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ABSTRACT 

Synthetic reagents that are capable of exponentially amplifying a readout in response to a 

chemical or physical signal are a new strategy for achieving chemical amplification.  Chemical 

amplification has been applied to a variety of fields including materials science, biology, and 

medicine.  However, examples of synthetic exponential amplification systems have been limited 

in applications as a result of structural and synthetic complexity, environmental instability, and 

multicomponent requirements.  This thesis describes the design of an autoinductive, exponential 

chemical amplification reagent and its applications to diagnostics and smart materials. 
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Chapter 1 

 

Chemical Amplification 

 

1.1 Introduction to Chemical Amplification 

Amplification is the process of converting one signal into multiple signals.  This thesis will 

specifically focus on chemical amplification, which is defined as the amplification of molecules.
1
 

Chemical amplification is a technique that is relevant to the study of the natural sciences, 

including origins of life in biology,
2
 computer chip fabrication in materials science,

3
 and 

diagnostics in chemistry.
4
  However, on a fundamental level, this field can be simplified into 

three categories based on the mechanism of amplification: i) multiplicative, ii) catalytic, and iii) 

autocatalytic (Figure 1-1). 

 

Since each class of amplification has a unique mechanism, three distinct kinetics plots can be 

used to describe them (Figure 1-1).  The correlation of signal intensity and time is representative 

of the amplification potential of the method.  Mechanistically, autocatalytic amplification has the 

potential for the greatest degree of amplification due to the exponential growth of signal.  

Figure 1-1. a) Graphical representation of amplification. The black spheres represent the 

initial reagents and the orange spheres indicate the amplified molecules produced during the 

process.  b) Representation of the different mechanisms of amplification as a graph of signal 

intensity vs. time. 



2 

 

Likewise, Even though catalytic amplification and multiplicative amplification both show an 

increase in signal, the kinetics to reach the maximum signal are different from one another  with 

current examples of catalytic amplification producing more signal than multiplicative 

amplification, as indicated in Figure 1-1.  This chapter describes systems that have been 

developed to achieve each of the three types of amplification, as well as applications of these 

systems. 
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1.2 Introduction to Multiplicative Amplification  

Multiplicative amplification is the process by which each chemical event results in a 

ratiometric amplified response: i.e., the degree of amplification is predetermined and will remain 

constant once it reaches a maximum.  There are two main methods of multiplicative 

amplification that have been studied: (i) dendritic amplification and (ii) polymeric amplification.   

 

1.2.1 Dendritic Amplification 

Dendrimers are macromolecules composed of repeating functionality that create well-defined 

branched structures.
5
  The branches propagate from a central structure and generally include two 

new branches at each unit, expanding the size of the structure in a linear fashion (Figure 1-2a).  

The extent of branching is classified by the term “generation”, which refers to the number of 

branched units in between the end-group and the center of the dendrimer (i.e., the first generation 

will have one linker between itself and the core structure, the second generation will have two, 

etc.) (Figure 1-2b).
5
   

Figure 1-2. a) General depiction of a branched dendrimer.  b) Depiction of the units in the 

first three generations of a dendrimer.  c) General mechanism for dendritic amplification from 

a disassembling dendrimer. 
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First reported in the 1970s,
6
 dendrimers have been used in a variety of applications in fields 

such as magnetic resonance imaging (MRI), gene therapy, organic electronics, and catalysis.
7
  

However, chemical amplification using dendrimers was not realized until the development of 

disassembling dendrimers.
7
  By incorporating repeating units capable of disassembly, dendrimers 

are able to react through a sequential cascade-elimination reaction where each repeating unit 

disassembles to reveal the next two units until the structure has completely broken into small 

molecules (Figure 1-2c).  Selective disassembly has improved the capabilities of dendrimers for 

applications as sensors and drug delivery vehicles.
8
 In each case, the degree of amplification is 

critical and is determined by the number of generations.  For example, a first generation 

dendrimer (with two branches per generation) will produce 2× amplification for every activation 

event, whereas a second generation dendrimer will produce 4× amplification.  

The first disassembling dendrimers were reported by three groups in 2003.
9,10,11

  An 

example developed by the McGrath group is constructed of 2,4-bis(hydroxymethyl)phenol 

repeating units connected through benzyl ether linkages (Figure 1-3a shows the first 

generation).
9
  This structure is susceptible to elimination when the phenoxide is revealed.  Upon 

activation, the phenoxide initiates a quinone methide cascade elimination reaction, releasing the 

subsequent phenol in the ortho position (Figure 1-3b).   The resulting quinone methide is a 

reactive intermediate that is rapidly trapped by a nucleophile, thus regenerating the phenoxide.  

The reformed phenoxide then undergoes a second cascade elimination reaction to release the 

phenol attached at the para position.  This cascade elimination continues through the branches of 

the structure until each unit has fully disassembled. 

Figure 1-3. a) General structure of the benzyl ether dendrimer reported by 

McGrath and co-workers.
9
  b) Proposed mechanism of disassembly upon 

cleavage of the allyl ether protecting group. 
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Figure 1-4. a) General structure of the cinnamyl dendrimer reported by de Groot and co-

workers.
10

  b) Proposed mechanism of disassembly upon reduction of the aromatic nitro 

group by zinc and acid. 

As a proof-of-concept, an allyl ether is attached at the core of the dendrimer, allowing for 

selective activation in the presence of palladium.  To monitor the degradation of the dendrimers, 

p-nitrophenoxide was used as the end-group because of its strong UV absorbance at 310 nm 

when released from the dendrimer.  When exposed to typical allyl deprotection conditions, the 

authors found that both second and third generation dendrimers disassemble to 95% completion 

within 15 minutes.  The maximum amplification achieved by this system was 4× amplification 

for each activation event.
9 

Simultaneously, the de Groot group developed dendritic amplification employing 

branched 4-aminocinnamyl alcohol repeating units linked through carbamates (Figure 1-4a).
10

  A 

nitro group was installed at the core of this dendrimer, allowing for activation via reduction to 

the aryl amine in the presence of zinc and acid.  Upon activation, the first unit undergoes a 1,8-

elimination reaction followed by release of CO2 and the next unit (Figure 1-4b).  Subsequently, 

the intermediate undergoes a conjugate addition reaction allowing for the second 1,8-elimination 

reaction to occur.  Each subsequent unit undergoes this mechanism until the end-groups of the 

dendrimer have been released. 
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Figure 1-5. a) General structure of a benzyl carbamate dendrimer reported by Shabat and co-

workers.
11

  b) Proposed mechanism of disassembly upon cleavage of the 4,5-dimethoxy-2-

nitrobenzyloxycarbonyl (NVOC) protecting group. 

The end-group chosen for this dendrimer was paclitaxel as a proof-of-concept for 

amplified drug delivery. For the first generation dendrimer, complete disassembly occurred 

within 30 minutes of activation.  To improve the amplification of this dendrimer, a second 

generation structure was synthesized, allowing for 4× amplification.  The second generation 

dendrimer also rapidly disassembled to release all end-groups. 

The last example of dendritic amplification was developed by the Shabat group.
11

  They 

reported a dendrimer that used 2,6-bis(hydroxymethyl)-p-cresol repeating units attached through 

a dicarbamate linker (Figure 1-5a).  Upon activation, each unit undergoes a cascade reaction.  

Initially the free phenol proceeds through a 1,4-elimination reaction.  Subsequently CO2 is 

released to reveal the reporter unit, aminomethylpyrene (Figure 1-5b).  Similar to the previous 

examples, each repeating unit disassembles until all of the end-groups have been released.   

 

When the dendrimer is activated by 360 nm UV light, the NVOC  protecting group at the 

core of the structure is cleaved to initiate disassembly.
11

 Upon activation, first and second 

generation dendrimers were able to completely disassemble to release the aminomethylpyrene 

end-group within 11 hours.  Using this core structure, the group was able to synthesize a third 

generation dendrimer that released 8 equivalents of 4-nitroaniline (chosen for its smaller size 
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Figure 1-6. General depiction of polymeric 

amplification.  Upon activation (i.e., removal of the 

end-cap), the polymer depolymerizes in a cascade 

elimination reaction until the polymer has been 

completely converted to monomer. 

relative to aminomethylpyrene).  To date, this is the largest degree of amplification reported by 

dendritic amplification. 

 

1.2.2       Polymeric Amplification 

 Another multiplicative 

amplification method is the use of 

CDr polymers.  CDr polymers 

undergo continuous 

depolymerization upon cleavage of a 

reactive end-cap unit (Figure 1-6).
12

  

For polymer-based amplification, the 

number of repeating units determines 

the degree of amplification.  CDr 

polymers must be carefully designed 

to undergo a controllable head-to-tail 

depolymerization to reveal the 

monomers as the readout.  Head-to-

tail depolymerization is when a 

polymer undergoes a cascade reaction that releases each monomer unit continuously from one 

end to the other.  The first example of head-to-tail depolymerization in response to a stimulus 

was published in 2008 and the field has since progressed significantly.
12

  

 Poly(benzyl carbamates) were the first example of CDr polymers (Figure 1-7) and are 

synthesized through condensation polymerization of a blocked isocyanate and a benzylic 

Figure 1-7. General mechanism of depolymerization for poly(benzyl carbamates) following 

activation. 
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alcohol.
13

  To stabilize the polymer backbone, the polymer is terminated with an end-cap (also 

known as a reaction based detection unit).  The end-cap is a labile functional group that can be 

activated (i.e., cleaved) in the presence of a specific stimulus, thus allowing for the polymer to 

depolymerize.  When this class of polymer is activated, the repeating unit at the head of the 

polymer undergoes decarboxylation followed by a 1,6-azaquinone methide elimination reaction 

releasing the next unit (Figure 1-7).  Due to solubility issues, poly(benzyl carbamates) typically 

are limited to between 15 and 20 units, which limits the degree of amplification that is possible 

with this polymer.     

 Another class of depolymerizable polymers that uses quinone methide elimination 

reactions as well as cyclizing linkers (similar to the dendrimers developed by the Shabat group) 

was developed by Gillies and co-workers (Figure 1-8).
14

  This class of polymers also is 

synthesized through condensation polymerization.  In this case, the monomer contains an 

activated acid in addition to the linker that will later undergo cyclization.  Under condensation 

polymerization conditions, the linker adds into the activated acid to form the linear polymer.  

Subsequently, the end-cap is added, terminating the polymerization reaction and stabilizing the 

polymer backbone.  The nucleophilic portion of the linker (i.e., X in Figure 1-8) can be varied 

between an amine and a thiol.  Similarly, the atom alpha to the aryl carbonate (i.e., Y in Figure 1-

8) can be substituted for an oxygen or an amine.  The change in these linkers is important 

because they have a profound effect on the rate of depolymerization.
14

  Despite the limitations of 

condensation polymerization, these polymers are accessible up to approximately 50 repeating 

units. 

Figure 1-8. General mechanism of depolymerization for cyclizing poly(carbamates). 
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This class of polymer undergoes a two-part depolymerization mechanism (Figure 1-8).
14

  

First, a cyclization reaction occurs resulting in a five membered ring leading to the release of 

phenol.  The phenol then proceeds through a 1,6-quinone methide elimination reaction followed 

by release of CO2.   As with the previous example, this class of polymers is irreversible because 

the original monomer is not regenerated.  

A unique depolymerizable polymer, poly(phthalaldehyde), was originally synthesized in 

the 1960s and developed in 1983 for lithography.
15

  Comparatively, poly(phthalaldehyde) has the 

fastest depolymerization rate of head-to-tail depolymerizable polymers to date (Figure 1-9).  

Poly(phthalaldehyde) has an acetal backbone that is stabilized by the inclusion of an end-cap.  

This type of polymer is synthesized using anionic polymerization and can reach up to 

approximately 1,000 units, leading to the highest degree of amplification of any multiplicative 

amplification system.
16

 

 

The driving force for depolymerization of poly(phthalaldehyde) is different from the 

previous examples because it does regenerate monomer, which could theoretically repolymerize  

and limit the degree of amplification.  Poly(phthalaldehyde) is thermodynamically unstable 

above -40 °C, therefore, if the polymer is activated above that temperature, complete 

depolymerization occurs through a continuous electron cascade reaction allowing for complete 

conversion to monomer.  Since the ceiling temperature is so low, no monomer is lost to 

repolymerization at room temperature.
17 

 

1.2.3     Summary of Multiplicative Amplification  

 The field of multiplicative amplification through controlled disassembly of dendrimers 

and polymers has become more prominent over the past 10 years.  As this field has grown, the 

applications have grown as well, expanding to responsive micelles, drug delivery via 

Figure 1-9. General mechanism of depolymerization for poly(phthaladehyde) following 

activation. 
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nanoparticles, self-healing materials using responsive capsules, shape shifting/reconfigurable 

materials, and microscale pumps.
18

  These amplification systems are able to controllably amplify 

the initial signal 2× to 1000×.   

 

1.3       Introduction to Catalytic Amplification  

Catalytic amplification is an amplification process where a reagent is able to convert more 

than one substrate to product (Figure 1-10).
1
  So long as the catalytic reagent is active, the 

amplified signal will continue to increase with time.
19

  There are two main classes of catalytic 

amplification: (i) transition metal-based and (ii) enzyme-based.   

 

1.3.1 Transition Metal-based Catalytic Amplification 

Transition metal-based catalysis was initially developed as a method for accomplishing 

chemical transformations while limiting the need for large quantities of expensive catalysts.
20

  

Since then, metal-based catalysis has been developed into a method for chemical amplification.
21

  

This type of amplification relies on the ability of the metal to continuously turn over substrate to 

product (Figure 1-10). 

 

One of the first examples of metal based amplification was developed by the Mirkin 

group in 2003.
22

  Zinc, held in place via a tridentate ligand, was used for the metal catalyst 

(Figure 1-11).  Two of these tridentate ligands were bound together through linkers to make a 

cyclic macrostructure that regulates catalysis based on the cavity size of the macrocycle.  The 

linkers were composed of a metal centered hinge, where in the presence of Cl
–
 and CO the hinge 

would extend, activating the complex by opening up the catalytic centers.   

Figure 1-10. Initiation of amplification can occur through activating 

a catalyst or introducing a previously absent catalyst. 
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When the macromolecular structure was activated (i.e., opened), zinc catalyzed the 

production of p-nitrophenol from 2-(hydrocypropyl)-p-nitrophenyl phosphate.  P-Nitrophenol 

was chosen as the signaling molecule due to its bright yellow color.  The degree of amplification 

of this catalytic system was monitored by UV–vis spectroscopy.  Although the extent of 

amplification was not determined, initial studies show that this catalyst is capable of amplifying 

the signal 200×.         

 

 Another example, which was developed by Anslyn and co-workers, utilizes palladium as 

the catalytic metal species for chemical amplification (Figure 1-12).
23

  This system amplifies 

signal through a substantially different activation mechanism than the previous example.  In this 

case, the catalytic metal was rendered inactive through chelation in a cyclam macrocycle.  

Activation occurs when a stronger binding atom is added (such as copper) and palladium is 

displaced from the macrocycle.  

Figure 1-11.  Scheme showing amplification through a zinc catalyzed hydrolysis of a 

phosphate bond. 

Figure 1-12.  Scheme showing amplification through a palladium-

catalyzed intramolecular Heck reaction to produce the 3-

methylindole fluorophore. 
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 Upon liberation, the palladium then catalyzes an intramolecular Heck reaction.  The 

substrate chosen for the reaction was 2-iodo-N-allylaniline, which is converted to 3-

methylindole, a highly fluorescent molecule (Figure 1-12).  While palladium is known to have 

the potential for high catalytic turn over, the degree of amplification was not determined in this 

proof-of-concept study. 

The final example of metal-based catalytic amplification does not include an activation 

step like the previous two examples.  In this case, copper is introduced to the system and 

catalyzes a bond cleavage reaction to reveal a fluorescent probe (Figure 1-13).
24 

 

The substrate for this system is a reduced rhodamine dye with a pendant tridentate ligand 

tris[(2-pyridyl)-methyl]amine attached through an ether linkage (Figure 1-13).  In the presence of 

copper (I), the carbon–oxygen bond linking the two molecules is cleaved.  Subsequently, the free 

rhodamine undergoes spontaneous oxidation to form the fluorescent product.  The copper in this 

system is able to catalytically amplify the production of free rhodamine over 100×. 

 

 

 

 

Figure 1-13.  Scheme showing amplification by copper 

catalyzed carbon–bond cleavage to reveal a rhodamine 

dye.  
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1.3.2 Enzyme-based Catalytic Amplification 

The second type of catalytic amplification involves the use of enzymes.  This section will 

discuss three common enzymes used for catalytic amplification.  In terms of degree of 

amplification, the maximum amplification is not calculated; instead, values are reported in 

amplification per second. 

Alkaline phosphatase (ALP) is a hydrolase enzyme that is capable of hydrolyzing 

phosphate groups from a variety of substrates, including nucleotides, proteins, and alkaloids.  

Within the active site of ALP, the amino acid serine is responsible for cleaving the phosphate 

group through a substitution reaction.
25

   

For use in chemical amplification, a common substrate is 4-nitrophosphate, which is 

subsequently concerted to 4-nitrophenol (Figure 1-14).
26

  The extent of amplification for 

enzymes is highly dependent on the reaction conditions and also the time allowed for 

amplification.  Under suitable conditions, alkaline phosphatase is capable of achieving turnover 

numbers of approximately 850× per second.
27

        

   

Another hydrolase enzyme used for chemical amplification is β-galactosidase (β-gal).  As 

the name implies, β-gal hydrolyses β-galactosides.  The active site for β-gal uses the amino acids 

glutamic or aspartic acid to hydrolyse the C–O bond between the substrate and the glycoside.
28

 

 

Figure 1-14. General scheme for alkaline 

phosphatase-catalyzed hydrolysis of an aryl 

phosphate. 
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 Fluorescent probes are commonly used for enzyme-based amplification.  For example, 

Figure 1-15 shows an example of β-gal converting 4-methylumbelliferyl-β-D-galactopyranoside 

to the fluorescent molecule 4-methylumbelliferone.
29

  The catalytic activity of β-gal is lower than 

alkaline phosphatase and has a turnover number of approximately 350× per second.
27

  

The final enzyme commonly used for amplification is horseradish peroxidase (HRP).  

HRP is unlike the previous two examples in that a co-reagent is required.  In the presence of 

hydrogen peroxide, HRP catalyzes the oxidation of organic structures using an iron center and an 

electron transfer mechanism.
30

  

Figure 1-15. General scheme for β-galactosidase-catalyzed 

hydrolysis of an aryl galactoside. 

 

Figure 1-16. General scheme for horseradish peroxidase-

catalyzed oxidation of a diaryl diamine in the presence of 

hydrogen peroxide.  
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Substrates chosen for HRP-mediated amplification are more restricted than in the 

previous two cases because the structure must be easily oxidized and remain stable in its 

oxidized state.  An example of a common substrate for this type of catalysis is 3,3’,5,5’-

tetramethylbenzidine, which is oxidized to 3,3’,5,5’-tetramethylbenzidine diimine (Figure 1-

16).
31

  Despite requiring a co-reagent, HRP has the highest relative amplification factor of the 

enzymes discussed, with a turnover number of approximately 2600× per second.
27 

 

1.3.3 Summary of Catalytic Amplification  

Catalytic reactions have been used extensively in organic synthesis and studied thoroughly in 

biochemistry.  However, their ability to amplify molecules has also seen extensive applications 

in medical and environmental diagnostics.
32, 33 

 

1.4      Introduction to Autocatalytic Amplification 

Autocatalysis is the process in which the product of a reaction is itself a catalyst for the 

production of more product.
34

  This process is arguably the most efficient mechanism for 

amplification because these systems are capable of amplifying a chemical signal exponentially 

until all of the reagents have been consumed.    Autocatalysis can be differentiated into two 

different classes: self-replicating systems and traditional autocatalytic systems.   
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1.4.1 Self-replicating Amplification 

Self-replicating amplification is accomplished through the covalent linkage of two 

complimentary structures to yield a self-complimentary structure (in this context, complementary 

refers to size, shape, and intermolecular forces).  In the case of these self-replicating systems, 

one self-complimentary structure is used as a template to catalyze the production of another 

template.  From there, the two templates catalyze the production of four templates and the cycle 

continues, thus exponentially increasing the concentration of the template (Figure 1-17).
35

  Many 

of the first examples of self-replicating amplification are biomimetic systems.  The first truly 

synthetic example of self-replicating systems was developed in 1990 by Rebek and co-workers.
36 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-17.  General depiction of amplification through self-replication.  Each cycle doubles 

the concentration of template (orange spheres) until all of the starting material has been 

consumed.  
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Figure 1-18. Depiction of the first cycle of the self-

replicating amplification system reported by Rebek 

and co-workers.
36 

Rebek’s self-replicating 

system is composed of a structure 

that catalyses formation of more 

templates through the coupling of 

two structures via formation of an 

amide bond (Figure 1-18).
36,37

  While 

the template itself is non-natural, 

functionality inspired by biological 

systems is employed to accomplish 

self-replication.  The initial step in 

self-replication is binding of the two 

components to the template through 

adenine–imide hydrogen bonding in 

addition to aryl stacking for 

alignment.  As a result, the close 

proximity of the primary amine to the 

activated ester catalyses the 

formation of the amide bond. 

