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Abstract 

 

Chemically Triggered Transformable Polymers and Supramolecular 

Materials for Detection of Nerve Agents 

 

Doo-Hee Lee, Ph.D. 

The University of Texas at Austin, 2021 

 

Supervisor:  Eric V. Anslyn 

 

Polymers can be designed to transform their structure in response to a changing 

environment. However, it is challenging to efficiently morph or transform the static and 

persistent macromolecular structures. In this study, synthetic routes of chemically 

triggered transforming polymers have been developed based on click and declick 

chemistry. Linear polymers, a cross-linked polymer, and a hydrogel were synthesized 

through a copper(I)-catalyzed alkyne-azide cycloaddition reaction. On the basis of these 

subconstructs, amphiphilic linear polymers, deformed cross-linked polymers, and 

recombined hydrogels were prepared via amine-thiol or thiol-thiol exchanges using a 

newly developed Meldrum's acid-derived conjugate acceptor under mild conditions. 

Furthermore, all the polymers could be degraded into small molecules with a reducing 

agent, dithiothreitol. Going one step further, declicking reactions were designed to 

selectively respond to a nerve agent surrogate. The morphological changes of these next-

generation polymers were investigated using a self-propagating cascade reaction and 

applied to develop a novel nerve agent detecting system. Nerve agents are highly 

hazardous chemical compounds that have been used in terrorism as well as in wars. They 
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contain an organophosphorus functional group and trigger a powerful activation of the 

parasympathetic nerve through phosphorylation of the hydroxy groups in the body, 

causing fatal injuries to humans. To avoid these threats, it is important to detect and 

eliminate them. Thus, a self-degradable hydrogel was utilized to detect a nerve agent, 

tabun, via a nucleophilic attack of a cyanide anion that is the leaving group of tabun and a 

thiol-sulfide redox reaction. Additionally, the hydrogel was able to be employed as a 

membrane. It could be used as a barrier between two liquids, and the degradation of the 

membrane can be controlled by varying the thickness of the membrane and the 

concentration of the target material to allow the liquid to pass through. Additionally, a 

bis-pyridinium calix[4]pyrrole was employed as a receptor which can remediate and 

detect nerve agents through hydrogen bonding interactions and anion binding, 

respectively. The receptor induced a hydrolysis of nerve agents and detected nerve agents 

using their leaving groups simultaneously. 
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Chapter 1:  Nerve Agents and Methods of Detecting them using 

Polymer Morphology Changes, Self-Propagating Cascade Reactions 

and Supramolecular Receptors 

1.1 INTRODUCTION 

Chemical weapons used for military or terrorism purposes are classified as a class 

of weapons of mass destruction. Chemical warfare agents (CWAs), the main material of 

chemical weapons, are toxic chemicals that have chemical effects on living things, 

resulting in temporary paralysis, permanent damage, or death. CWAs are considered 

inhumane weapons because they inflict horrendous suffering on the victims along with 

the indiscriminate slaughter of lives and, thus, have been designated as prohibited 

substances by the Organisation for the Prohibition of Chemical Weapons (OPCW). 

However, CWAs are still used because of their ease of manufacture, low price, and 

efficiency in killing. Some countries still have large quantities of chemical weapons and 

use them for tactical purposes, especially since their use for military purposes can create 

favorable conditions for operations by killing personnel and contaminating certain 

equipment and areas, making them unusable. 

Improvements in detection and decontamination capabilities are needed to limit 

the use of dangerous chemical toxic materials, eliminate threats, and reduce their 

effectiveness. Therefore, many studies have been conducted and reported to detect CWAs 

and eliminate toxic substances. In this chapter, the history, types, and chemical operation 

principle of nerve agents, the most representative CWAs, were introduced. Methods 

using polymer transformation and supramolecular receptors were dealt with to detect 

nerve agents. In addition, studies on polymers that cause conformational changes by 
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chemical triggers or external stimuli have been introduced, and literature on the 

detoxification of nerve agents using supramolecular receptors has been presented. 

1.2 NERVE AGENTS: HISTORY AND THE MECHANISM OF ACTION 

1.2.1 Historical Background 

The first use of chemical weapons in a modern sense was the release of chlorine 

gas by German forces on the Allied line in Ypres, Belgium in 1915. Chemical weapons 

were exploited during World War I in the form of tear gas, mustard gas, chlorine gas, and 

phosgene.1 After the end of World War I, many countries signed the Geneva Protocol in 

1925 that they would no longer use chemical weapons, but the research, development, 

and use of CWAs have continued. 

There are several types of CWAs, such as nerve agents, blister agents, blood 

agents, pulmonary agents, riot control agents, and vomiting agents. Among them, nerve 

agents are the most studied, developed, and employed. 

In the nerve agents’ history, the G-series nerve agents were invented from 1930s 

to 1940s by the Nazi German scientists, including Gerhard Schrader. In the 1980s Iran-

Iraq war, Iraq used tabun (GA) against Iran and Kurdish forces. The Aum Shinrikyo 

Group, a Japanese religious group, sprayed sarin gas (GB) on ordinary civilians on the 

Tokyo subway in 1995, from which 14 people died and around 6,252 people were 

injured.2 GB was also exploited in the Syria civil war that broke out in 2013. 

Developed in the 1950s in many countries, including the Soviet Union and the 

United Kingdom, V-series nerve agents have persistent toxicity. These were exploited by 

Aum Shinrikyo in 1995 to attack three people, one of whom died. VX was also used to 

assassinate North Korea's political affiliate in 2017. 
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In Russia in 1995, a banker died three days later after the exposure to a Novichok 

agent, which is an A-series nerve agent developed in Russia from 1970s. It was also used 

to eliminate the Russian military officer family in the UK in 2018,2-4 

Nerve agents, which were originally developed for military purposes during wars, 

are not only limited to soldiers, but also have been indiscriminately used against civilians 

recently, raising interest in them. 

1.2.2 Mechanism of Action for Nerve Agents in Body 

Nerve agents contain extremely toxic organo-phosphorus group in their chemical 

structure. They paralyze the nervous system and interfere with vital biological activities 

by inhibiting the function of acetylcholinesterase. As shown in Figure 1.1, the nervous 

system is largely divided into the central nervous system and the peripheral nervous 

system. The peripheral nervous system is further divided into the somatic nervous system 

and the autonomic nervous system. Here, the autonomic nervous system is a nervous 

system that autonomously regulates body functions without being directly affected by the 

brain and is mainly responsible for life-sustaining activities such as digestion, circulation, 

respiration, and any functions related to homeostasis. The hypothalamus of the 

diencephalon, the center of homeostasis, detects changes in the internal environment and 

releases adrenaline when the sympathetic nerve needs to be stimulated and acetylcholine 

when the parasympathetic nerve needs to be stimulated. These secreted neurotransmitters 

transmit this stimulus to each receptor.5 The sympathetic nervous system works 

antagonistically with the parasympathetic nervous system, helping to maintain our body 

homeostasis. The sympathetic nervous system controls the physiological phenomena 

necessary to maintain the health of our body in a short period of time to cope with 

emergencies. On the other hand, the parasympathetic nervous system reduces respiration 
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and heart rate during stressful times, relieving tension in the body and increasing 

digestion. When exposed to nerve agents, nerve agents block the breakdown of 

acetylcholine, so that acetylcholine continues to accumulate in the body, which, in return, 

causes parasympathetic nerve to stimulate. As a result, symptoms such as pupillary 

constriction, salivation, runny nose, urination, dyspnea, sweating, and muscle cramps 

may appear. 

Depending on the route of penetration into the body by the Nerve agents, the time 

for the effect to appear may vary. Inhalation of Nerve agents through the respiratory 

system produces symptoms between 2 and 5 minutes, and death occurs within 15 minutes 

when a lethal dose is inhaled. If the eyes are exposed, the symptoms are expressed within 

2-3 minutes. When exposed to the skin, in small amounts, there are no other symptoms 

than local sweating or convulsions, and even if a lethal dose is absorbed within 1-2 

minutes, death is delayed to 1-2 hours. Nerve agents are cumulative, so repeated 

exposure, even in dilute concentrations, may cause symptoms.6 
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Figure 1.1 Autonomic nervous system. 

Acetylcholine (ACh) is degraded in two steps by an enzyme called 

acetylcholinesterase (AChE). AChE acts as a catalyst and is loosely bound to the post-

synaptic cell membrane. The active site of AChE consists of an esteric site and an anionic 

site, and among several amino acids in the esteric site, the hydroxy group of serine plays 

a decisive role in degrading acetylcholine by nucleophilic attack on the carbonyl carbon 

of ACh. Glutamate in the anionic site facilitates the nucleophilic attack of serine on ACh 

through weak binding to the cationic nitrogen in ACh. 

In the first step, acetylation occurs by serine at the active site to release choline, 

and in the second step, hydrolysis occurs to produce acetic acid (acetate). That is, ACh is 

decomposed into choline and acetic acid by AChE (Scheme 1.1). One AChE enzyme can 

decompose15,000 ACh molecules per second under appropriate conditions. If this 

enzyme is present in large quantities, ACh gets reduced rapidly in cholinergic synapse.6-8 
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Scheme 1.1 Degradation of acetylcholine by acetylcholinesterase in a normal state. 

The mechanism of the reaction between a nerve agent and AChE in the body is 

introduced in Scheme 1.2. Similar to the process by which AChE degrades ACh, a nerve 

agent subjected to nucleophilic attack by AChE serine forms a covalent bond with serine 

and inhibits AChE activity. In this case, similar to the carbonyl carbon (C=O) of ACh, 

the phosphorus center (P=O) of the nerve agent is electrophilic, making it more prone to 

nucleophilicattacks by the hydroxy group of serine. The difference from ACh is that the 

nerve agent has a leaving group, so it can better bind to serine with the leaving group 

easily removed. Also, when the phosphorylated enzyme is hydrolyzed by water, the nerve 

agent may undergo dealkylation of not the serine but another OR’ group (aging). As a 

result, serine of AChE irreversibly binds to the oxophilic phosphorus center of the nerve 

agent and the activity of the enzyme is inhibited.8-10 
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Scheme 1.2 Inhibition of acetylcholinesterase activity by a nerve agent. 
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2-Pyridine aldoxime methyl chloride (2-PAM) is the most representative among 

therapeutic agents for reactivating AChE whose activity is inhibited by the nerve agents. 

2-PAM is an FDA-approved treatment for the nerve agents and pesticides in the United 

States. The mechanism of action of 2-PAM is that the oxime group of 2-PAM breaks the 

bond between serin and a nerve agent by nucleophilic attack on the phosphorus center of 

the nerve agent (Scheme 1.3). Thus, a compound in which 2-PAM and the nerve agent 

are combined is formed and AChE becomes reactive again. Further research is needed to 

elucidate whether 2-PAM is in an oxime form or an oximate form, a deprotonated form 

of oxime, in the process of attacking the nerve agent.11,12 There is an opinion that the 

oxime of 2-PAM with a pka of 7.51 – 7.74 attacks the nerve agent in the neutral state.13,14 

Also, there is another study that 2-PAM becomes oximate then attacks under the 

influence of amino acids such as glutamate and histidine, just like when serine binds to 

ACh. In any case, the action of 2-PAM can remove the nerve agent and reactivate AChE. 

However, if the nerve agent bound to serine is aged (dealkylated), removal of the nerve 

agent is limited even if 2-PAM is administered. Therefore, it is necessary to inject 2-

PAM into the body as soon as possible after the exposure to nerve agents. 
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Scheme 1.3 Mechanism of 2-PAM. 
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1.2.3 Classification of Nerve Agents 

Nerve agents can be classified into three classes: G-series, V-series, and A-series. 

They are divided by the degree of toxicity, the persistence according to the boiling point 

of the substance, the time and country of development, etc. 

In G-series nerve agents, the ‘G’ stands for Germany since those agents were 

developed in Germany. They are volatile liquids (at 25oC GA: 576-610 mg/m3, GB: 

16,400-22,000 mg/m3, GD: 3,060-3,900 mg/m3, GF: 59 mg/m3), so regarded as less 

persistent (GA: T1/2 = 24-36 hours, GB: 2-24 hours, GD: relatively persistent).15,16 Lethal 

dose 50% (LD50) is the amount at which 50% of a group of subjects taking the substance 

will die. LD50 of G-series agents is 1000 mg/person (GA), 1700 mg/person (GB), 350 

mg/person (GD), and 30 mg/person (GF), respectively. Lethal concentration 50% (LCt50) 

is a measure of the lethal dose of vapor or aerosol material, at which 50% of the exposed 

population dies. LCt50 of G-agents is 100-400 mg×min/m-3 (GA), 50-100 mg×min/m-3 

(GB), and 25-70 mg×min/m-3 (GD), respectively.3 G-series nerve agents can be 

permeated into the body through the eyes or abrasive skin and ingesting them is highly 

dangerous. They pose less percutaneous menace than V-series agents. 

 

Figure 1.2 G-series nerve agents. 
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The ‘V’ was from “Venomous”. V-series nerve agents exist as oily liquids at 

room temperature, have low volatility (3-30 mg/m3 at 25 oC) and are very viscous, so 

they last long (2-6 days) and are hard to eliminate. Thus, V-type agents can be employed 

militarily for the purpose of disabling certain areas or equipment. V-series nerve agents 

are considered that they are more hazardous than G-series agents (VX: LD50 10 

mg/person, LCt50 5-50 mg×min/m-3).15,16 Some V-series agents are able to be used in the 

form of binary agents that can be stored separately as two non-toxic chemicals and then 

combined together when used as weapons.4 

 

 

Figure 1.3 V-series nerve agents. 

 ‘Novichok’ means “Newcomer” or “Novice” in Russian. Novichok agents are 

considered similar to VX nerve agents, but they are estimated to be 5 to 8 times more 

fatal than VX. Although the molecular structures of some of Novichok agents were 

predicted, their exact structures are still not clearly revealed. Among Novichok agents, 

the LCt50 and LD50 of A-232 and A-234 are known as 6-10 mg×min/m-3 (LCt50 of A-

232) and 7 mg×min/m-3 (LCt50 of A-234), and 1-2 mg/person (LD50 of A-232) and 5 

mg/person (LD50 of A-234), respectively.17 
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Figure 1.4 A-series nerve agents (Novichok). R1 = alkyl, alkoxy, alkylamino or 

fluorine; R2 = C or N; R3 = alkyl, alkoxy or alkylamino; R4 = alkyl or 

alkylamino; X = halogen (F, Cl, Br) or pseudohalogen (CN). 

1.3 POLYMER MORPHOLOGY CHANGES 

1.3.1 Transformable and Degradable Polymers 

Polymers have been prevalent in our lives. Generally, polymers are very light in 

weight with significant degrees of strength. In most cases, polymer architecture and its 

properties have been considered a constant, static feature. However, in some areas, such 

as biology and medicine, it is necessary to transform polymers. Also, degradable 

polymers are an important field of research in polymer science and have been used in a 

wide range of applications spanning from microelectronics to environmental 

protection.18,19 To overcome these disadvantages, stimuli-responsive materials or 

chemically triggered transformable polymers have been studied in various applications 

such as biology, medicine, and manufacturing. These materials are capable of adapting 

their structure, constitution and reactivity upon receiving an external signal.20-22 
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In the exploration of polymer morphologies, the Sumerlin group reported stimuli-

induced transformations of polymers.23 A linear amphiphilic block copolymer and a 

segmented hyperbranched polymer that contain furan-maleimide moiety were 

topologically transformed into polymers of different shapes through retro Diels-Alder and 

Diels-Alder reactions (Scheme 1.4). They found that the anthracene-bound form was 

more thermally stable than the epoxy-isoindole. Thus, utilizing diene displacement 

reaction, the initial polymers could undergo “metamorphosis” into comb, star or 

hydrophobic block copolymer architectures. 

 

 

Scheme 1.4 Diene displacement reactions between the Diels-Alder adduct of furan and 

hydroxyethyl maleimide and anthracene derivative. 

There are various stimuli-responsive nanoparticles that can be converted into 

micelles, nanogels, or core-shell particles. Changes of those nanoparticles are able to be 

induced via self-assembly, surface modification, and chemical triggers with certain 

functional groups by external stimuli. In the case of some block copolymers, they can 

form micelle or variable layers depending on the solvent, and when external stimulation 

is applied to the system, aggregate morphology varies. This allows the formation of 

appropriate micelle to inhibit the formation of a macroscopic polyelectrolyte complex.24 

Nanogels of kinds that perform similarly to hydrogels can be utilized as oxidation-
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reduction- or temperature-sensitive nanoparticles. For instance, heat-sensitive copolymers 

which contain poly(N-isopropylacrylamide) and polysaccharide can dissolve in cold 

water and turn into nanogels by heat.25 Another example of nanoparticles is a pH-

sensitive polymer shell, which controls the reversible aggregation and dispersion of 

nanoparticles, which can be coupled with changes in pH due to a combination of complex 

biocatalytic reactions.26 

To prepare drug delivery systems, pH sensitive degradable polymers are chosen. 

Those polymers are stable under neutral conditions, but they can be degraded at mild 

acidic pH. The widely used acid-sensitive linkers are orthoester, acetal/ketal, imine, 

hydrazone and cis-aconityl groups (Figure 1.5).27 The initial polymer bonds undergo 

hydrolysis or cleavage due to their electrophilicity or protonation under marginally acidic 

conditions. 

 

 

Figure 1.5 Commonly used acidic degradable linkers and their degradation products. 
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1.3.2 Perturbation of Gel Network for Detection of Nerve Agents 

Not many studies have been conducted on detection of nerve agents using 

polymer gel network. There is a study reported by the Gale group in 2013, which was 

about detecting GD nerve agent, using a probe of supramolecular gel formation. They 

developed four probes, and the probes form gel network under certain solvents due to 

amphiphilic characters (Figure 1.6).28 

 

 

Figure 1.6 Suggested probes 1-4 and nerve agent analytes. 

Among four probes, 4 is the most sensitive. 4 is synthesized with an amine moiety 

and an isocyanate moiety in toluene (Scheme 1.5). However, if the target material, GD or 

DMMP which is a nerve agent surrogate, is added to either side and the reaction 



 17 

proceeds, the gel formation will either be delayed or not take place at all. Using these 

sensing methods, they could detect nerve agent targets. 

 

 

Scheme 1.5 Synthesis of probe 4. 

1.3.3 Hydrogel Sensors for Detection of Nerve Agents 

There are studies for detection of nerve agents using hydrogels. However, most 

hydrogel sensors use changes in fluorescence or color rather than changes in hydrogels 

themselves. To the best of my knowledge, no transformable or degradable hydrogel 

sensors for detection of nerve agents have been reported. 

The Whitaker group introduced a coumarin-based fluorescent sensor for detection 

of a nerve agent surrogate, using a series of hydrogels.29 The structure of the hydrogelis 

as shown in Figure 1.7a, and it is embedded with 6,7-dihydroxycoumarin. This sensor is 

a “turn-off” sensor, and they demonstrate that the photophysical property of fluorescence 

is changed by hydrogen bonds between 6,7-dihydroxycoumarin and 2 equivalents 

diethylchlorophosphate (DCP) (Figure 1.7b).  
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Figure 1.7 (a) Polyacrylamide hydrogels (b) a proposed fluorescence quenching 

mechanism. 

Their smart hydrogel-film-based fluorescent “turn-off” sensor was able to detect 

nerve agents instantly and selectively in real time. The fluorescence changes could also 

be observed with the naked eye, using a UV hand lamp. 

The Swager group reported colorimetric stimuli-responsive hydrogels for 

detection of nerve agent simulants in 2015.30 The color of the precursors could be altered 

when DCP was added. Hydroxyl moiety underwent a nucleophilic attack on DCP, 

resulting in phosphorylation, and DCP attached to an amino group was released. In this 

process, an immediate color change occurred due to the ionized amino group. Through 

ring-opening metathesis polymerization, homopolymers were obtained, and their 

chromogenic response was similar to the monomers (Scheme 1.6). 
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Scheme 1.6 Homopolymers and their precursors., as DCP (100 equiv.) was added, the 

color of the compound was changed from colorless to either green or red, 

depending on the R group. 

Using these sensing features, they were able to synthesize a variety of random 

double or triple copolymers with three types of monomers. Among them, the polymers in 

Scheme 1.7 were applied onto the cotton tips, and the color of the cotton tips were 

converted to green quickly when they were exposed to DCP. Also, the color of the cotton 

tips could easily return to its original state after being exposed to an aqueous ammonium 

hydroxide vapor. 
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Scheme 1.7 Rapid color change (from colorless to green) of a random double copolymer 

in detection of DCP or TFA vapors. 

