 4.4 Hz, J = 9.4 Hz, -CH2-), 3.71 (2H, m, -CH2-

), 3.81 (3H, s, -OCH3 of TEG), 3.85 (2H, dd, J = 5.3 Hz, J = 10.8 Hz, -CH2-), 4.13 (2H, 

m, Ph-OCH2-), 6.67 (2H, m, ArH), 6.80 (1H, d, J = 8.1 Hz, ArH); 13C NMR (75 MHz, 

CDCl3) δ 29.3, 30.1, 45.3, 55.8, 58.9, 68.5, 69.6, 70.4, 70.5, 70.7, 71.8, 112.2, 114.0, 

120.1, 134.2, 146.5, 149.4, 208.1; HRMS (ESI+) calcd for C18H28O6Na [M+Na]+: 

363.1778; Found: 363.1776. 

Synthesis of 4.10 

An oven-dried 100-mL Schlenk flask was purged with vacuum and then back-

filled with nitrogen (g). To this flask was added diisopropyl amine (0.18 mL, 1.12 mmol), 

and dry THF (15 mL). The basic solution was cooled to -78°C in a CO2(s)/acetone bath 
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for 30 minutes, whereupon a 2.5 M n-butyllithium solution (0.5 mL, 1.49 mmol), was 

added drop-wise to the reaction. After stirring for 1 hour at -78°C, a solution of 4.6 

(0.2530 g, 0.75 mmol) in dry THF (15 mL) was added over 15 minutes. The reaction was 

allowed to stir at low temperature for 3 hours and subsequently a solution of 4-heptanone 

(0.21 mL, 1.49 mmol) in dry THF (15 mL) was added drop-wise to the reaction. The 

reaction was allowed to stir for 3 hours while warming to 0°C at which point it was 

quenched with dilute HCl solution. The mixture was then extracted with diethyl ether (3 

x 15 mL) and the combined organic phase washed with 1 M HCl (1 x 15 mL), deionized 

(DI) water (1 x 15 mL), and brine (1 x 15 mL). Finally the organic layer was dried over 

MgSO4 and the excess solvent was removed under reduced pressure. The resulting crude 

oil was purified by column chromatography (silica gel; eluent: 80/20 hexanes/ethyl 

acetate) to yield 4.10 as a slightly yellow oil (0.0350 g, 10% yield).  1H NMR (400 MHz, 

CDCl3) δ 0.86 (3H, t, J = 6.8 Hz, -CH3), 1.23 (12H, m, -CH2-), 1.41 (3H, m, -CH3), 1.79 

(3H, m, -CH3), 2.56 (2H, dd, J = Hz, -CH2-), (2.75, dt, J = Hz, -CH2-), 3.83 (3H, s, -

OCH3), 3.94 (2H, t, J = 4.8 Hz, -OCH2-), 6.66 (2H, m, ArH), 6.78 (1H, dd, ArH). 

Synthesis of 4.11 

An oven-dried 100-mL Schenk flask was purged with vacuum and then back-

filled with nitrogen (g). To this flask was added diisopropyl amine (0.27 mL, 1.87 mmol) 

which was then dissolved in dry THF (15 mL). This solution was cooled to -78°C in a 

CO2(s)/acetone bath. Subsequently 2.5 M n-butyl lithium in hexanes (0.63 mL, 1.58 

mmol) was added via syringe to the reaction flask drop-wise. This mixture was allowed 

to stir for 1 hour, whereupon 4.5 (0.3042 g, 1.44 mmol) was added as a solution in dry 

THF (15 mL) drop-wise, and then allowed to stir for 3 hours at -78°C. A solution of 

benzaldehyde (0.17 mL, 1.58 mmol) in dry THF (15mL) was then added drop-wise to the 
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reaction mixture and the reaction was allowed to stir for 3 hours while warming to 0°C. 

The reaction was then quenched by addition of a dilute aqueous HCl solution (20 mL) 

and then extracted with diethyl ether (3 x 20 mL). The combined organic layers were 

washed with 1 M HCl (1 x 20 mL), DI water (1 x 20 mL), and then brine (1 x 20 mL). 