Subsequently, the two templates 

disassociate due to steric interactions 

imposed by the ribose acetonide 

moiety.   
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1.4.2 Traditional Autocatalytic Amplification 

Traditional autocatalysis is distinct from self-replicating systems in that a multi-step 

amplification method is required to produce exponential amplification (Figure 1-19).
34

 The initial 

phase of autocatalysis is activation of a catalytic species by an initiation reagent, similar to 

catalytic amplification.  However, in the case of autocatalysis the activated catalyst catalyses the 

production of more initiator, exponentially amplifying the product.
35

  There are multiple 

examples of autocatalytic systems that occur naturally; however, very few examples of small 

molecule autocatalytic amplification systems exist.  One of the most prominent examples was 

developed by the Mirkin group in 2008.
38 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 1-19. General depiction of autocatalysis.  Each cycle catalyses the production of 

activating reagents that activate more equivalents of catalyst for the next cycle. 
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Mirkin and co-workers 

reported an autocatalytic 

amplification system based on the 

catalytic zinc complex developed for 

catalytic amplification (Figure 1-

20).
38

  The catalytic nature of the 

metal complex was regulated by the 

presence of chloride and acetate.  By 

incorporating an excess of chloide 

ions into the reaction solution, the 

catalytic nature of the structure is 

solely regulated by introduction of 

acetate.  To design an autocatalytic 

system, a synthetic reaction that 

produces acetate upon catalysis in 

the presence of zinc was required. 

Using a well known zinc 

catalyzed acyl transfer reaction 

between pyridyl carbinol and acetic 

anhydride, acetic acid was produced.  

Acetate was formed in the presence 

of the mild base 9-(N,N-

dimethylaminomethyl)anthracene 

(which was also used as a fluorescent readout to monitor the reaction).  In an inert carbon 

monoxide rich environment, the acetate that was generated catalytically by the activated 

structure was free to activate new complexes.  This cycle continued until all of the reagents had 

been consumed.   

 

 

 

 

Figure 1-20.  Depiction of the first cycle of the 

autocatalytic amplification system reported by Mirkin 

and co-workers.
38 
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1.5 Summary of Chemical Amplification 

The field of chemical amplification has been expanding in recent years.  Each class of 

amplification has seen growth in examples and applications.  To date, autocatalytic amplification 

has the greatest potential for high amplification factors due to the inherent exponential growth in 

signal (Figure 1-1).  However, this field presents the most design challenges and, therefore, is the 

least explored of all of the chemical amplification methods.   The initial designs show promise 

for future amplification in sensing, but suffer from a number of limitations such as substrate 

variety in self-replicating system and specific reaction conditions for autocatalysis.  In addition, 

the applications of these systems are limited by instability or inefficiency in the presence of 

water.   

The focus of this thesis is (i) the development of new exponential amplification systems that 

do not suffer from the same limitations of the current systems as well as (ii) the application of 

these systems to a variety of fields, including diagnostics and smart materials.  We aimed to 

accomplish this goal by developing a new type of exponential amplification now known as 

autoinductive amplification. 
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Chapter 2 

 

Development of a Single Component, Autoinductive Chemical Amplification System 

 

2.1 Introduction  

Autoinductive molecules are a new class of reagents that provide exponential amplification 

of a readout in the absence of catalysts and templates.  The ideal autoinductive amplification 

system will be composed of a single reagent capable of exponentially amplifying a readout.  The 

first examples of autoinductive amplification systems (referred to as dendritic chain reactions) 

demonstrated the concept of autoinductive amplification through the use of multicomponent 

network reactions that used an enzyme transduction reagent.
1,2,3

  When these reagents are 

activated, they disassemble, thus releasing two identical reagents and (in some examples) a 

reporter molecule (Figure 2-1). The released reagents are then converted to the activating species 

through an enzyme-catalyzed reaction (Figure 2-1).  Once the activating species are formed, they 

are free to react with two more equivalents of the autoinductive reagent, perpetuating the cycle 

until the amplification reagent has been consumed completely. 

 

The first example of an autoinductive molecular amplification system was demonstrated in 

2009 by Shabat and co-workers.
4
  The detection unit for this amplification system is an aryl 

boronic acid that is oxidatively cleaved in the presence of hydrogen peroxide to form a free 

phenol (Figure 2-2).
4
  The phenol spontaneously undergoes three subsequent quinone-methide 

elimination reactions (mechanistically similar to the examples shown in section 1.2.1) to release 

Figure 2-1. Representation of the first generation two-step autoinductive amplification cycle. 
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two equivalents of choline and one equivalent of 4-nitroaniline, which acts as a colorimetric 

reporter.  The second step of the amplification cycle includes the oxidation of choline in the 

presence of choline oxidase.  The enzymatic oxidation reaction produces four equivalents of 

hydrogen peroxide, which subsequently activates four more reagents.  The cycle continues until 

all of the amplification reagent has been consumed. 

 

This amplification system was able to overcome a few of the limitations of the exponential 

amplification system discussed in Chapter 1.  For example, it was able to function in the 

presence of water (which allows for applications in diagnostics) and also functioned under 

standard atmospheric conditions.  However, molecule 2-1 was limited by other factors including: 

i) the use of enzymes that require incubation, adding an extra step to the process, ii) extensive 

background hydrolysis, which limits the amplification factor to 53×, and iii) a lengthy synthetic 

procedure to prepare 2-1 (6 steps, 7% overall yield).  

In the next example reported by the Shabat group, structural modifications were developed in 

an attempt to remedy these drawbacks.  In 2010, Shabat and coworkers reported a system that 

detached the amplification reagent from the readout reagent (Figure 2-3).
5
  This new method 

used similar chemistry to reagent 2-1 (Figure 2-2), but allowed for the reagents to be prepared 

through a divergent synthesis, increasing the overall yield of the amplification reagent (2-2) to 

29% over three steps, as well as allowing for variation in the readout (colorimetric or 

Figure 2-2.  Depiction of the two-step auto-inductive amplification system based on 

oxidation of choline.
4
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fluorescent).  However, these modifications: i) did not resolve the hydrolysis issue, ii) required 

the synthesis of another reagent (4 steps, 43% overall yield), and iii) added another step to the 

amplification procedure (i.e., the readout step).   

 

The goal of the next generation amplification reagent (2-3) was to resolve the extensive 

background reaction observed in the previous two systems.
6
  Shabat and coworkers hypothesized 

that using a higher pKa alcohol as the activator precursor would diminish hydrolysis of the 

carbonate.  To test this hypothesis, they developed an amplification reagent that releases 

methanol instead of choline (Figure 2-4).  Methanol has a pKa value of 15.5, an order of 

magnitude greater than choline (pKa = 13.9), which reduces the reactivity of the carbonate.  As a 

result of this modification, alcohol oxidase was used in place of choline oxidase to produce 

hydrogen peroxide.  Replacing choline with methanol improved the background hydrolysis and 

provided an amplification factor of approximately 70×.  However, this version still required four 

synthetic steps with an overall yield of 19%. 

Figure 2-3.  Depiction of the amplification system with an additional readout production 

step.
5 
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The amplification systems described in this section demonstrate an initial design for 

exponential amplification systems that are capable of working in standard environmental 

conditions.  However, generally these systems suffer from several limitations, including: i) the 

need for an enzymatic conversation step, ii) amplified signal through networks of reactions 

(which can become complicated, especially when using real samples), ii) lengthy synthetic 

procedures, and iii) low amplification factors due to background hydrolysis.  Our goal was to 

develop an enzyme free amplification system that is robust, easily accessible, and is capable of 

achieving high amplification factors. 

 

 

 

 

 

 

 

 

 

 

Figure 2-4.  Depiction of the two-step amplification system based on the oxidation of 

methanol.
6 
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2.2 Experimental Design of a Single Component Amplification Reagent 

Our goal was to develop a small molecule amplification reagent that addressed the 

limitations of previous iterations and that can: i) amplify signal in the absence of extraneous 

reagents (e.g., enzymes), ii) respond to (and subsequently amplify) low quantities of an activator, 

iii) provide a clear readout, iv) be easily synthesized, and v) function in aqueous media. 

 To accomplish these goals, we developed a reagent that is composed of three portions: i) 

an activity-based detection unit, ii) a readout unit (which also serves as a linker), and iii) a 

propagation unit (Figure 2-5).
7,8

  In the presence of the activating reagent (purple square), the 

activity-based detection unit (blue V) is cleaved, allowing for the spontaneous disassembly of the 

amplification reagent into a readout molecule (orange square) and two equivalents of the 

activating reagent.  The two new equivalents of the activating reagent initiate the disassembly of 

two more equivalents of the amplification reagent and the cycle continues until the amplification 

reagent has been consumed completely (Figure 2-5). 

 

 The detection and propagation portion of this reagent must be strategically chosen to 

allow for autoinductive amplification.  We chose a t-butyldimethylsilyl (TBS) ether protected 

phenol for the activity-based detection unit and a gem-fluoro moiety for the propagation unit due 

to the selective reactivity between fluoride and silicon (Figure 2-6).
9
  To provide a concise 

synthesis of the reagent, we chose a linker that would also act as the colorimetric readout upon 

disassembly. Specifically, 4-aminobenzaldehyde (a bright yellow molecule) is produced upon 

disassembly of the linker.   

The design and proposed mechanism of our amplification reagent (2-4) is shown in 

Figure 2-6.
8
  In the presence of exogenous fluoride, the silyl ether protecting group is cleaved, 

revealing a phenol.  This phenol allows the amplification reagent to undergo a 1,6-elimination 

reaction followed by the release of CO2 to produce the aniline.  The subsequent gem-fluoro 

Figure 2-5.  Representation of a one-step autoinductive amplification cycle. 
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aniline species then undergoes a 1,6-azaquinonemethide elimination to release one equivalent of 

fluoride.  Water then adds into the azaquinonemethide and the aniline is regenerated.  The 

fluorohydrin species that is formed is unstable and reacts further, releasing the second equivalent 

of fluoride and forms the strongly colored 4-aminobenzaldehyde (2-5).  The two equivalents of 

fluoride activate two more equivalents of the amplification reagent, continuing the reaction cycle 

until the amplification reagent has been consumed completely.  

 

 

 

 

 

 

 

 

Figure 2-6.  Proposed mechanism by which the amplification reagent responds 

to fluoride and amplifies the production of products (i.e., fluoride and 4-

aminobenzaldehyde).
8 
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2.3 Results and Discussion 

 

2.3.1 Synthesis of the Amplification Reagent 

From a synthetic standpoint, the most challenging aspect is synthesizing a structure 

composed of two co-reactive portions that cannot be simultaneously present or individually 

activated during the synthetic procedure.  This challenge was overcome by incorporating a 

disassembling linker (which also acts as the readout portion of the reagent) to connect the co-

reactive functionalities.  The linker was installed through the use of the Curtius reaction, which 

allows for the transformation of an acid to a carbamate in the presence of an alcohol.  This 

reaction was chosen because it does not progress through activated intermediates (i.e., the 

aniline) that would allow for the detection and propagation units to degrade non-selectively.  

Since the moiety used as the detection unit had been previously synthesized, our synthetic routes 

revolved around the synthesis of the propagating portion and, the subsequent Curtius reaction 

used to connect the two units. 

The first synthetic route produced the amplification reagent in 3 steps with an overall 

yield of 40% (Scheme 2-1).
7
  The first step included the transformation of a benzaldehyde to a 

gem-fluoro group through the use of diethylaminosulfur trifluoride (DAST).  Subsequently, 

deprotection of the aryl methyl ester followed by the Curtius reaction with 4-t-butyldimethylsilyl 

ether benzyl alcohol provided the amplification reagent in an overall yield of 64%.  However, 

this synthetic route was limited by the use of DAST, which is highly reactive with moisture and 

produces hydrofluoric acid as a byproduct.   

 

 

Scheme 2-1.  Three step synthesis of amplification reagent 2-4. 
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The second generation synthesis proved even easier than the previous route (Scheme 2-

2).  By using 4-(difluoromethyl)benzoic acid (a commercially-available starting material), we 

were able to synthesize the amplification reagent with a yield of 87% (Scheme 2-2).  Using this 

route, we were able to eliminate all potentially dangerous reagents and produce the amplification 

reagent with an overall yield that is more than double the initial route.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2-2.  One step synthesis of amplification 

reagent 2-4. 
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Figure 2-7.  a) Procedure for monitoring the effect of pyridine on the rate of amplification.  

b) Graphical representation of the effect of pyridine on the reaction rate.  

2.3.2 Solvent Study 

With the amplification reagent in hand, we determined the optimal solvent for the 

amplification reaction based on the time required to produce a yellow color when 2-4 was 

exposed to aqueous fluoride.  Ideally our amplification reagent would be water soluble in 100% 

water, but it was not.  Therefore, we explored the effects of mixtures of water and MeCN, DMF, 

DMSO, MeOH, and THF on the reaction rate. Qualitatively we found that as the polarity of the 

organic solvent increased, the rate of amplification increased as well.  Presumably this direct 

correlation between polarity and reaction rate was a result of increasing polarity stabilizing the 

azaquinone methide transition state (Figure 2-6).
10

 The relative order of reactivity was MeOH > 

DMSO > DMF > MeCN > THF.  Methanol was chosen for the remainder of the experiments in 

this section because it provided the fastest signal amplification reaction.  The optimum ratio of 

methanol to water was determined by incorporating the maximum amount of water in the system 

while still solubilizing the reagent.   

Initially we included pyridine as a precaution to buffer HF that might develop during the 

signal amplification process.  However, we found that the quantity of pyridine affects the rate of 

amplification of the colorimetric readout.
8
  When aqueous fluoride (0.5 equiv in relation to the 

amplification reagent) was added to reagent 2-4 in varying ratios of methanol and pyridine 

(Figure 2-7a), we found that the fastest rate of amplification occurred when the quantity of 

pyridine was between 1–5% (Figure 2-7b).  Surprisingly, if no pyridine was included, or the 

quantity of pyridine was above 5%, the amplification reaction slowed (Figure 2-7b).  
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2.3.3 Monitoring the Production of Fluoride 

We designed a three step method for monitoring the production of fluoride to ensure that 

fluoride was indeed being amplified as designed (Figure 2-8).
7
  First, the amplification reagent 

was dissolved in a mixture of methanol and pyridine.  To that solution was added an aqueous 

solution of fluoride.  At set time points, aliquots of the amplification solution were transferred to 

a solution of t-butyldimethyl (TBS)-protected 7-hydroxycoumarin (2-9) in methanol and water 

(step 2).  Since the reaction of fluoride with 2-9 is approximately 60× faster than with 2-4, this 

step halts the amplification reaction by converting all free fluoride to a fluorescent signal.  An 

aliquot of the solution was subsequently added to a solution of buffered water, ensuring 

deprotonation of the 7-hydroxycoumarin for fluorescence measurements (step 3).  The 

concentration of 7-hydroxycoumarin was measured using a fluorometer.   

 

 

Figure 2-8.  Stepwise procedure for monitoring the production of fluoride. 
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Figure 2-9.  Quantity of fluoride produced upon 

exposure of reagent 2-4 to stoichiometric and 

substoichiometric fluoride. 

Figure 2-10.  a) Procedure for monitoring the 

production of 4-aminobenzaldehyde (2-5).  b) 

Image of the change in color that occurs when 2-5 

is amplified.  

When reagent 2-4 is exposed 

to stoichiometric quantities of 

fluoride, complete disassembly occurs 

in approximately 120 min, showing 

that reagent 2-4 is capable of 

responding to fluoride and progressing 

through a controlled disassembly 

process (Figure 2-9).  However, the 

use of stoichiometric quantities of 

fluoride makes the autoinductive 

properties difficult to observe.  When 

substoichiometric quantities of 

fluoride are added, a plot of fluoride 

concentration versus time shows sigmoidal kinetics, thus indicating exponential amplification of 

fluoride.  

 

2.3.4 Monitoring the Colorimetric 

Readout 

Once we had proven that the 

amplification reagent disassembles to 

completion and is capable of 

amplifying the production of fluoride, 

we turned our attention to monitoring 

the production of the readout reagent 

(2-5).
8
  In contrast to monitoring the 

production of fluoride, the 

colorimetric response could be 

monitored in one step (Figure 2-10).  

The amplification reagent was 

dissolved in the standard solution 

(methanol/pyridine) followed by 
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Figure 2-11.  Quantity of 4-aminobenzaldehyde 

produced upon exposure of reagent 2-4 to 

stoichiometric and substoichiometric fluoride.  The 

experiments were run in triplicate and all data are 

plotted on the graph. 

Figure 2-12. Graph of the amplification factor 

(α) versus the number of equivalents of 

fluoride used to initiate the amplification 

reaction. 

addition of aqueous fluoride.  As the amplification reaction progressed, the production of 4-

aminobenzaldehyde was monitored using photography and analyzed using image processing 

software.  

While monitoring the 

production of the readout reagent, four 

features were confirmed (Figure 2-

11): i) reagent 2-4 disassembles to 

produce a bright yellow response that 

is indicative of the formation of 4-

aminobenzaldehyde; ii) reagent 2-4 is 

completely converted to the maximum 

colorimetric signal, even when 

substoichiometric quantities of 

fluoride are present; iii) the reaction 

shows sigmoidal kinetics curves, 

indicating that the colorimetric 

amplification process is autoinductive; 

and iv) background signal is being 

produced in the absence of the activator 

(i.e., fluoride). 

 

2.3.5 Amplification Factor 

Reagent 2-4 is capable of 

amplifying fluoride to a concentration 

much higher than the quantity of fluoride 

added to the system.  We calculated the 

amplification factor using a calibration 

curve of the fluorescence produced by 

reagent 2-9 in response to different 

concentrations of fluoride, as well as the 

kinetics plots from Figure 2-9.
7
  The 
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Figure 2-13.  Structures of the control 

compounds that were used to test the cause 

of the background reaction. 

amplification factor (α) for fluoride is described by (Iamplification − Ibackground)/Iinitial, 

where Iamplification is the intensity of the fluorescent signal produced by reaction with TBS-

protected 7-hydroxycoumarin after amplification, Iinitial is the intensity without amplification, 

and Ibackground is the signal arising from spontaneous breakdown of amplification reagent 2-

4. Ibackground is only included in the calculation when 0.0001 equiv of F
−
 is used, as shown in 

Figure 2-9. Figure 2-12 shows that as the quantity of applied fluoride decreases, the 

amplification factor increases rapidly to a maximum value of 2168 ± 35 for 0.0005 equiv of 

added F
−
. This value of amplified fluoride corresponds to 11 cycles of the autoinductive 

amplification reaction shown in Figure 2-6. 

 

2.3.6 Stability of the Amplification Reagent  

To determine the source of the slow 

background reaction with 2-4, we prepared 

three control reagents (Figure 2-13) and 

exposed them to the solvent conditions used 

for amplification.
7
 After 21 d, HPLC traces 

revealed that none of the control reagents 

showed signs of decomposition, at least 

within the detection limits of the HPLC. Thus, 

we hypothesized that the background signal 

shown in Figures 2-9 and 2-11 may be the 

result of trace quantities of adventitious fluoride either in 2-4 or in our solvents. Trace amounts 

of fluoride initially would lead to slow, autoinductive decomposition of 2-4 until the quantity of 

fluoride in solution is sufficient to increase the rate of the autoinductive reaction to a measurable 

level. However, because the background reaction is slow, even trace levels of fluoride arising 

from a detection event often will be sufficient to overcome the background reaction. 
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2.3.7 Characterization of the Amplified Products 

To further characterize the autoinductive amplification system, we attempted to isolate 

and characterize the aromatic products produced by the reaction (Figure 2-14).
7
   The main 

product, 4-aminobenzaldehyde, is known to oligomerize into an insoluble material when 

concentrated, thus making purification and characterization challenging.
11

  However, using 

commercially available 4-aminobenzaldehyde as an HPLC standard, we were able to confirm its 

formation.  Two other minor products were purified and characterized by NMR.  The first 

structure is formed upon addition of 4-aminobenzaldehyde into the quinone methide intermediate 

(structure 2-15).  The second structure corresponds to a conjugate addition into a second 

equivalent of the quinone methide (structure 2-16).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2-14.  Reaction scheme showing the production of three products upon exposure of 

the amplification reagent to 1 equivalent of fluoride. 
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2.4    Conclusion 

The autoinductive amplification reagent in this chapter is capable of responding to low 

concentrations of an activation reagent and exponentially amplifying a readout in the absence of 

enzymatic assistance.  Simultaneously, a separate example of an enzyme free autoinductive 

amplification reagent was developed by the Shabat group.
12

  However, this new system still 

required two steps due to the incorporation of a separate readout reagent.  The amplification 

reagent developed in our lab was the only one component amplification reagent capable of: i) 

responding to low concentrations of an activator without interference from background reactions, 

ii) amplifying a readout in partially aqueous media and, iii) being prepared in high yield through 

a single synthetic step.  The properties outlined here allow for applications in a variety of fields, 

which will be discussed in the next two chapters. 
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Chapter 3 

 

Application of Autoinductive Amplification Reagent to Point-of-care Diagnostics. 

 

3.1 Introduction  

Point-of-care (POC) diagnostics are diagnostics that can be carried out at the site of need.
1
  

POC diagnostics have emerged as useful tools in developed countries (e.g., glucose meters and 

pregnancy tests), but are arguably needed most in countries that have limited or no access to 

standard diagnostic instruments.
2
 However, this class of diagnostic is still underdeveloped for 

resource-limited environments such as third world countries.
3
  The main reasons POC 

diagnostics are a necessity in developing countries is because of a lack of: i) diagnostic 

equipment, ii) electrical power supplies, iii) trained technicians to carry out the diagnostics, and 

iv) methods for attaining and stabilizing reagents.
4
 

As a result of these limitations, the world health organization developed a set of requirements 

for diagnostics in resource-limited environments.  Using the acronym ASSURED, diagnostics 

for POC settings ideally should be; i) Affordable (i.e., easily accessible in as few synthetic steps 

as possible), ii) Sensitive (i.e., preventing false-negatives), iii) Specific (i.e., preventing false-

positives),  iv) User-friendly (i.e., carried out in as few steps as possible), v) Rapid, vi) 

Equipment-free, and vii) Deliverable (i.e., does not require special storage conditions).
3
  As 

shown in Chapter 2, our reagent already addresses points i, ii, and vi.  This chapter will address 

points iii, iv, and vii. 