One of the random triple copolymers was formed through the hydrogel network 

(Scheme 1.8). Interestingly, the volume of the swollen hydrogel became smaller and its 

color changed to dark green when exposed to trifluoroacetic acid (TFA) vapors. This was 

evidence that it could be employed as a mechanical and volumetric sensor to TFA. After 

dealt with sodium hydroxide or tetrabutylammonium hydroxide, it returned to its initial 

swollen state and color. In the case of the analyte, DCP, only the color was altered from 

yellowish to green. 

 

Scheme 1.8 Molecular structure of a random triple copolymer hydrogel and its response 

to TFA. 



 21 

In summary, the Swager group developed chromogenic stimuli-responsive 

polymer sensors for detection of nerve agent mimics. They were able to rapidly detect the 

target molecules in ppb level. After detecting nerve agent mimics, the polymers could be 

regenerated by hydroxide compounds such as NH4OH, NaOH, or TBAOH. Also, some 

hydrogels of the various polymers responded mechanically and volumetrically upon 

exposure to TFA vapors. They expected that these mechanical methods could be applied 

to the detection of nerve agents. 

1.4 SELF-PROPAGATING CASCADE REACTIONS 

1.4.1 Features of Self-Propagating Cascades 

A self-propagating cascade is a chain or a cyclic chemical reaction that amplifies 

the signal by reacting the target substance that is automatically induced by the trigger.31 

Its biggest advantage is sensitivity. Amplification of signals through self-propagation 

provides the possibility to conduct sensitive analytical studies by reducing the detection 

limit of target analytes. 

There are four key parts in the signal amplification reagent. The first is the ability 

to respond to a specific target signal called a “trigger”. This is an analyte or an active 

reagent that initiate the signal amplification reaction. The second fragment has the ability 

to release pendant molecules when the target signal activates the trigger. This core feature 

is termed a "dendritic adapter". This core functionality is linked to the third and fourth 

major parts termed reagents and reporters, respectively. The reagents and the reporter are 

both activated when detached from the core functionality and inactivated when attached 

to the amplification reagent. The released reagents become the "active reagents" and react 
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with triggers on other copies of the signal amplification reagent. Typically, the analyte 

and the active reagents are the same substances. 

1.4.2 A Conjugate Acceptor and A Self-Propagating Cascade Sensor for VX 

The click-declick reactions using a conjugate acceptor Meldrum’s acid derivative 

were reported by the Anslyn group.32,33 In Scheme 1.9, Conjugate acceptor 5 would 

undergo a single reaction with an amine in a protic media to replace one methanethiol, 

then the reaction stops. The second amine cannot react in a protic media. In water at 

neutral pH, an amine is insufficiently nucleophilic to perform a second addition because 

it exists predominately as its conjugate acid. On the other hand, a thiol is still 

nucleophilic, so compound 7 can be formed and methanethiol is removed with evolution 

of N2. At this point, the first amine has been clicked with the desired thiol. From 5 to 7, 

this is the “click” reaction that was defined in the Anslyn group as clicking the amine 

with the thiol. The great virtue of the structure 7 is that it can be readily declicked by 

releasing the original amine and the original thiol to generate the product 8. The last step 

is the “declick” reaction. The overall goal is to conjugate an amine and a thiol to 

conjugate acceptor. 

 

 

Scheme 1.9 Click and chemically triggered declicks reactions. 
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Next study was also reported by the Anslyn group.34 In Scheme 1.10, the auto-

inductive cascade is initiated by a thiol-disulfide exchange between 2-hydroxyethyl 

disulfide (BMEox) and a thiol trigger. Then, a rapid reaction between 9 and beta-

mercaptoethanol (BME) generates two thiols again, which then cleave the BMEox again, 

until 9 is entirely decoupled. The analyte was V-series nerve agents which have thiol 

groups, but the preliminary test was conducted with butanethiol as a cascade trigger. The 

solvent was pH 10 buffer (borax/sodium hydroxide buffer), and 20% acetonitrile was 

employed as a co-solvent. 

In the absorbance test, only the amount of butanethiol was controlled, and 9 and 

BMEox were kept constant. As a result, as the amount of the trigger increased, the 

absorbance decreased rapidly. It means that the more triggers were added, the faster the 

reaction worked. The results were similar to the result of fluorescence titration tests, 

using fluorophore 10. However, a decrease in absorbance was also observed in the 

sample without butanethiol, which is postulated to be due to the fact that this experiment 

was performed at pH 10. 
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Scheme 1.10 The proposed scheme for the self-propagating cascade protocol for the 

detection of the thiol trigger. 

They applied this cascade system to detect a VX Nerve agent surrogate, demeton-

S-methyl (DSM), using it as an effective cascade trigger. Under normal conditions, the 

thiol group of DSM was not released, so they added a step to separate the thiol group 

(Scheme 1.11). Although this process was carried out in harsh conditions (high 

temperature and strong basic pH) and took a relatively long time, it is meaningful in that 
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it is a study that can detect trace amounts of potent V-series nerve agents through signal 

amplification. 

 

 

Scheme 1.11 Thiol released in 20% acetonitrile in a pH 12.0 buffer solution at 60 °C.  

1.4.3 A Cascade for the Detection of Fluoride-Containing Nerve Agents 

The Anslyn group published a study to detect trace amounts of a target molecule, 

fluoride, by signal amplification through an auto-inductive cascade.35 They adopted a 

method of amplifying the cycle of the cascade by regenerating fluoride within the 

cascade when they first detect the fluoride. They developed a protocol that can detect the 

presence or absence of an analyte, using the change in photophysical properties as the 

quenched fluorophores are released and turned on. Inspired by the study of the Levacher 

group, which introduced the combination of benzoyl fluoride (BF) and EtOH as a 

potential source of HF, it was expected that phenoxide 2, a product of 1 and fluoride, 

would react with BF to produce fluoride.36 At this time, 1,5-diazabicyclo(4.3.0)non-5-ene 

(DBN) was added as a catalyst to help the reaction between 2 and BF, and up to 4 

fluorides were released and acted as a retrigger for the propagating cascade (Scheme 
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1.12). As a solvent, methyl tert-butyl ether (MTBE), which had the best fluorescence 

increase efficiency, was employed. 

 

 

Scheme 1.12 Detection of fluoride via an auto-inductive cascade with ratiometric 

changes of optical properties. 

The sensing mechanism is as follows. When fluoride deprotects the silyl group of 

11, phenoxide is formed. The oxide releases three of each CO2 and fluorophores to form 

quinomethide intermediates. Simplified 12 reproduces up to 4 fluorides through reaction 

with BF in the presence of DBN, and this F- again initiates a reaction with 11, and the 

cascade cycle is repeated until the remaining 11 is gone. 
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They confirmed this hypothesis by examining the ratiometric changes of 

absorbance and fluorescence with time and concentration of the analyte. They also 

showed the possibility of using this protocol as a sensor to detect nerve agents by 

producing similar results with fluoride generated by the reaction of phosphoryl fluoride 

nerve agents with oxime. 

1.5 SUPRAMOLECULAR SENSORS AND CATALYSTS 

1.5.1 Metal-Complex Sensors for Detection of Nerve Agents 

There have been several published studies of nerve agent detection, using 

coordination with metal ions. The studies have developed metal coordination-based 

supramolecular sensors that can detect nerve agents by using the electron-rich parts of V-

series nerve agents such as nitrogen and oxygen (O=P bond) to which certain metals can 

directly bind. In the absence of V-series nerve agents, the developed supramolecular 

compound forms a complex with the metal ion. However, the addition of the nerve agent 

makes the photophysical properties of the probe change, as the metal is coordinated more 

strongly with the nerve agent, breaking the metal-probe complex. In other words, the 

luminescence of the metal-probe complex is changed by the V-series nerve agent. 

There was a study that used the complex of BODIPY dye and metal ion to detect 

V-series nerve agents (Scheme 1.13).37 The concept is that the metal of the probe-metal 

complex strongly binds to a nerve agent mimic called demeton-S. This causes the 

complex to be broken, so intramolecular charge transfer (ICT) quenching occurs due to 

the change of aniline, an electronic donating group, and the fluorescence of the probe 

becomes turned-off. 
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When the aniline group was complexed with Eu3+, it was confirmed that the 

aromatic peak underwent downfield shift in 1H NMR. It was also proved that ICT was 

blocked due to EU3+. In addition, it was substantiated that the metal ions affect the probe 

by increasing the fluorescence intensity of the probe by adding Eu3+ or Au3+. The 

fluorescence mechanism was demonstrated with these two experiments. The effective 

sensitivity and selectivity tests of the V-type nerve agent mimic were performed through 

a UV-vis absorption spectroscopy, and the results support their hypothesis. 

 

 

Scheme 1.13 Proposed scheme of a nerve agent mimic detection. 

A study was reported in 2014 that when a V-series nerve agent was added to the 

lanthanide-ligand complex (Figure 1.8a), which had luminescence at a certain 

wavelength, bidentate complexation between the nerve agent and lanthanide ion was 

formed as shown in Figure 1.8b. The sensitizing ligand was also shown to be displaced 

and the luminescence intensity decreased.38 
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Figure 1.8 (a) Two lanthanide complexes. (b) a proposed chelate ring between a V-type 

nerve agent and lanthanide ion. 

Herein, two things are presented as evidence of detecting V-type nerve agents. 

First, adding VX or VG resulted in a decrease in luminescence intensity. Next, changes in 

phenanthroline were adopted as evidence. As the amount of a V-nerve agent added to the 

solution in the presence of the lanthanide-ligands complex increased, the UV-vis 

absorbance of phenanthroline gradually shifted to the lower wavelength (hypsochromic 

shift), and the absorption band spectrum became the same as that of free phenanthrene 

(262 nm). 

1.5.2 Organic Based Sensors for Detection of Nerve Agents 

Hydrogen bonding is usually employed for supramolecular sensors for detection 

of nerve agents, which consist only of metal-free organic materials. Although hydrogen 

bonding is weak compared to coordination with metal, it has shown some meaningful 

results in detecting nerve agents. The following three studies have been published on 

organic-based supramolecular sensors for nerve agents or their leaving groups. 

The first is a study reported by the Gale group.39 In this study, four receptors were 

developed to detect soman, and only proton NMR was used to prove the change of 
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receptors due to interaction with soman (Figure 1.9). The four receptors commonly 

contain one urea and two indole groups, and it was confirmed that the protons attached to 

them undergo downfield shift because of the interaction with oxygen of soman (O=P). 

Since soman can undergo hydrolysis in aqueous environments, all experiments were 

carried out in organic solvent conditions consisting of acetonitrile-d3 (95-98%) and 

DMSO-d6 (2-5%) to prevent this. 

 

 

Figure 1.9 Hydrogen-bond donating host receptors 17-20. 

They also confirmed that receptor 18 formed a 1:1 complex with soman through 

the Job plot analysis. Through DFT calculation, it was expected that receptor 20 and 
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soman would bind to each other as shown in Figure 1.10. The calculated model showed 

that among the four hydrogens of receptor 20, three would form hydrogen bonds with the 

oxygen of O=P and one would form a hydrogen bond with the fluoride, but no hydrogen 

bond between the fluoride and NH was observed in the experimental data. 

 

 

Figure 1.10 The complex between 20 and soman based on a DFT calculation. 

This study was limited in that the soman recognition study was performed solely 

relying on 1H NMR without optical changes and did not clearly reveal the interaction 

between receptors and soman. However, this was the first recognition study, using 

hydrogen bonding of the developed receptors and nerve agents. 

The next study is about a supramolecular fluorescent sensor based on 

naphthalimide derivatives.40 In this study, when two ethanolamines attached to the 

fluorophore naphathalimide meet DMMP, one of nerve agent mimics, multitopic 

hydrogen bonds are formed. Then, the emission intensity of the fluorophore increases, 

which is the concept of recognizing the nerve agent mimic (Figure 1.11). 
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Figure 1.11 A fluorescent probe (left) and proposed sensing mechanism with DMMP 

(right). 

They demonstrated multitopic hydrogen bonds using the proton NMR peaks of 

the hydroxy and amine groups of ethanolamine which were shifted with changes in the 

concentration of DMMP. In addition, their hypothesis was verified through the increase 

of fluorescence along with the increase of DMMP concentration and the paper strip 

application studies. 

The third study did not directly detect nerve agents or their mimics, but the 

developed supramolecular sensors could selectively detect fluoride and cyanide, which 

are the main leaving groups of G-series nerve agents.41 The NH of the thiourea group 

included in the sensor is shown to change the absorbance of the probes by forming 

hydrogen bonds with anions. As shown in Figure 1.12, the sensor has two thiourea 

groups, so that one probe and two anions form a complex with a 1:2 stoichiometric ratio. 
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Figure 1.12 The proposed structures of the complex formed between probes and anions 

(F-, CN-). 

They proved the initial state of the sensors with X-ray crystallography. In the case 

of sensor 21, where X was O, N-H of thiourea and S of another molecule 21 formed 

intermolecular hydrogen bonds (N-H···S) before the guest entered. In sensor 22, it was 

confirmed that not only the same N-H···S bond as in 21 is present, but also C-H···O 

intermolecular interactions exist between the proton of the central aromatic ring and the 

oxygen of the nitro group. And they conducted chromogenic response studies on various 

anions, and only F- and CN- resulted in the significant changes in color. 

1.5.3 Catalysts for Nerve Agent Remediation 

This study is reported by the Gale group about catalysts for nerve agent 

remediation using neutral 1,3-diindolylureas.42 The catalysts were from the work of the 
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Gale group themselves, mentioned in the previous chapter 1.5.2.39 The most commonly 

used method to remove the toxicity of nerve agents is to hydrolyze the nerve agent to 

remove the leaving group and to reduce the electrophilicity of the phosphorus center. The 

four catalysts presented in this study were determined to speed up remediation by 

increasing the hydrolysis rate of nerve agents in an aqueous environment. To confirm 

this, they observed the shift change in 1H NMR and the pH change using the indicator 24 

(Figure 1.13). 

 

Figure 1.13 Catalysts 18-20 and 23 used for hydrolysis of nerve agents and indicator 24. 
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First, the complex stoichiometry and association constant values between the 

catalysts 18-20 or 23 and DCNP were obtained by confirming the shift of proton NMR. 

Catalysts 18 and 19 formed a complex with DCNP in a 1:2 ratio, and catalysts 20 and 23 

in a 1:1 ratio. In the case of binding constant, 18 and 20 were much higher than 19 and 

23, and the values were 881±90 M-1, 4.4±0.3 M-1, 1743±35 M-1, and 10.1±0.9 M-1 from 

18, 19, 20, and 23, respectively. The reason for this was interpreted that 18 and 20 have a 

larger number of binding sites available for hydrogen bonds than 19 or 23. The reason 20 

was greater than 18 is because 20 has more H-N group than 18. And it was postulated 

that 23 was greater than 19 because the protons of the thiourea group are more acidic than 

the urea group. 

Next, the hydrolysis rate of DCP and DCNP, which are nerve agent mimics, was 

studied using indicator 24 in co-solvent of water/acetone (20:80, v/v) in the presence of 

the catalyst. When the nerve agent mimics are hydrolyzed and produced enough protons, 

the color of the solution containing indicator 24 can be changed from yellow to colorless. 

They observed the color change of the solution with the naked eye, measured the time for 

the solution to become transparent, and obtained the data in Table 1.1. Each of these 

values is a calculation of how quickly the color changed compared to the sample without 

the catalyst. In their opinion, these data clearly showed that the catalysts increased the 

hydrolysis rate of nerve agent mimics. The reason why the hydrolysis rate of DCP was 

faster than that of DCNP was that the chloride of DCP was a better leaving group than 

the cyanide of DCNP. In addition, they believed the data reinforced results of the 

previous NMR study, which showed that 1 and 3, which had higher association constants 

than 2 and 4, also had a faster hydrolysis rate. They explained the result that the 

hydrolysis rate of 3, which had higher binding constant among 18 and 20, was slower 
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than that of 18 as follows. The catalytic effect of 20, which was less hydrophobic 

compared to 18, was reduced due to an increase in affinity with the nerve agent mimics, 

which had a decreased hydrophobic character after hydrolysis. 

 

Catalysts 
DCP 

0.001 equiv.[a] 

DCNP 

0.001 equiv.[a] 

DCP 

0.005 equiv.[a] 

DCNP 

0.005 equiv.[a] 

18 44.6±0.4% 17±2% 30±1% 6.3±0.2% 

19 13±1% 6.4±0.3% 14.8±0.2% 6.3±0.4% 

20 27±2% 19.5±0.6% 29.5±0.5% 6.4±0.2% 

23 9.8±0.5% 6.7±0.3% 12.7±0.2% 11.3±0.4% 

[a] Equivalents of catalyst relative to the amount of mimic. 

Table 1.1 Changes in hydrolysis rates of the nerve agent mimics, DCP and DCNP, in 

acetone/water (80:20 v/v) in the presence of one of the organocatalysts. Data 

are presented as the rate of improvement in hydrolysis rate compared to the 

hydrolysis of the mimics in the absence of catalyst. 

Lastly, they presented Scheme 1.14 and stated that the developed catalysts 

formed complexes with nerve agent mimics and they enhanced the electrophilicity of the 

phosphorus center, thereby facilitating the nucleophilic attack by water and hydrolysis of 

nerve agent mimics. This study suggests a method that helps to rapidly remediate nerve 

agents with small amounts of catalysts. It is also meaningful that the study was conducted 

with supramolecular receptors made of only organic compounds. 
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Scheme 1.14 The proposed scheme of hydrolysis cycle of a nerve agent mimic. The 

developed catalysts were employed for the reaction between DCNP and 

water. 

1.6 SUMMARY 

This chapter has described the history of nerve agents, their chemical activities in 

vivo, and how to detect them. It is not only important to detect the highly dangerous toxic 

substance, nerve agents, rapidly and selectively, but it is also essential to detect them 

accurately. Various studies have been conducted to detect and detoxify chemical warfare 

agents, including the use of chromogenic or fluorogenic methods, electrochemical 
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methods, and metal-organic frameworks as well as the modification of polymer forms, 

signal amplification, and the use of supramolecular sensors and catalysts. Cross-

validation using various methods is believed to contribute to improving the accuracy in 

the detection of chemical warfare agents. Therefore, it is expected that more diverse and 

active research for detection of chemical warfare agents will be carried out. 
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Chapter 2:  Chemically Triggered Synthesis, Remodeling, and 

Degradation of Soft Materials1 

 

Polymer topology dictates dynamic and mechanical properties of materials. For 

most polymers, topology is a static characteristic. In this article, we present a strategy to 

chemically trigger dynamic topology changes in polymers in response to specific 

chemical stimulus. Starting with a dimerized PEG and hydrophobic linear materials, a 

lightly cross-linked polymer, and a cross-linked hydrogel, transformations into an 

amphiphilic linear polymer, lightly cross-linked and linear random copolymers, a cross-

linked polymer, and three different hydrogel matrixes, were achieved via two controllable 

cross-linking reactions: reversible conjugate additions and thiol-disulfide exchange. 

Significantly, all the polymers, before or after morphological changes, can be triggered to 

degrade into thiol- or amine-terminated small molecules. The controllable 

transformations of polymeric morphologies and their degradation heralds a new 

generation of smart materials. 

  

 
1This chapter was adapted with permission from the published article: Sun, X.; Chwatko, M.; Lee, D.-H.; 

Bachman, J. L.; Reuther, J. F.; Lynd, N. A.; Anslyn, E. V. Chemically Triggered Synthesis, Remodeling, 

and Degradation of Soft Materials. J. Am. Chem. Soc. 2020, 142, 3913–3922. Copyright (2020) American 

Chemistry Society. 
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2.1 INTRODUCTION 

Stimuli-responsive polymers that are capable of adapting their structure, 

constitution, and reactivity on receiving an external stimulus have been emerging in 

various fields of study, such as biology, medicine, and manufacturing.1-4 Currently, the 

control of their properties has been limited to single chemical functional group 

interchanges, and very limited structural/morphological changes. Similarly, degradable 

polymers are an important goal within polymer science, and have been used in a wide 

range of applications spanning medicine and drug delivery, to microelectronics and 

environmental protection.5 In 2018, Lamb et al. reported that a billion plastic items are 

entangled on coral reefs across the Asia-Pacific.6 Thus, it is increasingly critical that 

plastics and other polymers be triggered to degrade at will.7 

The physical properties of polymers are strongly dependent on several features: 

their molecular weight distribution, tacticity, topology, chemical functionality, and 

density of cross-linking.8 It is rare that these features can be triggered to change by 

altering the bonding patterns within the backbone structure, as well as changing cross-

linking group functionality, and thereby manipulate material properties. To realize 

transformations of macromolecular topology, exploiting the reversibility and 

orthogonality of dynamic covalent chemistry is useful because these reactions enable 

independent control over differing functional groups in a single chemical system.9-12 As 

alluded to above, if the orthogonal interactions can be manipulated under physiological 

conditions (i.e. in neutral aqueous media), they could lead to new therapeutic materials 

platforms. Further, if the molecular architecture can be morphed under mild conditions, 

and with the ability to disassemble the soft materials into small molecules on demand, 

controllable material properties and triggered biodegradation are within reach. Each of 

these features is described herein. 
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In the pursuit of such materials, Sumerlin reported that macromolecular 

metamorphosis via reversible Diels-Alder transformations of polymer architectures can 

be achieved in organic media at high temperature over the period of few days.13-14 This 

exploration of topological interchange was an important step-forward because a single 

system could be converted to several macromolecular architectures depending upon 

reaction conditions. However, the use of elevated temperatures, organic solvents, and the 

lack of polymer degradation following transformation, limits the applications that can be 

envisioned. 

