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Abstract 

Polymeric materials have gained a lot of attention in recent years for applications in 

biotechnology and medicine. In many applications, the polymer is expected to be 

degradable in order to be eliminated from the system once it fulfills the intended purpose. 

Controlling the degradation behavior of polymers is important because different 

applications have different demands as to when a material starts to degrade and how long 

it takes for the process to complete. External control over polymer degradation can be 

obtained by incorporating functional groups that cleave in the presence of triggers that 

would normally be absent in biological environments, i.e. are bioorthogonal. At present, 

there are very few examples of polymeric biomaterials with such features and their 

applications are restricted because of issues related to accessibility and the nature of 

degrading triggers. This thesis explores the use of chemically cleavable -azidoethers as 

a new method to obtain external control over the degradation behavior of polymers.  

My first goal is to illustrate the potential of -azidoethers toward developing 

cleavable linkers by investigating the synthesis, bioorthogonality, kinetics, and 

mechanism of triggered cleavage of compounds incorporating the functional group. We 

have studied the relationship between -azidoether structure and hydrolytic stability, to 

prepare linkers that withstand background hydrolytic cleavage until they are exposed to 

the cleaving trigger. The cleavage kinetics of the -azidoether functional group was 

quantified. In addition to the conventionally used tris(2-carboxyethyl)phosphine (TCEP), 

dihydrolipoic acid (DHLA), a previously unexplored, biocompatible reducing agent, was 

also evaluated as a cleaving trigger. The cleavage rate depends on the pKa and 

concentration of the trigger, and on the pH of the environment. Based on these results, we 

have proposed design rules for -azidoethers as cleavable linkers in applications that 

require bio-orthogonal control over linker cleavage. 

Secondly, the -azidoether cleavable linker chemistry was implemented into the 

development of polymeric materials. Two different types of polymers were developed. 

Polyamides incorporating -azidoethers along the backbone were synthesized, and their 

physical properties and chemically triggered degradation behavior were characterized. 
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The degradation timescale of these polymers can be tuned simply by manipulating the 

concentration of the externally applied chemical trigger. The effects of polymer backbone 

chemistry and environmental conditions on the kinetics of polymer degradation were also 

analyzed. The -azidoether functional group was then utilized to develop a unique 

triggered-release polymeric adhesive for potential applications in dental adhesive 

formulations. A methacrylamide-phosphonate adhesive monomer incorporating an -

azidoether group was designed and synthesized. The monomer was polymerized to 

adhere polymer-composite substrates. Adhesion strength was quantified, and on-demand 

release of bonded substrates was demonstrated using DHLA as a trigger. 

The results presented here shed some light on the scope, advantages and drawbacks of 

utilizing -azidoethers to develop new types of cleavable linkers and degradable 

polymers. In principle, the triggered degradation method described here could be 

incorporated into polymers with different chemical structures, to develop a variety of 

materials that offer an external control over degradation.  
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Chapter 1. Introduction 

Polymers have gained a lot of attention in recent years as biomaterials for a variety of 

applications in biotechnology and medicine.
1,2

 They are used in drug delivery systems, 

cell culture supports, tissue engineering, biosensors, and medical devices.
3-5

 Depending 

on the nature of an application, polymeric biomaterials can be expected to play either a 

temporary or a permanent role. For example, a polymer that is used in drug delivery 

systems is designed to carry a therapeutic payload, deliver it to a specific target, and then 

be eliminated from the system through natural metabolistic pathways. A polymer used as 

an unreactive coating material, for example on the surface of implantable medical devices 

such as pacemakers, is expected to stay intact during the full term of usage of the device. 

Materials that degrade during the course of their application or after completion of their 

purpose are classified as degradable, whereas those that stay intact throughout the 

timescale of an application are nondegradable.
6
 Degradable polymers are eliminated from 

the environment of an application once they fulfill their purposes, and the system can be 

returned to its native state without using complex, invasive procedures. As a result, a 

variety of novel technologies making use of such degradable polymers have been 

developed. 

A degradable polymer incorporates cleavable bonds within its chemical structure. Its 

degradation behavior depends on the trigger that initiates the cleavage reaction and the 

mechanism through which the process occurs. The trigger that initiates degradation can 

be environmental, internal, or external.
7
 Water, pH, and temperature are all examples of 
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environmental triggers that can degrade polymers. Internal triggers include enzymes, 

reactive oxygen species, and reducing agents that are controlled by cellular processes. 

Light, electric fields and magnetic fields are examples of external triggers. The 

degradation behavior of polymers that rely on environmental or internal triggers is pre-

programmed and cannot be modified once the material is introduced into a system. In 

contrast, polymers that degrade as a result of externally applied triggers offer more 

control over the initiation and timescale of the process because the availability of the 

trigger is defined and controlled by the user.  

Controlling the degradation behavior of polymers is a challenging and important topic 

of research because different applications have different demands as to when a material 

starts to degrade and how long it takes for the process to complete. This is a direct 

consequence of the variations in patients, pathological conditions, and physiological 

targets that are commonly observed in medical applications. For example, the 

degradation behavior of wound-healing tissue scaffolds needs to match the rate of healing 

of the damaged tissue. The rate at which a tissue recovers will depend on the type of 

tissue and the health of a patient. Similarly, in drug delivery, the dosage, location, and 

timescale of release of therapeutic molecules need to be controlled precisely in order to 

be effective and to reduce the risk of side effects.  

We believe that there is a lack of simple and efficient methods to externally control or 

modify the degradation behavior of polymeric biomaterials. The majority of degradable 

polymers currently used as biomaterials degrade in the presence of environmental or 

internal triggers. The degradation behavior of these polymers is modified by changing 
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their chemical composition or molecular weight distribution. Once such a polymer is 

synthesized and processed into a suitable form, its degradation behavior cannot be 

altered. Existing examples of polymers that degrade as a result of external stimuli utilize 

triggers such as light, ultrasound, and electric or magnetic fields. The use of ultrasound 

and electric or magnetic fields requires expertise and specialized equipment. 