In addition to the requirements set forth by the World Health Organization, an ideal 

diagnostic would be: i) able to detect an analyte in aqueous solutions (i.e., selective detection in 

bodily fluids or drinking water), and ii) tunable to detect a variety of analytes (e.g., proteins, 

nucleic acids, drugs, environmental contaminants or dissolved ions).
5
  This chapter demonstrates 

a diagnostic method capable of addressing these additional points through the development of a 

tunable detection and amplification system capable of sensing palladium (and fluoride) for use as 

a point-of-care diagnostic.
6,7 
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Figure 3-1. Palladium catalyzed 

deprotection mechanism.  

3.1.1 Palladium Detection 

 Palladium was chosen as the first analyte due to its toxicity.  Palladium is known to bind 

to proteins, DNA, and other biomolecules making it hazardous.
8
  As a result of the hazardous 

nature of palladium, it is recommended that people ingest less than 1.5 μg per day.
9
  

Furthermore, drugs are required to contain less than 10 ppm palladium (palladium is often used 

as a catalyst in the synthesis of pharmaceuticals).
9
  Drugs that are synthesized using Pd-catalyzed 

reactions often contain a higher concentration of palladium than is allowed (typically between 

300 and 2000 ppm).
10

  Therefore, drugs must go through a rigorous screening to test for the 

palladium. 

The state-of-the-art method for detecting palladium contaminants is ICP-MS.
10

  However, 

this method is not well suited for developing countries because the instrumentation is costly, 

trained technicians are required to run them and analyze the results, and the process is very time 

consuming.
10

     As a result of the challenging detection method, drugs are taken to market 

without  being tested, resulting in palladium commonly being found in high concentrations in 

pharmaceutical drugs.
11

     

Recently, multiple groups have developed small 

molecule reagents capable of detecting palladium 

through a catalytic amplification cycle, most often 

through the deprotection of allyl functionalities 

(Figure 3-1).  It has been well established that π-allyl 

palladium chemistry is capable of selectively 

deprotecting allyl based functional groups (Figure 3-

1).
12

  To prevent the need for advanced 

instrumentation, these groups have used allyl 

protecting groups to quench the fluorescence or color 

of reporter molecules.  In the presence of palladium, the allyl protecting group is cleaved and the 

reporter molecule produces a readout.
10
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3.2 Experimental Design of a Two Component Detection and Amplification Reagent 

Our goal was to develop a palladium detection system that is capable of detecting below 10 

ppm while still meeting the requirements outlined by the World Health Organization (WHO) for 

POC diagnostics.  To accomplish this task, we developed a two component system that works in 

tandem to provide selective, trace-level detection of palladium (Figure 3-2).  The first reagent is 

a detection reagent that reacts with the analyte (i.e., the green circle) and releases an activating 

reagent (i.e., the purple square). The activating reagent subsequently reacts with the signal 

amplification reagent to initiate an autoinductive disassembly reaction that releases amplified 

quantities of the activating reagent and the readout reagent (i.e., the orange square) until the 

amplification reagent is consumed.   

 

 The detection reagent we employ is structurally similar to the amplification reagent (2-4) 

except with a different detection unit (Figure 3-3).  For sensing palladium, an allyl carboxyl 

(Alloc) protecting group was installed.  In the presence of palladium, the Alloc group is cleaved 

allowing for a decarboxylation reaction to reveal the aniline intermediate.  As depicted in Figure 

Figure 3-2.  Representation of the two-step detection and amplification assay. 

Figure 3-3.  Proposed mechanism by which the detection reagent responds to palladium to 

produce the activating reagent (i.e., fluoride). 
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Scheme 3-1.  One step synthesis of detection 

reagent 3-1. 

3-3, the aniline intermediate progresses through a 1,6-azaquinone methide elimination to release 

one equivalent of fluoride, followed by addition of water, which leads to the release of the 

second equivalent of fluoride.   

 

3.3 Results and Discussion 

 

3.3.1 Synthesis of the Activity-based Detection Reagent 

Our goal was to develop a synthetic 

route that was capable of providing the 

detection reagent in one step to allow for 

easy access and low cost production.  By 

using 4-(difluoromethyl) benzoic acid 

(Scheme 3-1), we were able to prepare the 

detection reagent in one step.  However, this 

synthesis is also beneficial because the 

detection reagent can be easily altered by 

substituting allyl alcohol with other activity-based detection units, thus allowing for the detection 

of a variety of analytes.   

The ability to synthesize the detection reagent in one step fulfills one of the requirements 

(Affordable) set forth by the World Health Organization  for point-of-care diagnostics and also is 

an uncommon feature in other single molecule detection and signal amplification methods. Using 

our assay strategy, the amplification reagent can be used in any assay, while the reactive portion 

on the detection reagent (i.e., the detection unit) can be modified to detect a variety of analytes. 
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3.3.2 Kinetics for the Activity-Based Detection of Palladium 

The first step in developing the assay for palladium was to study the properties of the 

detection reagent in the presence of palladium.  To test the response rate of reagent 3-1, we 

developed a three step method using a similar procedure to the one discussed in Section 2.3.3.  

First, the detection reagent and tri-(2-furyl)phosphine (a ligand that reduces palladium(II) to 

palladium(0) in aqueous media)
10

 were dissolved in methanol and pyridine.  To that solution, a 

sample of aqueous palladium(II) is added (palladium(II) was chosen because it is the more stable 

oxidation state in relation to palladium(0) and therefore the oxidation state that palladium will 

most likely be found in when in a sample).  Palladium reacts with the detection reagent (3-1) and 

aliquots are removed at set time intervals.  The aliquots are added to a solution of t-

butyldimethyl silyl (TBS)-protected 7-hydroxycoumarin in methanol and water (step 2).  

Subsequently, an aliquot of the 7-hydroxycoumarin solution was added to a solution of buffered 

water (step 3).  The concentration of 7-hydroxycoumarin was then measured using a fluorometer.   

Figure 3-4.  Stepwise procedure for monitoring the production of fluoride from the detection 

reagent in response to palladium. 
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Figure 3-5.  Rate of fluoride production 

upon addition of 10 ppm palladium.  Each 

data point represents three replicates. 

Figure 3-6.  a) Procedure for monitoring the 

colorimetric response of reagent 3-1 in the 

presence of palladium.  b) Image showing 

the colorimetric distinction between 36 ppm 

and 10 ppm palladium 

When monitoring the production 

of fluoride resulting from the reaction 

between reagent 3-1 and palladium, an 

initial lag phase was observed for the first 

hour.  This result is presumably due to the 

time required for tri-(2-furyl)phosphine to 

convert the palladium(II) to the active 

palladium(0) species.  After one hour, the 

detection event resulted in a linear 

production of fluoride for six hours, which 

was the full length of the study. 

 

3.3.3 Colorimetric Detection of Palladium 

in the Absence of the Amplification 

Reagent 

 Since palladium is catalytic (i.e., 

capable of activating multiple equivalents of 

the detection reagent) and one of the 

products of the detection reagent is the 

colorimetric readout, we monitored the 

visual detection properties of the activity-

based detection reagent in the presence of 

Pd(II) (Figure 3-6a).    When the detection 

reagent (and tri-(2-furyl)phosphine)) is 

exposed to a solution of 36 ppm of aqueous 

Pd(II), the detection system produces a clear 

visual signal within 2 h. However, when 10 

ppm Pd(II) is used, a colorimetric signal 

does not develop, even after 33 h of 

incubation (Figure 3-6b). At such low 

concentrations of Pd(II), activity-based 
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detection is not sufficiently sensitive to provide a colorimetric readout for this assay.  We found 

the limit of observable detection for reagent 3-1 to be 36 ppm palladium.  Therefore, for 

detecting quantities of analyte below 36 ppm, the activity-based detection reagent must be 

coupled with the signal amplification reagent. 

 

3.3.4 Two-step Palladium Detection Assay 

Next, we turned our attention to developing a complete diagnostic system capable of 

detecting palladium and amplifying a visible colorimetric readout in two steps (Figure 3-7).  To a 

solution of the detection reagent (3-1) and tri-(2-furyl)phosphine) in methanol and pyridine was 

added a solution of aqueous palladium(II) (step 1).  This solution was allowed to react for 6 h, 

after which an aliquot of this solution was added to a solution of amplification reagent 2-4 in 

methanol and pyridine.   For use as a point-of-care diagnostic, threshold detection of relevant 

concentrations of palladium could be determined based on the amount of time required for the 

solution to produce a visual response.  However, for studying the detection and amplification 

properties, photographs were taken and the amplification process was monitored via image 

processing software.  

Figure 3-7.  Stepwise procedure for detecting palladium colorimetrically. 
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Figure 3-8.  a) Quantity of 4-

aminobenzaldehyde produced via the two 

component assay.  Experiments were performed 

in triplicate and all data are shown on the graph.  

b) Colorimetric comparison showing the 

distinction between the control and 0.36 ppm 

palladium. 

When monitoring the colorimetric 

response produced when the detection 

reagent and amplification reagent are 

used in conjunction, we found that we 

were able to visibly detect 10 ppm of 

palladium within 30 min of adding the 

solution containing the amplification 

reagent (Figure 3-8a).  We were not able 

to visually detect this concentration of 

palladium using just the detection reagent.  

Thus, using the two component detection 

and amplification system is required for 

the detection of 10 ppm of palladium.  

Being able to detect this concentration of 

palladium is crucial because it allows for 

threshold determination of the EPA 

standard toxicity level of palladium in 

drugs.  Using this system we were able to 

detect concentrations of palladium much 

lower than 10 ppm (Figure 3-8a). 

We were interested to see the 

lowest concentration of palladium capable 

of producing a visible colorimetric 

response over the control using this two 

component system.  Upon addition of non fluoridated water to the two component system, a 

visible colorimetric response was produced within 45 h.  Upon addition of low concentrations of 

palladium we found that 0.36 ppm palladium produced a visible readout (over the control) in less 

than 35 hours (Figure 3-8b).  This concentration was found to be the limit for visual distinction 

between low quantities of palladium and background signal.   
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Therefore, for use as a threshold assay for palladium: if the solution produces a visual 

readout in less than 30 minutes (upon addition of the amplification reagent), then the sample has 

more than 10 ppm palladium.  If the solution produces a colorimetric response in more than 35 

hours, the solution has less than 0.36 ppm of palladium. 

 

3.3.5 Summary 

 The two component detection and amplification strategy outlined in the first portion of 

this chapter has several features that make it a good starting point for further development of 

point-of-care diagnostic assays. The readout of the detection and amplification process is 

colorimetric, so visual detection resulting in a qualitative yes/no assay is easy.  Also, in theory, 

the activity-based detection reagent can be modified so that it responds specifically to analytes 

other than Pd(II), which would enable the detection of a variety of analytes using the same 

diagnostic strategy.  However, the key component of this assay is the signal amplification 

reagent that produces a colorimetric readout through an autoinductive process.  This 

amplification strategy does have some drawbacks, particularly the slow amplification rate and 

the lack of a quantitative detection method. The next section focuses on properties of the 

amplification reagent and improvements to the amplification method for use in point-of-care 

diagnostics.  
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3.4 Introduction to Fluoride Detection 

 Studies have indicated that long-term ingestion of water containing more than 4 ppm of 

fluoride can cause dental and skeletal fluorosis, as well as osteoporosis.
13,14

  Recent estimates 

suggest that approximately 200 million people from among 25 nations face hazardous levels of 

naturally occurring fluoride in drinking water.
15

  Many of these people live in resource-limited 

regions where advanced water purification facilities are lacking.
16

  Therefore, inexpensive and 

operationally straightforward methods for detecting fluoride in water are needed for measuring 

the quality of drinking water in resource-limited regions.   

As a first step towards mitigating this problem, sources of drinking water that contain 

excess fluoride must be identified before an appropriate local treatment can be applied. 

Moreover, once a source of water is treated to remove fluoride, the effectiveness of the treatment 

must be evaluated. Both of these situations require an inexpensive, yet sensitive and selective 

sensor for measuring relevant levels of fluoride in water. 

 

3.4.1 Current Fluoride Detection Systems 

 Currently, state-of-the-art analytical equipment (such as ion chromatography, gas 

chromatography, capillary zone electrophoresis and radioanalysis) is used for fluoride 

detection.
17

  However, these systems are not available for measuring the levels of fluoride in 

drinking water in developing countries.   

In contrast, substantial progress has been made recently towards creating reagents for 

portable fluoride sensors, some of which satisfy several of the criteria outlined in section 3.1 for 

an ideal point-of-care sensor.
18

  These reagents can be classified into four main categories based 

on their mode of operation: (i) supramolecular recognition,
19

 (ii) Lewis acid–base 

interactions,
20

 (iii) hydrogen bonding,
21

 and (iv) reaction-based detection.
22

  The reagent 

described in this article falls into the latter category, but, unlike most reaction-based sensors that 

detect fluoride in water, our reagent amplifies the signal, which increases the sensitivity of the 

assay. 

The ideal fluoride sensor for these environments must be capable of operating under a 

stringent set of criteria similar to the general guidelines for point-of-care diagnostics previously 

outlined: the sensor must (i) provide an unambiguous result that is easy to interpret by an 

untrained user; (ii) provide measurements without using instruments or readers; (iii) remain 
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Figure 3-9.  a) Quantity of color produced 

when 2-4 reacts with various initial quantities of 

fluoride via the autoinductive cycle shown 

in Figure 2-6. The solution turns a bright, visible 

yellow color when 30% of the maximum 

possible color is produced (i.e., when 30% of 2-

4 is consumed).  Experiments were performed in 

triplicate and all data are shown on the graph.  b) 

A log–log calibration curve for quantitatively 

measuring the level of fluoride in a sample. 

Overlapping triplicate measurements are plotted 

on the graph.  

stable for prolonged periods of time (i.e., when transported and stored without refrigeration); (iv) 

detect fluoride selectively over all other anions present in water; and (v) measure fluoride down 

to at least 4 ppm in water.
 

 

3.4.2  Quantitative Detection Based on 

Time.  

 In the first half of this chapter, we 

showed that threshold detection could be 

achieved based solely on the visual 

detection of color prior to a certain 

predetermined time.  Here we show that, 

semi-quantitative detection can be 

achieved by simply monitoring the time 

required to produce an obvious yellow 

color.   

In order to accomplish semi-

quantitative detection, a calibration curve 

based on time to visual detection was 

required.  To complete this graph, we 

determined the visual detection limit (i.e., 

the lowest quantity of readout reagent 2-5 

that is visually detectable) to be 30% of 

the maximum signal (Figure 3-9a).  By 

correlating the time required to reach this 

visual detection limit for known 

concentrations of fluoride, we created a 

calibration curve (Figure 3-9b).  Using the 

calibration curve, unknown concentrations 

of fluoride could be semi-quantitatively 

determined by monitoring the time to 

visual detection.    
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Figure 3-10.  a) Effect of anions on the 

colorimetric response of reagent 2-4. The 

photographs (b) were taken 3 h after 2-4 was 

exposed to 0.5 equiv of various anions in 

nanopure water.  Each data point represents 

three replicates. 

Moreover, for precise quantitative measurements, the assay solution is photographed 

using a camera-equipped cellular phone, and the intensity of the color in the digital image is 

measured using image-processing software (this digital analysis process, in theory, could be 

accomplished off-site by a trained physician through a process referred to as Telemedicine
23

).  

 

3.4.3 Anion Selectivity in Methanol 

 Specificity is critical in the context 

of our amplification reaction because any 

background reaction would become 

amplified to produce the same colorimetric 

intensity.  Therefore, we examined 

whether amplification reagent 2-4 would 

react with anions other than fluoride that 

are commonly found in ground water and 

other environmental samples (Figure 3-

10). Phenolic silyl ethers are known to be 

quite unreactive to anions other than 

fluoride (such as Cl
−
, Br

−
, I

−
, NO3

−
, SO4

2−
, 

SCN
−
, and H2PO4

−
),

17,24
 but we were 

concerned about the stability of the 

carbamate and the benzylic difluoro-

substituted carbon in 2-4 in the presence of 

these species. As shown in Figure 3-10, 

representative anions such as AcO, Br
−
, 

Cl
−
,  I

−
, and NO3

−
, H2PO4

−
, SCN

−
, and SO4

2−
 have no effect on 2-4, thus supporting the theory 

that 2-4 may be useful in the context of complex fluids.   
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Figure 3-11.  Graph representing the time 

required for reagent 2-4 to produce the 

maximum signal in the presence of 0.11 M 

aqueous fluoride.  

3.4.4 Thermal Stability of the Amplification Reagent (2-4) 

 As outlined in previous sections, the stability of the amplification reagent also is crucial 

for use in resource-limited environments.  If 2-4 (or, more likely, future derivatives of 2-4) is 

ever to be used in resource-limited environments, the reagent must be transportable without use 

of refrigeration, and therefore must be stable to elevated temperatures in the solid state.  We have 

found that, in the solid state, reagent 2-4 shows no signs of decomposition when stored open to 

the air at 37 °C for four weeks (the length of the study). 

 

3.4.5 Solubility Study Leading to Rate Improvement 

 Our amplification system was still limited for use as a fluoride sensor by its rate of 

response and the degree of amplification.  We hypothesized that increasing the volume of 

aqueous solution added (and therefore the quantity of analyte added) to reagent 2-4 would 

increase the reaction rate and improve the sensitivity.  As discussed in Section 2.3.2, the limiting 

factor for increasing the percent of water  by volume in the solvent was the solubility of the 

amplification reagent.  However, we found that as the polarity of the alcoholic solvent decreased, 

the quantity of added water could increase without causing the autoinductive reagent to 

precipitate.  The solvent ratio when methanol was the bulk solvent was previously determined to 

be 18:2:1 methanol―water―pyridine, 

respectively.  By substituting methanol 

(dielectric constant (ε) of approximately 33) 

for ethanol (ε ≈ 25) the amplification reagent 

was still soluble in 10:3:1 

ethanol―water―pyridine, respectively, thus 

effectively increasing the quantity of water by 

150 percent.   For isopropanol (ε ≈ 20) and 

tert-butanol (ε ≈ 15), the solvent rations were 

10:4:1 and 10:5:1, respectively, thus further 

increasing the water concentration by 200 and 

250 percent.   Using these new solvent 

conditions, we monitored the time required to 

reach maximum signal. 
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Figure 3-12.  Stepwise procedure for detecting fluoride 

colorimetrically. 

We found that methanol produced the slowest rate of response while isopropanol, and t-

butanol produced the fastest rates (Figure 3-11).  By incorporating more water (and also more 

analyte) we were able to improve the rate of detection by more than 2× (Figure 3-11).  We chose 

isopropanol as the organic solvent for the rest of the experiments because t-butanol is semi-solid 

at room temperature, and therefore is more challenging to work with than isopropanol.  

 

3.4.6 Faster Kinetics and Lower Detection Limits 

 Using the isopropanol solvent system, we developed a one-step diagnostic assay for 

fluoride.  The aqueous sample containing fluoride is added to a solution of the amplification 

reagent in iso-propanol and pyridine.  The solution is monitored for production of color (Figure 

3-12).    

 

 

 

 



58 

 

Figure 3-13.  a) Quantity of 4-

aminobenzaldehyde produced by reagent 2-4 in 

the presence of various quantities of fluoride.  

Experiments were performed in triplicate and all 

data are shown on the graph.  b) Colorimetric 

comparison showing the distinction between the 

control and 2.3 ppm fluoride. 

 Upon exposure of the 

amplification reagent to varying 

concentrations of fluoride, we found that 

concentrations above 23,000 ppm 

produced the maximum signal too rapidly 

to be monitored for kinetics purposes.  

However, below that concentration we 

were able to monitor the production of the 

colorimetric readout over time (Figure 3-

13a).  The increase in reaction rate was 

seen across all concentrations of added 

fluoride as well as the control.  Using the 

new solvent system, the amplification 

reagent began to decompose at 

approximately 10 hours, but this 

decomposition did not lead to visual 

detection until approximately 15 hours.  

Using the new solvent system, visual 

detection occurs approximately 3× faster 

than in the methanol solvent system.   

 We wanted to determine the limit 

of visual detection using the new solvent 

system, therefore we exposed the 

amplification reagent to a variety of low 

concentrations of fluoride.  We found that in the presence of 2.3 ppm fluoride the amplification 

reagent begins reacting at approximately 5 hours and produces a clear visible readout at 8.5 

hours.  This color production is rapid enough to be distinguished easily from the background 

reaction (Figure 3-13b).  Previously, we were not able to detect concentrations of fluoride below 

4 ppm, which is above the EPA standard for safe drinking water.  
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From a practical viewpoint, to determine whether a sample has more or less fluoride than 

the EPA recommended limit of 2 ppm, the assay solution must simply be checked to see if it 

turns a visible yellow color by 9 h (Figure 3-13b); if it does not, then it likely contains less than 2 

ppm fluoride.   Whereas, if the solution turns a visible yellow color before 9 h, then it likely 

contains more than 2 ppm fluoride and poses a hazard to drink. 