“Click chemistry” is a term used to describe reactions that are high yielding, wide 

in scope, and create byproducts that can be easily removed.15-17 The Cu(I)-catalyzed 

Azide/Alkyne Cycloaddition (CuAAC) 'click' reaction has been used extensively in the 

field of polymer science.18-20 Recently, our group reported an alternative click strategy, 

and an associated chemically-triggered “declick”, which involves the coupling of amines 

and thiols via conjugate acceptor 1 that functions in both aqueous and organic media.21-22 

(Scheme 2.1). The two thioethers in 1 can be released using various reagents,23 and 

amine/thiol conjugates such as 2 could be declicked with dithioltreitol (DTT). 

Noticeably, decoupling of conjugate acceptor 1 releases two equivalents of thiol which 

can facilitate thiol-disulfide exchange reactions.23-25 Thus, we envisioned the use of 

structures such as 1 to couple and decouple amines/thiols in polymers,26 as well as 

facilitate disulfide dynamic exchange, as two reversible covalent bonding interactions for 

independent control of polymer morphology. With these reactions in mind, we pursued 

linear polymers and cross-linked networks creation, along with chemically-triggered 

metamorphosis and degradation. The dramatic topological manipulations reported herein, 

and associated changes in physical properties, induced by chemically-triggered 

transformations, represent a promising approach to generate tunable ‘smart’ materials. 
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Scheme 2.1 A general schematic of the coupling-decoupling reactions exploited herein. 

The addition of an amine to 1 or 3 leads to formation of 2 through thiol 

release. Next, thiols can be scrambled using structures such as 1 or 2 with 

varying R-groups. The addition of various reagents release thiols and amines 

in aqueous conditions and can create species 4, and the generalized 

structures 5, 6, and 7, each with distinctive UV-Vis λmax values. (4: 250 

nm, 5: 290 nm, 6: 330 – 350 nm, and 7: 280 – 300 nm). 

2.2 RESULTS AND DISCUSSION 

2.2.1 New conjugate acceptor (CA) and clicking-declicking reactions 

The core unit and basis for topological versatility for the polymers and gels was 

the conjugate acceptor 3, which was synthesized from Meldrum’s acid, carbon disulfide 

and 6-iodo-1-hexyne in DMSO at room temperature in an analogous manner to 121, 27 

(Scheme 2.2 and Figure 2.1-2.3). This subunit was the central, modifiable linker that was 

used in coupling or cross-linking polymer entities that allows for amine/thiol scrambling 
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or disulfide exchange to chemically trigger morphological changes of the polymer/gel 

and subsequently “declick” degradation. 

 

Scheme 2.2 Synthesis of the conjugate acceptor 3. 

 

 

Figure 2.1 1H NMR for compound 3 in CDCl3. 
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Figure 2.2 13C NMR for compound 3 in CDCl3. 

 

Figure 2.3 High Resolution Mass Spectra (HRMS) for compound 3. HRMS (ES+) m/z 

calc. for [M + Na]+, 403.1008; found, 403.0996. 
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To generate characteristic spectroscopic signals that would allow us to monitor 

the transformations of the polymers and gels, we analyzed the spectral differences of the 

chromophores involved in the clicking and declicking reactions of 1 with small molecules 

via UV-Vis spectrophotometry. The vinylogous thio-, oxo-, and amino-derivatives shown 

in Scheme 1 all have distinct absorbance spectra. For example, the reaction of 3 in 

phosphate-buffered saline (PBS) with DTT, β-mercaptoethanol (BME), ethanedithiol 

(EDT), cysteine (Cys) and cysteamine (CYA), gave distinguishable UV-Vis absorbance 

spectra. The λmax for 3 was at 350 nm, while reagent-induced declicking led to blue-

shifted spectra and different λmax values depending on the structure of the cyclized 

products: DTT (250 nm, a tricyclic product, 4),28 BME (290 nm, 5), EDT (330 nm, 6), 

Cys or CYA (280 nm, 7) (Figure 2.4). The relative speed of decoupling was DTT > 

BME > EDT ~ CYA > Cys. Thus, the chemical group interchanges involved in the 

polymer/network topological changes could be monitored by simple UV-Vis absorbance 

spectroscopy, and the rate of decoupling could be controlled, if desired. As described 

below, the λmax values allowed us to follow the extent of chemical functional group 

interchange. 
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Figure 2.4 UV-Vis absorbance time-kinetics between conjugate acceptor 3 (100 µM) 

and reagents (100 µM). (A) Dithiothreitol (DTT); (B) β-Mercaptoethanol 

(BME); (C) Ethanedithiol (EDT); (D) Cysteine (Cys); (E) Cysteamine 

(CYA); (F) Time-kinetics curves for all the reagents. Spectra were obtained 

every 20 mins till 1000 mins in PBS buffer (20% acetonitrile as co-solvent). 

Next, LC-MS was employed to monitor the reactions between 3 and small 

molecular amines, such as benzyl amine (8) and 1,3,5-triaminomethylbenzene (9), to 

confirm the expected mono-thiol displacements. After five minutes, LC-MS peaks 

corresponding to complete product formation (10 and 11, CA = conjugate acceptor 

derived from 3) were identified for both amines (Scheme 2.3, Figure 2.5). Further, upon 

addition of a declicking trigger (DTT), the LC-MS peak corresponding to 10 and 11 

vanished and a peak indicative of the tricyclic product 4 was observed (Figure 2.6), 

(A) (B) 

(C) (D) 

(E) (F) 
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confirming that 3 retained similar chemical properties to 1 in the context of click and 

declick reactions. 

 

 

Scheme 2.3 The reactions between 3 and amine derivatives. 
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Figure. 2.5 LC-MS data to track reaction between 3 and amine derivatives (benzyl amine 

and 1,3,5-triaminomethylbenzene). The reactions were run in chloroform 

with (A) 3 : 8 = 1 : 1 for 5 mins and (B) 3 : 9 = 3.3 : 1 for 5 mins. The 

solutions were then diluted with methanol for LC-MS.  
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Figure 2.6 LC-MS data to track decoupling of compound 11 in the presence of DTT. 

The reactions were run in acetonitrile and HEPES buffer (1:1) for 24 hours. 

The solutions were then diluted with acetonitrile for LC-MS sampling. 
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2.2.2 Polymer design, analysis and transformation. An overview 

To start, we created four polymer types by using standard CuAAC reactions: 

dimerized PEG 12, linear hydrophobic 13, hyper-branched 14, and a cross-linked 

hydrogel 15 (Schemes 2.4 and 2.5). There were several reasons to choose these four 

architectures as our starting point. Linear polymers such as polyethylene, nylons, and 

polyesters possess high densities, high tensile strengths, and high melting points.30 

Lightly cross-linked polymers have been widely applied in many applications, such as 

light emitting materials, biomaterials, and composites.31 Hydrogels are commonly used 

scaffolds in tissue engineering, drug delivery, as well as sensing.32-33 Important for our 

triggered morphology changes, these four starting polymeric architectures contain 

repeating core conjugate-acceptors analogous to 1 and 3. These acceptors could undergo 

reactions with amine-terminated polymers or branched monomers via the click reaction 

that releases a thiol. In turn, the released thiols can be used in oxidation/reduction 

reactions through disulfide exchange. Thus, starting with structures 12-15, an amphiphilic 

linear 16, a lightly cross-linked homopolymer 17, a random copolymer 18, a cross-linked 

polymer 19, and hydrogels 20, 21, 22 were generated by amine scrambling and thiol 

disulfide formation (Scheme 2.4, and Table 2.1). Furthermore, all the polymeric 

architectures — before or after morphological changes — were degraded into small 

molecules or homopolymers induced by declick triggers, hence presaging potential 

applications such as plastic remediation, drug delivery, tissue engineering, or 

microelectronics.2, 5 
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Scheme 2.4 Schematic representation of the polymer synthesis and topological changes 

achieved via click-declick chemistry and disulfide-thiol scrambling. 

Dimerized PEG (12) and hydrophobic linear polymer (13), lightly cross-

linked polymer (14), and hydrogel (15) were synthesized via CuAAC. New 

amphiphilic linear polymer (16), lightly cross-linked (17), random 

copolymer (18), cross-linked polymer (19) and hydrogels (20, 21, 22) were 

created via amine scrambling using the conjugate acceptor core of 3, and/or 

thiol-disulfide reactions. Note: Given the potential hazards of poly(azide) 

compounds, the reactions were carried out in the fume hood, treated 

carefully, stored and used in safe places.29 
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Scheme 2.5 Synthesis of the initial set of subunits. Reagents and conditions: a. 

CuSO4.5H2O, sodium ascorbate, tert-butanol:H2O = 1:1 (vol), 20 0C; b. 

CuI, tris(benzyltriazolylmethyl)-amine (TBTA), sodium ascorbate, 

THF:DMF:H2O = 2:2:1 (vol), 20 0C; c. CuI, TBTA, sodium ascorbate, 

THF:DMF:H2O = 1:1:1 (vol), 20 0C; d. CuSO4.5H2O, sodium ascorbate, 

tert-butanol:H2O = 1:1 (vol), 20 0C. 

 

 

Original structures Amine derivatives Transformed structures 
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Amine-terminated 
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Amphiphilic block copolymer, 16 
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Linear hydrophobic polymer, 13 
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diamine, 26 
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ne, 9 
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15 

 
 

Four-arm polyethylene 

glycol amine, 30  
21 

 
Four-arm polyethylene 

glycol thiol, 31  
22 

 

Table 2.1 Original polymers and transformed polymers via various amine derivatives. 

2.2.3 Dimerized PEG transformation to aggregated structures 

The dimerized PEG 12 was formed by CuAAC of poly(ethylene glycol) methyl 

ether azide (23, Mn ca. 1,000 g mol-1) and 3 in a tert-butanol/water mixture (Scheme 5). 

Proton NMR spectroscopy (Figure 2.7) displayed the formation of triazole moieties and 

LC-MS spectrum (Figure 2.8) showed the product with mass/charge ratio (m/z) = 

2565.40 for [12+H]+, and 1327.24 for [12+2H]2+. Next, gel permeation chromatography 

(GPC) displayed a shift to a lower elution time for 12 compared to 23 (Figure 2.9E), 

indicating the successful click of 23 with 3. 

 

 

 

https://en.wikipedia.org/wiki/Polyethylene_glycol
https://en.wikipedia.org/wiki/Polyethylene_glycol
https://en.wikipedia.org/wiki/Polyethylene_glycol
https://en.wikipedia.org/wiki/Polyethylene_glycol
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Figure 2.7 1H NMR for linear polymer. 

 
Figure 2.8 ESI LC/MS retention time for starting material (poly(ethylene glycol) methyl 

ether azide) and polymeric product 12 with retention time at 11 mins and 12 

mins, respectively.  
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Figure 2.9 UV-Vis absorbance time kinetics, GPC, and rheometry for the polymer 

remodeling. (A) 12 (0.25 mg/mL) to 16 using amine terminated polystyrene 

24 (1.0 mg/mL); (B) 13 (0.4 mg/mL) to 17 using 1,3,5-

triaminomethylbenzene 9 (20 μM); (C) 13 (0.2 mg/mL) to 18 using PEG 

diamine 26 (0.2 mg/mL); (D) 14 (0.14 mg/mL) to 19 using 9 (41 μM) before 

adding hydrogen peroxide. The time kinetics were run in chloroform every 

20 mins for (A); every 10 mins for (B) and (D); every 30 mins for (C); (E) 

GPC for 12, 16, 23 and 24 in chloroform; (F) DLS for 16 in water; (G) GPC 

for 13 and 18 in chloroform; (H) GPC for 13 and 17 in DMF (containing 

0.01 M LiBr); (I) GPC for lightly cross-linked polymer 14 in chloroform; (J) 

Storage modulus G′ and loss modulus G″ for cross-linked polymer 19; (K) 

Storage modulus G′ and loss modulus G″ for swelled hydrogel 15, 20, 21 

and 22 in HEPES buffer. 

  



 62 

To transform 12 to an amphiphilic polymer, amine-terminated polystyrene 24 (Mn 

ca. 5,000 g mol-1) was utilized to scramble one thiol of 12 to generate 16 (Scheme 2.4 

and Figure 2.10). To monitor the transformation, UV-Vis absorbance was used, which 

revealed a blue-shifted ratiometric signal corresponding to product formation. 

Specifically, the shift in absorbance of the bis-vinylogous thiol ester, as found in structure 

1 (as in 6) (λmax = 330 - 350 nm), relative to an amine/thiol version of the conjugate 

acceptor, as found in structure 2 (as in 7) (λmax = 310 nm), indicated the formation of 

polymeric product 16 (Figure 2.9A and 2.11). In GPC analysis, 16 displayed a lower 

retention time and higher molecular weight (Mn = 5,800 g mol-1) with Ð  = 1.3 (Figure 

2.9E). Subsequently, 16 was investigated using DLS to evaluate the size and amphiphilic 

properties (Figure 2.9F, 2.12 and 2.13). The correlation in size determined by DLS in 

aqueous solution (ca. 90 nm) suggests that 16 existed in assemblies.34-36 Thus, a 

hydrophilic freely aqueous soluble compound was triggered to generate aggregation in-

situ by an exchange of a single block unit. 
 

 
Figure 2.10 1H NMR for amphiphilic polymer 16 in CDCl3. 
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Figure 2.11 UV-Vis absorbance of linear polymer 16 in chloroform. 

 

     
Figure 2.12 Size distribution by intensity of amphiphilic polymer 16 in water. 
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Figure 2.13 Relationship between correlation coefficient and correlation delay time for 

the amphiphilic polymer 16 in water.  

2.2.4 Hydrophobic polymer transformations to lightly cross-linked and amphiphilic 

co-polymers 

The linear hydrophobic polymer 13 was obtained through step-growth CuAAC 

polymerization between 3 and 1,4-di(azidomethyl)benzene 25, which afforded a yellow 

solid (Mn = 5,300 g mol-1, Ð  = 1.35) after precipitation and purification. (Scheme 2.5 and 

Figure 2.14). Simple addition of 1,3,5-triaminomethylbenzene 9 to 13 resulted in a 

distinctive change in the polymer backbone as well as cross-linking. UV-Vis time-

kinetics displayed a blue-shift due to amine scrambling (i.e. analogous of 1 to 2), giving a 

clean isosbestic point at λ = 325 nm (Figure 2.9B). 1H NMR spectroscopy titrations of 13 

with 9 demonstrated amine-induced scrambling and complete thiol release (Figure 2.15). 

This topological change releases dangling thiols in the polymer, and we took advantage 

of this to further cross-link the material. Thus, oxidation of the dangling thiols to 

disulfides was performed by addition of H2O2, generating lightly cross-linked polymer 17 

(Mn = 21.0 kg mol-1, Ð  = 1.18, Figure 2.9H, Table 2.2 and Figure 2.16). In Figure 9H, 

the prominent shoulders are likely due to smaller molecular weight polymers/oligomers 
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with different extents of cross-linking. The approximate molecular weight of these 

shoulders is 200 g/mol and below. To further determine the role of H2O2, we checked if 

sulfoxides were formed by oxidation of the thioethers of the Meldrum’s acid derivatives. 

LC-MS was used to monitor the reaction between 1 and H2O2. This was conducted using 

the same conditions used in creating polymer 17, and there was no chemical reaction 

(Figure 2.17). Also, an additional experiment was carried out with an excess of H2O2, 

and again no reaction was found. All the above data shows that polymer 17 was 

constructed by two covalent attachments, one through the thiol/amine conjugate such as 

2, and the other through disulfide bonds. Thus, we triggered both backbone and cross-

linking interchanges from a hydrophobic polymer to a lightly cross-linked network. 
 

 

 

Figure 2.14 1H NMR for linear polymer 13 in CDCl3. 
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Figure 2.15 1H NMR spectrum titration for 13 (14 mg/mL) with 9 in CDCl3.  
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Polymer Mn (Daltons) Mw 

(Daltons) 

Ð  (PDI) 

12 2300 3300 1.43 (chloroform) 

13 5300 7200 1.36 (chloroform) 

2800 5100 1.82 (DMF) 

14 14900 17200 1.15 (chloroform) 

16 5800 7500 1.29 (chloroform) 

17 21000 24900 1.19(DMF) 

18 38900 54400 1.40 (chloroform) 

Table 2.2 GPC data for the topological polymers. 

 

Figure 2.16 1H NMR spectrum for 17 in DMSO.  
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1) Before adding H2O2 to 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2) After adding H2O2 to 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.17 LC-MS data for 1 before and after adding H2O2. To a solution of 1 (10mg, 

0.04 mmol) in THF/DMF (50/50 = v/v), hydrogen peroxide (10 µL, 30% 

aqueous solution) was added. After 2 hours, it was monitored. 
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In the next transformation, poly(ethylene glycol) diamine 26 (Mn = 6,000 g mol-1) 

was used to functionalize 13, again via thiol displacement. Following the reaction 

between 13 and 26 in 1:1 ratio, product 18 was precipitated from cold methanol. UV-Vis 

spectroscopy again demonstrated a decrease in the absorbance of 350 nm and increase at 

310 nm (Figure 9C) while GPC displayed a lower retention time and higher molecular 

weight (Mn = 38.9 kg mol–1, Ð  = 1.39, Table 2.2) for 18, indicating the formation of 

longer random copolymers (Figure 9G). Additionally, analysis of the 1H NMR spectrum 

(Figure 2.18) revealed the presence of peaks corresponding to PEG backbone protons. 

These data demonstrate successful chemically-triggered remodeling of the linear 

polymers through amine/thiol scrambling.  

 

 

Figure 2.18 Proton NMR spectrum for 18 in CDCl3.  
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2.2.5 Lightly cross-linked polymer transformations to cross-linked polymer 

Lightly cross-linked polymer 14 was synthesized through the copper-catalyzed 

click reaction between 3 and 1,3,5-tris(azidomethyl)benzene 27 (Scheme 2.5 and Figure 

2.19). GPC with multiangle light scattering detection gave the molecular weight for 14 

(Mn = 14.9 kg mol-1, Ð  = 1.16, Figure 2.9I, Table 2.2). Using 1H NMR analysis ala the 

method of Moore,37 an approximate degree of branching of 65% was obtained. Similar to 

the reaction of 12 or 13, UV-Vis kinetics of the reaction of 14 with the triamine 9 

demonstrated a blue shift, and new 1H NMR spectroscopy resonances appeared in a time-

dependent manner (Figure 2.9D and 2.20). The analyses confirmed the remolding of the 

architecture and the release of thiol moieties.38 The product was directly oxidized with 

H2O2 resulting in a highly cross-linked polymer 19 in a DMF/THF mixture which exists 

as a gel (Figure 2.21). Rheometric tests found the storage modulus (Gʹ) to be an average 

of 5.5 kPa and the loss modulus (Gʹʹ) to be 1.5 kPa on average, slightly increasing with 

the change of angular frequency in the range of 0.1 – 100 rad/s (Figure 9J). In summary, 

lightly cross-linked polymeric backbones were morphed, resulting in gels in situ by 

simple addition of a cross-linking unit. 
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Figure 2.19 1H NMR for hyperbranched polymer 14 in CDCl3.  
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Figure 2.20 1H NMR spectrum titration for 14 with 9 in CDCl3.   

 

 

Figure 2.21 Macroscopic transformation of 14 to crosslinked gel network 19. 
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2.2.6 Hydrogel transformations to mono- and double networking hydrogels 

In addition to polymers, the strategies discussed here were applied to matrix 

hydrogels. Initially, hydrogel 15 was synthesized via click reaction between 3 and four-

arm poly(ethylene glycol) azide 28 (Mn ~ 10.0 kg mol-1) in a water/tert-butanol mixture 

(Scheme 2.5). The volume of the hydrogel was expanded after swelling in water due to 

the hydrophilic network, resulting in a frequency-independent storage modulus of 2.2 kPa 

(Figure 2.9K). 