Photodegradable materials utilize UV light as a trigger, which may not be suitable for 

biological applications because UV light is known to damage cells and genetic material. 

The use of mechanisms that require externally administered chemical triggers to initiate 

the degradation of polymers will be a simple and convenient method through which to 

control the process; however, to the best of our knowledge, there are no examples of such 

materials in the literature.  

We have approached the development of degradable polymers by exploring existing 

mechanisms in cleavable linker chemistry. Over the years, numerous functional groups 

and cleavage mechanisms have been explored to develop cleavable linkers for 

applications in organic synthesis and chemical biology.
8-10

 The most basic requirement of 

these functional groups is their selective cleavability, where they are expected to remain 

stable under most conditions and then cleave when exposed to a specific trigger. Many of 

them utilize triggers that are not commonly found in biological systems. As a result, the 

user would define the concentration of the trigger in the environment of an application, 

thereby providing an efficient way to externally control the rate at which linkers 

composed of these functional groups cleave. This thesis details the investigation of the 



 

 4 

potential of one such functional group, the -azidoether, to develop polymers that can be 

triggered to degrade using externally applied chemical triggers.  

The following sections of this chapter present a brief introduction to cleavable linkers 

and polymeric biomaterials, examples of several functional groups and mechanisms that 

have been utilized to develop such linkers and polymers, and our motivation to utilize the 

-azidoether functional group to develop polymeric materials that can be triggered to 

degrade. 

1.1 Cleavable linkers in biotechnology 

Many applications in chemistry, biotechnology, and medicine require a temporary 

covalent linkage to connect functional units such as proteins, drug molecules or 

fluorophores, until a specific process is completed. Once the process is complete, the 

functional units are returned to their original states by cleaving the linker. Many of the 

chemistries used in cleavable linkers are related to protecting group methods that have 

been used in organic synthesis since the 1920s.
8
 More recently, the interest in such 

cleavable linkers has increased as a result of advancements in solid phase synthesis, 

combinatorial chemistry, chemical biology and biomedical engineering. The following 

paragraphs provide an overview of the way in which cleavable linkers are used in 

different applications. 

Protecting groups. Protecting groups are used in organic synthesis procedures with a 

need to selectively modify a specific functional group in a multifunctional compound. A 

good protecting group must react selectively with the functional group that needs to be 
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protected, withstand the projected reactions, and be selectively removed once the 

reactions are completed. This concept is illustrated on Figure 1-1.  

 

Figure 1-1. Use of protecting groups during organic synthesis 

Solid phase synthesis. In solid phase synthesis, reactions are performed on a 

molecule that is attached to a polymeric support through a cleavable linker. Once the 

required reaction steps are completed, the reagents and by-products are removed through 

simple filtration and washing steps. The functionalized molecules are then retrieved by 

cleaving the linker that attaches it to the solid support. The technique is highly popular 

because of the ease of the synthesis procedure and elimination of complex purification 

steps.
9
 The concept is illustrated on Figure 1-2 

 

Figure 1-2. Application of a cleavable linker in solid phase synthesis 

Combinatorial chemistry. Combinatorial chemistry utilizes the same principle as 

solid phase synthesis; however, multiple sets of reactants attached to solid supports are 
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simultaneously altered to attain an exponential growth in the number of final products, as 

shown on Figure 1-3. Upon completion, the products are released by cleaving the linker, 

and active compounds are isolated after screening.  

 

Figure 1-3. Application of a cleavable linker in combinatorial chemistry 

Proteomics. Proteomics involves the study of the structure and function of proteins. 

Pure protein samples are isolated using techniques such as affinity chromatography, 

where the protein of interest is conjugated through a cleavable linker to a probe that can 

selectively bind to a solid support. Upon cleavage of the linker, the pure protein can be 

retrieved and studied for its structure and function.
10

 This is illustrated on Figure 1-4. 
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Figure 1-4. Application of a cleavable linker in protein purification 

Drug development. Prodrugs are used as suitable alternatives to drug molecules that 

have issues related to transportation across barriers or unwanted side effects. They are 

developed by connecting a drug molecule to a carrier moiety using a cleavable linker. 

The linker is then cleaved under specific environmental conditions to release the 

therapeutically active compound in a targeted manner, to improve its efficiency and 

minimize the side effects. The concept is illustrated on Figure 1-5. 

 

Figure 1-5. Application of a cleavable linker in developing prodrugs  

DNA sequencing. The DNA sequencing-by-synthesis approach utilizes the 

conjugation of nucleotides to a fluorescent probe through a cleavable linker. The DNA 



 

 8 

polymerase, then incorporates a fluorescently modified nucleotide that is complementary 

to a template base, allowing the user to record a signal corresponding to the incorporated 

nucleotide. The fluorescent probe is then released by cleaving the linker; the next 

incorporation step commences after the washing steps. This is illustrated on Figure 1-6. 

The technique is widely used because of its fast and cost-effective nature. 

 

Figure 1-6. Application of a cleavable linker in DNA sequencing 

Requirements of cleavable linkers. An ideal cleavable linker is expected to be 

amenable to functionalization, so that different functionalities can be conjugated to the 

linker easily and efficiently. The linker should be stable in the environment of the 

intended application, in order to minimize background cleavage. The cleavage reaction 

should proceed under practically relevant timescales in conditions that would not affect 

the functional units of interest. It would be highly beneficial to have a linker that cleaves 

in the presence of a specific trigger, so that the release of the functional units can be 

controlled as per the requirements of the user. Finally, the trigger, the cleavable 

functional group, and the by-products of the cleavage reaction should not react or interact 
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with the functional units of interest or the molecules present in the environment of an 

application. Examples of functional groups that are commonly used as cleavable linkers 

and their applications are summarized in Table 1-1. 