The organic layer was then dried over MgSO4 and the excess solvent was then removed 

in vacuo. The crude was product was then purified by column chromatography (silica gel; 

eluent: 80/20 hexanes/ethyl acetate) to yield 4.11 as an off-white solid (0.0440 g, 10% 

yield). 1H NMR (400 MHz, CDCl3) δ 2.95 (4H, m, -CH2CH2-), 3.83 (3H, s, -OCH3), 3.85 

(3H, s, -OCH3), 6.69 (1H, s, =CH2), 6.75 (3H, m, ArH), 7.36 (3H, m, ArH), 7.50 (2H, m, 

ArH), 7.54 (1H, s, =CH2); 13C NMR (75 MHz, CDCl3) δ 29.8, 42.7, 55.8, 55.9, 111.2, 

111.7, 120.1, 126.1, 128.2, 128.9, 130.5, 133.8, 134.4, 142.7, 147.3, 148.8, 199.4; HRMS 

(ESI+) calcd for C19H20O3Na [M+Na]+: 319.1305; Found: 319.1315; MP = 91°C. 

Synthesis of 4.12 

An oven-dried 100-mL Schlenk flask was purged with vacuum and then back-

filled with nitrogen (g). To this flask was add distilled diisopropyl amine (0.15 mL, 0.98 

mmol) which was then dissolved in dry THF and cooled to -78°C with a CO2(s)/acetone 

bath. After equilibrating, a 2.5 M n-butyllithium in hexanes solution (0.33 mL, 0.83 

mmol) was added to the reaction, and allowed to stir for 1 hour. Next, a solution of 4.7 

(0.2452 g, 0.75 mmol) in dry THF (15 mL) was added drop-wise over 15 minutes to the 

reaction mixture. The mixture was then allowed to stir at -78°C for 3 hours, after which a 

solution of benzaldehyde (0.09 mL, 0.75 mmol) in dry THF (15 mL) was added drop-

wise to the flask via syringe. The mixture was then allowed to warm to 0°C over 3 hours 

and then quenched with dilute HCl solution. The mixture was then extracted with diethyl 

ether (3 x 15 mL) and the combined organic layer washed with 1 M HCl (1 x 15 mL), DI 
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water (1 x 15 mL), and brine (1 x 15 mL). The ether layer was then dried over MgSO4 

and the excess solvent removed in vacuo. The crude produce was then purified by 

column chromatography (silica gel; eluent: 80/20 hexanes/ethyl acetate) to yield 4.12 as a 

waxy solid (0.0330 g, 10% yield) 1H NMR (400 MHz, CDCl3) δ 0.86 (3H, t, J = 7.2 Hz, -

CH3), 1.25 (14H, m, -CH2-), 1.28 (2H, m, -CH2-), 1.82 (2H, m, -CH2-), 2.95 (4H, m, Ph-

CH2CH2-C=O), 3.84 (3H, s, -OCH3), 3.96 (2H, t, J = Hz, -OCH2-), 6.74 (4H, m, ArH + 

CH=CH), 7.37 (3H, s, ArH), 7.50 (3H, ArH + C=CH); 13C NMR (75 MHz, CDCl3) δ 

14.1, 22.7, 25.9, 29.2, 29.3, 29.4, 29.5, 29.8, 31.9, 42.7, 55.9, 69.2, 112.2, 113.1, 120.2, 

126.2, 128.3, 128.9, 130.5, 133.7, 134.4, 142.7, 146.9, 149.2, 149.3, 199.5; HRMS 

(ESI+) calcd for C28H38O3Na [M+Na]+: 445.2713; Found: 445.2718. 
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5.3 NMR SPECTRA 
 
 

 

Figure 5.1. 1H NMR Spectrum of 2,3-di(1H-pyrrol-2-yl)quinoxalin-6-amine, 2.13 
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Figure 5.2. 13C NMR Spectrum of 2,3-di(1H-pyrrol-2-yl)quinoxalin-6-amine, 2.13 
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Figure 5.3. 1H NMR Spectrum of 6-Amino-2,3-diphen-1’-ylquinoxaline, 2.14 
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Figure 5.4. 13C NMR Spectrum of 6-Amino-2,3-diphen-1’-ylquinoxaline, 2.14 
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Figure 5.5. 1H NMR Spectrum of 2,3-Diindol-3’-yl-6-aminoquinoxaline, 2.15 
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Figure 5.6. 1H NMR Spectrum of N-(2,3-di(1H-pyrrol-2-yl)quinoxalin-6-
yl)methacrylamide, 2.16 