Next, DTT was used to degrade the hydrogel by cleaving the linkage at conjugate 

acceptor core 3, leading to the quantitative generation of four-arm PEG thiol 29 (Figure 

2.22E) in pH 7.3 HEPES (4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid) buffer. 

After removal of 4 and residual DTT by dialysis, the resulting system containing 

numerous free thiols was cross-linked through disulfide bonds by addition of H2O2, 

generating a new networking matrix: hydrogel 20 (Table 2.1 and Figure 2.23). Gel 20 

demonstrated a softened elastic modulus of only 260 Pa corresponding to lower overall 

cross-link density (Figure 2.9K). Continuing with the theme, we employed four-arm 

poly(ethylene glycol) amine 30 (Mn ca. 2.0 kg mol-1) to construct hydrogel 21, using 

multiple amines separated by long PEG chains that expanded the matrix of the hydrogel 

through scrambling thiols on the conjugate acceptor. Visibly, hydrogel 15 became a 

viscous liquid after mixing with 30 for six hours (1:1 ratio to the conjugate acceptor), 

liberating the thiols along with a noticeable odor. Subsequent addition of H2O2 linked the 

free thiols as disulfides in a second crosslinking, leading to hydrogel 21 (Figure 2.24). 

Rheometric testing gave an even softer storage modulus (75 Pa) for the swelled hydrogel, 

which supported our proposed role of 30 to expand the hydrogel matrix. Next, four-arm 

PEG thiol 31 (Mn ca. 5.0 kg mol-1, 1:1 ratio to the conjugate acceptor) was utilized to 

morph the matrix of hydrogel 15, of which the thiols would exchange between a bis-
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vinylogous thiol esters in 15 and thiol-terminated derivative 31. Subsequently, released 

free thiols enabled the second cross-linking through formation of disulfides, generating 

hydrogel 22 (Figure 2.25). With this different cross-linking, the storage modulus became 

to 230 Pa. Thus, numerous hydrogels of differing physical properties resulting from 

backbone alternations were readily created via simple mixing of reagents. 

 

 

Figure 2.22 GPC, 1H NMR spectroscopy, and LC-MS for the polymer degradation. (A) 

GPC of 12 and 16 before and after degradation; (B) Mass spectra for 

tricyclic product 4 observed in LC-MS; (C) Masses for 33 and 35 observed 

in LC-MS, resulted from decomposition of 13, 17 and 18; (D) 1H NMR for 

the thiol-terminated PEG product 32 released from 12; (E) 1H NMR for the 

four-arm PEG thiol 29 degraded from hydrogel 15; (F) Mass spectra for 34 

released from 14 and 19 in LC-MS. 
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Figure 2.23 After swollen in HEPES buffer (pH 7.3), 15 was treated with excess DTT (> 

10 eq. of conjugate acceptor) for three hours in HEPES buffer and the 

hydrogel became sol liquid with release of quantitative four-arm PEG thiol 

29. The resulting suspension was placed on dialysis tubing (1.0 kDa 

molecular weight cut-off) and suspended in deionized water for 24 hours to 

remove the small molecules. After dry under lyophilizer, solid four-arm PEG 

thiol was obtained. Next, after addition of hydrogen peroxide (20 mM) to the 

aqueous solution of four-arm PEG thiol (180 mg/mL), free thiols cross-

linked together via disulfide bonds to offer hydrogel 20.  
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Figure 2.24 After swollen in HEPES buffer (pH 7.3), 15 was mixed with four-arm 

poly(ethylene glycol) amines 30 (Mn = 2,000, 1 : 1 ratio of amine : 

conjugate acceptor 1) for six hours and the hydrogel became sol with 

release of quantitative terminal thiols. Next, addition of hydrogen peroxide 

(20 mM) cross-linked free thiols together via disulfide bonds to offer 

hydrogel 21.  
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Figure 2.25 After swollen in HEPES buffer (pH 7.3), 15 was mixed with four-arm 

poly(ethylene glycol) thiol 31 (Mn = 5,000, 1 : 1 ratio of free thiol : 

conjugate acceptor) for six hours and the hydrogel firstly became sol state 

with release of quantitative terminal thiols. Next, addition of hydrogen 

peroxide cross-linked free thiols together via disulfide bonds to offer 

hydrogel 22.  

Significantly, all of the topological remodeling of the polymer and hydrogel 

backbones and cross-linkers were performed in neutral aqueous condition at ambient 

temperature by simply adding new monomers, cross-linkers, polymers or an oxidant. The 
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resulting spatiotemporal regulation of material properties is promising in the applications 

of drug delivery system, cells encapsulation, and cell migration.   

2.2.7 Macromolecular degradation into small molecules 

Remodeling and transforming polymeric architectures via chemically-triggered 

synthesis has been described above. Another critical property of a polymer is its ability to 

degrade, which facilitates controlled removal of plastic pollutants once the material has 

served its purpose. Further, such triggerable material degradation should hold wide 

applicability in biomedicine and drug-delivery. As we have stressed throughout, all of the 

bis-vinylogous thiol esters analogous to 1, bis-vinylogous thiol amine structures 

containing linkages as in 2, and disulfide bonds, could be decoupled by various chemical 

reagents. Further, with the co-existence of two or more crosslinking chemical bonds, we 

could control and tune the degradation through different declicking reactions. 

First, 12 was treated with DTT in HEPES buffer (pH 7.3) for three hours and the 

solution was then placed in dialysis tubing (1.0 kDa molecular weight cut-off) and 

suspended in deionized water for 40 hours (changing the solvent every ten hours) to 

remove small molecules (Figure 2.26). The thiol-terminated product 32 was confirmed 

by 1H NMR spectroscopy (Figure 2.22D) and GPC, where a longer retention time 

(Figure 2.22A) indicated success of the decoupling reactions. Next, 16 was declicked 

using DTT for 36 hours in HEPES buffer (50% acetonitrile as co-solvent, Figure 2.27). 

After dialysis, GPC data showed that the result had a lower molecular weight (Figure 

2.22A). Next, polymers 13, 14, 17, 18 and 19 were all processed in HEPES buffer in the 

presence of DTT (overnight for 13 and 14; two days for 17 and 18; five days for 19). As 

expected, the polymers containing amine/thiol conjugate acceptors such as structure 2, 

were more difficult to decompose than the polymers containing thiol ester conjugate 
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acceptors such as with 1, due to the amine being less labile as a leaving group. Yet, all 

species did entirely degrade with DTT. A macroscopic surface-accessible degradation 

occurred, which can be seen by the naked-eye and analyzed by LC-MS. LC-MS data 

showed the tricyclic product 4 (Figure 2.22B) with a mass/charge ratio (m/z) = 305.0 for 

all polymers declicked by DTT, and bis-thiol terminated derivative 33 released from 13, 

17 and 18 (m/z = 417.2, Figure 2.22C and Figure 2.28-2.30); three-arm thiol derivative 

34 released from 14 and 19 (m/z = 586.2, 608.2; Fig. 2F, Fig. S30–S31), respectively. We 

also observed the azide-containing side products 35 and 36, 37 (Figure 2.22C and 

Figure 2.28-32) from declick reaction mentioned above, due to incomplete CuAAC click 

reaction. 

 

 
 

Figure 2.26 20 mg 12 and 6.0 mg DTT were added into HEPES buffer (pH = 7.3) and 

the mixture was stirred under room temperature for three hours. The 

resulting suspension was placed on dialysis tubing (1.0 kDa molecular 

weight cut-off) and suspended in deionized water for 40 hours (change the 

solvent every ten hours) to remove the small molecules. After dry under 

lyophilizer, solid PEG-SH 32 was obtained.  
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Figure 2.27 20 mg 16 and 20 mg DTT were added into HEPES buffer (pH = 7.3, 50% 

acetonitrile as co-solvent) and the mixture was stirred under room 

temperature for 36 hours. The resulting suspension was placed on dialysis 

tubing (1.0 kDa molecular weight cut-off) and suspended in deionized water 

for 40 hours (change the solvent every ten hours) to remove the small 

molecules. 
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Figure 2.28 Degradation of 13 (5 mg) in the presence of DTT (20 mM) in HEPES buffer 

(pH = 7.3, 50% acetonitrile as co-solvent). Vial A is control sample without 

DTT; vial B is sample with DTT. After overnight shaking, solid in vial B 

was dissolved to form the yellow suspension. LC-MS tracked the main 

products: 4 and 33 in different retention times. Also the azide molecule 35 

was observed due to insufficient CuAAC click reaction. 
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Figure 2.29 Degradation of 18 in the presence of DTT in HEPES buffer (pH = 7.3, 50% 

acetonitrile as co-solvent). After 48 hours shaking, solid in vial was 

dissolved to form the yellow suspension. LC-MS tracked the main products: 

4 and 33, 35 in different retention times. Azide molecule was observed due 

to insufficient reaction. 
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Figure 2.30 Degradation of 17 in the presence of DTT in HEPES buffer (pH = 7.3, 50% 

acetonitrile as co-solvent). After 48 hours shaking, solid was dissolved to 

form the yellow suspension. LC-MS tracked the main products: 4 and 33, 35 

in different retention times. 
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Figure 2.31 Degradation of 14 in the presence of DTT under HEPES buffer (pH 7.3, 50 

% acetonitrile as cosolvent). After overnight shaking, solid in vial was 

dissolved to form the yellow suspension. LC-MS tracked the main products: 

4 and 34 in different retention times. Also the azide molecules 36, 37 were 

observed due to insufficient click reaction.  
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Figure 2.32 Degradation of 19 in the presence of DTT in HEPES buffer (pH = 7.3, 25% 

acetonitrile/25% methanol as co-solvent). Inset photos were Gel samples 

before and after DTT decoupling. LC-MS tracked the main product 4 and 

34. Also the azide molecule 36 and 37 was observed due to insufficient 

reaction. 

 
Scheme 2.6 Schematic depiction of polymer degradation induced in the presence of DTT 

or tris(2-carboxyethyl)phosphine (TCEP)/ethanolamine in neutral HEPES 

buffer. The degradation process was triggered either by the cyclization 

between a bis-vinylogous derivatives of 3 with DTT, or disulfide cleavage 

by reduction with TCEP, or ethanolamine-induced decoupling of structures 

such as 1, respectively. 
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DTT was also successfully used to declick the hydrogels into small molecules. 

The 3D network 15 was processed in HEPES buffer in the presence of DTT, and after 20 

minutes the yellow gel disassembled, with no disassembly of the control sample without 

DTT (inset picture in Figure 2.33). LC-MS verified the generation of 4 (Figure 2.33), 

and following dialysis, 1H NMR spectroscopy confirmed formation of 29 (Figure 2.22E). 

Furthermore, kinetic studies from the rheometer displayed a decreasing of the storage 

modulus (G′) due to degradation of hydrogel 15 following addition of DTT, indicating 

gradual breakage of the matrix (Figure 2.34 and Figure 2.35). Next, the viscoelasticity 

of a soft hydrogel 20 (storage modulus G′ = 28 Pa) was transformed rapidly into a 

solution state (G′ < G′′) due to the cleavage of disulfide bonds by tris(2-

carboxyethyl)phosphine (TCEP) (Figure 2.34B). Following dialysis, the solution state 

was reversed into a gel under hydrogen peroxide due to the reformation of disulfide 

bonds (Figure 2.36).  

 

 

 

 

Control DTT BME Cys

① ② ③ ④
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Figure 2.33 Degradation of hydrogel 15 in the presence of DTT under HEPES buffer 

(pH 7.3). Vial 1 is control sample without DTT; vial 2 is sample with DTT. 

After 20 mins shaking, hydrogel in vial 2 was dissolved to form the yellow 

suspension. 
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Figure 2.34 Monitoring hydrogel degradation by rheometer. (A) Time-based kinetics for 

degradation of hydrogel 15 in the presence of DTT; (B) TCEP-induced 

disulfide reduction for hydrogel 20 degradation; (C) Two cross-linked 

networks: disulfide bond and amine/thiol conjugate acceptor linked in 

hydrogel 21 were degraded by TCEP and DTT, respectively; (D) Two cross-

linked networks: a bis-vinylogous thiol-ester such as 1 and disulfide bond 

linking hydrogel 22 were degraded by ethanolamine and TCEP, 

respectively. Storage modulus and loss modulus for hydrogels 20, 21 and 22 

were scanned before and after degradation.  
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Figure 2.35 Changes of storage modulus and loss modulus of hydrogel 15 before and 

after degradation. Hydrogel 15 was processed in the presence of DTT for 10 

mins.  

 

 

 
 

Figure 2.36 Reversibility of hydrogel 20 degradation and reformation in the presence of 

TCEP and H2O2. After adding TCEP, hydrogel 20 decomposed into four-

arm PEG thiol 29 and then dialysis tubing to remove TCEP/oxidized TCEP. 

Next, hydrogen peroxide reversed the sol into hydrogel through thiol 

oxidation. 

 

 

TCEP

H2O2
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The crosslinked matrixes 21 and 22 could also be tuned and controlled by 

different decoupling reagents. The matrix of hydrogel 21 (G′ ~ 130 Pa), containing both 

the amine/thiol conjugate and disulfide bonds, were tuned separately by TCEP for the 

reduction of disulfides (G′ ~ 70 Pa), and subsequently by DTT for the cleavage of the 

thiol-amine conjugate analogous to 2 (G′ ~ 5 Pa, Figure 2.34C and 2.37). While for 

hydrogel 22 (G′ ~ 1000 Pa), ethanolamine was employed to cut off the bis-vinylogous 

thiol ester core analogous to 1 (G′ ~ 500 Pa), and then TCEP was used to reduce the 

disulfide bonds (G′ ~ 5 Pa), decomposing the cross-linked hydrogel entirely into small 

molecules (Figure 2.34D and 2.38). The tunable and degradable properties of the 

hydrogels, particularly the ability to tune the two dynamically cross-linked samples under 

physiological conditions, are potentially applicable in drug delivery systems and tissue 

bioengineering. 
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Figure 2.37 Degradation of conjugate acceptor and disulfide-linked hydrogel 21 in the 

presence of TCEP and DTT. TCEP firstly reduced the disulfide bonds while 

DTT subsequently cleaved the conjugate acceptors to release the tricyclic 

product, 29 and 30.  
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Figure 2.38 Degradation of bis-vinylogous thiol ester and disulfide-linked hydrogel 22 

in the presence of ethanolamine and TCEP. Ethanolamine decoupled the 

conjugate linker and then TCEP reduce the disulfide bond rapidly.   
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2.3 CONCLUSION 

We have demonstrated in macromolecular constructs the versatility of being able 

to click thiols, and amines and thiols, via structures analogous to 1 to make morphable 

soft materials. By simply controlling the sequence of addition of monomers, cross-linkers 

or polymers, we could chemically trigger interconversion of backbone architectures and 

crosslinks, control polymer morphologies, and alter macroscopic properties, all at 

ambient temperature in aqueous media. In specific, the reversible conjugate additions 

inherent in the organic chemistry of 1 and its analogs introduced herein, coupled with 

thiol-disulfide scrambling, led to very simple approaches that interconvert linear 

hydrophobic, hydrophilic, and amphiphilic polymers, as well as lightly cross-linked 

polymers and hydrogels; further even allowing interconversion of random co-polymers 

with other lightly cross-linked polymers. In addition, in a facile fashion 4 different 

hydrogels could be created via manipulating the components allowed to react with 

structures containing the reactivity of 1. The choice of amines and thiols used herein are 

specific to this study, but clearly the possibilities are vast given the numbers of amine and 

thiol units that can be imagined. Lastly, and potentially just as important, all the soft 

materials are degradable with various chemical triggers, albeit specifically DTT was used 

in this study. Owing to the mild reaction conditions and ease of use in a wide variety of 

applications, this method is expected to have numerous material applications. 
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2.4 EXPERIMENTAL SECTION 

2.4.1 Methods and Instruments 

Nuclear Magnetic Resonance (NMR) 

1H and 13C NMR spectra were recorded on Varian DirectDrive or Varian INOVA 

400 MHz NMR spectrometers. The NMR spectra were referenced to solvent and the 

spectroscopic solvents (CDCl3, CD3CN, D2O, DMSO-d6, etc.) were purchased from 

Cambridge Isotope Laboratories and stored over 3 Å  molecular sieves.   

Liquid Chromatography–Mass Spectrometry (LC-MS) 

Finnigan MAT-VSQ 700 and DSQ spectrometers were used to obtain mass 

spectra. HR electrospray ionization (ESI) mass spectra were recorded using either Agilent 

6530 Accurate-Mass Q-TOF LC/MS or MALDI-TOF (Vogayer, PerSeptive Biosystem). 

Gel Permeation Chromatography (GPC) 

Size exclusion chromatography (SEC) was carried out on an Agilent system with 

a 1260 Infinity isocratic pump, degasser, and thermostated column chamber held at 30 °C 

containing Aglient 5 μm MIXED-C columns with a combined operating range of 200–

2000 000 g mol−1 relative to polystyrene standards. Chloroform with 50 ppm amylene 

and DMF with 10 mM LiCl were used as the mobile phases. SEC system was equipped 

with an Agilent 1260 Infinity refractometer, bi dual angle dynamic and static light 

scattering. 

Dynamic Light Scattering (DLS) 

DLS size analysis of aggregates formed by amphiphilic block copolymer PS-

b(EVA)-PEG was carried out using Malvern Zetasizer Nano ZS model equipped with 

He-Ne laser source (633 nm; Max 4mW). The measurements were run in triplicate with 

20 scans per measurement. 
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High-Resolution Mass Spectrometry (HRMS) 

High-resolution mass spec (HRMS) analysis was conducted by the University of 

Texas Mass Spectrometry Facility using Agilent Technologies 6530 Accurate Mass Q-

TOF LC/MS system. MALDI-TOF MS analysis was performed using an AB-Sciex 

Voyager-DE PRO MALDI-TOF equipped with a 337 nm nitrogen laser in linear mode 

using CHCA as a matrix. 

UV-Vis Spectroscopy 

The UV-Vis absorbance spectra and kinetics were obtained in Cary 100 UV-Vis 

spectrophotometer from Agilent Technology. The spectra were run in Cary WinUV 

software: Scan, Kinetics and Scanning Kinetics, respectively. 

Rheometry 

Rheological measurements for gel and hydrogel were conducted at 25 0C on 

Discovery HR-2 Hybrid Rheometer (TA Instrument) using a 40 mm flat plate.  

2.4.2 Materials 

The copper (I) iodide (Sigma-Aldrich, 99%), CuSO4
.5H2O (Fisher Scientific, 

101.7%) and sodium L-ascorbate (Sigma Aldrich, 99%) were used for click reactions as 

received. Tris(benzyltriazolylmethyl)amine (TBTA) ligand was synthesized according to 

literature protocol.39 Meldrum’s acid were purchased from Oakwood Chemical and made 

in China. 6-Iodo-1-hexyne (97%); Polystyrene, amine terminated average Mn = 5,000 Da, 

PDI ≤1.2; Poly(ethylene glycol) methyl ether azide PEG average Mn = 1,000 Da were 

all from Sigma-Aldrich. Four-arm poly(ethylene glycol) azide (> 95%, Mn = 10,000 Da), 

four-arm poly(ethylene glycol) amine (Mn = 2,000 Da, PDI ≤ 1.05) and four-arm 

poly(ethylene glycol) thiol (> 90%, Mn = 5,000 Da) was purchased from JenKem 
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Technology. Other chemical reagents were purchased from Tokyo Chemical Industry, 

Sigma Aldrich, Acros Organics, et al. and used without further purification.  

In the experiments described in this paper, the unpleasantness of the thiol smell 

released from the reactions was equivalent to or slightly worse than the odor of natural 

gas. However, as a precaution against even these levels of exposure, the reactions were 

carried out in a fume hood. 

All cuvettes made by fused quartz were purchased from Starna Cells with 

standard screw and septum top. 