 

3.4.7 Anion Selectivity in Isopropanol 

 The increase in reaction rate and 

sensitivity resulting from the solvent 

substitution does not impact the selectivity of 

the assay as shown in Figure 3-14.  Using the 

new solvent conditions, fluoride remains the 

only anion tested that provides an observable 

signal.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-14.  Effect of anions on the 

colorimetric response of reagent 2-4. The 

photographs were taken 2 h after 2-4 was 

exposed to 0.5 equiv of various anions in 

nanopure water.  Each data point represents 

three replicates. 
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3.5 Conclusions  

In conclusion, while the detection and amplification reagents described in this chapter are 

comparable in sensitivity to other state-of-the-art reagents that detect palladium or fluoride in 

water, the design of this assay system offers the following key advances in the area of detection: 

(i) it provides a unique and necessary signal amplification reaction for detecting relevant levels 

of analyte; (ii) it can be used to measure the level of analyte in an aqueous sample, both in semi-

quantitative threshold-type assays and in quantitative assays; and (iii) the system can be easily 

tuned to accommodate a wide variety of analytes. Moreover, because each reagent is accessible 

in only one synthetic step, reagents 2-4 and 3-1 provide a useful starting point for designing the 

type of ideal detection method that is needed for detecting aqueous palladium and fluoride in 

resource-limited regions. 
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Chapter 4 

 

Application of the Autoinductive Amplification Reagent to Smart Materials 

 

4.1 Introduction  

Smart materials are materials that are capable of eliciting a physical response as a result of a 

change in their surrounding environment.
1
  These types of materials have become increasing 

prominent and have been employed in a variety of applications, including drug delivery, 

diagnostics, coatings, and textiles.
2
 The most advanced type of smart material is capable of 

performing three functions: i) sensing, ii) control, and iii) actuation.
1
  In general, smart materials 

can be classified by either the stimuli they respond to or the physical response they produce. 

 Smart materials have been designed to respond to a variety of different stimuli, including 

i) biological, ii) chemical, iii) photo, iv) thermal, v) electrical, and vi) magnetic.
3
  Of this list, the 

most interesting stimuli are non-invasive stimuli because they can be introduced and removed 

without altering the immediate environment.  This “on-off” ability allows the user more freedom 

in probing the properties of the smart material (i.e., they can study the response of the materials 

to the stimulus and also study the physical properties produced after the stimulus has been 

removed).  

 In terms of the physical change produced in response to a stimulus, smart materials fall 

into one of two categories: i) changing the properties of the surrounding environment, or ii) 

changing their own physical properties.  Materials capable of changing the properties of their 

surroundings are still uncommon compared to materials that change themselves.
4
  This chapter 

will focus on the development of smart materials that fall into the first category. 

 

4.1.1 Microfluidic Pumps 

 One of the most prominent examples of smart materials capable of remodeling their 

environment is microfluidic pumps.
5
  Microfluidic pumps are self-powered materials that impart 

directional fluid flow on a microliter scale, upon activation.  These pumps act on the 

environment through various mechanisms, including, diffusiophoretic, osmotic, or density-based 

mechanisms.  They have been designed to respond to stimuli such as biological,
6
 chemical,

7
 

electrochemical,
8
 thermal,

9
 and photolytic stimuli

10
.  As a result of the mechanical response (i.e., 
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pumping) and the diverse set of stimuli for pumping action, these materials have been applied in 

a variety of applications, including microanalytical instrumentation, genetic engineering, 

portable sampling systems and drug delivery.
11

   

A type of microfluidic pump that has yet to be developed is one that is capable of sensing a 

signal (leading to initiation of the pumping action) and then remembering the presence of the 

signal, allowing for the material to continue its pumping action after the stimulus had been 

removed.  This capability would give a rudimentary memory to the material.  
 

 

4.2 Design 

Our goal was to design a polymeric material that performs a macroscopic function 

continuously once exposed to a specific stimulus, even when the stimulus is no longer present 

(i.e., the material is capable of “remembering” the presence of the signal). Ideally, this material 

should: i) be self-powered, ii) require no reagents from solution (i.e., operational in any 

environment), iii) operate autonomously, and iv) convert chemical energy into a mechanical 

response. Thus, the design provides a combination of attributes that are not available currently in 

smart polymeric materials.
2,12

  As a proof-of-concept, we applied this material to the field of 

microfluidic pumps 

To demonstrate these capabilities, we prepared modified TentaGel microspheres that were 

capable of initiating the pumping of fluid surrounding the microsphere (the physical 

response), even after the applied signal (UV light, a non-invasive stimulus) had been removed 

(Figure 4-1).  

The microspheres provide a continuous pumping response through a network of molecular 

reactions that occur on the surface of, and perhaps within, the microsphere.
13

  There are two 

reagents responsible for the physical response of the material: the detection reagent and the self-

propagating amplification reagent (Figure 4-1a).  In the presence of UV light, the detection 

reagent disassembles to produce one equivalent of a colorimetric reporter molecule (i.e., the 

orange square in Figure 4-1) and two equivalents of an activating reagent (i.e., the purple 

square).  The activating reagents initiate the self-propagating amplification reagent and this 

reaction continues to progress (eliciting a physical response) even after the light has been 

removed. 
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Figure 4-1.  Schematic representation of a polymer microsphere pump that induces the 

movement of fluid surrounding the pump in response to a specific stimulus, even after the 

stimulus has been removed. 

The consequence of this network of reactions is the continuous production of small-molecule 

products, which generate a gradient as they diffuse away from the microsphere, initiating fluid 

movement towards the sphere (Figure 4-1b). Upon exposure of the microsphere to UV light, the 

detection reagent rapidly disassembles to produce a number of products (some initiate the 

gradient while others initiate the amplification reagent).  While this process is occurring, the 

amplification reagent begins to respond to the activating reagent, also producing products that 

diffuse out of the material.  When the UV light is removed, the detection reagent ceases to 

produce products; however, the amplification reagent continues to react, leading to a continued 

pumping action (Figure 4-1b). 

On the molecular level, the ability of the material to perform its memory function arises from 

two reagents that function similarly to the reagents described in Section 3.2.   The self-

propagating autoinductive reagent (4-2) employed in this system is similar to the amplification 

reagent (2-4) described in chapter two.   However, this version is modified with a linker allowing 
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Figure 4-3.  Proposed mechanism by which the detection reagent (4-1) responds to light 

leading to disassembly into products (i.e., fluoride and 4-amino-2-methoxybenzaldehyde (4-

3)) 

Figure 4-2.  Design of 

the self-propagating 

amplification reagent. 

it to be attached to the material, and an aryl methyl ether that 

provides a faster rate of triggered disassembly
14

 (Figure 4-2).   

The detection reagent (4-1) incorporated into this system, 

however, is unique and was designed to respond to light with 

wavelengths of 254 nm to 365 nm.
15

   In the presence of UV light, 

the aryl nitro group responds to form a di-radical excited state 

(Figure 4-3).
15

   The excited nitro group eventually cleaves the 

benzyl carbon–oxygen bond, allowing for a subsequent 

decarboxylation reaction.  The resulting aniline undergoes 1,6-

azaquinone methide mediated release of fluoride followed by 

further disassembly in the presence of water to release the second 

equivalent of fluoride (Figure 4-3).    

 

 

http://onlinelibrary.wiley.com/enhanced/doi/10.1002/anie.201304333/#bib7
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Figure 4-4.  Schematic showing the structures of reagents 4-1 and 4-2 as well as the reactions 

responsible for producing the pumping action. 

When the detection and amplification reagent are covalently attached to the same 

microsphere, they are able to work in conjunction to produce the desired properties of a smart 

material with memory (Figure 4-4).  In the presence of UV light, the detection reagent responds, 

producing multiple products, including two equivalents of fluoride and aminobenzaldehyde 4-3.  

The released fluoride subsequently translates the detection event into the initiation of a self-

propagating reaction. The self-propagating reagent (4-2) responds to one equivalent of fluoride 

and releases two additional equivalents of fluoride as well as more of 4-3 and a proton 

(mechanistically similar to the reaction shown in Section 2.2). The released fluoride is then 

available to react with additional equivalents of 4-2 to continue amplifying the quantity of 

fluoride, 4-3, and protons in the microsphere until all of 4-2 has been consumed.  As previously 

discussed, on the microscopic scale, this network of reactions allows for the pump to be activated 

and then continue its pumping action (through the release of reagents) even after the stimuli has 

been removed (Figure 4-4b). 
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4.3 Results and Discussion 

 

4.3.1 Synthesis of the Detection and Amplification Reagent 

 

The light-sensing and amplification reagents (4-1 and 4-2, respectively) used in this 

design were prepared via 5 and 6 step syntheses, respectively.  The first step in synthesizing 

reagent 4-1 was an SN2 reaction between 4-methyl-3-nitrophenol and t-butyl bromoacetate 

(Scheme 4-1). The resulting substrate underwent a radical bromination to form a benzyl bromide 

that was subsequently converted to a benzyl alcohol.  Reagent 4-1 was formed through a Curtius 

reaction involving 4-5 and 4-(difluoromethyl)-3-methoxybenzoic acid, followed by deprotection 

of the t-butyl ester protecting group.   

 

The first step in the synthetic route to autoinductive reagent 4-2 involves TBS protection 

of 3-(3-hydroxyphenyl)propanoic acid (Scheme 4-2).  The protected intermediate undergoes 

Lewis acid mediated formylation followed by allyl esterification with the free acid.  

Subsequently, the aldehyde is reduced to form intermediate 4-5.  Regent 4-2 is formed from a 

Curtius reaction between 4-(difluoromethyl)-3-methoxybenzoic acid and 4-5 followed by a 

deprotection of the allyl ester.  

Scheme 4-1.  Reagents and conditions: a) tert-butyl 

bromoacetate, K2CO3 (quant.); b) NBS, AIBN; c) 

AgNO3 (26 % over 2 steps); d) i. 4-(difluoromethyl)-3-

methoxybenzoic acid, (COCl)2, DMF; ii. NaN3; iii. 100 °C, 4-

5 (50 %); e) TMSOTf, TEA (58 %). 
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The modified TentaGel microsphere was prepared as depicted in Scheme 4-3, where both 

the activity-based detection reagent (4-1) and the self-propagating reagent (4-2) were grafted 

to the polymeric bead in a presumed 1:1 ratio under 2,4,6-mesitylenesulfonyl-3-nitro-1,2,4-

triazolide (MSNT)-mediated esterification conditions.
16

  We chose a 1:1 ratio of reagents 4-1 and 

4-2 to ensure that the beads contained sufficient quantities of both reagents to sustain the two 

halves of the reaction network.  This ratio is particularly important since approximately 40–60% 

of the reactions occur on the surface of the microsphere
13

 where diffusion could interfere with 

the signal transduction and autoinductive processes. Two control microspheres were also 

prepared by analogous reactions, one containing 100% of 4-1 and the other 100% of 4-2. 

 

Scheme 4-2.  Reagents and conditions: a) imidazole, DMAP, 

TBSCl (87%); b) CH3OCHCl2, TiCl4; c) (COCl)2, allyl alcohol, 

DMF; d) NaBH4 (9% over 3 steps); e) i. 4-(difluoromethyl)-3-

methoxybenzoic acid, (COCl)2, DMF; ii. NaN3; iii. 100 °C, 4-7 

(96%); f) Pd(PPh3)4, pyrrolidine (77%). 

Scheme 4-3.  Procedure for synthesizing the functionalized material. 
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Figure 4-5.  Colorimetric response of a 

TentaGel microsphere that contained 100 % 

of 4-1. a) The procedure for testing the detection 

reagent. b) Images of the color change produced 

upon expose of the detection reagent. c) Color 

production as a result of the microspheres being 

exposed to 365 nm light. 

4.3.2 Response of the Solid Supported Light-responsive Reagent 

 Before testing whether the 

microsphere containing both 4-1 and 4-

2 was capable of “remembering” its 

predefined stimulus, we first conducted 

control experiments to determine whether 

the microspheres that contain only 4-

1 were capable of detecting UV light. To 

study the response properties of the 

detection reagent, we swelled a 

microsphere functionalized with reagent 

4-1 in a solution of isopropanol–water–

pyridine (10:4:1 respectively) and exposed 

the heterogeneous solution to 365 nm UV 

light for 20 min, then monitored the 

colorimetric response (Figure 4-5a).  Over 

the period of twenty minutes, the 

microspheres turned a dark yellow/orange 

color, indicating the production   of 4-

amino-2-methoxybenzaldehyde (4-3) 

(Figure 4-5b).  Using image processing 

software, we quantified the colorimetric 

response and found that the response of 

the functionalized microsphere reached a 

plateau at approximately 20 minutes 

(Figure 4-5c).   

To correlate the colorimetric response with the production of the desired products, we 

exposed multiple light responsive microspheres (in the isopropanol–water–pyridine solution) to 

365 nM light for 40 minutes.  The solution was allowed to sit for 2 hours allowing any free 

reagents to diffuse from the spheres.  Aliquots were removed from this solution and examined by 
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mass spectrometry, verifying the production of the yellow species, 4-amino-2-

methoxybenzaldehyde (Figure 4-6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4-6.  Mass spectrum of the only organic product released into solution by reagent 4-1 

upon exposure to 365 nm light. 
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4.3.3 Pumping Properties of the Light-responsive Reagent 

 We next designed an experiment to 

test the ability of the microsphere 

functionalized with only light-responsive 

reagent 4-1 to induce fluid flow upon 

activation.  The experiment involved 

placing the microspheres on a glass slide 

that was immersed in 10:4:1 

isopropanol/water/pyridine in a closed 

system and then exposing the 

microspheres to cycles of UV light (Figure 

4-7a).  To monitor the fluid movement, 2 

μm diameter amine-functionalized 

polystyrene tracer particles were added to 

the solution (these particles remain 

suspended in solution and are carried by 

the fluid, which allows us to track the 

pumping speed).   

When the microspheres containing 

100 % of reagent 4-1 were exposed to 365 

nm light, the surrounding fluid displayed 

directional movement towards the 

microsphere, with an average speed of 4.5 

± 0.5 μm s
−1

 (Figure 4-7b).  Conversely, when the UV light was removed, the fluid movement 

dropped to 0.03 ± 0.01 μm s
−1

.  This control over pumping velocity is to be expected because 

when the material is not exposed to UV light, the detection reagent will not produce the gradient 

of products required for fluid movement. 

 The experiments monitoring the production of color as well as the pumping properties of 

the light responsive molecule show that this reagent is capable of responding to the designated 

stimulus (i.e., light) to produce the theorized products, but does not continue to produce the 

products (or continue to pump) after that stimulus has been removed.  

Figure 4-7.  a) Procedure for monitoring the 

pumping speeds upon activation of the light 

responsive microsphere with 365 nm light.  b) 

Average pumping speeds produced around the 

microsphere as a results of cycling exposures of 

UV light.  
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Figure 4-8.  Colorimetric response of a 

TentaGel microsphere that contained 100 % of 4-

2. a) The procedure for testing the autoinductive, 

self-propagating reaction. b) Color change 

produced by the microspheres as a result of the 

production of reagent 4-3. c) Color production as 

a result of exposure of the microspheres to 

substoichiometric quantities of fluoride (relative 

to the loading level of the microspheres.  Note 

that the scale of the x-axis changes after the 

break. 

4.3.4 Properties of the Autoinductive Reagent 

 We next focused on studying the 

rate of disassembly of the solid supported 

amplification reagent in the presence of 

fluoride.  Therefore, we exposed the 

microspheres functionalized with just 

reagent 4-2 to fluoride in 10:4:1  

isopropanol–water–pyridine and 

monitored the production of color (Figure 

4-8a).  As expected, in the presence of 

fluoride the microspheres and surrounding 

solution turn a bright yellow color (Figure 

4-8b).     

We quantified the time-dependent 

intensity of the yellow/orange colorimetric 

response by photographing the beads over 

time (Figure 4-8c) and by using image-

processing software to measure the 

intensity of the color in the digital images 

(as described in chapters 2 and 3).   

Regardless of the quantity of fluoride used 

to initiate the autoinductive reaction (even 

substoichiometric quantities relative to the 

loading level of the reagent on the 

TentaGel microsphere), all of the trials 

provided equal levels of color over time 

(which is indicative of autoinductive 

reactions). Also as expected for an 

autoinductive reaction, the time to reach 

completion when the microspheres are 

exposed to lower quantities of fluoride is 
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longer than when the microspheres are exposed to higher quantities of fluoride (Figure 4-8c). 

 We again wanted to verify that the color being produced by the microspheres 

functionalized with amplification reagent 4-2 was a result of the production of 4-amino-2-

methoxybenzaldehyde (4-3).  Thus, we analyzed an aliquot from the reaction solution and 

characterized it by mass spectrometry.  The only aromatic product was 4-amino-2-

methoxybenzaldehyde (4-3) (Figure 4-9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-9.  Mass spectrum of the only organic product released into solution by reagent 4-2 

upon exposure to 2 mM solutions of fluoride. 

http://onlinelibrary.wiley.com/enhanced/doi/10.1002/anie.201304333/#fig2
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4.3.5 Pumping Properties of the Autoinductive Reagent 

 We next studied the pumping 

ability of the autoinductive microsphere in 

the presence of cycling on and off UV 

light (Figure 4-10a).  Testing the pumping 

response of the autoinductive microsphere 

in the presence of UV light serves two 

functions.  First, the experiment shows 

that the autoinductive reagent does not 

respond to UV light.  This attribute is 

important because otherwise the regent 

might be completely consumed while the 

detection reagent is being exposed to UV 

light (i.e., during the 20 minutes of UV 

light exposure required to build up a 

concentration of fluoride).  Second, upon 

exposure to UV light, if the material does 

not produce a pumping response,  then 

thermal effects from UV light do not 

cause the induced pumping while under 

UV exposure. 

 When the microspheres containing 

100 % of reagent 4-2 were exposed to UV 

light, the surrounding fluid did not display directional movement towards the microsphere.  The 

average speed during UV exposure was 0.02 ± 0.05 μm s
−1

 (Figure 4-10b).  Not surprisingly, 

when the UV light was removed, the average fluid speed remained 0.02 ± 0.05 μm s
−1

.   

Overall, the two sets of control experiments performed on the microsphere containing 

only the autoinductive reagent demonstrates that: i) thermal effects are not causing microfluidic 

motion, ii) the autoinductive reagent responds to fluoride to produce an exponentially amplified 

response, and iii) reagent 4-2 produces no response in the presence of UV light.  

 

Figure 4-10.  a) Procedure for monitoring the 

pumping speeds upon activation of the 

autoinductive microsphere with 365 nm light.  b) 

Average pumping speeds produced around the 

microsphere as a results of cycling exposures of 

UV light.  



78 

 

4.3.6 Pumping Properties of the Material with a Memory 

As shown in Section 4.3.4, we are 

able to elicit a pumping response from the 

material functionalized with the detection 

reagent, in response to the stimulus (UV 

light). However, the detection 

reagent alone does not enable the 

microsphere to “remember” the applied 

stimulus when the UV light is removed. 

For that capability, we employed the 

microsphere that is functionalized with 

both the detection and the autoinductive 

reagents (in a 1:1 ratio), allowing for the 

two reagents to work in tandem to create a 

material that has the ability to sense UV 

light and then remember the presence of 

the light after it has been removed, 

continuing the mechanical pumping action 

(Figure 4-11a). 

 First, we established the 

maximum pumping speed for the 

microspheres containing a 1:1 ratio of 4-

1 and 4-2 when exposed to UV light.  In 

this experiment, directional fluid 

movement was observed at a reduced 

speed of 3.5 ± 0.5 μm s
−1

 in relation to the 

microsphere that contained 100 % of 4-

1 (4.5 ± 0.5 μm s
−1

) after the initial 20 

minutes of exposure. This reduced 

pumping speed is to be expected, since the 

microspheres containing approximately 

Figure 4-11.  a) Procedure for monitoring the 

pumping speeds upon activation of the duel 

functionalized microsphere with 365 nm light.  

b) Average pumping speeds produced around the 

microsphere as a results of cycling exposures of 

UV light. c) Average pumping speeds as a result 

of UV exposure followed by no exposure. 
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equal quantities of reagents 4-1 and 4-2 have less of 4-1 to react with the UV light than the 

microspheres containing 100 % of 4-1. 

Next, we cycled the UV light on and off, which yielded persistent fluid pumping during 

the off cycles for the microspheres containing 4-1 and 4-2 (unlike the microsphere containing 

only 100 % of 4-1), with an average pumping speed when the light was off of 0.28 ± 0.07 

μm s
−1

 (Figure 4-11b). This 0.28 ± 0.07 μm s
−1

 pumping speed arises from the autoinductive 

reaction mediated by 4-2.  The decrease in pumping speed is a result of the autoinductive 

reaction producing products at a slower rate than the direct photochemical reaction of 4-1 when 

the UV light is turned on.
15

  This experiment showed the ability of our material to remember a 

signal that is introduced and removed multiple times.  However, more revealing about the 

“memory” of the microspheres containing 4-1 and 4-2 is their ability to respond continuously 

when exposed only once to the stimulus, rather than periodically.  When the microspheres that 

contain a 1:1 ratio of 4-1 and 4-2 are exposed to light with a wavelength of 365 nm for 20 min, 

and then the light is removed, the average pumping speed drops from 3.2 ± 0.3 μm s
−1

 to 0.33 ± 

0.08 μm s
−1

 and maintains that speed for approximately 8 min, thus showing that the material is 

capable of remembering a signal for an extended period of time without being reactivated 

(Figure 4-11c).  The current memory of the material is limited to 8 minutes; at that point, the 

pumping speed begins to decrease, likely as a result of the consumption of 4-2 in the 

microspheres. 

   These combined results demonstrate that pumping speeds can be modulated by periodic 

exposure of the material to its predefined stimulus. More importantly, these results show that the 

microspheres continue pumping even when the signal is removed, which is an unusual capability 

in the context of stimuli-responsive materials, and one that is achieved by building into the 

material the capacity for an autoinductive reaction. 
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4.4 Conclusion 

 In this chapter, we demonstrated a new approach for creating smart, stimuli-responsive 

materials that are capable of remembering when they are exposed to a stimulus, even when the 

stimulus is no longer present. We developed a plastic microsphere-based fluidic pump, which is 

capable of pumping the fluid surrounding the microsphere in response to UV light, as well as 

continuous pumping even when the UV light is removed. The microsphere provides this 

continuous pumping without using reagents supplied in solution and without intervention by the 

user. Moreover, the pumping speed can be altered if the signal is present or absent, and the 

microsphere reveals that it is responding to the signal by turning a yellow/orange color, the 

intensity of which loosely correlates with the time required to initiate the pump (i.e., when the 

quantity of 4-1  has been consumed). 
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CHAPTER 5 

Materials, Methods, Experimental Procedures, and Characterization 

 

Materials. All reactions were performed in flame-dried glassware under a positive 

pressure of argon unless otherwise noted. Air- and moisture-sensitive liquids were transferred via 

syringe or stainless steel cannula. Organic solutions were concentrated by rotary evaporation 

(25–40 mmHg) at 30 °C. All reagents were purchased commercially and were used as received. 