 199 

 

 

 

 

Figure 5.7. 13C NMR Spectrum of N-(2,3-di(1H-pyrrol-2-yl)quinoxalin-6-
yl)methacrylamide, 2.16 
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Figure 5.8. 1H NMR Spectrum of 6-Methyl acrylamide-2,3-diphen-1’-ylquinoxaline, 
2.17 
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Figure 5.9. 13C NMR Spectrum of 6-Methyl acrylamide-2,3-diphen-1’-ylquinoxaline, 
2.17 
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Figure 5.10. 1H NMR Spectrum of 6-Methyl acrylamide-2,3-diindol-3’-ylquinoxaline, 
2.18 
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Figure 5.11. 1H NMR Spectrum of Poly(dipyrrolylquinoxaline methacrylamide-co-
methyl methacrylate), poly(DPQ-co-MMA), 2.19 
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Figure 5.12. 1H NMR Spectrum of Poly(dipyrrolylquinoxaline methacrylamide-co-
methyl methacrylate), poly(DPQ-co-MMA), 2.19 
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Figure 5.13. 1H NMR Spectrum of Poly(Diphenylquinoxaline acrylamide-co-methyl 
methacrylate), poly(DPhQ-co-MMA), 2.20 
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Figure 5.14. 1H NMR Spectrum of Poly(Diindolylquinoxaline methacrylamide-co-
methyl methacrylate) (Poly(DIQ-co-MMA), 2.21 
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Figure 5.15. 1H NMR Spectrum of 6-Acetamido-2,3-dipyrrol-2’-ylquinoxaline, 2.22 
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Figure 5.16. 13C NMR Spectrum of 6-Acetamido-2,3-dipyrrol-2’-ylquinoxaline, 2.22 
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Figure 5.17. 1H NMR Spectrum of Ethyl hydroxycalix[4]pyrrole, 3.8 
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Figure 5.18. 13C NMR Spectrum of Ethyl hydroxycalix[4]pyrrole, 3.8 
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Figure 5.19. 1H NMR Spectrum of Methacrylate-functionalized calix[4]pyrrole, 3.9 
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Figure 5.20. 13C NMR Spectrum of Methacrylate-functionalized calix[4]pyrrole, 3.9 
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Figure 5.21. 1H NMR Spectrum of Poly(calix[4]pyrrole ethyl methacrylate-co-methyl 
methacrylate), 3.11 
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Figure 5.22. 1H NMR Spectrum of tert-butyldimethylsilyl-protected zingerone, 4.2 
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Figure 5.23. 13C NMR Spectrum of tert-butyldimethylsilyl-protected zingerone, 4.2 
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Figure 5.24. 1H NMR Spectrum of 6-gingerol, 4.3 
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Figure 5.25. 1H NMR Spectrum of 6-shogaol, 4.4 
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Figure 5.26. 1H NMR Spectrum of Methyl ether zingerone, 4.5 
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Figure 5.27. 13C NMR Spectrum of 4.5 
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Figure 5.28. 1H NMR Spectrum of Hexyl ether zingerone, 4.6 
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Figure 5.29. 13C NMR Spectrum of 4.6 
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Figure 5.30. 1H NMR Spectrum decyl ether zingerone, 4.7 
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Figure 5.31. 13C NMR Spectrum of 4.7 

 

 

 

 

 

 

 

 



 224 

 

Figure 5.32. 1H NMR Spectrum of benzyl ether zingerone, 4.8 
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Figure 5.33. 13C NMR Spectrum of 4.8 
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Figure 5.34. 1H NMR Spectrum of triethylene glycol monomethyl ether zingerone, 4.9 
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Figure 5.35. 13C NMR Spectrum of 4.9 
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Figure 5.36. 1H NMR Spectrum of 4.10 
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Figure 5.37. 1H NMR Spectrum of 4.11 
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Figure 5.38. 13C NMR Spectrum of 4.11 
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Figure 5.39. 1H NMR Spectrum of 4.12 
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Figure 5.40. 13C NMR Spectrum of 4.12  
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5.4 MASS SPECTROMETRY DATA 

 

 