2.4.3 Synthesis 

 

 5-(bis(hex-5-yn-1-ylthio)methylene)-2,2-dimethyl-1,3-dioxane-4,6-dione:27 In 

a flame dried, 25 mL round bottom flask, Meldrum’s acid (0.5 g, 3.47 mmol) was 

dissolved in DMSO followed by the addition of triethylamine (0.7 g, 6.94 mmol) and 

carbon disulfide (0.26 g, 3.47 mmol). Resulting red solution was stirred at room 

temperature for 1 hour. After 1 hour, 6-iodo-1-hexyne (1.44 g, 6.94 mmol) was added to 

the solution dropwise. The resulting solution was brown in color and the whole round 

bottom flask was wrapped in aluminium foil and allowed to stir over night (~ 18 h). The 

solution was added over ice and extracted with chloromethane (50 mL × 3). Organic 

phase was collected and dried with sodium sulfate. After evaporation under vacuum, the 

crude liquid product was purified by column chromatography with hexane/ethyl acetate = 

10/1 (vol/vol) as eluent to offer yellow oily product 3 (0.4 g, 31%). 1H NMR (400 MHz, 

CDCl3) δ 3.18 – 3.04 (m, 4H), 2.21 (td, J = 6.8, 2.6 Hz, 4H), 1.95 (t, J = 2.7 Hz, 2H), 
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1.88 – 1.79 (m, 4H), 1.71 (s, 6H), 1.68 – 1.58 (m, 4H).13C NMR (101 MHz, CDCl3) δ 

190.07, 160.04, 103.81, 103.14, 83.25, 69.25, 38.03, 27.52, 27.30, 26.92, 17.92; HRMS 

(ES+) m/z calc. for [M + Na]+, 403.1008; found, 403.0996. 

 

 

12: In a 5 mL vial, conjugate acceptor 3 (20 mg, 0.23 mmol) and poly(ethylene 

glycol) methyl ether azide 23 (107 mg, PEG average Mn = 1,000 Da) were dissolved in 

tert-butyl alcohol (60 µL) and water (60 µL). CuSO4
.5H2O (0.6 mg, 0.002 mmol) and 

sodium ascorbate (1.25 mg, 0.006 mmol) was dissolved in water (30 µL). The two 

ingredients were mixed together and stirred in a shaker at 40 oC for 24 hours. The 

suspension was diluted with chloroform and precipitated from cold ether (Redisolve and 

precipitate, repeat the process for three times). Then dry the product under vacuum. 
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16: Polymer 12 (47.6 mg) and polystyrene amine terminated 24 (average Mn = 

5,000, PDI ≤1.2) (100 mg) were dissolved in 100 µL chloroform. The suspension was 

stirred at room temperature for 40 hours. The brown oily mixture was diluted with 1 mL 

chloroform and then precipitate from cold methanol. After centrifuge, the solid was re-

dissolved with minimum chloroform and precipitate from cold methanol. Repeat the 

procedure for three times and then dry under vacuum to offer light yellow powder 16.  

 

 

13: In a 5 mL vial, conjugate acceptor 3 (100 mg, 0.26 mmol) and 1,4-

di(azidomethyl)benzene 25 (49 mg, 0.26 mmol) were dissolved in THF (40 µL). CuI (5.0 

mg, 0.026mmol) and TBTA (27.9 mg, 0.052 mmol) were dissolved in DMF (40 µL). 

Sodium ascorbate (15.6 mg, 0.079 mmol) was dissolved in mili-Q water (20 µL). The 

three ingredients were mixed together and stirred in a shaker at room temperature for two 

days. The suspension was diluted and dissolved with chloroform and precipitated from 

cold methanol (repeat the process for three times). The product was placed on dialysis 

tube (1.0 kDa molecular weight cut-off) for further purification and then dried under 

vacuum to offer yellow solid 13.  
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17: 13 (20 mg, Mn = 5400 g mol-1) was dissolved in THF/DMF mixture and 9 (10 

mg, 0.061 mmol) was added into the suspension. The suspension was shaking for three 

hours and strong odor smell generated which indicated the scrambling process of amine-

thiol in the conjugate acceptors. Subsequently, hydrogen peroxide (7 µL, 30% aqueous 

solution) was utilized to oxidize the thiols into disulfide and a very viscose solution was 

produced. Next, the suspension was diluted and dissolved with chloroform and 

precipitated from cold methanol (repeat the purification process for three times). The 

product was dried under vacuum to offer product 17. 
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18: 13 (20 mg, Mn = 5.4 kg/mol) was dissolved in chloroform and PEG diamines 

26 (20 mg, Mn = 6.0 kg/mol) was added into the yellow solution. The mixture was stirred 

for 24 hours and was diluted with chloroform and precipitated from cold methanol. The 

crude sample was placed on dialysis tube (4.0 kDa molecular weight cut-off) and then 

precipitated from cold methanol (repeat the purification process for three time). The 

product was dried under vacuum to offer a light-yellow product 18. 
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14: In a 5 mL vial, conjugate acceptor 3 (200 mg, 0.52 mmol) and 1,3,5-

tris(azidomethyl)benzene 27 (77 mg, 0.31 mmol) were dissolved in tetrahydrofuran (80 

µL). CuI (7 mg, 0.03 mmol) and TBTA (28 mg, 0.05 mmol) were dissolved in DMF (80 

µL). Sodium ascorbate (21 mg, 0.10 mmol) was dissolved in mili-Q water (80 µL). The 

three ingredients were mixed together and shaked overnight. The viscous mixture was 

diluted with chloroform and then the solid was precipitated from cold methanol. The 

crude sample was placed on dialysis tube (4.0 kDa molecular weight cut-off) for 

overnight and dried under vacuum to offer a light-yellow product 14. 
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19: 14 (70 mg, Mn = 14.9 kg/mol) was dissolved in THF/DMF mixture and 9 (10 

mg, 0.061 mmol) was added into the suspension. The suspension was shaking for three 

hours. Subsequently, hydrogen peroxide (10 µL, 30% aqueous solution) was utilized to 

oxidize the thiols into disulfide and a cross-linked networking gel 19 was formed. 
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15: To a small vial was added 3 (7.5 mg, 20.0 µmol), four-arm PEG azides 28 

(Mn = 10.0 kg/mol, 100 mg, 10.0 µmol), sodium ascorbate (2.0 mg, 10.0 µmol), copper 

sulfate (2.0 mg, 8.0 µmol) and then tert-butanol/Milli-Q water=1/1. The suspension was 

stirred to give a clear yellow solution.40 Then the reaction mixture was stirred under a 

shaker for 30 mins and upon separation of the vial to offer a yellowish uniform hydrogel 

15. The hydrogel was washed in a neutral EDTA aqueous solution (10%) to extract the 

trapped copper, remove sodium ascorbate and noncross-linked molecules. Finally, the 

hydrogel was allowed to reach maximum water absorbance in HEPES buffer (pH 7.3) 

solution. 

  

Before swelling

After swelling
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Chapter 3:  A Self-Degradable Hydrogel Sensor for a Nerve Agent 

Tabun Mimic through a Self-Propagating Cascade2 

 

Nerve agents which irreversibly deactivate the enzyme acetylcholinesterase are 

extremely toxic weapons of mass destruction used in acts of terror and criminal warfare. 

Thus, developing methods to detect these lethal chemicals are of the utmost importance. 

To create an optical sensor for a surrogate of the nerve agent tabun, as well as a physical 

barrier that dissolves in response to this analyte, we devised a network hydrogel that 

decomposes via a self-propagating cascade. A Meldrum’s acid-derived linker was 

incorporated into a hydrogel which undergoes a declick reaction in response to thiols, 

thereby breaking network connections, which release more thiols; propagating the 

response throughout the gel. In essence, the gel is self-degrading upon being triggered. A 

combination of chemical reactions triggered by the addition of the tabun mimic initiates 

the cascade. The dissolving barrier was used to release dyes, as well as nanoparticles that 

undergo a spontaneous aggregation. Thus, this sensing system for tabun generates a 

physical response and the delivery of chemical agents, in response to an initial trigger. 

  

 
2This chapter was adapted from the article: Lee, D.-H.; Valenzuela, S. A.; Dominguez, M. N.; Otsuka, M.; 

Milliron, D. J.; Anslyn, E. V. A Self-Degradable Hydrogel Sensor for a Nerve Agent Tabun Mimic through 

a Self-Propagating Cascade. Cell Reports Physical Science 2021, in press. 



 115 

3.1 INTRODUCTION 

A hydrogel is a network in which a hydrophilic polymer forms a three-

dimensional architecture that gels water. Hydrogels do not dissolve in an aqueous 

environment, instead they can swell and contain large amounts of water.1,2 Due to these 

characteristics, hydrogels are flexible enough to act like natural tissues. In addition, it is 

feasible to control the mechanical integrity, porosity, and degradation properties of 

hydrogels by adjusting parameters such as synthesis conditions, types of polymers used 

in the gel, molecular weight, and crosslinking density. As a result, hydrogels are widely 

used in biomedical applications such as contact lenses, hygiene products, wound 

dressings, scaffolds for protein recombination, and drug delivery systems.3,4 

Hydrogels applied to delivery systems are employed to load and release drugs by 

exploiting their porous structure and/or degradation.3,5 Their porosity can be changed by 

controlling the crosslinking density as well as the polymer’s affinity for water in the 

matrix. One can load a drug by mixing it with a precursor of the hydrogel or by swelling 

the hydrogel in a solution of the drug. The release proceeds through various mechanisms 

such as diffusion control, swelling control, chemical control, and environment-reactive 

release.6 Therefore, the loading and degradation ability of hydrogels is a critical factor in 

delivery systems. We envisioned that environment-reactive release could be used both in 

the detection of, and for triggering a response to, chemical warfare agents.  

Chemical warfare agents (CWAs) are highly hazardous compounds that have 

been used in terrorism as well as in wars. Among CWAs, nerve agents that contain an 

organophosphorus functional group have been the most exploited weaponized agent. 

They trigger activation of the parasympathetic nervous system, causing fatal injuries to 

humans. Since first developed during World War II, nerve agents have been employed in 

the Iraq-Iran conflict during the 1980-1988,7 the Syrian civil war in 2013, an 
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assassination in 2017 of a North Korean political affiliate, and the death of a former 

Russian military officer family in the UK in 2018. Even though CWAs were banned by 

OPCW and 193 member states joined the convention,8 they are still employed because of 

their low price and ease of synthesis. To avoid these threats, it is important to detect and 

eliminate them. 

Hydrogels have been used previously in nerve agent detection, including studies 

on the release of entities attached to the gels,9,10 fluorescence sensors using fluorophore-

integrated smart hydrogels,11 and photonic crystal hydrogel sensors.12,13 However, these 

studies induced small changes in the signaling units included in the hydrogel or the 

particle spacing. 

Herein, we report a hydrogel that self-degrades via a self-propagating cascade in 

response to a surrogate of the nerve agent tabun. The hydrogel undergoes a large physical 

change, i.e., complete degradation when triggered to do so via a chemical agent generated 

from the nerve agent mimic, thereby transforming the hydrogel from a gel to a sol easily 

seen with the naked eye. Further, because this reaction is carried out via a self-

propagating cascade, less than an equivalent of the trigger is needed to induce 

dissolution. The self-propagating cascade amplifies the detection through a cascade cycle, 

so only ppb levels of analyte are needed.14 Further, this sensor was designed to detect the 

tabun surrogate selectively among a variety of nerve agents. Because only tabun has a 

cyanide as a leaving group, a series of reactions initiated by cyanide that generate a thiol 

trigger was developed, thereby imparting selectivity to the sensing event. 

3.2 DESIGN CRITERIA 

We previously reported that derivatives of Meldrum’s acid, 1, shown in Scheme 

1, can click together different thiols, or amines with thiols, following by a declicking with 
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-mercaptoethanol (BME) or dithiothreitol (DTT), respectively.15 In the context of an 

auto-inductive cascade, such a monomer can be used to amplify the number of thiols 

present in a solution via addition of ppb levels of a thiol trigger.14 As Scheme 3.1 

portrays, addition of the trigger to a solution of disulfide-linked BME (BMEox) leads to 

disulfide exchange, releasing BME that declicks 1 to release two equivalents of 

methanethiol and product 2, thus doubling the number of thiol-triggers each time the 

cycle turns over until all of 1 is consumed. This cascade was previously used to create an 

exquisitely sensitive sensor for V-nerve agent surrogates because thiols are the biproducts 

of their hydrolysis.14  

 

 

 

Scheme 3.1 A thiol auto-inductive cascade in the previous work. 

 

Tabun, however, is not a V-nerve agent, and thus does not release thiols, but 

instead releases cyanide upon hydrolysis.16 Thus, in order to trigger the auto-inductive 

cascade of Scheme 3.1 we required a series of reactions that could occur with a tabun 
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mimic to ultimately generate an equivalent of thiol for each equivalent of the mimic. Due 

to the risks associated with working with nerve agents, experiments are generally 

performed using surrogate molecules that are safer to handle than real CWAs, but with 

similar chemical behavior and structure.17-20 We choose diethyl cyanophosphonate 

(DCNP) as the tabun mimic, and as described below two reactions initiated by cyanide to 

release a thiol were devised (Scheme 3.2a). Admittedly, for the real agent the 

experimental conditions may need to be adjusted to accommodate small differences in 

reactivity. 

We have also previously reported that Meldrum’s acid derivatives analogous to 1 

can be used as linkers to generate hydrogels using thiol containing monomers, and that 

the gels can be degraded to small molecules with equal equivalents of BME or DTT to 

the Meldrum’s acid linker.21 In this work, hydrogel 3, shown in Scheme 2B, was 

prepared via copper-catalyzed azide-alkyne cycloaddition (CuAAC) reactions to 

introduce branched monomers (PEG-azide (MW = 10,000)) and create triazole linkers 

(blue), while the Meldrum’s acid linkers (green) were used to degrade in response to the 

addition of BME or DTT. Similarly, the Kalow group has recently reported a series of 

polymers using analogous linking units. They developed vitrimeric silicone elastomers 

with a Meldrum’s acid derivative and thiol-functionalized polydimethylsiloxane through 

a conjugate addition of thiols. Adding 1-mercapto-2-propanol to the expanded network 

permanently disrupted the network cross-linking, resulting in complete dissolution.22  

(a) 
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(b) 

 

Scheme 3.2 Selected tabun mimic and synthesized hydrogel. 

 

The goal of the study presented here was to combine the auto-inductive cascade 

of Scheme 1 with the degradable hydrogel shown in Scheme 2B. The hypothesis was 

that upon BME declick of any of the Meldrum’s acid-derived linkages in 3 would result 

in two equivalents of thiol being generated, analogous to the two equivalents of 

methanethiol generated in the cascade shown in Scheme 1. Thus, the gel generates the 

thiols that propagate the cycle as the degradation proceeds, each time creating the five-

membered ring product 2 (Scheme 3). In essence, the gel self-degrades upon being 

triggered with a thiol. Finally, we envisioned that triggering the auto-inductive 

degradation of a physical barrier created by the self-degrading hydrogel could be used to 

release chemical agents, and we demonstrate this with both colorimetric indicators and 

nanocrystals. 
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3.3 RESULTS AND DISCUSSION 

3.3.1 Preliminary Test 

In our previous work, compound 1 was successfully used in the auto-inductive 

cascade shown in Scheme 1 using butanethiol as the trigger in a pH 10 buffered solution 

(borax/sodium hydroxide buffer).14 Before carrying out the detection of a tabun mimic, a 

preliminary test was conducted to determine if placement of Meldrum’s acid linkers 

analogous to 1 within gel 3 would lead to a similar cascade (Scheme 3.4, Figure 3.1). 

Rhodamine 6-G (R6G) was added during the synthesis of hydrogel 3 to confirm the 

changes with a quantitative analysis. Kinetics experiments were conducted with the R6G-

containing gel, 2-hydroxyethyl disulfide (BMEox) and butanethiol at different 

concentrations. The equivalents were determined relative to the number of the Meldrum’s 

acid linking units in 3. Each compound was added to centrifuge tubes with 5 ml of pH 10 

buffer. After shaking the tubes for time periods of 5, 10, 20, 30, 40, 50 and 60 minutes, 

100 µl of solution was collected by a pipette for optical analysis. According to these time 

points, gel 3 was entirely degraded after 40 minutes in both 0.1 and 0.3 equivalents of 

butanethiol, whereas the changes in the two other samples at pH 10, without the thiol 

trigger, showed only 15% to 20% as much R6G release (Figure 3.1-3), presumably due 

to some extent of gel degradation or diffusion of R6G out of the hydrogel. Another key 

difference with the study reported here is the use of pH 7.3, which nearly eliminates all 

degradation and R6G release without addition of a thiol (Figure 3.4). Thus, this study 

confirmed that if a substance capable of reducing BMEox was introduced to the gel,23 the 

auto-inductive cascade would be triggered to commence, and the gel thereby entirely 

self-degraded.  
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Figure 3.1 Kinetics experiments for the preliminary test results of Scheme 3.3. 

Butanethiol was exploited as the thiol trigger and it was conducted in pH 10 

(borax/sodium hydroxide buffer). 3 was synthesized with Meldrum’s acid 

derivative 5 µmol and four-arm PEG azides 2.5 µmol. Rhodamine 6-G was 

added during the synthesis of 3. There were four samples 3 + 2-

hydroxyethyl disulfide (BMEox) 5 µmol + butane thiol 0.5 µmol (0.1 

equivalent), 3 + BMEox 5 µmol + butane thiol 1.5 µmol (0.3 equivalent), 3 

+ BMEox 5 µmol and only 3. (a) Absorbance spectra at 525 nm. (b) 

Fluorescence intensity at 555 nm. It was obtained by excitation at 470 nm. 

(c) Photograph showing changes of 3 from a hydrogel to a solution. (d) 

Optical changes of the first sample (3 + BMEox 5 µmol + butane thiol 0.5 

µmol (0.1 equivalent)) with extracted solution. (e) Optical changes of the 

third sample (3 + BMEox 5 µmol) with extracted solution. 
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Figure 3.2 Absorption data of the preliminary test. (Figure 3.1a) (a) 3 + BMEox + 

butane thiol 0.1 equivalent, (b) 3 + BMEox + butane thiol 0.3 equivalent, (c) 

3 + BMEox, (d) 3 were added in 5 ml of pH 10 buffer. 

 

 
Figure 3.3 Fluorescence data of the preliminary test (λex = 470 nm). (Figure 3.1b) (a) 3 

+ BMEox + butane thiol 0.1 equivalent, (b) 3 + BMEox + butane thiol 0.3 

equivalent, (c) 3 + BMEox, (d) 3 were added in 5 ml of pH 10 buffer. 
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Figure 3.4 A titration study at physiological pH (phosphate-buffered saline (PBS)). 

After reacting 4 (1.5 µmol), DCNP (0, 0.25, 0.5, and 1.5 µmol), and 

triethylamine (3 µmol) in acetonitrile for 30 minutes, the resulting mixture 

was added to 5 ml PBS buffer in the presence of BME-ox (5 µmol) and 3 

with R6G. The reactions were then shaken. (a) Photos of the four samples 

with different amount of DCNP. (b) Absorption data for the time dependent 

release of R6G from the degradation of 3 at 525 nm. (c) Absorption spectra 

of kinetic data with 0.25 µmol of DCNP. The spectra were changed 

according to the numbers and arrows. 
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3.3.2 Optimized Conditions and Rate Constant for the Thiol Trigger 

To generate a thiol trigger for detection of tabun surrogate DCNP, initiator 4 was 

designed (Scheme 3.3). We anticipated that the phenol group of 4 would add to the 

phosphoryl center of DCNP and the thioester would be electrophilic enough to capture 

the cyanide leaving group, thereby generating aromatic thiol 5 that could be used to 

trigger the dissolution of gel 3. Compound 4 is both nucleophilic (the phenol) and 

electrophilic (the thioester), yet it is a stable white powder and does not react with itself 

in solution at pH 7. However, as previously stated, to generate product 5 the phenol must 

react with DCNP24,25 while the thioester must react with cyanide.26 Thus, we sought to 

explore the relative rates of these two reactions that involve 4. We first varied four 

conditions to maximize the yield of 5: solvent, temperature, time, and basicity. 

Acetonitrile, acetone, DMF, DMSO, and water were tested as solvents. Among them, 

acetonitrile had the highest yield of 5. Similarly, we varied temperature, time, and 

basicity. As a result, an optimized condition for the highest yield of 5 was obtained: 25 

oC, 30 minutes, and 2 equivalents of triethyl amine (TEA) in acetonitrile (Table 3.1). 
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m/z (-ESI) 167 261 385 521 

Retention 
time 

in LC/MS 
5.0 min 7.2 min 9.3 min 10.1 min 

Solvent (TEA 2 eq., 25oC, 1h) (%) 

MeCN 5 73 0 22 

DMF 20 61 3 16 

THF 11 69 1 18 

acetone 5 73 1 20 

water 25 59 2 15 

DMSO 18 61 2 19 

Amount of TEA (MeCN, 25oC, 1h) (%) 

0.1 eq. 100 0 0 0 

0.5 eq. 58 22 2 18 

1 eq. 36 43 2 19 

2 eq. 5 73 0 22 

10 eq. 15 47 7 31 

70 eq. 9 13 24 54 

Temperature (TEA 2 eq., MeCN, 1h) (%) 

25 ℃ 5 73 0 22 

50 ℃ 30 47 3 20 

75 ℃ 22 52 6 20 

Time (TEA 2 eq., MeCN, 25oC) (%) 

10 min 16 50 2 32 

0.5 h 6 73 1 20 

1 h 5 73 0 22 
 
Table 3.1 Experiment results to find optimized conditions to obtain 5 from LC/MS data. 