Acetonitrile, benzene, dichloromethane, N,N-dimethylformamide, tetrahydrofuran, toluene, and 

triethylamine were purified by the method of Pangborn, et. al.
1 

Flash-column chromatography 

was performed as described by Still et al.,
2 

employing silica gel (60-Å pore size, 32–63 μm, 

standard grade, Dynamic Adsorbents). Thin-layer chromatography was carried out on Dynamic 

Adsorbents silica gel TLC (20 × 20 cm w/h, F-254, 250 μm). Deionized water was purified with 

a Millipore purification system (Barnstead EASYpure® II UV/UF). 

Methods. Proton nuclear magnetic resonance (
1
H NMR) spectra and carbon nuclear 

magnetic resonance spectra (
13

C NMR) were recorded using either a Bruker DPX-300 (300 

MHz) NMR spectrometer, a Bruker AMX-360 (360 MHz), or a Bruker DRX-400 (400 MHz) 

NMR spectrometer at 25 °C. Proton chemical shifts are expressed in parts per million (ppm) and 

are referenced to residual protium in the NMR solvent (CHCl3 δ 7.26 ppm, CH3OH δ 3.31 

ppm).
3
 Data are represented as follows: chemical shift, multiplicity (s = singlet, bs = broad 

singlet, d = doublet, dd = doublet of doublets, t = triplet, m = multiplet and/or multiple 

resonances), integration, and coupling constant (J) in Hertz. Carbon chemical shifts are 

expressed in parts per million and are referenced to the carbon resonances of the NMR solvent 
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(CHCl3 δ 77.0 ppm or CH3OH δ 49 ppm).  UV/vis spectroscopic data was obtained using a 

Beckman Coulter DU 800 spectrometer. LCMS data was obtained using an Agilent 

Technologies 1200 Series HPLC with a UV detector, a 6120 Series quadrupole mass 

spectrometer equipped with an atmospheric-pressure chemical ionization chamber, and a Thermo 

Scientific 150 mm × 2.1 mm Betasil diphenyl column. Preparative scale HPLC was performed 

using an Agilent Technologies 1200 Series HPLC with a UV detector and an Agilent 150 mm × 

30 mm preparative C18 column. Low resolution and high resolution mass spectra were acquired 

using mobile phases containing 5 mM ammonium formate.   
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5.1 CHAPTER 2: EXPERIMENTAL PROCEDURES AND METHODS 

 Section 2.3.1: Synthesis of the Amplification Reagent 

 

 

 

 

 

Methyl p-difluoromethylbenzoate (2-7). Methyl 4-formylbenzoate (2-6) (1.4 g, 9.0 

mmol, 1.0 equiv.) was dissolved in diethylaminosulfur trifluoride (6.0 mL, 45 mmol, 5.0 equiv.) 

at 23 °C. The solution was stirred for 24 h. The solution was diluted with a large excess (80 mL) 

of dichloromethane, and was diluted further by the slow addition of water (80 mL). The layers 

were separated, and the organic layer was washed carefully with a saturated aqueous solution of 

sodium bicarbonate (3 × 40 mL) and a saturated aqueous solution of sodium chloride (3 × 40 

mL). The organic layer was dried over sodium sulfate, the solids were filtered through a fritted 

Büchner funnel, and the solution was concentrated under reduced pressure. The residue was 

purified by column chromatography (elution with 5% EtOAc–hexanes), affording 2-7
4
 as a white 

solid (1.4 g, 7.6 mmol, 84%). 
1
H NMR (CDCl3): δ 8.13 (d, 2 H, J = 9), 7.59 (d, 2 H, J = 9), 6.71 

(t, 1 H, J = 57), 3.97 (s, 3 H). See Appendix B for NMR’s. 

 

p-Difluoromethylbenzoic Acid (2-8). Methyl p-difluoromethylbenzoate (2-7) (1.0 g, 5.4 

mmol, 1.0 equiv.) was dissolved in ether (100 mL), and potassium trimethylsilanolate (0.77 g, 

6.0 mmol, 1.1 equiv.) was added to the solution in one portion. After stirring for 12 h at 23 °C, 

the reaction mixture was filtered through filter paper, and the white solid was washed with 1:1 

hexanes–ether (3 × 30 mL). No further purification was required. Compound 2-8
5
 was obtained 

in 75% yield as a white solid (0.85 g, 4.0 mmol). 
1
H NMR (CD3OD): δ 8.05 (d, 2 H, J = 9), 7.54 

(d, 2 H, J = 9), 6.81 (t, 1 H, J = 57). See Appendix B for NMR’s. 
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Amplification Reagent 2-4. p-Difluoromethylbenzoic acid (2-8) (0.48 g, 2.3 mmol, 1.0 

equiv.) was dissolved in 1,2-dichloroethane (5.0 mL), and the resulting solution was cooled to 0 

°C. Thionyl chloride (0.42 mL, 5.8 mmol, 2.5 equiv.) was added dropwise to the ice-cold 

solution, followed by 4 drops of N,N-dimethylformamide. The reaction mixture was heated to 

100 °C and was stirred for 1 h. The solution was removed from heat and allowed to cool to 23 

°C, at which point the solution was concentrated under reduced pressure. The resulting residue 

was re-dissolved in acetone (2.0 mL) and was cooled to 0 °C. A solution of sodium azide (0.45 

g, 6.9 mmol, 3.0 equiv.; dissolved in 1.5 mL water) was added dropwise, and the reaction 

solution was stirred at 0 °C for 1 h. The solution was diluted with ethyl acetate (20 mL) and the 

layers were separated. The organic layer was dried over sodium sulfate, the solids were filtered 

through a fritted Büchner funnel, and the remaining liquid was concentrated under reduced 

pressure. The residue was dissolved in toluene (5 mL), and this solution was heated to 100 °C for 

1 h. The reaction mixture was allowed to cool to room temperature, and p-[(tert-

butyldimethylsilyl)oxy]benzyl alcohol
4
  was added in one portion. The reaction mixture was 

heated to 100 °C, and was stirred at this temperature for 3 h. The solution was cooled to room 

temperature and concentrated, and the resulting residue was purified via column chromatography 

(elution with 5% EtOAc–hexanes) to afford compound 2-4 as a white solid (0.61 g, 1.5 mmol, 

64%). mp 75–77 °C; IR (cm
-1

) 3343, 2939, 1699, 1514, 1225; 
1
H NMR (CDCl3): δ 7.51 (d, 2 H, 

J = 9), 7.46 (d, 2 H, J = 9), 7.31 (d, 2 H, J = 9), 6.88 (d, 2 H, J = 9), 6.63 (t, 1 H, J = 57), 4.92 (s, 

2 H), 1.02 (s, 9 H), 0.24 (s, 6 H); 
13

C NMR (90 MHz, CDCl3) δ: 156.0, 153.2, 140.1, 130.1 (2C), 

129.1 (t), 128.4, 126.5, 120.1, 118.3, 67.1, 25.6, 18.1, -4.45; MS (TOF MS AP+, m/z) 408.2 (10, 

MH
+
), 425.2 (100, M + NH

4+
). HRMS (TOF MS AP+) Calcd. for C21H31N2O3SiF2 (M + NH

4+
): 

425.2072. Found: 425.2064. See Appendix B for NMR’s. 
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Amplification Reagent 2-4. p-Difluoromethylbenzoic acid (2-8) (0.2 g, 1.2 mmol, 1.0 

equiv) was dissolved in dichloromethane (5.8 mL), and the resulting solution was cooled to 0 °C. 

Oxalyl chloride (0.12 mL, 1.4 mmol, 1.2 equiv) was added dropwise to the ice-cold solution, 

followed by 5 drops of N,N-dimethylformamide. The reaction mixture was heated to 100 °C and 

was stirred for 1 h. The solution was removed from heat and allowed to cool to 23 °C, at which 

point the solution was concentrated under reduced pressure. The resulting residue was re-

dissolved in acetone (2.9 mL) and was cooled to 0 °C. A solution of sodium azide (0.23 g, 3.5 

mmol, 3 equiv; dissolved in 2.9 mL water) was added dropwise, and the reaction solution was 

stirred at 0 °C for 1 h. The solution was diluted with ethyl acetate (50 mL) and the layers were 

separated. The organic layer was dried over sodium sulfate, the solids were filtered through a 

fritted Büchner funnel, and the remaining liquid was concentrated under reduced pressure. The 

residue was dissolved in toluene (5.8 mL), and this solution was heated to 100 °C for 1 h. The 

reaction mixture was allowed to cool to room temperature, and p-[(tert-

butyldimethylsilyl)oxy]benzyl alcohol (0.33 g, 1.4 mmol, 1.2 equiv) was added in one portion. 

The reaction mixture was heated to 100 °C, and was stirred at this temperature for 3 h. The 

solution was cooled to room temperature and concentrated, and the resulting residue was purified 

via column chromatography (elution with 5% EtOAc–hexanes) to afford compound 2-4 as a 

white solid (0.41 g, 1.0 mmol, 87%). 
1
H NMR (CDCl3): δ 7.51 (d, 2 H, J = 9), 7.46 (d, 2 H, J = 

9), 7.31 (d, 2 H, J = 9), 6.88 (d, 2 H, J = 9), 6.63 (t, 1 H, J = 57), 4.92 (s, 2 H), 1.02 (s, 9 H), 0.24 

(s, 6 H). See above for full characterization. 
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Section 2.3.2: Solvent Study. 

   

Bulk Solvent Study. Aliquots (10 μL) of solutions of CsF (0.12 M) were added to 

separate 0.12 M solutions of compound 2-4 in 18:1 bulk solvent–pyridine (95 μL).  The bulk 

solvents tested were MeCN, DMF, DMSO, MeOH, and THF. At hour intervals, photographs 

were obtained and analyzed using Adobe
®
Photoshop

®
. The digital images were cropped just 

above and below the solution in the centrifuge tube. The image was magnified six times and the 

color was inverted using the inversion setting. 

  

Pyridine Solvent Study. Aliquots (10 µL) of aqueous CsF (0.62 M) were added to 

separate 0.12 M solutions of compound 2-4.  The ratios of methanol–pyridine–water tested are 

shown in Table S1.  At hour intervals, photographs were obtained and analyzed using 

Adobe
®
Photoshop

®
.  The digital images were cropped just above and below the solution in the 

centrifuge tube. The image was magnified six times and the color was inverted using the 

inversion setting.  Using the circular marquee tool, a section of approximately 300 pixels just 

below the meniscus of the solution was highlighted. The mean intensity in the blue channel on 

the histograph function was recorded. The mean intensities were subtracted from the mean 

intensities for the centrifuge tubes at time 0.  See Appendix A for data. 

 

 Section 2.3.3 Monitoring the Production of Fluoride. 

 

 An aliquot (10 µL) of a solution of CsF (610 µM – 1.22 M) was added to a 0.117 M 

solution of compound 2-4 in 18:1 MeOH–pyridine (95 µL). An aliquot of the reaction solution (3 

μL) was removed every hour. Each aliquot was added to a 0.22 M solution of 7-[(tert-

butyldimethylsilyl)oxy]-coumarin (2-9) in 9:1 MeOH–H2O (100 µL) and the resulting solution 

was mixed with a vortex mixer for 5 s. A 3-μL aliquot of the solution created in Step 2 was 

diluted with 50 mM carbonate buffered water (pH 10, 3 mL). The resulting solution was mixed 

by inverting the cuvette three times, and the fluorescence intensity of the sample was measured 

immediately using a HITACHI F-7000 spectrofluorometer (390 nm excitation; 450 nm 

emission). See Appendix A for data. 
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Section 2.3.4 Monitoring the Colorimetric Readout. 

  

 Aliquots (10 μL) of solutions of CsF (610 μM – 1.22 M) were added to separate 0.12 M 

solutions of compound 2-4 in 18:1 MeOH–pyridine (95 μL). At hour intervals, photographs were 

obtained and analyzed using Adobe
®

Photoshop
®
. The digital images were cropped just above 

and below the solution in the centrifuge tube. The image was magnified six times and the color 

was inverted using the inversion setting. Using the circular marquee tool, a section of 

approximately 300 pixels just below the meniscus of the solution was highlighted. The mean 

intensity in the blue channel on the histograph function was recorded. The mean intensities were 

subtracted from the mean intensities for the centrifuge tubes at time 0. See Appendix A for data. 

  

 Section 2.3.5 Amplification Factor. 

 

Fluorescence intensity (I) after 39 h of exposure of 2-4 (0.117 M, 105 µL) in 18:1:2 

MeOH–pyridine–H2O at 23 °C to different quantities of added fluoride. The fluorescence 

intensities for the samples were measured according to the procedure described in section 2.3.3. 
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Section 2.3.6 Stability of the Amplification Reagent. 

  

[[(1,1-dimethylethyl)dimethylsilyl]oxy]-Benzene (2-12).  Phenol (0.50 g, 5.3 mmol, 1.0 

equiv.), 4-dimethylaminopyridine (65 mg, 0.53 mmol, 0.1 equiv.), and imidazole (0.58 g, 8.5 

mmol, 1.6 equiv.) were dissolved in dichloromethane (15 mL).  The solution was cooled to 0 °C.  

tert-Butyldimethylsilyl chloride (0.88 g, 5.8 mmol, 1.1 equiv.) was added and the solution was 

allowed to warm to room temperature.  The reaction mixture was stirred for 12 h.  The solution 

was filtered and the filtrate was evaporated under reduced pressure.  The yellow oil was re-

dissolved in ether and acidified to a pH value of 1.0 with 2% hydrochloric acid.  The organic 

layer was separated and washed with brine (3 × 10 mL).  The organic layer was dried over 

sodium sulfate, the solids were filtered through a fritted Büchner funnel, and the solution was 

concentrated under reduced pressure.  The residue was purified by column chromatography 

(elution with 5% ethyl acetate/hexane) to provide 2-12
6
 (92%, 4.9 mmol, 1.0 g) as a clear oil.  

1
H 

NMR (CDCl3): δ 7.29 (d, 2 H, J = 1.8), 6.98 (t, 1 H, J = 1), 6.87 (d, 2 H, J = 3.6), 1.02 (s, 9 H), 

0.23 (s, 6 H); 
13

C NMR (90 MHz, CDCl3) δ: 156.2, 129.8, 121.8, 121.8, 120.6, 26.2, 18.7, -3.9. 

See Appendix B for NMR’s. 

 

Phenyl-Carbanic Acid Benzyl Ester (2-13).  Aniline (500 µL, 5.4 mmol, 1.0 equiv.) 

and 4-dimethylaminopyridine (66 mg, 0.54 mmol, 0.1 equiv.) were dissolved in 2.7 mL 

tetrahydrofuran.  4,4-Diisopropylethylamine (1.4 mL, 8.1 mmol, 1.5 equiv.) was added and the 

solution was cooled to 0 °C.  Benzyl chloroformate (0.77 µL, 5.4 mmol, 1.0 equiv.) was 

dissolved in 2.7 mL tetrahydrofuran and added to the aniline solution dropwise.  After 3 h, the 

solution was filtered and the filtrate was diluted with ethyl acetate (10 mL).  The layers were 

separated, and the organic layer was washed with a saturated aqueous solution of sodium 

bicarbonate (3 × 10 mL) followed by a saturated aqueous solution of sodium chloride (3 × 10 

mL). The organic layer was dried over sodium sulfate, the solids were filtered through a fritted 

Büchner funnel, and the dried solution was concentrated under reduced pressure. The residue 

was purified by column chromatography (elution with 5% EtOAc/hexanes), affording compound 

2-13
7
 as white solid (0.98 g, 4.3 mmol, 80%).  

1
H NMR (CDCl3): δ 7.41 (m, 9 H), 7.13 (t, 1 H, J 

= 6), 6.86 (s, 1 H), 5.26 (s, 2 H). See Appendix B for NMR’s. 
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N-[4-(difluoromethyl)phenyl]-Acetamide (2-14).  p-Difluoromethylbenzoic acid (0.48 

g, 2.3 mmol, 1.0 equiv.) was dissolved in 1,2-dichloroethane (5.0 mL), and the resulting solution 

was cooled to 0 °C. Thionyl chloride (0.42 mL, 5.8 mmol, 2.5 equiv.) was added dropwise to the 

ice-cold solution, followed by 4 drops of N,N-dimethylformamide. The reaction mixture was 

heated to 100 °C and was stirred 1 h. The solution was allowed to cool to 23 °C and was 

concentrated under reduced pressure. The resulting residue was re-dissolved in acetone (2.0 mL) 

and was cooled to 0 °C. A solution of sodium azide (0.45 g, 6.9 mmol, 3.0 equiv.; dissolved in 

1.5 mL water) was added dropwise, and the reaction mixture was stirred at 0 °C for 1 h. The 

solution was diluted with ethyl acetate (20 mL) and the layers were separated. The organic layer 

was dried over sodium sulfate, the solids were filtered through a fritted Büchner funnel, and the 

remaining liquid was concentrated under reduced pressure. The residue was dissolved in toluene 

(5.0 mL), and this solution was heated to 100 °C for 1 h. The reaction mixture was allowed to 

cool to room temperature, and methylmagnesium bromide was added dropwise. The reaction 

mixture was stirred for 1 h. The solution was cooled to room temperature and diluted with ethyl 

acetate (10 mL).  The solution was washed with a saturated aqueous solution of ammonium 

chloride (3 × 10 mL) followed by a saturated aqueous solution of sodium chloride (3 × 10 mL). 

The organic layer was dried over sodium sulfate, the solids were filtered through a fritted 

Büchner funnel, and the dried solution was concentrated under reduced pressure. The residue 

was purified by column chromatography (elution with 10% EtOAc/hexanes), affording 2-14
8
 as 

a yellow solid (0.18 g, 1.0 mmol, 42%). 
1
H NMR (CDCl3): δ 7.67 (d, 2 H, J = 6), 7.46 (d, 2 H, J 

= 6), 6.69 (t, 1 H, J = 42), 2.14 (s, 3 H); 
13

C NMR (90 MHz, CDCl3) δ: 169.5, 142.4, 129.2 (t), 

127.2, 119.6, 115.8(t), 24.8. See Appendix B for NMR’s. 

 

Section 2.3.6 Stability of the Amplification Reagent. 

 

Compounds 2-12, 2-13,  and 2-14 were dissolved in 18:1:2 MeOH–pyridine–H2O (105 

µL) to afford a 0.112 M solution.  The solutions then were monitored via HPLC for 21 days with 

injections occurring approximately once per day.  During this period of time, no decomposition 

was detected. 
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Section 2.3.7 Characterization of the Amplified Products. 

 

 A solution (10 µL) of aqueous CsF (1.22 M) was added to a 0.117 M solution of 

compound 2-4 in 18:1 MeOH–pyridine (95 µL).  Compound 2-5 is known to polymerize and 

become insoluble when concentrated. Therefore, we isolated the three compounds by flash 

chromatography, and characterized 2-15 and 2-16 by 
1
H NMR and mass spectrometry. 

Compound 2-4 was insoluble in nearly every solvent that we investigated. Trace levels of 

authentic 4-aminobenzaldehyde dissolved slightly in methanol, and therefore were injected into 

an HPLC for comparison of retention times. Analytical HPLC analysis was performed using an 

Agilent Technologies 1200 series Refractive Index Detector with a 1200 series Quaternary 

pump. The column was a Thermo Scientific (100 mm × 2.1 mm) reverse-phase C18 column. The 

gradient was equilibrated at 1:9 acetonitrile/water at 1 mL/min flow rate, followed by ramping to 

9:1 acetonitrile/water over 15 min. This solvent ratio was then run for an additional 5 minutes. 

The gradient then decreased back to 1:9 acetonitrile/water over 4 minutes for a total run time of 

24 min. Retention times were recorded for this gradient. Both purified 2-4 and authentic 4-

aminobenzaldehyde had retention times of 2.25 min.  NMR’s were obtained for 2-15 and 2-16.  

See Appendix B for NMR’s. 
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5.2 CHAPTER 3: EXPERIMENTAL PROCEDURES AND METHODS 

Section 3.3.1 Synthesis of the Activity-based Detection Reagent. 

 

 

(4-Difluoromethyl-Phenyl)-Carbamic Acid But-3-Enyl Ester (3-1). p-

Difluoromethylbenzoic acid (2-8) (0.25 g, 1.2 mmol, 1.0 equiv.) was disolved in dichloroethane 

(2.0 mL).  The solution was cooled to 0 °C.  Thionyl chloride (95 µL, 1.3 mmol, 1.1 equiv.) was 

added dropwise.  Two drops of dimethylformamide were added.  The reaction mixture was 

refluxed at 100 °C for 1 h.  The solution was concentrated under reduced pressure, and the 

concentrate was redissolved in acetone (1.0 mL).  Sodium azide (0.23 g, 3.5 mmol, 3.0 equiv.) 

was dissolved in water (1.0 mL). The acteone solution was cooled to 0 °C and the water solution 

was added.  This solution was stirred for 1 h.  The solution was diluted in ethyl acetate and the 

aqueous layer was removed.  The organic layer was dried over sodium sulfate, the solids were 

filtered through a fritted Büchner funnel, and the solution was concentrated under reduced 

pressure.  The concentrate was dissolved in toluene and heated to 100 °C for 1 h.  The reaction 

mixture was allowed to come to room temperature and allyl alcohol (96 mg, 1.4 mmol, 1.2 

equiv.) was added.  The reaction mixture was heated at 95 °C for 3 h.  The solution was 

concentrated and purified via column chromatography (elution with 10% acetone/hexanes) to 

afford compound 3-1 as a white solid (59%, 0.68 mmol, 0.16 g). mp 58–60 °C; IR (cm
-1

) 3322, 

2948, 1697, 1536, 1222; 
1
H NMR (CDCl3): δ 7.515 (d, 2 H, J = 9), 7.475 (d, 2 H, J = 9), 6.79 (s, 

1 H), 6.63 (t, 1 H, J = 57), 6.00 (m, 1 H), 5.35 (m, 2 H), 4.71 (d, 2 H, J = 6); 
13

C NMR (90 MHz, 

CDCl3) δ: 153.1, 140.0, 132.1, 129.1(t), 126.4, 118.3, 111.5(t), 65.9. See Appendix B for 

NMR’s. 
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Section 3.3.2 Kinetics for the Activity-Based Detection of Palladium. 