Figure 5.41. Mass Spectrum of 2,3-di(1H-pyrrol-2-yl)quinoxalin-6-amine, 2.13 
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Figure 5.42. Mass Spectrum of 6-Amino-2,3-diphen-1’-ylquinoxaline, 2.14 
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Figure 5.43. Mass Spectrum of N-(2,3-di(1H-pyrrol-2-yl)quinoxalin-6-
yl)methacrylamide, 2.16 
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Figure 5.44. Mass Spectrum of 6-Methyl acrylamide-2,3-diphen-1’-ylquinoxaline, 2.17 
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Figure 5.45. Mass Spectrum of 6-Methyl acrylamide-2,3-diindol-3’-ylquinoxaline, 2.18 
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Figure 5.46. Mass Spectrum of 6-Acetamido-2,3-dipyrrol-2’-ylquinoxaline, 2.22 
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Figure 5.47. Mass Spectrum of Ethyl hydroxycalix[4]pyrrole, 3.8 

 

 
 
 

Figure 5.48. Mass Spectrum of Methacrylate-functionalized calix[4]pyrrole, 3.9 
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Figure 5.49. Mass Spectrum of tert-butyldimethylsilyl-protected zingerone, 4.2 

 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 5.50. Mass Spectrum of Methyl ether zingerone, 4.5 
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Figure 5.51. Mass Spectrum of Hexyl ether zingerone, 4.6 
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Figure 5.52. Mass Spectrum of Decyl ether zingerone, 4.7 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.53. Mass Spectrum of Benzyl ether zingerone, 4.8 
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Figure 5.54. Mass Spectrum of Triethylene glycol monomethyl ether, 4.9 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.55. Mass Spectrum of 4.11 
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Figure 5.56. Mass spectrum of 4.12 
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5.5 GEL PERMEATION CHROMATOGRAMS 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

Figure 5.57. GPC Trace of 2.19 
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Figure 5.58. GPC Trace for Poly(DPhQ-co-MMA), 2.20 
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Figure 5.59. GPC Trace for Poly(DIQ-co-MMA), 2.21 
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Figure 5.60. GPC Trace of Poly(Calix[4]pyrrole-co-MMA), 3.11 

5.6 CHAPTER 2 UV-VIS TITRATION SPECTRA 

Stock solutions of copolymers 2.19, 2.20, and 2.21 in freshly distilled 

dichloromethane were prepared, with the final solution concentration being 5 x 10-5 M 

based on the receptor repeat unit. Stock solutions of the guest analyte were prepared by 

dissolving 100-200 equivalents of the tetrabutylammonium salts in 5 mL of the stock 

solution of copolymer 2.19, 2.20, or 2.21. 
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Figure 5.61. UV-vis Titration of 2.19 with TBAH2PO4  
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Figure 5.63. UV-vis Titration of 2.20 with TBAF 

 

 

Figure 5.64. UV-vis Titration of 2.20 with TBAH2PO4 
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Figure 5.65. UV-vis Titration of 2.21 with TBAF 

 

Figure 5.66. UV-vis Titration of 2.21 with TBAH2PO4 
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5.7 BINDING ISOTHERMS AND CALCULATIONS OF KA FOR CHAPTER 2 

Equilibrium constants were fit using the standard 1:1 binding equation for optical 

titrations taken from Comprehensive Supramolecular Chemistry,2 where [R] = [DPQ 

receptor], [S] = [anion], [RS] = [host-guest complex] and K = equilibrium constant (cf. 

Equation 1), and fit using Origin version 7.0. 

 [RS] = [R0] + [S0] + 1/K - √{ ([R0] + [S0] + 1/K)2 – 4*[R0]*[S0] }      (1) 

                   2 

 

Figure 5.67. Binding Isotherm for Polymer 2.19 with TBAF 
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Figure 5.68. Binding Isotherm for Polymer 2.19 with TBAH2PO4 

 

 

Figure 5.69. Binding Isotherm for Polymer 2.20 with TBAF 
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Figure 5.70. Binding Isotherm for Polymer 2.20 with TBAH2PO4 
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Figure 5.71. Binding Isotherm for Polymer 2.21 with TBAF 

 

 

Figure 5.72. Binding Isotherm for Polymer 2.21 with TBAH2PO4 

K = 2.13 x 105 

0.00000 0.00005 0.00010 0.00015 0.00020 0.00025 0.00030 0.00035

0.000

0.005

0.010

0.015

0.020

0.025

Y
 A

xi
s 

Ti
tle

X Axis Title

Binding&Isotherm&for&poly(DIQ6co6MMA)&vs.&TBAH2PO4&

K&=&234,738&±&25,026"