The numbers in the table are the ratio (%) among the four products above. 

Between 0.5 and 1 hour, the yield of 5 did not significantly change. Due to the 

negligible yield difference between 0.5 and 1 hour, the 0.5-hour reaction time 

was adopted due to the relative speed to obtaining results. 
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Using these conditions, we set out to explore model reactions to analyze the 

relative rates of the reactions that would initiate the cascade of Scheme 3.5. There were 

two model reactions. The first was a model of the phenol attacking the phosphorus center 

of DCNP (Scheme 3.5a), and the second was a model for the released cyanide reacting 

with a thioester (Scheme 3.5b). In 6 the thioester of initiator 4 was replaced with a 

thioether and in 7 the phenol of 4 was protected with a methyl group. The kinetic studies 

were carried out via UV-Vis spectroscopy. While keeping the concentration of 6 and 7 

constant, the change of the reaction was followed for 2 hours with different DCNP and 

cyanide concentrations (1, 2, 3, and 4 equivalents), respectively (Figure 3.5 and 3.7). For 

the reaction of cyanide anion with 7, we employed 18-crown-6 (50 µM) to dissolve 

potassium cyanide (50 µM). The concentrations of 6 and 7 were monitored, and using 

these results, rate constants were calculated.27 The 2nd order rate constant of the reaction 

between 6 and DCNP was 0.66 M-1 min-1 (Figure 3.5d) and for the reaction between 7 

and cyanide anion the rate constant was 2.67 M-1 min-1 (Figure 3.7d). Thus, the reaction 

of the phenol with DCNP is approximately 4 times slower than the reaction of cyanide 

with the thioester. Hence, it is the reaction between the trigger and the tabun surrogate 

that limits the rate of the initiator 4 to trigger the cascade. 

 

 
Scheme 3.5 Model studies for rate constant. (a) Model reaction to release cyanide. (b) 

Model reaction for cyanide capture and thiol release. 
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Figure 3.5 (a) Time kinetic studies with absorption changes of DCNP and 6 in 

acetonitrile in the presence of 2 equivalent of triethyl amine. (b) Time 

kinetic results for a concentration of 6 based on the absorption data spectra. 

1, 2, 3, and 4 equivalents DCNP were added separately into acetonitrile in 

the presence of 6 (5 mM), and triethyl amine (10 mM). (c) First order rate 

constant was calculated from (b). Y-axis is -kt, so the slope is regarded as -k. 

(d) Second order rate constant was calculated with concentration of DCNP 

and the first order rate constant (c). 
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Figure 3.6 1H NMR kinetic studies between DCNP and 6. There are 24 NMR results 

each and they were taken every 5 minutes for 2 hours. (a) 2 equivalents 

DCNP (20 mM) was added into acetonitrile-d in the presence of 6 (10 mM), 

and triethyl amine (20 mM). The disappearance of a was monitored over 

time. (b) 5 equivalents DCNP (50 mM) was added into acetonitrile-d in the 

presence of 6 (10 mM), and triethyl amine (20 mM).  
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Figure 3.7 (a) Time kinetic studies with absorption changes of cyanide and 7 in 

acetonitrile. Cyanide was prepared from the mixture of potassium cyanide 

and 18-crown-6. (b) Time kinetic results for a concentration of 7 based on 

the absorption data spectra. 1, 2, 3, and 4 equivalents cyanide were added 

separately into acetonitrile in the presence of 7 (50 µM). (c) First order rate 

constant was calculated from (b). Y-axis is -kt, so the slope is regarded as -k. 

(d) Second order rate constant was calculated with concentration of cyanide 

and the first order rate constant (c). 
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3.3.3 Titration Studies at pH 10 and 7.3 

Once the conditions for the reactions that would initiate the auto-inductive 

cascade and their model kinetics were obtained, we turned to triggering the dissolution of 

hydrogel 3. After the initiation step was conducted in acetonitrile to generate the thiol 

trigger, aliquots were transferred to aqueous solutions containing the gels and the cascade 

studies were performed in pH 10 buffer (as were the preliminary tests using butanethiol 

described above). There were four samples of equal weight of gel 3 (128 mg) and equal 

concentrations of probe 4 (300 µM), while the amount of DCNP was varied between 0, 

0.05, 0.1 and 0.3 equivalents relative to the Meldrum’s acid linkers in hydrogel 3. As 

anticipated, the three samples containing DCNP led to hydrogel degradation (Figure 3.8) 

while zero equivalents gave far less degradation. This result is meaningful because it 

confirmed that probe 4 released a thiophenol that in turn triggered the dissolution of the 

hydrogel. 
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Figure 3.8 Kinetics titration study at pH 10 buffer (borax/sodium hydroxide buffer). 

After reacting 4 (5 µmol), DCNP (0, 0.25, 0.5, and 1.5 µmol), and 

triethylamine (10 µmol) in acetonitrile for 30 minutes, the resulting mixture 

was added to the pH 10 buffer 5 mL in the presence of 2-hydroxyethyl 

disulfide (5 µmol) and 3. (a) Photos of the four samples with varying 

amounts of DCNP without Rhodamine 6G. The equivalent (eq.) is the ratio 

between the conjugate acceptor in 3 and DCNP: 0, 0.05, 0.1, and 0.3 (left to 

right). (b) Absorption data of time dependent titration for degradation of 3 

with Rhodamine 6G. Absorption (525 nm) was measured by extracting 100 

µL of each solution at intervals of 10 minutes for a total of 90 minutes. 
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We next explored physiological pH 7.3 instead of pH 10, all other conditions 

remaining the same. At pH 7.3, thiophenols (such as 5) are substantially ionized while 

alkylthiols (such as butanethiol, recall Figures 3.1-3.3) are not,28 and hence we expected 

the cascade to still function well at this lower pH. Indeed, the results were similar except 

that the hydrogel took longer to degrade (time dependent data, Figure 3.4b). The shape 

of the time-dependent data plots shows an initiation period as the cascade starts 

degrading, an exponential rise due to auto-induction, followed by a plateau as all the 

Meldrum’s acid linkers in 3 are consumed. Importantly very little degradation occurs 

without DCNP. Further, at either pH 10 or 7.3, the Meldrum's acid linkers in gel 3 could 

be observed to generate 2 via UV-Vis absorption spectroscopy due to a hypsochromic 

shift of the lmax of 350 nm → 290 nm (Figure 3.4c), as we have observed in previous 

systems.14 Hence, Figure 3.4 shows three different ways to follow the optical response to 

the tabun mimic DCNP. While these three responses could be used to quantitate the 

concentration of DCNP as we have done in other contexts,14 the goal for this study was 

to trigger gel degradation and use it as a delivery agent. Interestingly, however, there is 

another informative aspect to the UV-Vis traces given in Figure 3.4c that gives insight 

into the time-evolution of gel degradation. As the peak at 350 nm increased and 

decreased according to the time sequence, the peak at 290 nm indicative of 2 continually 

increased. Initially, because hydrogel 3 was in a solid state the solution did not show its 

absorbance. However, as 3 gradually degraded, some of gel with the Meldrum's acid 

linker (a chromophore itself) dissolved and was observed at 350 nm. As the cascade 

continued the Meldrum's acid linker entirely broke down to product 2, thereby continuing 

to increase the peak at 290 nm.  
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3.3.4 Selectivity Test 

After confirming that this hydrogel sensor was working properly for DCNP, a 

selectivity experiment was performed. A unique characteristic of tabun is the cyanide 

moiety, which acts as a leaving group and a nucleophile. The Kumar group has reported 

the analysis of cyanide due to its nucleophilic ability after being released from an 

analogous mimic.29-31 In our study, the two reactions that use initiator 4 were anticipated 

to impart selectivity to the sensing event. To test this, we conducted experiments on three 

nerve agent surrogates (Figure 3.9 and 3.10). First, the reaction between the initiator 4 

with the nerve mimics DCNP (a GA-agent mimic), diisopropylfluorophosphate (DFP, a 

GB/GD-agent mimic), and demeton-S-methyl (DSM, a V-agent mimic) were followed by 

LC-MS. The thiophenol compound 5 was only observed in the reaction with DCNP. In 

the reaction of 4 with DFP phosphoryl transfer to the phenol did occur, but the 

thioacetate remained intact. With DSM there was no reaction with initiator 4. We also 

attempted to initiate the auto-inductive cascade to degrade gel 3 using the three nerve 

agent mimics. As expected, the hydrogel was degraded only when DCNP was added, and 

the absorption increased compared to DFP and DSM. Similarly, in a study by the 

Martínez-Máñez group, it was reported that when comparing DFP and DCNP, only 

DCNP reacted with both the aldehyde and phenol moiety within their probe.32 
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Scheme 3.6 Nerve agents and their mimics. DCNP (diethylcyanophosphonate) is a 

simulant of a tabun, and both DFP (diisopropylfluorophosphate) and DCP 

(diethylchlorophosphate) are surrogates of a sarin and a soman. DSM 

(demeton-S-methyl) is employed as a mimic of VX. 
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Figure 3.9 Selectivity test. Absorption data of time dependent titration for 3 degradation 

with DCNP (a tabun mimic), DFP (a sarin and soman mimic), and Demeton-

S-methyl (a VX mimic) in physiological pH (Phosphate-buffered saline). 

After reacting 4 (5 µmol), triethylamine (10 µmol), and (a) DCNP 0.5 µmol 

(0.1 equivalent); (b) DFP 5 µmol (1 equivalent); (c) DSM 5 µmol (1 

equivalent) in acetonitrile for 30 minutes, the result mixture was added to the 

PBS 5 mL in the presence of 2-hydroxyethyl disulfide (5 µmol) and 3 with 

Rhodamine 6G (5 µmol). Absorption was measured by extracting 100 µL of 

the solution at intervals of 20 minutes for 240 minutes. (d) shows absorbance 

spectra of (a), (b), and (c) at 525 nm. 
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Figure 3.10 LC-MS data of the reaction 4 (10 mM) and triethylamine (20 mM) with (a) 

DCNP (10 mM); (b) DFP (10 mM); (c) DSM (10 mM) in acetonitrile for 90 

minutes.  
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3.3.5 Membrane Degradation 

We next turned to using hydrogel 3 as a physical barrier to time the release of 

reagents in response to DCNP using an “hourglass” like study. While in a real-life 

application the reagents could be tabun antidotes or capture agents, we mimicked such 

entities using dyes and nanocrystals, respectively. We anticipated that solutions resulting 

from the reaction of 4 and DCNP could be used to trigger degradation of a membrane 

created from 3 in a time dependent manner depending upon the thickness of the 

membrane. Hydrogels of four different thicknesses were prepared and affixed to vial 

adaptors. To do so, the masses of reactants and quantities of solvent (t-butanol and water) 

were controlled to make different thickness of membranes (Figure 3.11). Indeed, we 

visually confirmed that the membrane decomposition time varies contingent on the 

thickness of the hydrogel because the thicker the membranes, the longer it took for the 

gels to dissolve and release the red solution containing R6G into the bottom vial. Several 

factors must influence this phenomenon, each of which could be tuned for a specific 

application: 1) the degradation rate of the hydrogel induced by DCNP is dependent upon 

pH, 2) the weight of the top solution, and 3), the surface tension of the solvent (water in 

our case) that impedes the solution from passing through the membrane. 
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Figure 3.11 Membrane degradation test of 3. There were four different weights and 

thicknesses of gels created with 3 which were synthesized with 5 µmol, 7 

µmol, 9 µmol, and 11 µmol of the Meldrum’s acid linker in the gel. (a) 

Thickness of 3: 1.7 mm, 2.2 mm, 2.6 mm, and 3.2 mm. (b) A photo for the 

four samples before connecting the top vial. (c) Visualization for the kinetic 

samples designated 1, 2, 3, and 4 (left to right). Four different sets were 

made of 3 containing 5 µmol, 7 µmol, 9 µmol, and 11 µmol of the 

conjugate acceptor for samples 1, 2, 3, and 4, respectively. Each sample 

was made in a 1 dram vial, however, the reactants and solvent varied to 

make alter the thickness of the membrane. The conditions for each sample 

shown above was: 1. Meldrum’s acid linker (1.90 mg, 5 µmol, 1 equiv.), 

four-arm PEG azides (25 mg, 2.5 µmol, 0.5 equiv.), tert-butanol (50 µL), 

Milli-Q water (50 µL), sodium ascorbate (0.5 mg, 2.5 µmol, 0.5 equiv.), 

and copper sulfate (0.5 mg, 2 µmol, 0.40 equiv.), 2. Meldrum’s acid linker 

(2.66 mg, 7 µmol, 1 equiv.), four-arm PEG azides (35 mg, 3.5 µmol, 0.5 

equiv.), tert-butanol (70 µL), Milli-Q water (70 µL), sodium ascorbate (0.7 

mg, 3.5 µmol, 0.5 equiv.), and copper sulfate (0.7 mg, 2.8 µmol, 0.4 

equiv.), 3. Meldrum’s acid linker (3.42 mg, 9 µmol, 1 equiv.), four-arm 

PEG azides (45 mg, 4.5 µmol, 0.5 equiv.), tert-butanol (90 µL), Milli-Q 

water (90 µL), sodium ascorbate (0.9 mg, 4.5 µmol, 0.5 equiv.), and copper 

sulfate (0.9 mg, 3.6 µmol, 0.4 equiv.), and 4. Meldrum’s acid linker (4.18 

mg, 11 µmol, 1 equiv.), four-arm PEG azides (55 mg, 5.5 µmol, 0.5 equiv.), 

tert-butanol (110 µL), Milli-Q water (110 µL), sodium ascorbate (1.1 mg, 

5.5 µmol, 0.5 equiv.), and copper sulfate (1.1 mg, 4.4 µmol, 0.4 equiv.). 

 

Further, we anticipated that the membrane could be used to release particles, such 

as potentially capture agents. To study this, we followed the change in morphology of 

nanocrystal (NC) particles upon mixing solutions because they give an optical response. 

We found that Sn:In2O3 nanocrystals (ITO NCs) functionalized with mixed aldehyde and 

benzyl-terminal oligo(ethylene oxide) ligands can be dispersed in polar 

solvents.33 Specifically, we found that these functionalized ITO NCs form stable 

dispersions in aqueous solutions above pH 8, but aggregate at low pH. Thus, to explore 

the ability to release particles, we followed the pH-controlled aggregation using the self-
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degradable hydrogel. The top vial was filled with a dispersion of 12 nm diameter NCs 

(pH 10), which was triggered to fall into the bottom vial (pH ~3) using the same 

procedure as described in the previous paragraph. Once the membrane dissolved and the 

NC solution mixed with the acidic water, they flocculated out of solution. We believe this 

occurs from a destabilized ligand shell from ligand exchange/removal and etching 

conditions created by the use of the strong acid (Figure 3.12a).34,35 The blue color of the 

NCs in the top vial is due to the high energy tail of the localized surface plasmon 

resonance (LSPR) absorbing red light, while the aggregated NCs (where strong coupling 

of LSPR in neighboring NCs is expected) appear light green in color (Figures 3.12b,c, 

and d). Thus, physical changes of NCs can also be used to monitor/sense the gel 

dissolution response to the tabun surrogate. 
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Figure 3.12 Experiment showing the alteration in degree of dispersion of nanocrystals 

due to a change in pH induced by membrane decomposition. (a) 

Representation of the ITO NCs with the ligands functionalized on the NC 

surface. Acidic conditions cause the ligands to be stripped from the NCs 

causing NC degradation and aggregation. (b) Top is a picture before the 

membrane degradation, and the bottom is a picture after degradation. The 

top vial contained a pH 10 aqueous solution (4 mL) containing dispersed 

colloidal NCs, and the bottom was pH 3 water (1 mL). (c) and (d) are 

STEM images before and after, respectively, the membrane degradation. 

Both scalebars are 250 nm. 
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3.4 CONCLUSION 

A degradable hydrogel was used as both an optical and physical-change sensor for 

a surrogate of the nerve agent tabun. Using a self-propagating cascade that degrades the 

gel due to the release of thiols that then further propagates its own degradation, we could 

monitor absorbance changes, dye release, and physical changes of the gel. The initiation 

of the cascade was performed via two sequential reactions using an initiator that reacts 

with the tabun surrogate, releases cyanide, and subsequently releases a thiophenol to 

trigger gel degradation. Confirmation of the anticipated two reaction sequence was done 

by monitoring the kinetics of model reactions. In addition, the hydrogel was used as a 

membrane to study the decomposition rate depending on the membrane thickness, thus 

generating an hourglass like change in the mixing of solutions of colored dyes and 

nanocrystals that undergo dispersion changes, albeit one can imagine the delivery of 

other chemical agents upon triggering with tabun or surrogates. For a practical 

application with a real agent, the kinetics of this proof-of-principle system will need to be 

sped up because an hour or more response time is too slow to be practical. Thus, on 

another front we are working on more rapid self-propagating cascades that can be 

incorporated into gels. However, based on our results, we expect that the concept of 

triggerable self-degradable hydrogels can also be applied in other fields, such as bio- and 

nanomaterials. 
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3.5 EXPERIMENTAL SECTION 

3.5.1 Methods and Instruments 

Nuclear Magnetic Resonance (NMR) 

NMR spectra were recorded from The University of Texas at Austin NMR 

facility. Varian DirectDrive or Varian INOVA 400 MHz NMR spectrometers were 

employed on Synthesized compounds characterization. Time kinetics studies with NMR 

were recorded on Bruker AVIII HD 500 MHz cryoprobe. The NMR spectra were 

referenced to solvent and the spectroscopic solvents (CDCl3, CD3CN) were purchased 

from Cambridge Isotope Laboratories. All NMR spectral data was processed with the 

Mestrenova software package. 

Liquid Chromatography–Mass Spectrometry (LC-MS) 

Finnigan MAT-VSQ 700 and DSQ spectrometers were used to obtain mass 

spectra. HR electrospray ionization (ESI) mass spectra were recorded using either Agilent 

6530 Accurate-Mass Q-TOF LC/MS or MALDI-TOF (Vogayer, PerSeptive Biosystem). 

High-Resolution Mass Spectrometry (HRMS) 

High-resolution mass spec (HRMS) analysis was conducted by the University of 

Texas Mass Spectrometry Facility using Agilent Technologies 6530 Accurate Mass Q-

TOF LC/MS system. 

UV-Vis Spectroscopy 

The UV-Vis absorbance spectra and kinetics were obtained in Cary 100 UV-Vis 

spectrophotometer from Agilent Technology. The spectra were run in Cary WinUV 

software: Scan, Kinetics and Scanning Kinetics, respectively. 

Fluorescence Spectroscopy 
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Fluorescence spectra were recorded on a Photon Technology International 

Fluorescence Master fluorimeter. The source was a 75 W Xenon short arc lamp. 

Solid Phase Peptide Synthesis, Purification, and Identification Equipment 

The solid phase peptide synthesis was conducted via CEM Liberty Blue 

Microwave Peptide Synthesizer and all syntheses were done at the 0.25 mmol scale. 

Upon completion, HPLC was used to purify the desired product. The HPLC used was a 

Shimadzu Prominence system furnished with a Zorbax SB-C18 preparatory column (21.2 

x 250 mm) with 7.0 µm packing material. The University of Texas at Austin Mass 

Spectrometry Facility used an Agilent Technologies 6530 Accurate Mass Q-TOF LC/MS 

for any high-resolution mass spectrometry (HRMS) data. A liquid chromatography mass 

spectrometry (LC-MS) instrument: Agilent Technologies 6125B Single Quadrupole LC-

MS, was used to collect all UV-traces and MSD-TIC(+) data. 

Scanning Transmission Electron Microscopy (STEM). 