 

 A stock solution of 400 μM tri-(2-furyl)phosphine in a solution of 20:1 methanol/pyridine 

was prepared.  Reagent 3-1 (1.0 mg) was dissolved in 52.5 μL of the stock solution. Aliquots (10 

µL of sodium tetrachloropalladate (II) (36 ppm–0.36ppm) in water were added to the solution 

containing reagent 3-1.  An aliquot of the solution from step 2 (3 μL) was removed every hour.  

Each aliquot was added to a 0.22 M solution of 7-[(tert-butyldimethylsilyl)oxy]-coumarin (12) in 

9:1 MeOH–H2O (100 µL) and the resulting solution was mixed with a vortex mixer for 5 s.  A 3-

μL aliquot of the latter solution (created in Step 2) was diluted with 50 mM carbonate buffered 

water (pH 10, 3 mL). The resulting solution was mixed by inverting the cuvette three times, and 

the fluorescence intensity of the sample was measured immediately using a HITACHI F-7000 

spectrofluorometer (390 nm excitation; 450 nm emission). See Appendix A for data. 

 

Section 3.3.3 Colorimetric Detection of Palladium in the Absence of the 

Amplification Reagent. 

 

A stock solution of 400 μM tri-(2-furyl)phosphine in a solution of 20:1 methanol/pyridine 

was prepared.  Reagent 3-1 (1.0 mg) was dissolved in 52.5 μL of the stock solution. Aliquots (10 

μL) of varying concentrations of sodium tetrachloropalladate (II) (100 ppm–1.0 ppm) in water 

were added to the solution containing reagent 3-1. The colorimetric change of the solution was 

visually monitored.  

  

Section 3.3.4 Two-step Palladium Detection Assay. 

 

A stock solution of 400 μM tri-(2-furyl)phosphine in a solution of 20:1 methanol/pyridine 

was prepared.  Reagent 3-1 (1.0 mg) was dissolved in 52.5 μL of the stock solution. Aliquots (10 

μL) of varying concentrations of sodium tetrachloropalladate (II) (100 ppm–1.0 ppm) in water 

were added to the solution containing reagent 3-1.   After 6 h, 42.5 μL of a 0.29 M solution of 

reagent 2-4 in 16:1 methanol/pyridine was added to the solution of reagent 3-1.  At set intervals, 

photographs were obtained and analyzed using Adobe
®
Photoshop

®
.  The image was magnified 

six times and the color was inverted using the inversion setting. Using the circular marquee tool, 



95 

 

a section of approximately 300 pixels just below the meniscus of the solution was highlighted. 

The mean intensity in the blue channel on the histograph function was recorded. The mean 

intensities were subtracted from the mean intensities for the centrifuge tubes at time 0. See 

Appendix A for data. 

  

Section 3.4.2 Quantitative Detection Based on Time. 

 

 Method described in text.  See Appendix A for data. 

 

Section 3.4.3 Anion Selectivity in Methanol. 

 

In separate experiments, CsF, KCl, KBr, KI, KNO3, KSCN, KO2CCH3, 

tetrabutylammonium phosphate and tetrabutylammonium sulfate (0.5 equivalents) were added to 

a 0.12 M solution of compound 2-4 (105 µL) in 18:1:2 MeOH–pyridine–H2O at 23 °C. After 3 

hours, photographs were obtained and analyzed using Adobe
®

Photoshop
®
.  The image was 

magnified six times and the color was inverted using the inversion setting. Using the circular 

marquee tool, a section of approximately 300 pixels just below the meniscus of the solution was 

highlighted. The mean intensity in the blue channel on the histograph function was recorded. The 

mean intensities were subtracted from the mean intensities for the centrifuge tubes at time 0. See 

Appendix A for data.  

 

Section 3.4.4 Thermal Stability of the Amplification Reagent (2-4). 

 

 The amplification reagent (in solid state) was added to an Eppendorf tube and placed in a 

heating block at 37 °C.  After 21 days the reagent was analyzed by HPLC.   
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Section 3.4.5 Solubility Study Leading to Rate Improvement. 

 

Aqueous solutions of fluoride (0.112 M) were added to a solution of 2-4.  The final 

concentrations of 2-4 were 0.117 M (18:2:1, methanol―water―pyridine, 105 µL) for methanol, 

0.176 M (10:3:1, ethanol―water―pyridine, 70 µL) for ethanol, 0.164 M (10:4:1, 

isopropanol―water― pyridine, 75 µL) for isopropanol, 0.176 M (10:5:1, tert-

butanol―water―pyridine, 80 µL) for tert-butanol.  At set intervals, photographs were obtained 

and analyzed using Adobe
®
Photoshop

®
.  The image was magnified six times and the color was 

inverted using the inversion setting. Using the circular marquee tool, a section of approximately 

300 pixels just below the meniscus of the solution was highlighted. The mean intensity in the 

blue channel on the histograph function was recorded. The mean intensities were subtracted from 

the mean intensities for the centrifuge tubes at time 0. See Appendix A for data. 

 

Section 3.4.6 Faster Kinetics and Lower Detection Limits. 

 

 Aliquots (20 μL) of solutions of CsF (610 μM – 1.22 M) were added to separate 

0.22 M solutions of compound 2-4 in 10:1 isopropyl alcohol–pyridine (55 μL). At hour intervals, 

photographs were obtained and analyzed using Adobe
®
Photoshop

®
. The digital images were 
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cropped just above and below the solution in the centrifuge tube. The image was magnified six 

times and the color was inverted using the inversion setting. Using the circular marquee tool, a 

section of approximately 300 pixels just below the meniscus of the solution was highlighted. The 

mean intensity in the blue channel on the histograph function was recorded. The mean intensities 

were subtracted from the mean intensities for the centrifuge tubes at time 0. See Appendix A for 

data. 

 

Section 3.4.7 Anion Selectivity in Isopropanol. 

 

In separate experiments, CsF, KCl, KBr, KI, KNO3, KSCN, KO2CCH3, 

tetrabutylammonium phosphate and tetrabutylammonium sulfate (0.2 equivalents, 20 µL) were 

added to a 0.22 M solution of compound 2-4 (55 µL) in 10:1 i-PrOH–pyridine at 23 °C. After 2 

hours, photographs were obtained and analyzed using Adobe
®

Photoshop
®
.  The image was 

magnified six times and the color was inverted using the inversion setting. Using the circular 

marquee tool, a section of approximately 300 pixels just below the meniscus of the solution was 

highlighted. The mean intensity in the blue channel on the histograph function was recorded. The 

mean intensities were subtracted from the mean intensities for the centrifuge tubes at time 0. See 

Appendix A for data. 
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5.3 CHAPTER 4: EXPERIMENTAL PROCEDURES AND METHODS 

 

Section 4.3.1 Synthesis of the Detection and Amplification Reagents. 

 

 

4-Bromo-2-methoxybenzaldehyde (4-9). To a −78 °C solution of CH2Cl2 (55 mL) was 

added oxalyl chloride (2.2 mL, 25 mmol, 1.1 equiv) followed by dropwise addition of dimethyl 

sulfoxide (3.6 mL, 50 mmol, 2.2 equiv). The resulting mixture was stirred for 10 min at −78 °C. 

To this cold reaction mixture was added a solution of (4-bromo-2-methoxyphenyl)methanol (4-

8) (5.0 g, 23 mmol, 1 equiv) dissolved in CH2Cl2 (55 mL). The resulting solution was stirred for 

15 min at −78 °C. Triethylamine (16 mL, 115 mmol, 5.0 equiv) was added in one portion. The 

reaction mixture was stirred for 1 h at −78 °C and warmed to 25 °C. Water (100 mL) was added 

to the product solution.  The layers were separated, and the organic layer was washed 

sequentially with water (2 × 200 mL) and brine (200 mL) and dried over sodium sulfate. The 

sodium sulfate was removed by filtration, and the filtrate was concentrated by rotary 

evaporation. The resulting oil (4-9) was used in the next step without further purification (5.0 g, 

50 mmol, quant).   
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4-Bromo-1-(difluoromethyl)-2-methoxybenzene (4-10). 4-Bromo-2-

methoxybenzaldehyde (4-9) (2.5 g, 12 mmol, 1.0 equiv) was dissolved in diethylaminosulfur 

trifluoride (7.6 mL, 60 mmol, 5.0 equiv) at 23 °C. The solution was stirred for 24 h. The solution 

was diluted using an excess of CH2Cl2 (200 mL) and was diluted further by very slow addition of 

water (100 mL). The layers were separated, and the organic layer was washed carefully using a 

saturated aqueous solution of sodium bicarbonate (3 × 50 mL) and a saturated aqueous solution 

of sodium chloride (3 × 50 mL). The organic layer was dried over sodium sulfate, the solids were 

filtered through a fritted Büchner funnel, and the solution was concentrated under reduced 

pressure. The residue was purified by column chromatography (elution with 2.5% EtOAc–

hexanes), affording 4-10 as a yellow powder (1.9 g, 8.0 mmol, 61%).  IR (cm
-1

) 1589.2, 1489.3, 

1451.9; 
1
H NMR (CDCl3): δ 7.42 (d, 1 H, J = 6), 7.17 (d, 1 H, J = 8), 7.08 (s, 1 H), 6.89 (t, 1 H, 

J = 57), 3.85 (s, 3 H), 
13

C NMR (90 MHz, CDCl3) δ: 158.2, 127.9, 126.2, 124, 122.4 (t), 115, 

111.6 (t), 56.3; MS (TOF MS AP+, m/z) 236.0 (M + H
+
). HRMS (TOF MS AP+) Calcd. for 

C8H7BrF2O (M + H
+
): 235.9636. Found: 235.9648. See Appendix B for NMR’s. 

 

4-(Difluoromethyl)-3-methoxybenzoic acid (4-11). n-Butyllithium (8.5 mL from 2.5 M 

in hexanes, 16 mmol, 2.5 equiv) was added dropwise to a solution of compound 4-10 (3.8 g, 14 

mmol, 1 equiv) in tetrahydrofuran (71 mL) at −78 °C. The solution was stirred for 10 min at −78 

°C. Dry carbon dioxide was bubbled into the reaction mixture for 15 min, and the solution was 

stirred for 30 min at 23 °C. The resulting mixture was diluted with EtOAc (100 mL). The organic 

phase was separated from the aqueous layer and was washed with 1 M aqueous sodium 

hydroxide (3 × 20 mL). The aqueous layers were combined and acidified to pH 2 by addition of 

concentrated aqueous hydrochloric acid. The aqueous layer was extracted with CH2Cl2 (3 × 100 

mL). The combined organic layers were dried over sodium sulfate, and the sodium sulfate was 

removed by filtration. The solvent was removed by rotary evaporation to afford compound 4-11 

(2.1 g, 10 mmol, 72%) as a yellow solid, which was used without further purification.  IR (cm
-1

) 

2955.0, 2648.6, 1688.0, 1613.9, 1582.2, 1505.0; 
1
H NMR (CD3OD): δ 7.7 (m, 2 H), 7.69 (d, 1 H, 

J = 9), 7.01 (t, 1 H, J = 55), 3.95 (s, 3 H); 
13

C NMR (90 MHz, CD3OD) δ: 167.8, 157.7, 134.7, 

127.1 (t), 126.1, 122, 112, 111.5 (t), 55.4; MS (TOF MS AP, m/z) 201.0 (M  H
+
). HRMS 
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(TOF MS AP) Calcd. for C9H8F2O3 (M  H
+
): 201.0352. Found: 201.0352. See Appendix B for 

NMR’s. 

 

 

t-Butyl 2-(4-methyl-3-nitrophenoxy)acetate (4-12). 4-Methyl-3-nitrophenol (4-4) (5.0 

g, 33 mmol, 1.0 equiv) was dissolved in dry THF (217 mL).  Potassium carbonate (9.0 g, 65 

mmol, 2 equiv) was added to the solution of 4-4 and the mixture was heated to 70 °C for 15 min.  

The mixture was cooled to room temperature and t-butyl bromoacetate (5.8 mL, 39 mmol, 1.2 

equiv) was added all at once.  After addition of t-butyl bromoacetate the resulting mixture was 

heated to 70 °C overnight.  Upon completion (as indicated by TLC analysis) the mixture was 

diluted with water (200 mL) and washed with EtOAc (3 × 100 mL).  The organic layer was 

washed with sodium chloride (3 × 100 mL).  The organic layer was dried over sodium sulfate, 

the solids were filtered through a fritted Büchner funnel, and the resulting solution was 

concentrated under reduced pressure. The residue was purified by column chromatography 

(elution with 5% EtOAchexanes) to afford 4-12 as a yellow oil (9.0 g, 33 mmol, quantitative 

yield).  
1
H NMR (CDCl3): δ 7.52 (s, 1 H), 7.28 (d, 1 H, J = 8), 7.12 (d, 1 H, J = 3), 4.78 (s, 2 H), 

2.57 (s, 3 H), 1.52 (s, 9 H).  This 
1
H NMR data matches previously published data for 12.

9 
See 

Appendix B for NMR’s. 

 

t-Butyl 2-(4-(bromomethyl)-3-nitrophenoxy)acetate (4-13). t-Butyl 2-(4-methyl-3-

nitrophenoxy)acetate (12) (6.0 g, 30 mmol, 1.0 equiv) was dissolved in benzene (150 mL). To 

this solution was added n-bromosuccinimide (5.8 g, 33 mmol, 1.1 equiv) followed by 

azobisisobutyronitrile   (0.49 g, 3.0 mmol, 0.1 equiv).  The mixture was heated to 90 °C 

overnight, after which the solution was cooled and the solids were removed via filtration through 

filter paper.  The remaining solution was concentrated and purified by column chromatography 

(elution with 2.5% EtOAchexanes) to afford 4-13 as an impure mixture that was used without 

further purification. 

 

t-Butyl 2-(4-(hydroxymethyl)-3-nitrophenoxy)acetate (4-5). t-Butyl 2-(4-

(bromomethyl)-3-nitrophenoxy)acetate (13) (5.3 g, 15 mmol, 1.0 equiv) was dissolved in acetone 

(150 mL). Silver nitrate was dissolved in water (150 mL) and added to the solution of 4-13 
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dropwise over 20 min. After 7 h the solids were removed by filtration through celite. The 

remaining solution was diluted with EtOAc (300 mL) and washed with brine (2 × 100 mL).  The 

organic layer was dried over sodium sulfate and the solids were removed using a fritted Büchner 

funnel.  The organic layer was concentrated under reduced pressure and purified via column 

chromatography (elution with 15% EtOAc–hexanes) to afford 5 as a yellow powder (2.2 g, 7.6 

mmol, 26% over two steps).  IR (cm
-1

) 3479.1, 2986.7, 2915.0, 1719.6, 1621.4, 1525.6; 
1
H NMR 

(CDCl3): δ 7.64 (d, 1 H, J = 9), 7.58 (d, 1 H, J = 3), 7.21 (dd, 1 H, J = 6, J = 3), 4.88 (s, 2 H), 4.6 

(s, 2 H), 1.51 (s, 9 H); 
13

C NMR (90 MHz, CDCl3) δ: 167.6, 157.9, 148.4, 131.7, 130.3, 121.3, 

110.8, 83.6, 66.3, 62.5, 28.4 (3 C); MS (TOF MS AP+, m/z) 301.1 (M + NH4
+
). HRMS (TOF 

MS AP+) Calcd. for C13H17NO6 (M + NH4
+
): 301.1389. Found: 301.140. See Appendix B for 

NMR’s. 

 

t-Butyl 2-(4-((4-(difluoromethyl)-3-methoxyphenylcarbamoyloxy)methyl)-3-

nitrophenoxy)acetate (4-14). 4-(Difluoromethyl)-3-methoxybenzoic acid (4-11) (0.33 g, 1.7 

mmol, 1.0 equiv) was dissolved in CH2Cl2 (16.5 mL) and the resulting solution was cooled to 0 

°C. Oxalyl chloride (0.17 mL, 2.0 mmol, 1.2 equiv) was added dropwise to the 0 °C solution, 

followed by 0.5 mL of N,N-dimethylformamide. The reaction mixture was stirred for 1 h. The 

solution was concentrated under reduced pressure. The resulting residue was re-dissolved in 

acetone (8.2 mL) and was cooled to 0 °C. A solution of sodium azide (0.32 g, 5.0 mmol, 3 equiv; 

dissolved in 8.2 mL water) was added dropwise to the solution of 4-11, and the solution was 

stirred at 0 °C for 1 h. The solution of 4-11 was diluted with EtOAc (100 mL) and the layers 

were separated. The organic layer was dried over sodium sulfate, the solids were filtered through 

a fritted Büchner funnel, and the remaining liquid was concentrated under reduced pressure. The 

residue was dissolved in toluene (16.5 mL) and this solution was heated to 100 °C for 1 h. The 

reaction mixture was cooled to room temperature, and 5 (0.38 g, 1.7 mmol, 1.0 equiv) was added 

in one portion. The reaction mixture was heated to 100 °C, and was stirred at this temperature for 

3 h. The solution was cooled to room temperature and concentrated, and the resulting residue 

was purified via column chromatography (elution with 5% EtOAc–hexanes) to afford compound 

4-14 as a yellow solid (0.4 g, 0.83 mmol, 50%).  IR (cm
-1

) 3368.7, 2980.6, 1740.0, 1604.6, 

1531.9; 
1
H NMR (CDCl3): δ 7.63 (d, 1 H, J = 2 ), 7.58 (d, 1 H, J = 8), 7.49 (d, 1 H, J = 9), 7.40 

(s, 1 H), 7.22 (dd, 1 H, J = 3, J = 9), 6.95 (s, 1 H, J = 8), 6.91 (t, 1 H, J = 56), 6.81 (d, 1 H, J = 
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8), 5.56 (s, 2 H), 4.62 (s, 2 H), 3.89 (s, 3 H), 1.53 (s, 9 H); 
13

C NMR (90 MHz, CDCl3) δ: 167.6, 

158.5, 153.1, 148.6,141.6, 131.4, 127.1, 125.1, 120.9, 118.1 (t), 115.0, 110.8 (t), 108.8, 101.7, 

83.7, 66.2, 64.0, 56.0, 53.9, 28.4; MS (TOF MS AP+, m/z) 500.1 (M + NH4
+
). HRMS (TOF MS 

AP+) Calcd. for C22H24F2N2O8 (M + NH4
+
): 500.1815. Found: 500.1815. See Appendix B for 

NMR’s. 

 

2-(4-((4-(Difluoromethyl)-3-methoxyphenylcarbamoyloxy)methyl)-3-

nitrophenoxy)acetic acid (4-1). Compound 4-14 (0.5 g, 1.0 mmol, 1 equiv) was dissolved in 

CH2Cl2 (10.4 mL).  The solution was cooled to 0 °C and triethylamine (1.5 mL, 10 mmol, 10 

equiv) was added dropwise over a period of 5 min.  Trifluoromethanesulfonic acid 

trimethylsilylester (1.5 mL, 8.3 mmol, 8 equiv) was added dropwise over a period of 5 min. The 

solution was monitored by TLC and upon completion the reaction mixture was diluted with 

EtOAc (200 mL).  The organic layer was washed with ammonium chloride (3 × 100 mL) and 

brine (2 × 100 mL).  The organic layer was dried over sodium sulfate and the solids were 

removed using a fritted Büchner funnel.  The organic layer was concentrated under reduced 

pressure and purified via column chromatography (elution with 15% EtOAc–hexanes) to afford 

4-1 as a yellow powder (0.44 g, 0.6 mmol, 58%).  IR (cm
-1

) 1733.5, 1691.9, 1605.2, 1532.5; 
1
H 

NMR (CD3OD): δ 7.68 (m, 2 H), 7.36 (m, 3 H), 7.01 (m, 1 H) 6.89 (t, 1 H, J = 42), 5.5 (s, 2 H), 

4.80 (s, 2 H), 3.87 (s, 3 H); 
13

C NMR (90 MHz, CDCl3) δ: 171.1, 158.6, 158.4 (t), 154.0, 148.8, 

142.9, 131.0, 126.5 (t), 125.0, 120.1, 117.5 (t), 115.1, 111.1 (t), 108.9, 101.4, 65.4, 63.2, 55.1; 

MS (TOF MS AP, m/z) 425.0 (M  H
+
). HRMS (TOF MS AP) Calcd. for C18H16F2N2O8 (M  

H
+
): 425.0802. Found: 425.0802. See Appendix B for NMR’s. 
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t-Butyldimethylsilyl 3-(3-(tert-butyldimethylsilyloxy)phenyl)propanoate (4-15). 3-

Hydroxy-benzenepropionic acid (4-6) (8 g, 48 mmol, 1 equiv), imidazole (6.6 g, 96 mmol, 2 

equiv) and 4,4-dimethylaminopyridine (0.59 g, 4.8 mmol, 0.1 equiv) were dissolved in 

acetonitrile (240 mL).  The resulting solution was cooled to 0 °C and t-butyldimethylsilyl 

chloride (16 g, 96 mmol, 2.2 equiv) was added in one portion.  The solution was warmed to room 

temperature and stirred overnight.  The mixture was filtered through filter paper and 

concentrated under reduced pressure.  The resulting oil was redissolved in EtOAc (200 mL) and 

washed with 1 M HCl followed by brine (2 × 100 mL).  The organic layer was dried over sodium 

sulfate, filtered through a fritted Büchner funnel, and concentrated under reduced pressure.  The 

resulting oil was purified using column chromatography (elution with 5% EtOAc–hexanes) to 

afford 4-15 as a clear oil (17 g, 42.0 mmol, 87%).  IR (cm
-1

) 2932.5, 2858.2, 1716.8, 1585.6; 
1
H 

NMR (CDCl3): δ 7.17 (t, 1 H, J = 8), 6.84 (d, 1 H, J = 8), 6.74 (m, 2 H), 2.93 (t, 2 H, J = 8),  

2.68 (d, 2 H, J = 7), 1.05 (s, 9 H), 0.98 (s, 9 H), 0.31 (s, 6 H), 0.25 (s, 6 H); 
13

C NMR (90 MHz, 

CDCl3) δ: 173.7, 156.1, 142.6, 129.7, 121.7, 120.5, 118.2, 37.9, 31.5, 26.1 (3 C), 26.0 (3 C), 

18.6, 18.0, -4.0 (2 C), -4.4 (2 C); MS (TOF MS AP+, m/z) 412.2 (M + NH4
+
); HRMS (TOF MS 
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AP+) Calcd. for C21H38O3Si2 (M + H
+
): 395.2443. Found: 395.2443. See Appendix B for 

NMR’s.   