Table 1-1. Examples of cleavable functional groups and their applications 

Trigger  Functional Group Application Reference 

Electrophilic 

Strong acid  

 

Protein purification, organic 

synthesis 

11-14
 

 

Protein purification 
15

 

 

Proteomics 
16

 

Mild acid 

  

R1 = -H, -R, -OR 

Protein cross-linking, drug 

delivery, synthesis 

17-19
 

 

Drug delivery 
20,21

 

 

Drug delivery 
22
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Gene delivery 
23

 

 

Synthesis, drug delivery 
24,25

 

 

Synthesis, drug delivery 
26-28

 

 
Drug delivery 

29
 

 

Nucleophilic 

Mild base 

 

Affinity purification 
30-32

 

 

Oligonucleotide synthesis 
33

 

 

Peptide synthesis, structural 

biology 

34,35
 

 

Imaging 
36

 

 Protein purification 
37

 

Enzymatic 

TEV Protease -Gly-Gln-Phe-Tyr-

Leu-Asn-Glu- 

Proteomics 
38

 

Trypsin -Arg- or -Lys- Metabolite enrichment 
39,40
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Cathepsins -Phe-Lys- or -Gly-

His-Pro-Gly-Gly-Pro-

Gln-Gly-Lys-Cys- 

Drug development, Imaging 
41-43

 

MMP -Pro-Leu-Gly-Leu-

Ala-Gly- 

Imaging 
44,45

 

 

 

 

 

Photoirradiation 

UV light 

 

Detection, imaging, 

proteomics, protein labeling, 

synthesis 

46-52
 

 

Protein purification, drug 

delivery 

53,54
 

 

Synthesis, drug delivery 
55,56

 

Reduction 

TCEP, DTT 
 

Protein modification, 

structural biology, drug 

delivery, proteomics, 

20,57-61
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synthesis 

Na2S2O4 

 

Proteomics, protein cross-

linking, structural biology 

62-65
 

TCEP 

 

DNA sequence analysis 
66,67

 

 

 

 

Oxidation 

NaIO4 

 

Proteomics, protein cross-

linking 

68,69
 

 

The growing interest in the development of cleavable functional groups is 

emphasized by the variety of linkers that have been developed and utilized over the years. 

Currently, photocleavable and reduction sensitive linkers seem to be the most prominent 

choices for biotechnological applications. For applications involving biological 

molecules, the development of linkers that can be cleaved selectively and efficiently 

under mild conditions is still a challenging task despite the availability of such a variety 

of cleavable functional groups. 
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1.2 From a cleavable linker to a degradable polymer 

A degradable polymer can be considered a macromolecule with cleavable functional 

groups embedded within its chemical structure. Examples of cleavable functional groups 

and their applications as linkers in biotechnology were provided and discussed in the 

previous section. Many of these functional groups have also been utilized to develop 

degradable polymers for biomaterial applications. The use of different types of functional 

groups allows for the development of materials with a variety of physical properties and 

degradation behaviors in order to suit the requirements of different applications. 

A cleavable linker can be incorporated into polymeric biomaterials in three different 

ways: along the backbone, as a cross-linker, or along the side chains.
70

 The availability of 

different types of cleavable functional groups coupled with the three ways of 

incorporating them into materials has led to the development of a variety of polymers that 

have been utilized in a diverse range of applications. Several examples are discussed in 

the following sections. 

1.2.1 Cleavable linkers along a polymer backbone  

The first method to incorporate cleavable functional groups into polymers is to place 

them along the backbone of polymer chains. Upon cleavage, the polymer chains are 

converted into smaller fragments that are more soluble than the original polymer, as 

illustrated on Figure 1-7. Polymers that are used in biotechnology and medicine are 

present in predominantly aqueous environments. Water acts as a carrier that transports 
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the trigger into the polymer; the trigger initiates the degradation process. This leads to the 

formation of smaller fragments, accompanied by penetration of water into the bulk of the 

polymer, and swelling of the polymer matrix. The smaller fragments diffuse out of the 

polymer matrix, resulting in loss of mass, and changes in chemical composition and 

mechanical properties. The composition of the polymer backbone determines the rate of 

diffusion of water into the bulk of the polymer. Therefore, the rate of degradation of these 

polymers will depend on both the chemical composition and the rate of the actual 

cleavage reaction.  

 

Figure 1-7. Degradation of polymer through cleavage of backbone. Smaller 

fragments are formed during the degradation process leading to solubilization of the 

polymer. 

Polymers that degrade through backbone cleavage are most commonly utilized to 

develop drug delivery systems and implants. The majority of these polymers degrade 

through hydrolytic cleavage of the polymer backbone. Phosphazenes, anhydrides, acetals, 

orthoesters, phosphoesters, esters, urethanes, carbonates, and amides are examples of 

functional groups that undergo hydrolytic cleavage. The hydrolysis half-lives of polymers 
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utilizing these functional groups are listed in Table 1-2. Polymers with a variety of 

degradation profiles have been developed for biomedical applications by choosing the 

appropriate functional group depending on the requirements of an application.
71

 For 

example, drug delivery systems that have release profiles in the order of days utilize 

polymers composed of aliphatic anhydrides,
72

 whereas those requiring release profiles in 

the order of months have been developed using polyesters as delivery vehicles.
73

 For 

polymers that utilize the same cleavable functional group, modifying the backbone 

chemistry has been used as an important tool to influence the rate of degradation. For 

example, poly(D,L-lactic acid) (P(D,L)LA) degrades faster than poly(L-lactic acid) 

(PLLA) due to the differences in crystallinity
74

 because amorphous regions degrade faster 

than crystalline regions.
75

 In addition to crystallinity, changing the chemical composition 

affects the hydrophilicity of polymers which in turn influences hydrolytic degradation by 

controlling the diffusion of water into the polymer. For example, poly(glycolic acid) 