Samples were prepared by drop-casting dilute (0.1mg/mL) NC dispersions onto 

carbon-coated 400 mesh copper grids, with imaging performed on a Hitachi S5500 

scanning transmission electron microscope (STEM) operating in the TEM mode with an 

accelerating voltage of 30 kV. Sizing NCs using the bright-field TEM images with the 

use of image j found NC sizes to be 9.8nm ± 3.5nm.36 

3.5.2 Materials 

Cascade Materials 

All materials were used as received unless otherwise stated. Meldrum’s acid was 

purchased from Oakwood Chemical. 6-Iodo-1-hexyne (97%), diethyl cyanophosphonate 

(DCNP), diisopropylfluorophosphate (DFP), O,O-Dimethyl S-2-(ethylsulfanyl)ethyl 

phosphorothioate (demeton-S-methyl), Dulbecco’s phosphate buffered saline, 2-
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hydroxyethyl disulfide, 4-mercaptophenol, tetrabutylammonium cyanide, Indium(III) 

acetate (In(ac)3, 99.99%), tin (IV) acetate (Sn(ac)4, >99.9%), oleic acid (OA, 90%, 

technical grade), oleyl alcohol (OleOH, 98%), KOH (>85%), sodium L-ascorbate (99%), 

potassium cyanide, 18-crown-6, and triethylamine (>99.9%) were all from 

MilliporeSigma. 4-(Methylthio)phenol was from Tokyo Chemical Industry. Four-arm 

poly(ethylene glycol) azide (> 95%, Mn = 10,000 Da) was purchased from JenKem 

Technology. CuSO4
.5H2O was bought from Fisher Scientific. Borax / sodium hydroxide 

buffer solution pH 10 was purchased from Fluka. Other chemical reagents were 

purchased from MilliporeSigma, Acros Organics, Fisher Scientific and so on. 

All cuvettes made by fused quartz were purchased from Starna Cells with 

standard screw and septum top. 

Solid Phase Peptide Synthesis Materials 

All solid phase peptide syntheses were completed using an automated microwave 

peptide synthesizer, CEM Liberty, at a 0.25 mmol scale. Unless otherwise stated, all of 

the following regents listed were used as received. The solvent, ACS grade 

dimethylformamide (DMF) was purchased from Fischer Scientific. Piperidine (99%) was 

purchased from Alfa Aesar. Ethyl(hydroxyamino)cyanoacetate (99.7%) was purchased 

from CHEM-IMPEX INT’L Inc. N, N’-Diisopropylcarbodiimide (99.5%) was purchased 

from CHEM-IMPEX INT’L Inc. The ACS grade acetic anhydride (99.7%) was 

purchased from Fisher Chemical. Fmoc-azidolysine (98%) was purchased from 

Novabiochem. The Fmoc-NH-PEG2-CH2CH2COOH (97%) was purchased from 

PUREPEG. Both the Fmoc-Asp(OtBu)-OH (98%) and Fmoc-Asp(OtBu)-Wang Resin 

(mesh:100-200, Subst.: 0.51 mmol/g) were purchased from P3BioSystems. 

Solid Phase Click Reactions Materials 



 148 

All the follow regents and solvents were used as received unless otherwise stated. 

The solvent, DMF, used for were purchased from Fisher Scientific. The 4-

ethynlbenzaldehyde (98%) was purchased from Ark Pharm, Inc. The 4-phenyl-1-butyne 

(97%) was purchased from Sigma Aldrich. Additionally, the copper (I) iodide (99%), and 

sodium L-ascorbate were both purchased from Sigma Aldrich. The synthesis of tris((1-

benzyl-4-triazolyl)methyl)amine (TBTA) was accomplished following literature 

protocol.37 

Solid Phase Peptide Synthesis Cleavage, Precipitation, and Purification 

Materials 

Cleavage: Trifluoroacetic acid (99.9%) was purchased from CHEM-IMPEX 

INT’L Inc. and the triisopropylsilane (98%) was purchased from Aldrich Chemistry. 

Precipitation: The solvent, ACS grade ether, was purchased from Fisher Chemical. 

Purification: For the high-performance liquid chromatography (HPLC) both solvents 

methanol and nanopore water were altered by adding 0.1% formic acid. The formic acid 

(99%) was purchased by Acros Organics. Nanopure water is provided by The University 

of Texas at Austin. The Optima Methanol was purchased from Fisher Chemical. 

2.4.3 Synthesis 

 

 5-(bis(hex-5-yn-1-ylthio)methylene)-2,2-dimethyl-1,3-dioxane-4,6-dione: To 

a flask in the presence of Meldrum’s acid (2 g, 13.9 mmol, 1 equiv.) in DMSO (10 mL) 

under argon gas, triethylamine (7.82 ml, 55.6 mmol, 4 equiv.) and carbon disulfide (0.84 

mL, 13.9 mmol, 1 equiv.) were added in order. After stirring the mixture for 1 hour, 6-
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iodo-1-hexyne (4.59 mL, 34. 75 mmol, 2.5 equiv.) was added to the mixture carefully. 

The resulting mixture was a clear dark red color and left to stir overnight. The solution 

was added over ice and extracted with dichloromethane. The organic phase was dried 

with magnesium sulfate and evaporated via rotary evaporation. The crude product was 

purified by a column chromatography with ethyl acetate/hexane (1/5, v/v) and yellow 

viscous oil was obtained (2.94 g, 56%). 1H NMR (400 MHz, CDCl3) δ 3.18 – 3.04 (m, 

4H), 2.21 (td, J = 6.8 Hz, 2.6 Hz, 4H), 1.95 (t, J = 2.7 Hz, 2H), 1.88 – 1.79 (m, 4H), 1.71 

(s, 6H), 1.68 – 1.58 (m, 4H).13C NMR (101 MHz, CDCl3) δ 190.07, 160.04, 103.81, 

103.14, 83.25, 69.25, 38.03, 27.52, 27.30, 26.92, 17.92; HRMS (ES+) m/z calc. for [M + 

Na]+, 403.1008; found, 403.0996. 

 

 Hydrogel (3): To a 1 dr vial, 5-(bis(hex-5-yn-1-ylthio)methylene)-2,2-dimethyl-

1,3-dioxane-4,6-dione (1.9 mg, 5 µmol, 1 equiv.), four-arm PEG azides (Mn = 10,000 

g/mol, 25 mg, 2.5 µmol, 0.5 equiv.) and tert-butanol (50 µL) was added. Milli-Q water 

(35 µL) containing sodium ascorbate (0.5 mg, 2.5 µmol, 0.5 equiv.) was added to the 

mixture and stirred to give a homogeneous yellow solution using a vortexer and a 

sonicator. After dissolving the mixture completely, copper sulfate (0.5 mg, 2 µmol, 0.4 

equiv.) in water (15 µL) was added and stirred for 1 minute with a vortexer. The mixture 
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was stirred under a shaker for 1 hour. After removing the vial, a clear yellow hydrogel (3) 

was obtained. The hydrogel was purified in a neutral EDTA aqueous solution (10%) to 

extract the copper, remove sodium ascorbate and unreacted molecules. At last, 3 was 

ready to swell in water as a hydrogel. 

 

 

 

S-(4-hydroxyphenyl) ethanethioate (4): 4-Mercaptophenol (1.252 g, 10 mmol), 

acetic anhydride (1.021 g, 10 mmol), and sodium acetate trihydrate (136.1 mg, 1 mmol) 

were stirred at room temperature (23-24 oC) overnight (12-18 hrs). The mixture was 

extracted with dichloromethane in the presence of sodium bicarbonate. The organic phase 

was dried with magnesium sulfate and evaporated via rotary evaporation. The crude 

product was purified by a column chromatography with ethyl acetate/hexane (1/5, v/v) 

and the white powder was obtained (1.18 g, 71%). 1H NMR (400 MHz, CDCl3) δ 7.20 

(m, 2H), 6.73 (m, 2H), 6.08 (s, 1H), 2.42 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 197.90, 

157.46, 136.23, 117.65, 116.72, 30.00; HRMS (-ESI) m/z calc. for [M - H]-, 167.0172; 

found, 167.0171. 
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Figure 3.13 1H NMR spectrum of 4 (CDCl3). 

 

Figure 3.14 13C NMR spectrum of 4 (CDCl3). 
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Figure 3.15 High resolution mass data of 4. 

 

Diethyl (4-(methylthio)phenyl) phosphate: Diethyl phosphorocyanidate (196 

mg, 1.2 mmol) was added to a solution acetonitrile (8 mL) containing 4-

(methylthio)phenol (126 mg, 1 mmol) and triethyl amine (202 mg, 2 mmol) at room 

temperature (23-24 oC). After stirring overnight (12-18 hrs), the mixture was extracted 

with dichloromethane (DCM) and water with sodium bicarbonate. The organic phase was 

dried with magnesium sulfate and evaporated via rotary evaporation. The crude product 

was purified by a column chromatography with DCM/hexane (1/1, v/v) to DCM and the 

colorless clear liquid was obtained (236 mg, 85%). 1H NMR (400 MHz, CD3CN) δ 7.29 

(d, J = 8.7 Hz, 2H), 7.16 (d, J = 8.9 Hz, 2H), 4.23 – 4.11 (m, 4H), 2.47 (s, 3H), 1.31 (t, J 
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= 7.0 Hz, 6H). 13C NMR (101 MHz, CD3CN) δ 148.49, 135.01, 127.91, 120.72, 64.60, 

15.43, 15.34; HRMS (+ESI) m/z calc. for [M + Na]+, 299.0477; found, 299.0475. 

 

Figure 3.16 1H NMR spectrum of 6 (CD3CN). 

 

Figure 3.17 1H NMR spectrum of diethyl (4-(methylthio)phenyl) phosphate (CD3CN). 
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Figure 3.18 13C NMR spectrum of diethyl (4-(methylthio)phenyl) phosphate (CD3CN). 

 

Figure 3.19 High resolution mass data of diethyl (4-(methylthio)phenyl) phosphate. 
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S-(4-methoxyphenyl) ethanethioate (7): 4-Methoxythiophenol (701 mg, 5 

mmol), acetic anhydride (510 mg, 5 mmol), and sodium acetate trihydrate trihydrate 

(680.4 mg, 5 mmol) were stirred at room temperature (23-24 oC) overnight (12-18 hrs). 

The mixture was extracted with dichloromethane in the presence of sodium bicarbonate. 

The organic phase was dried with magnesium sulfate and concentrated using rotary 

evaporation. The crude product was purified by a column chromatography with ethyl 

acetate/hexane (1/20, v/v) and the colorless clear liquid was obtained (756 mg, 83%). 1H 

NMR (400 MHz, CDCl3) δ 7.32 (d, J = 8.9 Hz, 2H), 6.94 (d, J = 9.0 Hz, 2H), 3.81 (s, 

3H), 2.39 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 195.15, 160.68, 136.09, 118.70, 

114.88, 55.33, 29.94; HRMS (+ESI) m/z calc. for [M + Na]+, 205.0294; found, 205.0296. 

 

Figure 3.20 1H NMR spectrum of 4-methoxybenzenethiol (CD3CN). 
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Figure 3.21 1H NMR spectrum of 7 (CDCl3). 

 

 

Figure 3.22 13C NMR spectrum of 7 (CDCl3). 
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Figure 3.23 High resolution mass data of 7. 

Microwave Assisted Peptide Synthesis 

Using the peptide synthesizer, the ligands were made using standard Fmoc-

deprotection using piperidine and the desired natural or unnatural amino acid, and PEG 

were coupled using diisopropylcarbodiimide (DIC)/Ethyl(hydroxyamino)cyanoacetate 

(Oxyma) amide coupling conditions. The ligands were synthesized using Wang resin. 

The microwave assisted peptide synthesizer coupled the amino acids with DIC/Oxyma in 

two steps: 1) 75 oC, 170 W for 15 seconds, and 2) 90 oC, 30 W for 110 seconds. All 

Fmoc-deprotections were completed using a piperidine/DMF (20:100) solution in two 

phases: 1) 75 oC, 155 W for 15 seconds, and 2) 90 oC, 30 W for 50 seconds. Following 

the same standard synthesis procedures, the N-terminus of the ligand was deprotected and 
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capped with acetic anhydride. All resins were sequentially washed with DMF (25 mL), 

DCM (25 mL), and MeOH (25 mL). The resin was dried under vacuum for at least three 

hours prior to the solid phase copper (I)-catalyzed alkyne-azide cycloaddition reaction.  

Solid Phase Copper(I)-Catalyzed Alkyne-Azide Cycloaddition 

Solid Phase Copper(I)-Catalyzed Alkyne-Azide Cycloaddition (SP-CuAAC), was 

preformed using the following described procedure to install the desired alkyne (4-

phenyl-1-butyne or 4-ethynlbenzaldehyde) onto the azide of the ligand. The resin was 

transferred to a 20 mL dram vial and suspended in 4 mL of DMF. With 1.1 equivalencies 

(azide/alkyne, 1:1.1), the desired alkyne was added to the vial. The vial was then sealed 

and degassed with N2 gas. The catalyst solution was made in a separate vial under inert 

conditions. The catalyst was prepared by combining tris(1-benzyl-4-triazolylmethyl) 

amine (TBTA)/sodium ascorbate/copper iodide (0.4: 0.4:0.2 eq.) and dissolving the solids 

in a total of 3.4 mL of DMF and 1.6 mL of H2O. The catalyst solution was added to the 

dram vial containing the resin and alkyne and the solution was equipped with a N2 

balloon. The resulting mixture was left on a shaker for 12-24 hours at room temperature. 

Once completed the resin was washed with DMF (40 mL), DCM (40 mL), and MeOH 

(40 mL). The resin was left to dry under vacuum for at least four hours prior to cleaving 

the ligand off the resin.  

Once the resin was dried the ligand was cleaved off the resin. For the resin that 

was subjected to the SP-CuAAC with 4-ethynlbenzaldehyde, the cleavage solution 

consisted of TFA/H2O (90:10). For the resin that was subjected to the SP-CuAAC with 4-

phenyl-1-butyne, the cleavage solution consisted of TFA/TIS/H2O (95:2.5:2.5). In both 

cases the resin was agitated for 2.5-3 hours with their respective cleavage solution. The 

cleavage solution was removed, and the ligand was precipitated with ether. Upon removal 

of the ether, the precipitant was analyzed using an LCMS (5% to 95% MeOH gradient 
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over 12 minutes, MeOH/H2O binary system) to display the desired products. The peaks 

in the LCMS were identified using MS. Further purification using a HPLC (gradient: 

isocratic binary system, MeOH/H2O 10% to 95% over 90 minutes, both the MeOH and 

H2O were altered with 0.1% formic acid) removed residual biproducts. The desired 

ligand was collected and the MeOH was removed using a rotatory evaporation. The 

residual water was lyophilized to yield a white powder for all ligands made.   

Benzyl-Ligand 
 

 

Yield: 87.93 mg (98.5 µmol), 11.3%, white solid. HRMS(+ESI)/ Da: M = 

C40H60N8O15, (M+Na)+
theoretical = 915.4076, (M+Na)+

observed
 = 915.4070, Target Mass 

Error = -0.72 ppm. 
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Figure 3.24 The benzyl-ligand purity conformation via LC-MS. (a) The UV-trace at both 

240 and 214 nms over a 12 minutes (LCMS Trace: 5% to 95% MeOH 

gradient) displays only one peak. (b) The MSD-TIC (+) of the single peak 

shown in (a) displaying the mass of the desired ligand.  

 

Figure 3.25 The LCMS-trace of the benzyl-ligand prior to HPLC purification. (a) The 

crude UV-trace of the benzyl-ligand at 240 and 214 nm. (b) The identities of 

known impurities.  
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Aldehyde-Ligand 
 

 

Yield: 105.45 mg (118.1 µmol), 12.0%, white solid. HRMS(+ESI)/ Da: M = 

C39H56N8O16, (M+Na)+
theoretical = 915.3712, (M+Na)+

observed
 = 915.3706, Target Mass 

Error = -2.49 ppm. 

 

 

Figure 3.26 The Aldehyde-ligand purity conformation via LC-MS. (a) The UV-trace at 

both 240 and 214 nms over a 12 minutes (LCMS Trace: 5% to 95% MeOH 

gradient) displays only one peak. (b) The MSD-TIC (+) of the single peak 

shown in (a) displaying the mass of the desired ligand.  
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Figure 3.27 The LCMS-trace of the Aldehyde-ligand prior to HPLC purification. (a) The 

crude UV-trace of the Aldehyde-ligand at 240 and 214 nm. (b) The 

identities of known impurities.  

Synthesis of Colloidal nanocrystals (NCs)  

Colloidal nanocrystals (NCs) were synthesized by the modification of a slow 

injection method to sythensize monodispersed spheres.38 A metal precursor solution (4.75 

mmol In(III)acetate, 0.25 mmol Sn(IV)acetate, 10 mL oleic acid) was slow injected into 

13 mL of oleyl alcohol held at 290 ˚C under inert atmosphere. After the reaction, NCs 

were washed five times with ethanol and redispersed in hexane. NCs were functionalized 

using a direct ligand exchange method. Oleate-capped NCs in hexane were again 

flocculated with ethanol and introduced to polar ligand solution (0.01 M ligand in DMF) 

and sonicated (15 mins). NCs were then flocculated using an ethanol:hexane (1:1) 

mixture and introduced to a basic solution of water (0.1M KOH pH 14) sonicated (15 

mins). The NC precipitate was then centrifuged and dispersed with a second basic 
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solution (TEA pH 12) and sonicated for (15 mins). The NCs were centrifuged using a 

filtered centrifuged tube for spin dialysis and redispersed in pure water maintain some 

basicity (5mL pH 10). Particles were characterized using 1H NMR, UV/Vis, and STEM 

(Figure 3.28-3.30). 

 

 

Figure 3.28 1H NMR spectrum of NCs.  
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Figure 3.29 Absorbance data of NCs and triethylamine (TEA). 
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Figure 3.30 (a) and (b) are STEM images before (a) and after (b) the membrane 

degradation. Both scalebars are 100 nm. 
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Chapter 4:  A Bis-Pyridinium Calix[4]pyrrole Derivative for 

Remediation and Detection of Nerve Agents 

 

A bis-pyridinium calix[4]pyrrole appended with anthracene subunits was 

employed to remediate and detect nerve agents through hydrogen bonding interactions 

and anion binding, respectively. The system provides a recognition-based approach to 

facilitating hydrolysis with subsequent detection of the nerve agent’s leaving groups.  
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4.1 INTRODUCTION 

Chemical warfare agents (CWAs) are one of the most hazardous weapons due to 

their rapid toxic reactions and sometimes severe chronic sequelae. Although the use of 

CWAs has been forbidden by the Chemical Weapons Convention, their low cost, 

potency, and easy mass production makes them attractive for use in warfare and 

terrorism.1,2 

Nerve agents, the most commonly used CWAs, are organo-phosphorus 

compounds. These agents inhibit the degradation of acetylcholine by inactivation of the 

enzyme acetylcholinesterase. To prevent, or reverse, their binding with this enzyme, 

nerve agents can be hydrolyzed.3-7 Their hydrolysis rate at neutral pH and room 

temperature is relatively slow. As examples, several hydrolysis half-lives of nerve agents 

(Figure 1) are as follows: GA (8.5 hours at pH 7), GB (39 hours at pH 7), GD (45 hours 

at pH 6.6), and VX (1,000 hours at pH 7).7,8 Therefore, catalytic acceleration of the 

hydrolysis of nerve agents would be advantageous for their destruction.  

 Recently, progress toward achieving this goal has been made using 

supramolecular and receptor-based approaches.9 Gale and co-workers reported neutral 

1,3-diindolylureas as organocatalysts for the accelerated hydrolysis of the nerve agent 

mimics (Figure 1) diethyl cyanophosphonate (DCNP) and diisopropyl fluorophosphate 

(DFP).10 These catalysts enhanced the hydrolysis rate of these nerve agent surrogates 

through hydrogen bonding and hydrophobic effects, and a separate indicator was 

employed to measure the hydrolysis rate based on a pH change. Moreover, the same 

group reported tripodal amide/histidine-containing receptors capable of increasing the 

rate of GD hydrolysis via hydrogen bonding interactions.11 
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Figure 4.1 Receptors 1 and 2 used for nerve agent remediation and detection, G-series 

nerve agents and their simulants. 

Calix[4]pyrroles are non-aromatic tetrapyrrolic macrocycles that have been 

extensively studied as anion receptors, ion-pair receptors, transmembrane transporters, 

and molecular containers.12-16 We postulated that a dicationic calix[4]pyrrole 

functionalized with fluorophores would not only enhance the hydrolysis of the nerve 

agents, but also result in a fluorescence turn-on by binding with the departed anionic 

leaving groups. This led to the design of calix[4]pyrrole 1 (Figure 4.1). This bis-

pyridinium calix[4]pyrrole bearing fluorogenic anthracene subunits was expected to 
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polarize the P=O bond of the nerve agent upon binding through four hydrogen bonds, and 

to do so more than the neutral calix[4]pyrrole 2 due to in cationic charges. The 

polarization via hydrogen bonding and field effects were postulated to increase in the 

hydrolysis rate by facilitating nucleophilic attack by water. Furthermore, the anion 

released from the nerve agent during hydrolysis was anticipated to bind the receptor 

stronger than the phosphate anionic product, and thus would replace the hydrolyzed nerve 

agent from receptor 1 (Scheme 4.1). 