 

3-(3-(tert-Butyldimethylsilyloxy)-4-formylphenyl)propanoic acid (4-16). Compound 

4-15 (17 g, 42 mmol, 1 equiv) was dissolved in CH2Cl2 (211 mL) and cooled to 0 °C.  1,1-

Dichlorodimethyl ether (4.2 mL, 46 mmol, 1.1 equiv) was added to the solution followed by 

titanium chloride (9.3 mL, 84 mmol, 2 equiv), which was added dropwise over 10 min.  The 

solution was stirred for 1 h after which 1 M HCl (168 mL) was added.  The solution was stirred 

for 10 min and subsequently was warmed to room temperature. The solution was diluted with 

EtOAc (200 mL) and washed with 1 M HCl (2 × 100 mL), ammonium chloride (3 × 200 mL), 

and brine (3 × 200 mL).  The remaining organic solution was dried over sodium sulfate, filtered 

through a fritted Büchner funnel, and concentrated under reduced pressure. The resulting residue 

was purified using column chromatography (elution with 10% EtOAc–hexanes) to produce a 

mixture of 3-(3-(tert-butyldimethylsilyloxy)-4-formylphenyl)propanoic acid and other 

regioisomers.  These impurities could not be removed using flash chromatography, a 

chromatotron, or reverse phase HPLC, and therefore were carried to the next step without further 

purification.   

 

Allyl 3-(3-(tert-butyldimethylsilyloxy)-4-formylphenyl)propanoate (4-17). To 

compound 4-16 (4.5 g 15 mmol, 1 equiv) in CH2Cl2 (96.6 mL) was added N,N-

dimethylaminoformaldehyde (1 mL). The solution was cooled to 0 °C and oxalyl chloride (2.3 

mL, 26 mmol, 1.8 equiv) was added dropwise.  The solution was allowed to come to room 

temperature for 45 min.  The mixture was concentrated under reduced pressure and redissolved 

in CH2Cl2 (96.6 mL).  Allyl alcohol was added and the solution was stirred for 3 h.  The solution 

was diluted with EtOAc (200 mL) and was washed with sodium bicarbonate (3 × 150 mL) and 

brine (3 × 150 mL).  The organic layer was dried over sodium sulfate, filtered through a fritted 

Büchner funnel, and concentrated under reduced pressure. The resulting residue was purified 

using column chromatography (elution with 5% EtOAc–hexanes) to produce a mixture of allyl 

3-(3-(tert-butyldimethylsilyloxy)-4-formylphenyl)propanoate and other regioisomers present 

from the previous reaction.  This mixture was carried forward without further purification. 
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Allyl 3-(3-(tert-butyldimethylsilyloxy)-4-((4-(difluoromethyl)-3-

methoxyphenylcarbamoyloxy)methyl)phenyl)propanoate (4-7). To a flame dried round 

bottom flask was added 17 (4.0 g, 12 mmol, 1 equiv) followed by CH2Cl2 (76 mL) and methanol 

(38 mL).  The solution was cooled to –20 °C and sodium borohydride (0.87 g, 23 mmol, 2 equiv) 

was added in 4 portions over 20 min.  The solution was stirred for 2 h and was subsequently 

concentrated, diluted with EtOAc (200 mL), washed with ammonium chloride (3 × 100 mL) and 

brine (3 × 100 mL).  The resulting organic solution was dried over sodium sulfate, filtered 

through a fritted Büchner funnel, and concentrated under reduced pressure. The resulting residue 

was purified using column chromatography (elution with 5% EtOAc–hexanes) to produce 7 as a 

clear oil (0.55 g, 3.8 mmol, 9.0 % over 3 steps).  IR (cm
-1

) 2932.2, 2858.0, 1733.4, 1611.6, 

1575.7, 1502.6; 
1
H NMR (CDCl3): δ 7.24 (d, 1 H, J = 8), 6.81 (d, 1 H, J = 8), 6.68 (s, 1 H), 5.90 

(m, 1 H), 5.27 (m, 2 H), 4.65 (s, 2 H), 4.58 (d, 2 H, J = 6), 2.92 (t, 2 H, J = 8), 2.64 (t, 2 H, J = 

8), 2.51 (s, 1 H), 1.04 (s, 9 H), 0.27 (s, 6 H); 
13

C NMR (90 MHz, CDCl3) δ: 172.9, 153.8, 141.5, 

132.5, 130.0, 129.2, 121.6, 118.9, 118.7, 65.6, 61.8, 36.1, 31.0, 26.2 (3 C), 18.6, -3.7 (2 C); MS 

(TOF MS AP+, m/z) 368.2 (M + NH4
+
). HRMS (TOF MS AP+) Calcd. for C19H30O4Si (M + 

NH4
+
): 368.2259. Found: 368.2259. See Appendix B for NMR’s. 

 

3-(3-(tert-Butyldimethylsilyloxy)-4-((4-(difluoromethyl)-3-

methoxyphenylcarbamoyloxy)methyl)phenyl)propanoate (4-18). 4-(Difluoromethyl)-3-

methoxybenzoic acid (11) (0.29 g, 1.3 mmol, 1.0 equiv) was dissolved in CH2Cl2 (18 mL) and 

the resulting solution was cooled to 0 °C. Oxalyl chloride (0.14 mL,  1.6 mmol, 1.2 equiv) was 

added dropwise to the 0 °C solution, followed by 0.2 mL of N,N-dimethylformamide. The 

reaction mixture was stirred for 1 h. The solution was concentrated under reduced pressure. The 

resulting residue was re-dissolved in acetone (6.5 mL) and was cooled to 0 °C. A solution of 

sodium azide (0.25 g, 3.9 mmol, 3 equiv; dissolved in 6.5 mL water) was added dropwise to the 

solution of 4-11, and the solution was stirred at 0 °C for 1 h. The solution of 4-11 was diluted 

with ethyl acetate (100 mL) and the layers were separated. The organic layer was dried over 

sodium sulfate, the solids were filtered through a fritted Büchner funnel, and the remaining liquid 

was concentrated under reduced pressure. The residue was dissolved in toluene (13 mL) and this 

solution was heated to 100 °C for 1 h. The reaction mixture was cooled to room temperature, and 

7 (0.5 g, 1.4 mmol, 1.1 equiv) was added in one portion. The reaction mixture was heated to 100 
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°C, and was stirred at this temperature for 3 h. The solution was cooled to room temperature and 

concentrated, and the resulting residue was purified via column chromatography (elution with 

2.5% EtOAc–hexanes) to afford compound 4-18 as a yellow oil (0.68 g, 1.2 mmol, 96%).  IR 

(cm
-1

) 2933.3, 2857.4, 1724.5, 1610.0, 1533.3; 
1
H NMR (CDCl3): δ 7.47 (m, 2 H), 7.29 (m, 1 H), 

6.99 (s, 1 H), 6.92 (t, 1 H, J = 56), 6.80 (m, 2 H), 6.73 (s, 1 H), 5.93 (m, 1 H), 5.28 (m, 2 H), 5.22 

(s, 2 H), 4.61 (d, 2 H, J = 6), 2.87 (s, 3 H), 2.94 (t, 2 H, J = 8), 2.67 (t, 2 H, J = 8), 1.04 (s, 9 H), 

0.29 (s, 6 H);
 13

C NMR (90 MHz, CDCl3) δ:172.9, 158.5, 154.5, 153.7, 142.9, 142.0, 132.5, 

130.9, 127.2 (t), 124.6, 121.5, 119.1, 118.8, 115.1 (t), 112.0 (t), 110.3, 101.7, 65.7, 63.4, 56.0, 

36.0, 31.1, 26.2 (3 C), 18.7, -37.2 (2 C); MS (TOF MS AP+, m/z) 567.2 (M + NH4
+
). HRMS 

(TOF MS AP+) Calcd. for C28H37F2NO6Si (M + NH4
+
): 567.2705. Found: 567.2705. See 

Appendix B for NMR’s. 

 

3-(3-(tert-Butyldimethylsilyloxy)-4-((4-(difluoromethyl)-3-

methoxyphenylcarbamoyloxy)methyl)phenyl)propanoic acid (4-2). Palladium tetrakis (0.51 

g, 1.1 mmol, 0.4 equiv) was added to a flame dried flask in a glove box. Allyl 3-(3-(tert-

butyldimethylsilyloxy)-4-((4-(difluoromethyl)-3-methoxyphenylcarbamoyloxy) methyl) 

phenyl)propanoate (4-18) (0.6 g, 1.1 mmol, 1 equiv) was dissolved in N,N-dimethylformamide 

(11 mL) and added to the palladium.  The solution was cooled to 0 °C and pyrrolidine (0.98 mL, 

0.44 mmol, 1.1 equiv) was added.  The solution was stirred at 0 °C for 1.5 h and stirred at room 

temperature for another 1.5 h.  Upon completion, the solution was diluted with EtOAc (100 mL) 

and was washed with ammonium chloride (50 mL) followed by brine (50 mL).  The organic 

layer was dried over sodium sulfate and the solids were removed using a fritted Büchner funnel.  

The organic layer was concentrated under reduced pressure and purified via column 

chromatography (elution with 10% EtOAc–hexanes) to afford 4-2 as an orange powder (0.43 g, 

0.85 mmol, 77%).  IR (cm
-1

) 2953.6, 2858.0, 2397.9, 1714.3, 1610.3, 1551.0, 1513.9; 
1
H NMR 

(CD3OD): δ 7.64 (m, 2 H), 7.54 (m, 1 H), 7.38 (m, 2 H), 7.30 (d, 1 H, J = 6), 7.03 (d, 1 H, J = 5), 

6.88 (t, 1 H, J = 42), 6.83 (d, 1 H, J = 6), 6.78 (s, 1 H), 5.17 (s, 2 H), 3.82 (s, 3 H), 2.88 (t, 2 H, J 

= 5), 2.56 (t, 2 H, J = 5), 1.03 (s, 9 H), 0.27 (s, 6 H); 
13

C NMR (90 MHz, CD3OD) δ: 175.5, 

158.4, 154.7, 154.2, 143.1, 132.7, 132.1, 130.3, 129.1, 126.4, 124.8, 121.3, 118.8, 112.0, 110.2 

(t), 62.7, 55.1, 35.5, 30.6, 25.3 (3 C), 18.1, -5.0 (2 C); MS (TOF MS AP+, m/z) 527.2 (M + 
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NH4
+
). HRMS (TOF MS AP+) Calcd. for C25H33F2NO6Si (M + NH4

+
): 527.2366. Found: 

527.2366. See Appendix B for NMR’s. 

 

 

Microsphere functionalized with Reagent 4-2. To a 10 mL chromatography column was added 

1 (113 mg, 222 µmol, 1 equiv) and DMF (4.4 mL). 1-Methylimidazole  (13 µL, 167 µmol, 0.75 

equiv), 1-(2-mesitylenesulfonyl)-3-nitro-1H-1,2,4-triazole (MSNT) (66 mg, 222 µmol, 1 equiv) 

and 300 µm hydroxy-functionalized TentaGel microspheres (capacity: 0.3 mmol/g) (370 mg, 111 

µmol, 0.5 equiv) were added to the DMF solution.  The chromatography column was sealed 

under a flow of argon and rotated for 4 h. The microspheres were then washed with CH2Cl2 (3 × 

10 mL), DMF (3 × 10 mL), CH2Cl2 followed by MeOH (3 × 10 mL), CH2Cl2 (3 × 10 mL), and 

MeOH (3 × 10 mL).  The microspheres were dried for 24 h under high vacuum and stored at 0 

°C under argon. 

 

Microsphere functionalized with Reagent 4-1. To a 10 mL chromatography column was added 

1 (35 mg, 82 µmol, 1 equiv) and DMF (1.6 mL). 1-Methylimidazole  ( 4.9 µL, 62 µmol, 0.75 

equiv), 1-(2-mesitylenesulfonyl)-3-nitro-1H-1,2,4-triazole (MSNT) (24 mg, 82 µmol, 1 equiv) 

and 300 µm hydroxy-functionalized TentaGel microspheres (capacity: 0.3 mmol/g) (137 mg, 41 

µmol, 0.5 equiv) were added to the DMF solution.  The chromatography column was sealed 

under a flow of argon and rotated for 4 h. The microspheres were then washed with CH2Cl2 (3 × 

10 mL), DMF (3 × 10 mL), CH2Cl2 followed by MeOH (3 × 10 mL), CH2Cl2 (3 × 10 mL), and 

MeOH (3 × 10 mL).  The microspheres were dried for 24 h under high vacuum and stored at 0 

°C under argon. 
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Microsphere functionalized with a 1:1 ratio of reagents 4-1 and 4-2. To a 10 mL 

chromatography column was added 1 (25 mg, 59 µmol, 1 equiv), 2 (30 mg, 59 µmol, 1 equiv) 

and DMF (2.3 mL). 1-Methylimidazole  ( 6.9 µL, 88 µmol, 1.5 equiv), 1-(2-mesitylenesulfonyl)-

3-nitro-1H-1,2,4-triazole (MSNT) (35 mg, 120 µmol, 2 equiv) and 300 µm hydroxy-

functionalized TentaGel microspheres (capacity: 0.3 mmol/g) (195 mg, 59 µmol, 1 equiv) were 

added to the DMF solution.  The chromatography column was sealed under a flow of argon and 

rotated for 4 h. The microspheres were then washed with CH2Cl2 (3 × 10 mL), DMF (3 × 10 

mL), CH2Cl2 followed by MeOH (3 × 10 mL), CH2Cl2 (3 × 10 mL), and MeOH (3 × 10 mL).  

The microspheres were dried for 24 h under high vacuum and stored at 0 °C under argon. 

 

Section 4.3.2 Response of the Solid Supported Light-responsive Reagent. 

  

 Colorimetric Production in Response to Light. Microspheres functionalized with 4-1 

were exposed to a solution of i-PrOH/H2O/pyridine (10:4:1 respectively) for approximately 1 h, 

which allowed them to swell to a stable size.  One microsphere was removed from the solution, 

placed on a glass microscope slide and covered with a hybridization chamber.  The hybridization 

chamber was filled with a solution of i-PrOH/H2O/pyridine (10:4:1 respectively).  The 

microsphere was exposed to broadband UV light for 20 min under a microscope.  At 5 minute 

intervals the UV light was turned off, and photographs were obtained.  The image was magnified 

six times and the color was inverted using the inversion setting. Using the circular marquee tool, 

the microsphere was highlighted. The mean intensity in the blue channel on the histograph 

function was recorded. See Appendix A for data. 

 

Production of Colorimetric Reagent 4-3 in Response to Light. To dry microspheres 

(15 mg) functionalized with just reagent 4-1 in a centrifuge tube was added a solution of i-

PrOH/H2O/pyridine (225 µL, 10:4:1 respectively).  The sample was exposed to 365 nm light for 

40 min and allowed to sit in solution for an additional 2 h.  After 2 h, the microspheres were 

filtered from the solution and an HPLC-MS of the solution was obtained.  See Appendix A for 

data. 

 

 



109 

 

Section 4.3.3 Pumping Properties of the Light-responsive Reagent. 

  

Microspheres functionalized with 4-1 were exposed to a solution of i-PrOH/H2O/pyridine 

(10:4:1 respectively) for approximately 1 h, which allowed them to swell to a stable size.  One 

microsphere was removed from the solution, placed on a glass microscope slide and covered 

with a hybridization chamber.  The hybridization chamber was filled with a solution of 2 µm 

diameter, amine-functionalized tracer particles suspended in i-PrOH/H2O/pyridine (10:4:1 

respectively).  The microsphere was exposed to broadband UV light for 18 min under a 

microscope.  The speed of the tracer particles were recorded for 2 min while the UV was on, the 

UV was then turned off and the speeds were monitored for another two minutes.  This on/off 

cycling of UV light was repeated a total of 3 times.  The speeds of the tracer particles were 

measured in the x-direction (the sphere is located to either the left- or right-hand side of the 

observation window in all experiments) using the ‘tracker’ software provided by Open Source 

Physics.  The videos were recorded at 60 fps and the particles were tracked for the last 30 s of 

each 2 min observation window (see video in the supporting information of reference 10).  See 

Appendix A for data. 

 

Section 4.3.4 Properties of the Autoinductive Reagent. 

 

Colorimetric Production in Response to Fluoride. 

To dry microspheres (2.5 mg) functionalized with just reagent 4-2 in a centrifuge tube 

was added cesium fluoride (1 mM – 20 mM) in a solution of i-PrOH/H2O/pyridine (37.5 µL, 

10:4:1 respectively).  At set intervals, photographs of the centrifuge tubes were acquired and 

analyzed using Adobe
®
Photoshop

®
.  The digital images were cropped just above the level of the 

microspheres and below the bottom of the centrifuge tube. The image was magnified twice and 

the color was inverted using the inversion setting. Using the circular marquee tool, a section of 

approximately 120 pixels just below the top of the microspheres was highlighted. The mean 

intensity in the blue channel on the histograph function was recorded. The mean intensities were 

subtracted from the mean intensities for the centrifuge tubes immediately after adding the 

fluoride solutions. See Appendix A for data. 
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Production of Colorimetric Reagent 4-3 in Response to Fluoride. 

To dry microspheres (15 mg) functionalized with just reagent 4-2 in a centrifuge tube was 

added a solution of 2 mM CsF in i-PrOH/H2O/pyridine (225 µL, 10:4:1 respectively).  After 3 h 

the microspheres were filtered from the solution and an HPLC-MS of the solution was obtained.  

See Appendix A for data. 

 

Section 4.3.5 Pumping Properties of the Autoinductive Reagent. 

Microspheres functionalized with 4-2 were exposed to a solution of i-PrOH/H2O/pyridine 

(10:4:1 respectively) for approximately 1 h, which allowed them to swell to a stable size.  One 

microsphere was removed from the solution, placed on a glass microscope slide and covered 

with a hybridization chamber.  The hybridization chamber was filled with a solution of 2 µm 

diameter, amine-functionalized tracer particles suspended in i-PrOH/H2O/pyridine (10:4:1 

respectively).  The microsphere was exposed to broadband UV light for 18 min under a 

microscope.  The speed of the tracer particles were recorded for 2 min while the UV was on, the 

UV was then turned off and the speeds were monitored for another two minutes.  This on/off 

cycling of UV light was repeated a total of 3 times.  The speeds of the tracer particles were 

measured in the x-direction (the sphere is located to either the left- or right-hand side of the 

observation window in all experiments) using the ‘tracker’ software provided by Open Source 

Physics.  The videos were recorded at 60 fps and the particles were tracked for the last 30 s of 

each 2 min observation window (see video in the supporting information of reference 10).  See 

Appendix A for data. 

 

 

Section 4.3.6 Pumping Properties of the Material with a Memory. 

 

UV Cycling. Microspheres functionalized with a 1:1 ratio of reagents 4-1 and 4-2 were 

exposed to a solution of i-PrOH/H2O/pyridine (10:4:1 respectively) for approximately 1 h, which 

allowed them to swell to a stable size.  One microsphere was removed from the solution, placed 

on a glass microscope slide and covered with a hybridization chamber.  The hybridization 

chamber was filled with a solution of 2 µm diameter, amine-functionalized tracer particles 
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suspended in i-PrOH/H2O/pyridine (10:4:1 respectively).  The microsphere was exposed to 

broadband UV light for 18 min under a microscope.  The speed of the tracer particles were 

recorded for 2 min while the UV was on, the UV was then turned off and the speeds were 

monitored for another two minutes.  This on/off cycling of UV light was repeated a total of 3 

times.  The speeds of the tracer particles were measured in the x-direction (the sphere is located 

to either the left- or right-hand side of the observation window in all experiments) using the 

‘tracker’ software provided by Open Source Physics.  The videos were recorded at 60 fps and the 

particles were tracked for the last 30 s of each 2 min observation window (see video in the 

supporting information of reference 10).  See Appendix A for data.  

 

 UV Permanently Removed.  Microspheres functionalized with a 1:1 ratio of reagents 4-

1 and 4-2 were exposed to a solution of i-PrOH/H2O/pyridine (10:4:1 respectively) for 

approximately 1 h, which allowed them to swell to a stable size.  One microsphere was removed 

from the solution, placed on a glass microscope slide and covered with a hybridization chamber.  