(PGA) is more crystalline and hydrophilic when compared to poly(lactic acid) (PLA) 

because of the absence of pendant methyl groups along the backbone. Many studies have 

been performed on poly(lactide-co-glycolide) (PLGA) copolymers to tune the 

degradation rate by varying the composition of these copolymers.
76,77
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Table 1-2. Hydrolysis half-lives of polymers incorporating different functional 

groups. (pH ~ 7) 

Polymer Hydrolysis half-life Reference 

Polyphosphazene 15 s 
78

 

Polyanhydride 6 min 
79

 

Polyketal 3 h 
79

 

Polyorthoester 4 h 
79

 

Polyphosphoester 6 days 
71

 

Polylactide 8 months 
77

 

Polyacetal 24 months 
79

 

Polyurethane 33 years 
80

 

Polycarbonate 54 years 
71

 

Polyamide 60 years 
80

 

Hydrolytically degradable polymers, described in the previous paragraph, are great 

candidates for developing materials that display a gradual degradation behavior. Their 

degradation is initiated by water and the timescale of degradation can be in the range of 

minutes to decades depending on their chemical composition. In recent years, there has 
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been a lot of interest in developing materials that enable a quick and triggered 

degradation response where the material stays intact under certain conditions and 

degrades when exposed to a specific environment. Such materials are especially useful in 

drug delivery applications where a polymer is used to carry and deliver a therapeutic 

agent to a specific target site. For example, polymers incorporating acetals, ketals, or 

orthoesters undergo acid-catalyzed hydrolysis and show a significant increase in the rate 

of degradation when the pH of the environment is reduced. Lee et al. demonstrated that 

the degradation half-life of aliphatic polyketals can be decreased from 4 years to 24 days 

when the environmental pH changes from neutral to acidic conditions.
81

 Such polymers 

have been widely utilized for intracellular drug delivery of DNA, RNA, proteins, and 

other therapeutics by making use of the reduced pH in certain components of cells.
82-84

 

Enzymes have also been used as triggers that catalyze the degradation of polymers.
71

 For 

example, poly(L-glutamic acid) has been used to prepare nanoparticles that selectively 

deliver doxorubicin to cancer cells in the presence of enzymes such as carboxypeptidase, 

but are stable in their absence.
85

 Polymers incorporating azobenzene backbone units have 

been used to deliver drugs to the colon because of their selective degradation in the 

presence of intestinal microflora.
86

 Another category of polymers utilize chemical agents 

as triggers that initiate the degradation process. Polymers composed of disulfide 

backbone units degrade only when they are exposed to reducing agents such as 

dithiothreitol or glutathione.
87

 Lee et al. have demonstrated that incorporation of disulfide 

units along the backbone of poly(ethyleneimine) gene delivery vehicles leads to their 

selective degradation in the presence of intracellular glutathione and reduces the 
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cytotoxicity of these polymers without affecting their transfection efficiency.
88

 

Photodegradable polymers form another class of materials where the degradation is 

typically triggered by exposure to UV light. Han et al. have utilized photocleavable 

functional groups along the backbone of block copolymers to prepare micelles that can 

demonstrate a triggered burst release of encapsulated molecules.
89

 Photodegradable 

polymers have also been explored to control the exact timing and location of release of 

DNA in gene delivery applications.
90

 Self-immolative polymers are another unique type 

of degradable polymers, where the degradation occurs through a cascade of elimination 

reactions after the initiation of the first step of the degradation process using a chemical 

trigger.
91

 These polymers have been demonstrated for drug delivery and biosensing 

applications by taking advantage of specific environmental conditions.
92

 Overall, a 

variety of methods have been explored to manipulate the location, initiation, and duration 

of the degradation of polymeric materials using different types of cleavable functional 

groups along a polymer backbone.  

1.2.2 Cleavable functional groups as cross-linkers 

The second method to develop degradable polymeric biomaterials is through the 

incorporation of cleavable functional groups as cross-links. A cross-link is a bond that 

links one polymer chain to another. When water soluble polymers are cross-linked, they 

form  three-dimensional networks that can swell but cannot dissolve. These materials are 

known as hydrogels, and can typically retain more than 90% of water by weight. Due to 

their high water content, these materials resemble biological tissues and have excellent 
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biocompatibility.
93

 Both non-covalent and covalent cross-linking methods have been used 

to prepare hydrogels for biomaterial applications. Disruption of cross-linking leads to the 

transformation of the swollen networks back to their original soluble form, as shown on 

Figure 1-8. 

 

Figure 1-8. Degradation of polymer through cleavage of cross-links. Disruption of 

cross-links leads to the formation of soluble polymer chains. 

Degradable hydrogels are most commonly used in the development of materials for 

tissue engineering and cell culture technologies. In tissue engineering, hydrogels are used 

as scaffolds that support a natural tissue to help improve an existing function or assist in 

regaining a lost function. In cell culture applications, hydrogels are used to provide a 

three-dimensional environment that mimics the physical and biochemical characteristics 

of native biological systems. They are useful for in vitro applications that support the 

growth of cells to provide a sustained release of bioactive molecules.
94

 Properties of a 

hydrogel, such as average mesh size, extent of swelling, and mechanical properties 

influence its capability to provide an environment that allows for cell migration and 

proliferation while concurrently bearing the local mechanical load until the natural tissue 
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can perform its functions. As a material degrades, these properties start to vary 

significantly, influencing the performance of the material. Therefore, it is highly 

important to control the degradation behavior of these materials.  