 

Scheme 4.1 The proposed scheme for remediation and detection of a nerve agent 

simulant, incorporating 1 and DFP. 
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4.2 RESULTS AND DISCUSSION 

4.2.1 Synthesis of the Receptor 1 

The synthesis of receptor 1 is shown in Scheme S1. Coupling of cis-bispyridine-

functionalized calix[4]pyrrole derivative with 9-(chloromethyl)anthracene gave the 

tetrachloride salt of the compound 1, which afforded receptor 1 as the tetra-

hexafluorophosphate salt in a good yield followed by the anion exchange reaction. All 

compounds were characterized by standard spectroscopic methods (see the section 4.4.3 

for details). 

 

 

Scheme 4.2 Scheme of synthesis of 1. 

 

  



 175 

4.2.2 1H NMR Studies of Receptors with Nerve Agent Simulants  

To explore the catalysis of hydrolysis and the binding of the leaving groups, 1H 

NMR spectroscopy was conducted using receptors 1 and 2 and the nerve agent surrogates 

DCNP and DFP in CD3CN (Figure 4.2a-d). These mimics have been reported to show 

similar reactivity to the actual toxic agents.17,18 In the presence of either DCNP or DFP, 

the N-H signals of the calix[4]pyrrole core were observed to shift downfield as a result of 

forming hydrogen bonds between the pyrrole NH protons and nerve agent surrogates. 

The pyrrole N-H resonances of 1 were shifted with DCNP (Figure 4.2a) and DFP 

(Figure 4.2b) more than those of 2 with DCNP (Figure 4.2c) and DFP (Figure 4.2d). 

Job plot analysis provided evidence for the formation of a 1:1 complex stoichiometry 

between receptor 1 and both nerve agent surrogates (Figure 4.3). By fitting the 1H NMR 

titration curves to a standard 1:1 binding profile, association constants (Ka) corresponding 

to the interactions between 1 and the nerve agent mimics were determined (Figure 4.4, 

4.5). Receptor 1 was found to exhibit a higher affinity towards DCNP than towards DFP 

(Ka=4.8±0.8 ×10 M-1 and 1.1±0.1×10 M-1 for DCNP and DFP, respectively). In contrast, 

negligible binding of 2 with both surrogates was observed (Ka<1 M-1). Thus, the 1H NMR 

spectroscopic analyses led to the conclusion that dicationic receptor 1 has a higher 

affinity for nerve agent surrogates than 2. This finding was ascribed to a combined 

participation of hydrogen bonding with the pyrrole NHs and electrostatic field effects. 
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Figure 4.2 1H NMR spectra of receptors for pyrrole protons in acetonitrile-[d3]. (a) 

Initial free compound 1 (bottom) and 1 with the addition of 1 equivalent of 

DCNP (top). (b) Initial free compound 1 (bottom) and 1 with the addition of 

1 equivalent of DFP (top). (c) Initial free compound 2 (bottom) and 2 with 

the addition of 1 equivalent of DCNP (top). (d) Initial free compound 2 

(bottom) and 2 with the addition of 1 equivalent of DFP (top). (e) Initial free 

compound 1 (bottom) and 1 with the addition of 1 equivalent of TBACN 

(top). (f) Initial free compound 1 (bottom) and 1 with the addition of 1 

equivalent of TBAF. 
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Figure 4.3 Job plot obtained from 1H NMR titration of 1 with (a) DCNP and (b) DFP in 

CD3CN for which [1]+[DCNP] = 5 mM and [1]+[DFP] = 5 mM each. 
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(a) 

 
(b) 

 

Figure 4.4 (a) 1H NMR studies between DCNP and 1. DCNP (0 equiv. (bottom) to 4 

equiv. (top)) was gradually added to the solution of CD3CN in the presence 

of 1 (6 mM). (b) Association constants of 1 with DCNP calculated with (a). 

δ (ppm) 
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(a) 

 
(b) 

 

Figure 4.5 (a) 1H NMR studies between DFP and 1. DFP (0 equiv. (bottom) to 4 equiv. 

(top)) was gradually added to the solution of CD3CN in the presence of 1 (6 

mM). (b) Association constants of 1 with DFP calculated with (a). 

δ (ppm) 
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4.2.3 Association Constants between 1 and Nerve Agents Leaving Groups  

The association constants of the leaving groups from hydrolysis, CN- and F- 

anions, to receptor 1 were also measure and found to be 5.0±0.2×103 M-1 and 

1.0±0.1×104 M-1, respectively (Figure 4.6 and 4.7). This finding was taken as evidence 

that the CN- and F- anions form a tighter hydrogen bonding complex with the pyrrole N–

H protons, which supported our hypothesis that they will replace the pre-bound 

hydrolyzed nerve agent. 

 

Figure 4.6 (a) Fluorescence emission spectra (λex = 372 nm) of 1 (20 µM) upon 

addition of TBACN (0-50 equivalents) along with the arrow in CH3CN. (b) 

Association constant of 1 with TBACN calculated with (a) at 416 nm. 
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Figure 4.7 (a) Fluorescence emission spectra (λex = 372 nm) of 1 (20 µM) upon 

addition of TBAF (0-50 equivalents) along with the arrow in CH3CN. (b) 

Association constants of 1 with TBAF calculated with the result of (a) at 

416 nm. 
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To study the predicted fluorescence turn-on response of receptor 1 when binding 

the leaving groups of the nerve agent surrogates, these anions (as their TBA+ salts) were 

studied in CH3CN. Receptor 1 alone showed a very weak fluorescence emission upon 

excitation at 372 nm. However, upon addition of either CN- or F- to the solution of 

receptor 1, an increase in fluorescence intensity centered at 416 nm (Figure 4.8) was 

observed. This finding was rationalized in as an inhibition of photoinduced electron 

transfer upon CN- or F- binding to calix[4]pyrrole.19 

 

 

Figure 4.8 Fluorescence emission spectra (λex = 372 nm) changes of 1 (20 µM) upon 

addition of various anions (100 equiv.) in CH3CN. The anions were F-, Cl-, 

Br-, I-, OAc-, OBz-, NO3
-, NO2

-, SO4
2-, HSO4

-, H2PO4
2-, CN-, HCO3

- from 

TBA salts. 
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4.2.4 Hydrolysis Rates of Nerve Agent Simulants with the Receptors  

We set out to measure the enhancement of hydrolysis rates using 1 and 2. Thus, 

the 2nd order hydrolysis rate constants were determined in 1% H2O in CH3CN via 

following the changes in fluorescence intensity resulting from the binding of the leaving 

groups to receptor 1.20 The result revealed hydrolysis rate constants (k in units of mol-1 · 

min-1) of k = 0.687 for receptor-free, k = 2.795 for receptor 1, and k = 0.942 for receptor 

2, respectively, in the case of DCNP (Table 4.1). The hydrolysis rate of DCNP is 

enhanced by 4.1-fold and 1.4-fold by receptor 1 and 2, respectively. In addition, similar 

hydrolysis rates were seen in the case of DFP. Combined together, these results provide 

supports for the conclusion that the dicationic receptor 1 proved to be more effective in 

hydrolysis of the nerve agent surrogates than the neutral receptor 2 (see Figure 4.9 – 4.14 

for details). 

 
 

Receptors DCNP (M-1 · min-1) DFP (M-1 · min-1) 

Control* 0.687 0.525 

1 2.795 2.536 

2 0.942 0.771 

* Only DCNP or DFP without receptors 

Table 4.1 The 2nd order hydrolysis rate constants of DCNP and DFP with 1 or 2 or 

receptor-free in 1% H2O in CH3CN. 
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Figure 4.9 Time kinetic studies with fluorescence intensity changes of DCNP (a) 100 

µM; (b) 200 µM; (c) 300 µM; (d) 400 µM in acetonitrile (99%) and water 

(1%). Each time fluorescence was measured, the amount of released cyanide 

anion after hydrolysis was measured by the change in fluorescence intensity 

of 1 (100 µM). (e) First order rate constant was calculated from (a)-(d). 

Each slope represented the first order rate constant. (f) The second order rate 

constant was calculated from the concentration of DCNP and the first order 

rate constant (e). Finally, the second order rate constant was calculated to be 

0.687 M-1 · min-1. 
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Figure 4.10 Time kinetic studies with fluorescence intensity changes of DFP (a) 100 

µM; (b) 200 µM; (c) 300 µM; (d) 400 µM in acetonitrile (99%) and water 

(1%). Each time fluorescence was measured, the amount of released fluoride 

anion after hydrolysis was measured by the change in fluorescence intensity 

of 1 (100 µM). (e) First order rate constant was calculated from (a)-(d). 

Each slope represented the first order rate constant. (f) The second order rate 

constant was calculated from the concentration of DFP and the first order 

rate constant (e). Finally, the second order rate constant was calculated to be 

0.525 M-1 · min-1. 
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Figure 4.11 Time kinetic studies with fluorescence intensity changes of 1 (100 µM) and 

DCNP (a) 1; (b) 2; (c) 3; (d) 4 equivalents compared to 1 in acetonitrile 

(99%) and water (1%). (e) First order rate constant was calculated from (a)-

(d). The slope was the first order rate constant, respectively. (f) The second 

order rate constant was calculated from the concentration of DCNP and the 

first order rate constant (e). Finally, the second order rate constant was 

determined to be 2.795 M-1 · min-1. 
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Figure 4.12 Time kinetic studies with fluorescence intensity changes of 1 (100 µM) and 

DFP (a) 1; (b) 2; (c) 3; (d) 4 equivalents compared to 1 in acetonitrile (99%) 

and water (1%). (e) First order rate constant was calculated from (a)-(d). 

The slope was the first order rate constant, respectively. (f) The second 

order rate constant was calculated from the concentration of DFP and the 

first order rate constant (e). Finally, the second order rate constant was 

determined to be 2.536 M-1 · min-1. 
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Figure 4.13 Time kinetic studies with fluorescence intensity changes of 2 (100 µM) and 

DCNP (a) 1; (b) 2; (c) 3; (d) 4 equivalents compared to 2 in acetonitrile 

(99%) and water (1%). Each time fluorescence was measured, the amount of 

released cyanide anion after hydrolysis was measured by the fluorescence 

intensity changes of 1 (100 µM). (e) First order rate constant was calculated 

from (a)-(d). The slope was the first order rate constant, respectively. (f) The 

second order rate constant was calculated from the concentration of DCNP 

and the first order rate constant (e). Finally, the second order rate constant 

was 0.942 M-1 · min-1. 
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Figure 4.14 Time kinetic studies with fluorescence intensity changes of 2 (100 µM) and 

DFP (a) 1; (b) 2; (c) 3; (d) 4 equivalents compared to 2 in acetonitrile (99%) 

and water (1%). Each time fluorescence was measured, the amount of 

released fluoride anion after hydrolysis was measured by the fluorescence 

intensity changes of 1 (100 µM). (e) First order rate constant was calculated 

from (a)-(d). The slope was the first order rate constant, respectively. (f) The 

second order rate constant was calculated from the concentration of DFP 

and the first order rate constant (e). Finally, the second order rate constant 

was 0.759 M-1 · min-1. 
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4.2.5 Detection of Nerve Agent Simulants  

Next, receptor 1 was applied to detect the nerve agent surrogates directly, not to 

remediate. When receptor 1 was exposed to either DCNP or DFP in a mixture of EtOH (1 

equiv.) and DBU (1 equiv.) in CH3CN, an immediate increase of the fluorescence 

intensity was seen as a result of binding of leaving groups (i.e., CN- or F-) to receptor 1 

(Figure 4.15 and 4.16). EtOH and DBU were employed to instant nucleophilic attack to 

nerve agent surrogates and release leaving groups. The limit of detection (LOD) 

calculated by 3.3σ/slope was determined to be 1.86 × 10-6 M for DCNP and 2.25 × 10-

6 M for DFP, respectively (Fig. S24 and S25). These fluorescence titration experiments 

demonstrated that receptor 1 could be used as a rapid sensor for the nerve agents. 
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Figure 4.15 Fluorescence emission spectra of 1 (20 µM) were obtained upon addition of 

0-20 equivalents of a mixture of DCNP/EtOH/ DBU (1/1/1) in CH3CN (λex 

= 372 nm). The wavelength range was (a) 385-600 nm and (b) 416 nm, 

respectively. The inset of (b) is for calculating the limit of detection (LOD). 

The slope of the calibration curve was 336,145,733.9 and the standard 

deviation of the response of the curve (𝜎) was 189.0506. The LOD was 

calculated by the equation of 3.3× 𝜎 ÷ 𝑠𝑙𝑜𝑝𝑒, so the LOD was 1.86×10-6. 
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Figure 4.16 Fluorescence emission spectra of 1 (20 µM) were obtained upon addition of 

0-20 equivalents of a mixture of DFP/EtOH/ DBU (1/1/1) in CH3CN (λex = 

372 nm). The wavelength range was (a) 382-600 nm and (b) 416 nm, 

respectively. The inset of (b) is for calculating the limit of detection (LOD). 

The slope of the calibration curve was 755,694,222.3 and the standard 

deviation of the response of the curve (𝜎) was 515.1028. The LOD was 

calculated by the equation of 3.3× 𝜎 ÷ 𝑠𝑙𝑜𝑝𝑒, so the LOD was 2.25×10-6. 
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4.3 CONCLUSION 

In conclusion, we have developed a bis-pyridinium calix[4]pyrrole functionalized 

with anthracene subunits that not only accelerates the hydrolysis rate of nerve agent 

surrogates, but also detects them by binding the leaving groups from hydrolysis. This was 

confirmed by measuring the 2nd order rate constants via fluorescence spectroscopy. 

Receptor 1 was found to associate with DCNP and DFP more strongly and induce faster 

hydrolysis than neutral receptor 2. Moreover, DCNP and DFP were detected immediately 

by 1 after reacting with EtOH under basic conditions. The current work provides insights 

into principles that may be applied to receptor-based approaches for remediation and 

detection of nerve agents. 
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4.4 EXPERIMENTAL SECTION 

4.4.1 Methods and Instruments 

Nuclear Magnetic Resonance (NMR) 

NMR spectra were recorded from The University of Texas at Austin NMR 

facility. Varian DirectDrive or Varian INOVA 400 MHz NMR spectrometers were 

employed on synthesized compounds characterization. The NMR spectra were referenced 

to solvent, and the spectroscopic solvents (CDCl3, CD3CN, and (CD3)2SO) were 

purchased from Cambridge Isotope Laboratories. All NMR spectral data w were 

processed with the Mestrenova software package. 

High-Resolution Mass Spectrometry (HRMS) 

High-resolution mass spec (HRMS) analysis was conducted by the University of 

Texas Mass Spectrometry Facility using Agilent Technologies 6530 Accurate Mass Q-

TOF LC/MS system. MALDI-TOF MS analysis was performed using an AB-Sciex 

Voyager-DE PRO MALDI-TOF equipped with a 337 nm nitrogen laser in linear mode 

using CHCA as a matrix. 

UV-Vis Spectroscopy 

The UV-Vis absorbance spectra and kinetics were obtained by Cary 100 UV-Vis 

spectrophotometer from Agilent Technology. The spectra were run in Cary WinUV 

software: Scan, Kinetics and Scanning Kinetics, respectively. 

Fluorescence Spectroscopy 

Fluorescence spectra were recorded on a Photon Technology International 

Fluorescence Master fluorimeter. The source was a 75 W Xenon short arc lamp. 
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4.4.2 Materials 

All solvents and chemicals were purchased from MilliporeSigma, Acros 

Organics, Fisher Scientific, or and used without further purification. TLC analyses were 

carried out using Sorbent Technologies silica gel (200 mm) sheets. Column 

chromatography was performed on Sorbent silica gel 60 (40–63 mm).  

4.4.3 Synthesis 

Compounds 2 and 3 were prepared according to the reported procedures.21,22 

 

 

Scheme 4.3 Synthesis of receptor 1. 

Synthesis of 4 

To a solution of 3 (200 mg, 0.36 mmol) in dry dichloromethane/acetonitrile (1:1, 

20 mL) was added 9-(chloromethyl)anthracene (204 mg, 0.9 mmol) and the mixture was 

stirred at 60 °C for 4 days under nitrogen atmosphere. After the volatiles were removed 

under reduced pressure, the residue was subjected to silica gel column eluting with 

acetone/methanol (20/1, v/v) to give 167 mg (46% yield) of the product as white yellow 

solid. 1H NMR (400 MHz, DMSO-d6) δ 10.28 (s, 4H), 8.91 (s, 2H), 8.76 (d, J = 6.5 Hz, 

4H), 8.34 (d, J = 8.3 Hz, 4H), 8.23 (d, J = 8.2 Hz, 4H), 7.65 – 7.54 (m, 8H), 7.39 (d, J = 

6.4 Hz, 4H), 6.90 (s, 4H), 5.75 (s, 4H), 5.69 (s, 4H), 1.82 (s, 6H), 1.55 (s, 6H), 1.40 (s, 

6H). 13C NMR (100 MHz, DMSO-d6) δ 169.27, 143.29, 140.62, 133.08, 131.34, 131.09, 
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131.04, 129.40, 128.27, 126.43, 125.65, 123.30, 121.53, 104.72, 101.32, 55.15, 45.02, 

34.29, 30.87, 28.66, 26.62. HRMS (ESI) m/z calc. for [M]+, 971.4563; found, 971.4590. 

 

 

Figure 4.17 1H NMR spectrum of 4 recorded in DMSO-d6 at 298 K. 
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Figure 4.18 13C NMR spectrum of 4 recorded in DMSO-d6 at 298 K. 

 

Figure 4.19 High resolution mass data of 4. 
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Synthesis of 1 

The tetrachloride salt 4 (167 mg, 0.17 mmol) was dissolved in acetone/methanol 

(1:1, 5 mL). Then NH4PF6 (277 mg, 1.7 mmol) in H2O (10 mL) was added in one portion 

for the anion exchange reaction. After stirring for 2 hours at room temperature, yellow 

precipitate was filtered off, washed with water, and dried to afford pure 1 (146 mg, 72%). 

1H NMR (400 MHz, DMSO-d6) δ 9.40 (s, 4H), 8.94 (s, 2H), 8.75 (d, J = 6.3 Hz, 4H), 

8.39 (d, J = 8.8 Hz, 4H), 8.28 (d, J = 8.4 Hz, 4H), 7.67 (dt, J = 19.2, 7.0 Hz, 8H), 7.45 (d, 

J = 6.4 Hz, 4H), 6.88 (s, 4H), 5.75 (s, 4H), 5.62 (s, 4H), 1.88 (s, 6H), 1.54 (s, 6H), 1.33 

(s, 6H). 13C NMR (100 MHz, CD3CN, ppm): δ 155.00, 144.00, 140.96, 133.78, 132.67, 

132.65, 132.52, 130.72, 129.49, 127.71, 126.84, 123.67, 121.50, 107.42, 104.42, 73.15, 

62.01, 56.88, 46.56, 35.87, 30.39, 27,15, 26.93. HRMS (ESI) m/z calc. for [M]2+, 

468.2448; found, 468.2434. 

 

Figure 4.20 1H NMR spectrum of 1 recorded in DMSO-d6 at 298 K. 
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Figure 4.21 13C NMR spectrum of 1 recorded in CD3CN at 298 K. 

 

Figure 4.22 High resolution mass data of 1. 
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4.4.4 Additional Figures 

 

Figure 4.23 1H NMR studies between DCNP and 2. DCNP (0 equivalent (bottom) to 5 

equivalent (top)) was gradually added to the solution of CD3CN in the 

presence of 2 (6 mM). 

  

δ (ppm) 
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Figure 4.24 1H NMR studies between DFP and 2. DFP (0 equivalent (bottom) to 4 

equivalent (top)) was gradually added to the solution of CD3CN in the 

presence of 2 (6 mM). 

 

  

δ (ppm) 
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Figure 4.25 1H NMR studies between TBACN and 1. TBACN (0 equivalent (bottom) to 

2 equivalent (top)) was gradually added to the solution of CD3CN in the 

presence of 1 (6 mM). 

  

δ (ppm) 
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Figure 4.26 1H NMR studies between TBAF and 1. TBAF (0 equivalent (bottom) to 1.5 

equivalent (top)) was gradually added to the solution of CD3CN in the 

presence of 1 (6 mM). 

  

δ (ppm) 
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