The hybridization chamber was filled with a solution of 2 µm diameter, amine-functionalized 

tracer particles suspended in i-PrOH/H2O/pyridine (10:4:1 respectively).  The microsphere was 

exposed to broadband UV light for 20 min under a microscope.  The speeds of the tracer 

particles were recorded during the 18-20 min window while the UV was still on, then every 2 

min after the UV was turned off for an additional 10 min.  The speeds of the tracer particles were 

measured in the x-direction (the sphere is located to either the left- or right-hand side of the 

observation window in all experiments) using the ‘tracker’ software provided by Open Source 

Physics.  The videos were recorded at 60 fps and the particles were tracked for the last 30 s of 

each 2 min observation window (see video in the supporting information of reference 10).  See 

Appendix A for data. 
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Appendix A 

Data, Graphs, and Charts 

5.1 CHAPTER 2: EXPERIMENTAL PROCEDURES AND CHARACTERIZATION 

 

Section 2.3.2: Solvent Study. 

    

Table of Rates for Figure 2-7B.  

 

 

 

 

 

 

 
 

 

 

 

 

 

 

  Tables of Color Intensity for Pyridine Solvent Screen 

 

Table A2. Intensities of color for 95:10 MeOH–H2O. 

Time 

(h) Trial 1 Trial 2 Trial 3 

1 39 36 41 

2 67 65 65 

3 78 78 77 

4 82 82 85 

5 88 86 90 

6 93 91 93 

7 96 96 96 

8 100 100 100 

 

MeOH 

(µL) 

Pyridine 

(µL) 

Time to reach 

max signal (h) 

95 0 8 

94 1 5 

93 2 5 

92 3 5 

91 4 5 

90 5 5 

80 25 6 

70 35 7 

60 45 10 

Table A1. Rates of colorimetric 

production.  

 



115 

 

Table A3. Intensities of color for 94:1:10 MeOH–pyr–H2O. 

Time 

(h) Trial 1 Trial 2 Trial 3 

1 50 51 50 

2 73 73 73 

3 86 86 85 

4 93 95 94 

5 100 100 100 

 
Table A4. Intensities of color for 93:2:10 MeOH–pyr–H2O. 

Time 

(h) Trial 1 Trial 2 Trial 3 

1 51 50 50 

2 74 73 74 

3 86 87 85 

4 97 95 94 

5 100 100 100 

 
Table A5. Intensities of color for 92:3:10 MeOH–pyr–H2O. 

Time 

(h) Trial 1 Trial 2 Trial 3 

1 49 50 48 

2 74 71 73 

3 86 87 85 

4 96 94 95 

5 100 100 100 

 

Table A6. Intensities of color for 91:4:10 MeOH–pyr–H2O. 

Time 

(h) Trial 1 Trial 2 Trial 3 

1 47 46 46 

2 70 72 73 

3 88 84 87 

4 96 96 94 

5 100 100 100 
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Table A7. Intensities of color for 90:5:10 MeOH–pyr–H2O. 

Time 

(h) Trial 1 Trial 2 Trial 3 

1 50 49 47 

2 73 71 72 

3 87 86 88 

4 97 96 96 

5 100 100 100 

 
Table A8. Intensities of color for 80:15:10 MeOH–pyr–H2O. 

Time 

(h) Trial 1 Trial 2 Trial 3 

1 37 37 37 

2 67 65 64 

3 82 81 80 

4 90 90 89 

5 98 97 96 

6 100 100 100 

 

Table A9. Intensities of color for 70:25:10 MeOH–pyr–H2O. 

Time 

(h) Trial 1 Trial 2 Trial 3 

1 30 29 31 

2 59 58 57 

3 73 71 74 

4 82 81 84 

5 90 90 88 

6 96 97 97 

7 100 99 99 

 
Table A10. Intensities of color for 60:35:10 MeOH–pyr–H2O. 

Time 

(h) Trial 1 Trial 2 Trial 3 

1 21 26 24 

2 45 49 47 

3 61 66 67 

4 70 77 75 

5 79 81 83 

6 85 89 87 

7 89 92 92 

8 95 94 94 

9 94 96 95 

10 99 100 99 
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 Section 2.3.3 Monitoring the Production of Fluoride. 

 
Calibration Curve for 7-Hydroxycoumarin: 

 
Table A11. Fluorescence intensity (I) 

measurements. 

Moles F− 

(μmol) Trial 1 Trial 2 Trial 3 

2.44 24.20 24.28 24.94 

4.88 45.64 46.49 50.81 

7.32 78.51 73.10 74.55 

9.76 107.8 91.98 91.41 

12.2 133.3 115.3 116.9 

14.6 142.0 135.4 138.2 

17.0 186.0 152.7 170.3 

19.5 209.9 180.5 180.7 

21.9 225.0 200.8 204.8 

24.4 255.2 220.9 230.9 

Figure A1. Correlation of fluorescence emission intensity (I) of 7-hydroxycoumarin (2-10) with 

respect to the number of moles of fluoride in a sample. The procedure for obtaining this data is 

shown in steps 2 and 3 in Scheme S1. Each data point is the average of three measurements, and the 

error bars represent the standard deviations from these averages. 

 

Tables of Fluorescence Intensity Data for Figure 2-9:

 

Table A12. Fluorometry data  

for 1.0 equiv. of fluoride. 

Time 

(h) Trial 1 Trial 2 Trial 3 

0.5 78.78 83.47 83.02 

1.0 120.6 125.8 114.4 

1.5 168.4 181.9 149.9 

2.0 213.7 217.6 209.3 

2.5 216.7 213.3 216.6 
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Table A13. Fluorometry data  

for 0.1 equiv. of fluoride. 

Time 

(h) Trial 1 Trial 2 Trial 3 

1 4.230 2.560 4.070 

2 11.15 6.960 9.630 

3 19.64 12.17 16.05 

4 33.21 24.75 39.17 

5 76.25 64.08 93.83 

6 120.7 109.0 122.0 

7 136.5 122.4 139.5 

8 142.6 133.5 144.9 

 

 

Table A14. Fluorometry data  

for 0.01 equiv. of fluoride. 

Time 

(h) Trial 1 Trial 2 

4 3.740 1.380 

5 6.530 5.020 

6 5.110 5.340 

7 7.530 6.790 

8 12.25 10.96 

9 18.62 18.69 

10 37.49 41.82 

11 77.81 96.18 

12 100.08 116.4 

13 114.0 112.1 

 

Table A15. Fluorometry data  

for 0.001 equiv. of fluoride. 

Time 

(h) 

Trial 

1 

Trial 

2 

Trial 

3 

17 5.190 5.220 5.390 

18 19.54 16.28 17.75 

19 36.14 36.79 27.43 

20 70.40 77.90 57.34 

21 95.88 103.9 92.66 

22 108.0 107.6 109.3 

23 112.1 112.1 113.7 
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Table A16. Fluorometry data  

for 0.0005 equiv. of fluoride. 

Time 

(h) Trial 1 Trial 2 

32 8.780 4.850 

33 18.01 11.81 

34 28.64 22.31 

35 69.56 50.70 

36 85.50 86.30 

37 108.0 95.98 

38 120.0 119.3 

39 125.5 128.5 

 

Table A17. Fluorometry data  

for 0.0001 equiv. of fluoride. 

Time 

(h) Trial 1 Trial 2 Trial 3 

44 8.900 1.890 2.280 

45 14.46 3.380 4.490 

46 32.99 6.380 6.610 

47 45.72 11.33 13.50 

48 84.22 20.31 27.36 

49 102.4 37.96 59.33 

50 108.8 84.23 93.65 

51 ---- 95.98 101.7 

52 121.6 123.1 113.6 

53 130.8 127.6 119.6 

 

Table A18. Fluorometry data  

for 0.0 equiv. of fluoride. 

 

 

 

 

 

 

 

 

 

Time 

(h) Trial 1 Trial 2 Trial 3 

47 2.970 1.960 0.660 

48 5.880 3.570 1.860 

49 14.50 8.35 4.420 

50 27.67 13.55 6.240 

51 48.58 23.56 12.00 

52 85.75 45.73 21.90 

53 112.1 89.87 36.58 

54 129.9 102.0 73.51 

55 127.2 122.1 97.28 

56 ---- 125.7 113.9 

57 ---- ---- 112.7 
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Section 2.3.4 Monitoring the Colorimetric Readout. 

  

  Tables of Color Intensity for Figure 2-11. 

Table A19. Intensities of color  

for 1 equivalent fluoride. 

Time 

(h) Trial 1 Trial 2 Trial 3 

0.25 41 39 40 

0.5 65 64 66 

0.75 77 76 79 

1 96 93 95 

1.25 101 101 101 

 
Table A20: Intensities of color  

for 0.1 equivalents fluoride. 

Time 

(h) Trial 1 Trial 2 Trial 3 

1 54 53 51 

2 73 75 73 

3 88 86 86 

4 101 101 101 

 
Table A21. Intensities of color  

for 0.01 equivalents fluoride. 

Time 

(h) Trial 1 Trial 2 Trial 3 

1 13 10 11 

2 25 26 24 

3 40 41 39 

4 56 56 55 

5 66 68 65 

6 76 76 75 

7 84 87 84 

8 90 88 87 

9 95 95 95 

10 101 101 101 
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Table A22. Intensities of color  

for 0.001 equivalents fluoride. 

Time 

(h) Trial 1 Trial 2 Trial 3 

1 1 2 2 

3 8 6 8 

5 12 9 11 

7 25 19 22 

9 45 36 39 

11 67 61 62 

13 84 76 81 

15 92 92 88 

17 100 98 99 

 
Table A23. Intensities of color  

for 0.0005 equivalents fluoride. 

Time 

(h) Trial 1 Trial 2 

11 3 2 

13 6 5 

15 7 4 

17 12 8 

19 28 16 

21 48 35 

23 58 68 

25 82 76 

27 99 87 

29 101 99 

31 101 101 

 
Table A24. Intensities of color  

for 0.0001 equivalents fluoride. 

Time 

(h) Trial 1 Trial 2 

31 2 0 

33 4 5 

35 5 8 

37 14 18 

39 31 37 

41 58 62 

43 79 79 

45 91 95 

47 99 101 
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Table A25. Intensities of color  

for 0.0 equivalents fluoride. 

Time 

(h) Trial 1 Trial 2 Trial 3 

35 2 2 1 

37 5 3 3 

39 15 6 4 

41 31 19 10 

43 56 44 24 

45 77 69 55 

47 87 81 71 

49 101 97 88 

51 101 101 101 

  

 Section 2.3.5 Amplification Factor. 

 

  Table of Fluorescence Intensity Data for Figure 2-11: 

 
Table A26. Fluorescence intensity (I) measurements. 

Equiv. of 

added F- in 

relation to 1 

Trial 

1 Trial 2 Trial 3 

1.0 1.818 1.790 1.817 

0.1 12.10 11.36 12.29 

0.01 97.70 96.06     ---- 

0.001 960.6 960.6 973.7 

0.0005 2142 2192      ----       

0.0001 4208 3949 3292 
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5.2 CHAPTER 3: EXPERIMENTAL PROCEDURES AND CHARACTERIZATION 

 

Section 3.3.2 Kinetics for the Activity-Based Detection of Palladium. 

 

Graph of Fluorescence Intensity for Figure 3-5: 

 
Table A27. Fluorescence intensity measurements. 

Time 

(h) Trial 1 Trial 2 Trial 3 

1 0.428 0.323 0.618 

2 2.909 2.689 2.828 

3 8.168 6.098 7.008 

4 11.02 9.858 10.16 

5 14.58 14.94 13.14 

6 17.71 ---- 18.26 

 

Section 3.3.4 Two-step Palladium Detection Assay. 

 
Tables of Color Intensity for Figure 3-8a: 

 

Table A28. Colorimetric data for 36 ppm Pd. 

Time 

(h) Trial 1 Trial 2 Trial 3 

1 71 71 72 

2 89 88 90 

3 99 97 99 

4 101 101 101 

 

Table A29. Colorimetric data for 10 ppm Pd. 

Time 

(h) Trial 1 Trial 2 Trial 3 

1 45 43 44 

2 67 68 68 

3 79 77 78 

4 86 85 86 

5 92 92 92 

6 98 96 99 

7 101 101 101 
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Table A30. Colorimetric data for 3.6 ppm Pd. 

Time 

(h) Trial 1 Trial 2 Trial 3 

1 23 21 21 

2 36 36 36 

3 50 50 48 

4 63 64 63 

5 74 72 72 

6 79 78 78 

7 84 84 85 

8 90 90 90 

9 94 95 95 

10 100 100 99 

11 101 101 101 

 

Table A31. Colorimetric data for 1.0 ppm Pd. 

Time 

(h) Trial 1 Trial 2 Trial 3 

1 7 7 8 

3 9 9 9 

5 10 11 10 

7 17 20 19 

9 26 33 29 

11 46 58 52 

13 65 72 70 

15 79 84 82 

17 90 96 91 

19 96 101 99 

21 101 101 101 
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Table A32. Colorimetric data for 0.36 ppm Pd 

Time 

(h) Trial 1 Trial 2 Trial 3 

21 0 2 1 

23 0 9 0 

25 4 20 2 

27 10 38 9 

29 22 61 16 

31 43 76 32 

33 64 86 55 

35 76 95 71 

37 87 101 85 

39 96 101 93 

41 101 101 101 

Table A33. Colorimetric data for 0.0 ppm Pd. 

Time 

(h) Trial 1 Trial 2 Trial 3 

35 1 5 0 

37 3 8 1 

39 8 19 5 

41 10 34 ---- 

43 28 59 12 

45 50 66 28 

47 68 86 50 

49 83 97 68 

51 89 101 78 

53 101 101 92 

55 101 101 100 
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Section 3.4.2 Quantitative Detection Based on Time. 

 

 Tables of Color Intensity for Figure 3-9b: 

 

Table A34: Time to 30% signal. 

mM F– Trial 1 Trial 2 Trial 3 

1230 0.187 0.195 0.184 

615 0.517 0.518 0.549 

123 1.960 1.937 2.061 

12.3 7.443 8.227 7.913 

1.23 19.57 20.36 ---- 

.12 38.81 38.35 ---- 

 

Section 3.4.3 Anion Selectivity in Methanol. 

 

  Tables of Color Intensity for Figure 3-10: 

 

Table A35. Intensities of color for the selectivity study. 

anion Trial 1 Trial 2 Trial 3 

Cl- 4 3 2 

Br- 1 0 0 

I- 1 0 3 

NO3
- 2 1 2 

H2PO4
- 0 1 0 

SO4
2- 1 0 1 

SCN- 0 1 4 

CH3CO2
- 3 4 4 

F- 97 97 97 

No Ions 3 2 1 
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Section 3.4.5 Solubility Study Leading to Rate Improvement. 

 

Tables of Color Intensity for Figure 3-11: 

 

Table A36: Time to maximum signal. 

Alcohol Time (h) 

MeOH 180 

EtOH 140 

i-PrOH 60 

t-BuOH 60 

 

Section 3.4.6 Faster Kinetics and Lower Detection Limits. 

 

Tables of Color Intensity for Figure 3-13. 

 
Table A37: Intensities of color for 2,300 ppm fluoride. 

Time 

(min) Trial 1 Trial 2 Trial 3 

0 169 169 168 

10 198 196 193 

20 228 225 225 

30 246 245 246 

40 251 250 251 

50 253 252 254 

60 254 253 252 

80 254 253 254 

 

Table A38. Intensities of color for 230 ppm fluoride. 

Time 

(min) Trial 1 Trial 2 Trial 3 

0 169 170 170 

20 200 201 202 

40 238 238 238 

60 248 247 248 

80 251 250 251 

100 252 252 252 

120 254 253 253 

140 255 254 254 

160 254 253 253 
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Table A39. Intensities of color for 23 ppm fluoride. 

Time 

(min) Trial 1 Trial 2 Trial 3 

0 171 169 170 

20 169 167 168 

40 185 182 184 

60 199 197 198 

80 211 208 211 

100 221 220 221 

120 230 228 229 

140 232 232 233 

160 237 236 237 

180 240 239 240 

200 242 242 241 

220 245 244 245 

240 248 247 248 

260 251 248 250 

280 250 250 250 

300 251 251 251 

320 251 251 251 

 
Table A40. Intensities of color for 2.3 ppm fluoride. 

Time 

(h) 

Trial 

1 

Trial 

2 

Trial 

3 

Trial 

4 

0 171 168 171 169 

2 167 167 168 169 

4 169 174 174 173 

6 176 173 174 172 

7 177 180 180 179 

8 187 187 189 190 

9 207 210 212 211 

10 221 224 227 228 

11 235 236 238 239 

12 242 244 244 245 

13 249 249 250 250 

14 252 252 252 252 

15 253 252 252 252 

16 255 254 255 254 

17 255 255 254 254 
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Table A41. Intensities of color for 0.0 ppm fluoride. 

Time 

(h) 

Trial 

1 

Trial 

2 

Trial 

3 

Trial 

4 

0 169 168 169 171 

2 164 164 165 165 

4 173 172 174 173 

6 166 166 167 169 

8 169 168 170 169 

10 172 171 170 170 

11 173 174 172 173 

12 177 174 174 174 

13 184 178 176 183 

14 193 187 185 198 

15 202 188 187 203 

16 226 220 218 233 

17 237 231 241 230 

18 244 241 241 247 

19 249 243 245 250 

20 252 249 250 251 

21 254 253 253 254 

22 255 252 252 253 

 

 

Section 3.4.7 Anion Selectivity in Isopropanol. 

 

  Tables of Color Intensity for Figure 3-14: 

 

Table A42. Intensities of color for the selectivity study. 

Anion Trial 1 Trial 2 Trial 3 

Cl- 1 1 1 

Br- 0 0 0 

I- 1 1 0 

NO3
- 0 0 0 

H2PO4
- 0 0 1 

SO4
2- 2 3 1 

SCN- 0 0 0 

CH3CO2
- 0 0 0 

F- 86 86 86 

No Ions 0 0 0 
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5.3 CHAPTER 4: EXPERIMENTAL PROCEDURES AND CHARACTERIZATION 

 

Section 4.3.2 Response of the Solid Supported Light-responsive Reagent. 

  

  Table of Color Intensity for Figure 4-5c.  

 

Table A43: Intensities of color. 

Time 

(min) Trial 1 

0 0 

5 72 

10 89 

15 100 

20 105 

 

 

Section 4.3.3 Pumping Properties of the Light-responsive Reagent. 

  

  Table of Pumping Velocity for Figure 4-7b. 

 

Table A44. Average tracer particle speed. 

Time 

(min) 

Speed 

(µm/s) 

Standard 

Deviation 

19.5-20 4.81 0.32 

21.5-22 0.02 0.01 

23.5-24 4.41 0.48 

25.5-26 0.03 0.01 

27.5-28 4.28 0.58 

29.5-30 0.03 0.02 
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Section 4.3.4 Properties of the Autoinductive Reagent. 

 

  Table of Colorimetric Production for Figure 4-8c. 

 

Table A46: Intensities of color for  

10 mM (0.5 equiv) fluoride. 

Time 

(min) 

% max 

signal 

1 0 

6 1 

11 32 

16 89 

21 100 

26 100 

 

 

Table A47. Intensities of color for  

3.3 mM (0.16 equiv) fluoride. 

Time 

(min) 

% max 

signal 

1 0 

21 1 

41 4 

61 36 

81 89 

101 100 

121 100 

 

 

Table A48. Intensities of color for  

1 mM (0.05 equiv) fluoride. 

Time 

(min) 

% max 

signal 

1 0 

721 6 

761 8 

801 11 

841 15 

881 47 

921 98 

961 100 

1001 100 
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Table A49. Intensities of color for  

0.0 mM fluoride. 

Time 

(min) 

% max 

signal 

0 0 

7200 4 

7260 11 

7320 41 

7380 89 

7440 99 

7500 100 

7560 100 

 

Section 4.3.5 Pumping Properties of the Autoinductive Reagent. 

 

  Table of Pumping Velocity for Figure 4-10b. 

 

Table A50. Average tracer particle speed. 

Time 

(min) 

Speed 

(µm/s) 

Standard 

Deviation 

19.5-20 0.02 0.01 

21.5-22 0.02 0.01 

23.5-24 0.04 0.02 

25.5-26 0.02 0.01 

27.5-28 0.02 0.01 

29.5-30 0.03 0.02 
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Section 4.3.6 Pumping Properties of the Material with a Memory. 

   

  Table of Pumping Velocity for Figure 4-11b. 

 

Table A51. Average tracer particle speed.  

Time 

(min) 

Speed 

(µm/s) 

Standard 

Deviation 

19.5-20 3.71 0.48 

21.5-22 0.28 0.08 

23.5-24 3.20 0.66 

25.5-26 0.32 0.07 

27.5-28 3.45 0.29 

29.5-30 0.25 0.07 

 

 

  Table of Pumping Velocity for Figure 4-11c. 

 

Table A52. Average tracer particle speed. 

Time 

(min) 

Speed 

(µm/s) 

Standard 

Deviation 

19.5-20 3.18 0.34 

21.5-22 0.33 0.07 

23.5-24 0.33 0.08 

25.5-26 0.33 0.08 

27.5-28 0.3 0.08 

29.5-30 0.24 0.06 
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Appendix B 

Structural Characterization  

 

5.1 CHAPTER 2: CHARACTERIZATION 

  

Section 2.3.1: Synthesis of the Amplification Reagent. 
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Section 2.3.6 Stability of the Amplification Reagent. 

 

 



138 

 

 

 



139 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



140 

 

 

Section 2.3.7 Characterization of the Amplified Products. 
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5.2 CHAPTER 3: CHARACTERIZATION 

Section 3.3.1 Synthesis of the Activity-based Detection Reagent. 
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CHAPTER 4: CHARACTERIZATION 

 

Section 4.3.1 Synthesis of the Detection and Amplification Reagents. 
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