The choice of the water soluble polymer and the cleavable functional group that is 

placed along cross-links, and the cross-linking density are used as the primary tools to 

manipulate the degradation behavior of hydrogels. Poly(ethylene glycol) (PEG),
95,96

 

poly(vinyl alcohol) (PVA),
97

 poly(hydroxyethyl methacrylate) (PHEMA),
98-100

 

hyaluronic acid,
101

 and alginate
102

 are some of the most widely studied polymers for 

preparing degradable hydrogels for biomaterial applications. As in the case of polymer 

degradation through backbone cleavage, a variety of functional groups have been utilized 

as cleavable cross-links to prepare hydrogels for different applications. For example, 

Bryant and Anseth have developed PEG hydrogels with hydrolytically cleavable ester 

cross-links with different cross-linking densities for cartilage tissue engineering 

applications.
103

 They demonstrated that the rate of degradation of these materials 

influenced the spatial distribution of the components of the extracellular matrix and the 

extent of their resemblance to native tissues. Alsberg et al. showed that hydrogels 

composed of physically cross-linked alginate polymers with different molecular weights 

degraded at different rates.
104

 They utilized these hydrogels as bone tissue scaffolds and 

demonstrated that the extent and quality of bone tissue formation was dependent on the 

rate of degradation of the polymer matrix. Synchronization of matrix degradation and 

tissue growth has been explored through the use of peptide cross-linked PEG hydrogels 

that degrade in the presence of enzymes such as matrix metalloproteinases (MMP).
105-107
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These MMP degradable hydrogels were found to be more effective in bone tissue 

engineering applications when compared to non-MMP degradable hydrogels because of 

the gradual degradation of the hydrogel as the cells proliferated into the bulk of the 

material. PEG hydrogels with photodegradable cross-links have been used to demonstrate 

that the growth of stem cells can be directed and controlled by manipulating cell 

microenvironments through hydrogel degradation.
108

 Zhang et al. have utilized PEG 

macromers incorporating reductively cleavable disulfide units as cross-linkers to prepare 

hydrogels using modified hyaluronan and gelatin macromers for cell culture 

applications.
109

 They demonstrated the ability to partially and reversibly dissolve the 

hydrogel matrix and release the encapsulated cells through the use of disulfide cross-

linkers. These examples illustrate that considerable attention has been paid to match the 

rate of degradation of hydrogels to the rate of proliferation of natural tissue cells to 

support the growth of cells and tissues with mechanical integrity and native functioning. 

A variety of cleavable cross-linkers have been explored to develop degradable hydrogels 

that exhibit degradation profiles that suit the needs of different applications.  

1.2.3 Cleavable linkers along polymer side-chains  

The third method to incorporate cleavable functional groups into polymers is through 

their use along polymer side-chains. When the linker is cleaved, the structure of the 

polymer is modified because of ionization or other changes in backbone chemistry, 

leading to solubilization of the material. This is illustrated on Figure 1-9. The most 

common examples of side-chain cleavable polymers are based on copolymers of maleic 
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anhydride. Alternating poly(maleic anhydride) copolymers have been used as enteric 

coatings for tablets to control the release of pharmaceutical compounds under specific 

conditions in the intestinal tract.
110

 The anhydride side-chain hydrolyzes in the acidic 

environment of the stomach and leads to the formation of carboxylic acid side-chains. 

The carboxylic acid is then deprotonated in the intestine where the pH is higher (~4), 

resulting in the formation of a soluble polymer. Maleic anhydride derivatives have also 

been used to develop polymers for sustained release of pharmaceuticals.
111

 Water-soluble 

polymers with drugs conjugated to their side-chains through an enzyme cleavable linker 

have been utilized for drug delivery applications, to release the polymer-bound drugs in 

the presence of specific lysosomal enzymes.
112

 Jiang et al. have utilized photocleavable 

side-chains to develop “light-breakable” micelles by converting the hydrophobic segment 

of the micelle-forming polymer into a hydrophilic one after initiating cleavage.
113

 Based 

on a survey of the literature, this method seems to be the least utilized among the three 

ways to incorporate cleavable linkers in polymeric biomaterials. 

 

Figure 1-9. Degradation of polymer through cleavage of side-chain. Side-chain 

degradation changes the chemical structure of the polymer making it more soluble. 
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1.3 Motivation for current work  

The examples presented in the previous section illustrate the potential for developing 

novel technologies by utilizing different forms of degradable synthetic polymers. The 

need to design materials with tunable degradation behavior and the methods that have 

been developed over the years to modify the rate of degradation of polymeric materials 

were also discussed. Although there are advantages of each method, we believe that there 

is scope for improvement, especially in terms of our ability to externally control and 

modify the degradation behavior of polymers. This becomes clearer when we take a 

closer look at existing degradation mechanisms. For hydrolytically degradable polymers, 

the rate of degradation is modified by empirically changing intrinsic parameters such as 

chemical structure, molecular weight, or crystallinity. This approach requires extensive 

synthetic modifications, which is expensive and allows for very little “post-

implementation” control over the degradation profiles. For polymers that undergo acid-

catalyzed hydrolytic degradation, it is necessary to provide environments where the pH is 

in the range of 4-5 or lower. This would be difficult in biological systems that are 

efficiently buffered. As a result, they can be used only in applications that can make use 

of a preexisting change in environmental pH. It is expensive to synthesize elaborate 

peptide sequences for materials that undergo enzymatic degradation. In addition, 

researchers have noted that these materials do not offer efficient control over polymer 

degradation because it is difficult to anticipate or predict the presence of enzymes and 

their concentrations in an environment.
114

 For polymers that undergo reductive 

degradation using disulfide linkers, molecules such as glutathione that are present in a 
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biological environment can cause non-specific background degradation.
115-117

 

Photocleavable functional groups cannot be used in situations with restricted access to 

light.
118

 The presence of aromatic rings in these functional groups also limits the ease of 

synthesis of polymers with different backbone chemistries. Although self-immolative 

polymers offer control over the initiation of the degradation, the only way to change the 

duration of the process is to rely on intrinsic properties such as molecular weight. The use 

of ultrasound or electric and magnetic fields as triggers requires expertise and specialized 

equipment, and in spite of early demonstrations, have not been effectively integrated into 

commercial biomedical polymers. 