[TBAH2PO4] 

C
ha

ng
e 

in
 A

bs
or

ba
nc

e 
at

 4
19

 n
m

 



 256 

5.8 DIFFERENTIAL SCANNING CALORIMETRY OF COPOLYMER 3.11 AND SALT 
COMPOSITES 

The DSC measurements were performed on a Mettler Toledo DSC823e 

instrument. In these experiments, 100-μL aluminum pans were loaded with between 4 

and 20 mg of material and the sample was put through 3 cycles of heating from 25°C to 

200°C at 10°C/minute and then cooled from 200°C to 25°C at 10°C/minute. The onset of 

the glass transition temperature (Tg) and melting point (Tm) were then determined. The 

polymer films were prepared by dissolving copolymer 3.11 with the salt under study in 

chloroform (1 mL). The solutions were then drop-cast onto Teflon sheets and allowed to 

set overnight. The films were then removed from the Teflon sheets and cut with a razor to 

fit within the 100-μL aluminum pan. 

 

Figure 5.73. DSC plot of copolymer 3.11 powder, thermal features can be seen at 83°C 
and 141°C 
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Figure 5.74. DSC trace of film of copolymer 3.11 with tetrabutylammonium fluoride. 
Minimal thermal features were distinguishable. Thus, accurate Tg and Tm 
values could not be obtained. 
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Figure 5.75. DSC trace of a film of copolymer 3.11 and tris(tetrabutylammonium) 
hydrogenpyrophosphate where thermal features at 91°C and 116°C can be 
observed. 
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Figure 5.76. DSC trace of the film of copolymer 3.11 and bis(tetrabutylammonium) 
terephthalate where thermal features at 143°C and 176°C could be observed. 
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Figure 5.77. DSC plot of film of copolymer 3.11 and bis(imidazolium) dibromide 3.12 
where thermal features at 110°C and 167°C could be observed. 

5.9 DYNAMIC MECHANICAL ANALYSIS MEASUREMENTS 

The storage modulus, loss modulus and tan delta were measured on a TA 

Instruments-Waters LLC DMA Q800 instrument. A dual cantilever clamp was used to 

hold the sample films and powders. The samples were measured using a multi-

frequency/strain mode, first equilibrating at -80 °C for 5 minutes and then ramping the 

temperature up to 150 °C at a rate of 3.00 °C/minute. The polymer films were prepared 

by dissolving either the PMMA or copolymer 3.11 with the salt under study in 

chloroform (1 mL). The solutions were then drop-cast onto Teflon sheets and allowed to 

set overnight. The films were then removed from the Teflon sheets and cut with a razor to 

fit within the pan of the dual cantilever clamp. The storage modulus and loss modulus (in 

megapascals (MPa)) were then plotted as a function of temperature. Similarly, the tan 

delta (unitless) was then plotted as a function of temperature.  
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Figure 5.78. Plots of the storage modulus in megapascals (MPa) as a function 
temperature from -80 °C to 150 °C for: PMMA (purple), PMMA + 
bis(imidazolium) dichloride 3.12 (light blue), PMMA + (TBA)3HP2O7 
(green), PMMA + TBAH2PO4 (red), PMMA + TBAF (dark blue).  
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Figure 5.79. Plots of the loss modulus (in MPa) as a function of temperature from -80 °C 
to 150 °C for: PMMA (purple), PMMA + bis(imidazolium) dichloride 3.12 
(light blue), PMMA + (TBA)3HP2O7 (green), PMMA + TBAH2PO4 (red), 
PMMA + TBAF (dark blue). 

 

Figure 5.80. Plots of tan delta as a function of temperature from -80 °C to 150 °C for: 
PMMA (purple), PMMA + bis(imidazolium) dichloride 3.12 (light blue), 
PMMA + (TBA)3HP2O7 (green), PMMA + TBAH2PO4 (red), PMMA + 
TBAF (dark blue). 
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Figure 5.81. Plots of the storage modulus in megapascals (MPa) as a function 
temperature from -80 °C to 150 °C for: Copolymer 3.11 (light blue), 3.11 + 
(TBA)2TPA (purple), 3.11 + (TBA)3HP2O7 (green), 3.11 + TBAH2PO4 (red), 
3.11 + TBAF (dark blue). 