Our research group is interested in exploring mechanisms that offer better control 

over the initiation and timescale of degradation of polymeric biomaterials. We believe 

that one way to achieve this is by developing polymers using functional groups that can 

be cleaved using chemical triggers that are normally absent in biological systems, (i.e., 

bioorthogonal).  

1.3.1 Bioorthogonal cleavage/degradation and introduction to -

azidoethers 

There has been a lot of focus in recent years on the development of chemical 

reactions that do not interfere with processes that take place in biological systems. These 

reactions are termed bioorthogonal because they utilize functional groups that are not 

naturally found in biological environments, and do not interact or react with the diverse 

functionalities present in such environments. The functional group must also be capable 
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of being incorporated into different molecules and must be small in size so that it does 

not affect their native behavior.  

Bioorthogonal ligation and release are two processes that are commonly used in 

chemical biology protocols.
119,120

 The techniques have seen constant progress because of 

the requirement for selective ligation and release methods for different purposes such as 

purification, detection, and modification of biomolecules.
121,122

 For example, affinity 

purification is one of the most commonly used techniques to purify proteins in 

proteomics and related applications. The technique is illustrated in Figure 1-4. Before the 

use of selectively cleavable linkers, affinity purification of proteins was performed using 

biotin-avidin affinity systems that made use of the strong interaction between these 

functional units. However, harsh conditions were required to release the biotin-avidin 

interaction and researchers observed nonspecific release of proteins adsorbed non-

specifically to avidin supports. Therefore, linkers that can be cleaved under milder 

conditions were developed to perform this process in a more efficient manner. Similar 

requirements have been met in other applications such as peptide synthesis, biosensing, 

and DNA synthesis and sequencing, among others. As a result, different cleavable linkers 

have been developed for the selective attachment and release of functional units of 

interest.  

An -azidoether is one such functional group that can be cleaved under mild, 

bioorthogonal conditions suitable for biotechnological applications. The azide group is 

known to be bioorthogonal, and has gained a lot of attention in recent years, in 

applications that utilize click chemistry and Staudinger ligation protocols.
123,124

 In 
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aqueous conditions, an -azidoether linker is cleaved to aldehyde and alcohol 

components in the presence of a water-soluble reducing agent such as tris(2-

carboxyethyl)phosphine (TCEP) (Scheme 1-1). The functional group has been used in 

organic synthesis and DNA sequence analysis applications.
66,67,125

 However, its potential 

for widespread use as a cleavable functional group remains unexplored. 

 

Scheme 1-1. Hypothesis for the reductive cleavage of the -azidoether functional 

group 

1.4 Thesis Goals and Chapter Descriptions 

We believe that -azidoethers are great candidates to investigate the use of 

bioorthogonal, chemically cleavable functional groups to develop polymeric biomaterials 

that offer an external control over their degradation behaviors. The mild, bioorthogonal 

cleavage chemistry of -azidoethers is ideally suited for biomaterial applications, and 

molecules present in a biological environment would not interfere with the degradation 

process. Therefore, the degradation behavior of polymers incorporating this functional 

group would depend solely on the availability of the externally administered trigger. The 

-azidoether group is not bulky and could potentially be incorporated into different types 

of polymers without significantly affecting their native properties. The use of water-
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soluble chemical triggers to control the degradation behavior of such polymers would be 

simple and easy to adopt, compared to the use of triggers such as light, magnetic field or 

ultrasound. In order to establish these advantages, it is important to characterize several 

aspects of the -azidoether cleavable linker chemistry and investigate its incorporation 

into polymeric materials. 

Although -azidoethers have been known since the 1960s, there is a lack of examples 

of simple, functionalizable compounds that can be used as cleavable linkers or as 

monomers to develop polymeric materials. Chapter 2 deals with the synthesis of small 

molecule organic compounds incorporating the -azidoether functional group. The 

methods that we have utilized to synthesize -azidoethers with different end functional 

groups, such as alcohol, amine, ester, ether, amide, and carboxylic acid, are presented in 

this chapter. Distinct spectroscopic features that can be used to characterize these 

compounds are also discussed.  

Chapter 3 details our efforts to characterize the kinetics and mechanism of the 

triggered cleavage of -azidoethers. We have studied the variation in the kinetics of 

cleavage reactions with the choice of trigger and experimental conditions, identified 

possible background cleavage reactions and ways to minimize them, and characterized 

the mechanistic features and products formed after the cleavage reaction. The results 

presented here would help us assess the potential of -azidoethers for different 

applications, and design linkers incorporating this functional group in such a way as to 

obtain the best possible outcomes. 
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Chapters 4 and 5 detail the implementation of the -azidoether small molecule 

cleavable linker chemistry into the development of degradable polymers that can 

potentially be used in biomaterial applications. Chapter 4 discusses the synthesis and 

characterization of polyamides incorporating -azidoethers along the polymer backbone 

and demonstrates the triggered and tunable degradation behavior of these polymers. We 

have demonstrated that for the same polymer it is possible to obtain a variety of 

degradation rates simply by changing the concentration of the externally administered 

chemical trigger, without the need for complex synthetic modifications. Chapter 5 

discusses the utilization of the -azidoether group to develop a one-of-a-kind polymeric 

adhesive compound that can potentially be used as a triggered release dental adhesive. A 

methacrylamide-phosphonate compound incorporating the -azidoether group as a spacer 

was designed to resemble commercially available dental adhesive monomers. Polymer-

composite substrates were adhered by polymerizing the -azidoether monomer. The 

adhered substrates were released simply by triggering the cleavage of -azidoethers. 

Chapter 6 presents a conclusive overview of the contributions of this thesis work and 

some of the concerns of -azidoether research that remain to be addressed.  

Overall, the goal of this thesis two-fold: 1) to illustrate the potential of -azidoethers 

toward developing cleavable linkers by investigating the synthesis, bioorthogonality, 

kinetics, and mechanism of triggered cleavage of compounds incorporating the functional 

group; and 2) to demonstrate that -azidoethers can be used to develop exciting new 

polymeric biomaterials that can be externally triggered to degrade according to the 
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requirements of the user. In this regard, several original contributions were made during 

the research performed as a part of this thesis, and are presented in the forthcoming 

chapters. I believe that the development of polymers that can be triggered to degrade 

using externally applied chemical triggers presents a unique and exciting opportunity for 

polymer chemists and biomedical engineers. The results presented here shed some light 

on the scope, advantages, and challenges of utilizing the triggered degradation of -

azidoethers to develop new types of cleavable linkers and degradable polymers.  
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Chapter 2. Synthesis of Functionalizable Small 

Molecules Containing -Azidoethers 

2.1 Introduction 

The -azidoether functional group has great potential in terms of developing 

bioorthogonal, chemically cleavable linkers for biotechnological applications. Some of 

the unique advantages of this functional group and our motivation to utilize it to develop 

degradable polymers were discussed in Chapter 1. Cleavable linkers and monomers that 

are used to prepare degradable polymers are typically designed in such a way that the 

cleavable functional group is flanked by reactive groups to which other functional 

moieties can be attached conveniently. A variety of methods have been investigated to 

synthesize compounds incorporating -azidoethers (Table 2-1). However, there is a lack 

of examples of bifunctional small molecules that can be used to incorporate -

azidoethers into cleavable linkers or polymeric materials. The focus of recently 

developed methods has mostly been toward developing reagents for click chemistry 

applications where the azide group acts as the primary conjugation site.  

This chapter presents a summary of the methods that we have utilized to synthesize 

small molecule -azidoethers with different end functional groups. The methods 

discussed here are generic and can be adopted to synthesize compounds that suit the 

needs of different applications. The compounds presented here were synthesized for 

characterizing the cleavable linker chemistry and for developing different types of 

polymeric materials that are discussed in subsequent chapters. In addition to the synthetic 
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methods, spectroscopic characteristics that can be utilized to identify -azidoethers are 

also discussed at the end of this chapter. 

Table 2-1. Methods available for the synthesis of -azidoethers 

Reaction Reference 

 

126
 

 

127
 

 

128
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129
 

 

130
 

 

131
 

 

132
 

 

133
 

 

134
 

 

135
 

 

136
 

 

137
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2.2 Results and Discussion 

Compounds incorporating -azidoethers were synthesized through the reactions 

between derivatives of commercially available 2-haloalkyl(1,3-dioxolane) and TMS-

azide. The reactions were performed under solventless conditions using a ZnCl2 catalyst. 

The procedure is an improvement over methods that make use of a more acidic and 

corrosive SnCl4 catalyst.
127,138

 The reactions proceed to high conversions (> 95%), and 

the product obtained can be used without chromatographic purification. A generic 

synthetic route is shown in Scheme 2-1. Phthalimide and benzoate protecting groups 

were used to obtain -azidoethers with amine and alcohol end groups, respectively. 

 

Scheme 2-1. A generic strategy for the synthesis of functionalizable -azidoethers 

Amine synthesis and functionalizations. -Azidoether diamine 4 was synthesized 

from the phthalimide 1 using the well-known Gabriel phthalimide synthesis method 

(Scheme 2-2).
139

  The diamine is sensitive to air and decomposes at room temperature in 

less than 12 h; however, the compound is stable for 3 to 4 months when stored in a 

refrigerator (-20 C). The diphthalimide 3 is stable at room temperature. It can be 

synthesized in 100 g scales and deprotected as needed to obtain the diamine. 
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Scheme 2-2. Synthesis of diamine -azidoether 

Functionalization of diamine 4 was performed using acylation reactions. Selective 

mono-acylation of the diamine was achieved in two different ways. An acid anhydride 

was used as the acylating agent in one method. To restrict the acylation reaction to one 

amine group, the reaction was performed over a liquid nitrogen bath with 5 equiv of 

diamine.
140

 The mono-acylated amine was isolated and the excess diamine was recovered 

using column chromatographic purification. In another method, 1 equiv of acyl chloride 

was used as the acylating agent in the presence of 40 equiv of water and 5 equiv of 

triethylamine.
141

 Examples of compounds synthesized using the two methods are 

illustrated in Scheme 2-3.  
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Scheme 2-3. Mono-acylation of diamine 4 

Preferential reactivity at one end of the diamine 4 was observed during the mono-

acylation reactions. For example, in the case of compound 5, the acylation occurred at the 

far end of the azide group. In the case of compound 6, the acylation occured at the near 

end of the azide group. The reasons for this behavior were not investigated in detail. 

Bis-acylated -azidoether diamines were synthesized in two different ways. Reaction 

between diamine 4 and two equivalents of acyl chloride in an organic solvent in the 

presence of a base yielded diamines acylated on both ends with the same substituent. Bis-

amides with different substituents were prepared by acylating mono-acylated compounds 

obtained using the method shown in Scheme 2-3. The reactions were performed in a two-

phase aqueous-organic interfacial reaction mixture or by using conventional acylation in 

an organic solvent. Examples of the compounds synthesized are shown in Scheme 2-4. 
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Scheme 2-4. Synthesis of bis-acylated derivatives of diamine 4 

Alcohol synthesis and functionalizations. The di-alcohol -azidoether 11 was 

synthesized by deprotecting the benzoate 10 as shown in Scheme 2-5.
142

 Compared to the 

diamine, the dialcohol is more soluble in water presumably because of its higher polarity. 