 

Figure 5.82. Plots of tan delta as a function of temperature from -80 °C to 150 °C for: 
Copolymer 3.11 (light blue), 3.11 + (TBA)2TPA (purple), 3.11 + 
(TBA)3HP2O7 (green), 3.11 + TBAH2PO4 (red), 3.11 + TBAF (dark blue). 
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5.10 GELATION AND EXTRACTION STUDIES 

To prepare gels of copolymer 3.11 and bis(tetrabutylammonium) terephthalate 

((TBA)2TPA), 40 mg of copolymer 3.11 was dissolved in 0.17 mL of freshly distilled 

dichloromethane and placed in a sonication bath to aid in solvation. Once the solutions 

were homogenous, vacuum dried (TBA)2TPA (20 mg) was added to the solution, and the 

system was allowed to stand overnight to set. To break up the gel by chemical means, 

tetrabutylammonium fluoride trihydrate (20-30 mg) was added to the system, leading to 

the return of fluidity (see Figure 3.10a of the main text). The system gel system could 

also be broken up by warming with a Milwaukee™ heat gun set on setting 6. Although 

under the latter conditions the gel mixture was seen to bubble a bit (presumably due to 

boiling off of solvent), once allowed to cool to room temperature, the gel was restored as 

seen in Figure 3.10b.  

As noted in Chapter 3, extraction of (TBA)2TPA and (TBA)3HP2O7 from a water 

layer into a methylene chloride layer containing polymer 3.11 resulted in subsequent 

gelation of the organic layer (Figure 3.11). To study this phenomenon in detail, polymer 

3.11 (40 mg) was dissolved in dry CH2Cl2 (0.20 mL) and then combined in a glass vial 

with either (TBA)2TPA (23 mg) or (TBA)3HP2O7 (25 mg) dissolved in deionized (DI) 

water (0.25 mL). The biphasic system was then placed in a sonication bath for 30 minutes 

and subsequently allowed to set. After 12 hours, the system consisting of polymer 3.11 

and (TBA)2TPA was observed to have formed a gel in the organic layer. The extraction 

of the terephthalate salt was confirmed by separating the gel from the aqueous layer, 

removing the organic solvent, re-dissolving in CD2Cl2, and acquiring a 1H NMR spectrum 

showing the signal from the arene ring (see Figure ). The mixture of polymer 3.11 and 

(TBA)3HP2O7 obtained in an analogous manner also provided a gel, however only after a 

longer period of time (i.e., 3 days).  
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Figure 5.83. 1H NMR of copolymer 3.11 in CD2Cl2 after the liquid-liquid extraction of 
(tetrabutylammonium)2terephthalate ((TBA)2terephthalate) from water and 
subsequent gelation. The gelled material was isolated and the remaining 
solvent removed. The dried material was then re-dissolved in CD2Cl2. The 
signals from the terephthalate can be seen at 7.4 ppm, and the peak of the 
methylene adjacent to the nitrogen of the TBA cation can be observed at 3.1 
ppm.  

To further probe the extracting ability of polymer 3.11 in a liquid-liquid 

extraction system, 1H NMR spectroscopic studies were performed. Toward this end, 

polymer 3.11 (7 mg) was dissolved in CD2Cl2 (0.5 mL) and combined with 10 

equivalents of a TBA salt (based on the total number calix[4]pyrrole repeat units within 

the polymer) dissolved in D2O (0.5 mL). The salts studied were: (TBA)2TPA, 

(TBA)3HP2O7, (TBA)2 malonate, TBA acetate, TBA benzoate, TBACl, and TBAH2PO4. 

The biphasic systems were placed in a sonication bath for 30 minutes and then allowed to 
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set overnight. The next day the two layers were separated, the organic layers were spiked 

with an internal standard of benzene (C6H6) at a known concentration, and then the 1H 

NMR spectra were acquired (see spectra in ). By comparing the integral of the signal for 

the methylene group adjacent to the nitrogen center of the tetrabutylammonium cation to 

that for the benzene signal, the amount of TBA salt extracted could be calculated. The 

results are given in Table 3.2 of Chapter 3. 
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