As a result, the yield from the deprotection reaction was low especially for reactions 

performed on larger scales (> 5 g). Based on our observations, use of the phthalimide 

derivatives as the starting material is advantageous to synthesize -azidoethers because 

the compounds are in the solid state and are easy to purify using reprecipitation or 

recrystallization techniques. The benzoate-protected compounds were obtained as liquids. 

They were purified using vacuum distillation (for acetals) or column chromatographic 

methods (for -azidoethers), which are more time consuming and expensive, especially 

for larger-scale reactions. 
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Scheme 2-5. Synthesis of dialcohol -azidoether 

-Azidoethers with methyl ether as end groups were prepared using a one-step 

deprotection-substitution reaction of the benzoate 10 with methyl iodide in the presence 

of a base, as shown in Scheme 2-6. Methylation of the alcohol terminus of phthalimide 1 

was unsuccessful because the phthalimide group decomposed in the presence of sodium 

hydroxide (NaOH) in dimethylsulfoxide (DMSO) or N,N’ - dimethylformamide (DMF) 

solutions.  

 

Scheme 2-6. Synthesis of -azidoethers with ether end groups 

Carboxylic acid functionalized -azidoethers were synthesized using two different 

methods. Oxidation of alcohol 10 and 11 was performed using pyridinium dichromate 

(PDC) as the oxidizing agent.
142

 The reaction was also performed using H5IO6 with 

catalytic amounts of CrO3 as a milder alternative using a catalytic amount of chromium 

reagent. The methods are illustrated in Scheme 2-7. 
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Scheme 2-7. Oxidation reactions using PDC, and CrO3 catalyzed periodic acid. 

Amidation of the carboxylic acid was performed using N-hydroxysuccinimide (NHS) 

in the presence of ethyl(dimethylaminopropyl) carbodiimide (EDC) in DMSO as the 

solvent, as shown in Scheme 2-8.
142

 

 

Scheme 2-8. Amidation of carboxylic acid azidoether using EDC-NHS reaction. 

2.3 Characterization of -azidoethers - features from IR and NMR 

Infrared spectroscopy. The most distinctive feature in the IR spectra of organic 

azides is the appearance of a strong absorption in the region of 2114 to 2083 cm
-1

.
143

 The 

peak arises from the -N3 asymmetric stretch and was observed in the IR spectra of -

azidoethers synthesized here. A representative IR spectrum is shown on Figure 2-1.  
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Figure 2-1. IR spectrum of 10 showing the distint azide stretch at 2110 cm
-1

 

NMR spectroscopy. In the 
1
H NMR, the -proton had chemical shifts in the range of 

4.4‒4.8 ppm in CDCl3 and was observed either as a triplet or a doublet-of-doublets. The 

chemical shift and splitting pattern depended on the nature of the substituents on either 

side of the functional group. Protons attached the non-azide-bearing -carbon, were 

observed to be diastereotopic. These features can be observed in the representative COSY 

NMR shown in Figure 2-2. In 
13

C NMR, the -carbon was observed to have a chemical 

shift in the range of 89‒93 ppm in CDCl3. 
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Figure 2-2. COSY 
1
H NMR of 5 illustrating diasterotopic splitting in -azidoethers 

Preferential reactivity in mono-acylation reactions of diamine 4, was identified using 

COSY NMR. In Figure 2-2, it can be seen that proton a is coupled to d, which is upfield 

of c. Therefore, c is expected to be the proton attached to the carbon containing the amide 

group. In the case of compound 6 (Figure 2-3), proton a is coupled to c which is more 

deshielded when compared to d, which shows that the acylation occurs at the near end of 

the azide group.  
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Figure 2-3. COSY NMR of 6 illustrating difference in preference for acylation of 

diamine -azidoethers 

2.4 A note on safety of azides 

Due to the explosive nature of a number of inorganic azides and certain small 

molecule organic azides, it is pertinent to discuss the hazards of handling these 

compounds in the context of this thesis. For organic azides, Prof. Barry Sharpless has 

outlined the “rule of six” as a useful tool to assess the safety of organic azides.
144

 

According to the rule, six carbons or other atoms of about the same size, per energetic 

functional group, provides sufficient dilution to render a compound relatively safe. Prof. 
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Sharpless goes on to say that azides should not be distilled or treated in a careless 

fashion; they can be prepared, stored and used without risk in a standard organic 

chemistry laboratory. In The Chemistry of the Azido Group, edited by Prof. Saul Patai,
145

 

it is suggested that the safety of azides be assessed by calculating the (C+O)/N ratio and 

that a violent decomposition may occur when this ratio is less than 3. In addition, it is 

recommended that small molecule organic azides be stored in solutions of not more than 

10% concentration. Other points to be noted from these two reviews concerns the 

reagents involved in the synthesis of azides. Pure hydrazoic acid is violently explosive; 

however, diluted solutions are quite stable. Hydrazoic acid and its salts are highly 

poisonous, with their toxicity in the same order as that of hydrogen cyanide. Sodium 

azide is relatively safe, especially in aqueous solutions, unless acidified to form hydrazoic 

acid. TMS-azide has the advantage of being non-toxic compared to HN3 and is thermally 

more stable than most organic azides. 

Given these facts, when we take a closer look at the compounds synthesized here, all 

the examples obey the “rule of six”; however, the diamine 4, monofunctionalized amine 

5, and the dialcohol 12 violate the rule concerning the ratio of (C+O)/N being greater 

than 3. The guidelines proposed by Prof. Sharpless in the review article on click 

chemistry were considered to be sufficient to design the compounds that I have 

synthesized during the work done for this thesis. In addition, there are a number of 

examples in the literature of compounds that have similar (C+O)/N ratios to those 

synthesized here (Figure 2-4).
146-149

 As a result, the synthesis of compounds 4, 5, and 12 

were considered to be safe, and no violent reactions were observed when handling these 
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compounds. The reactions involving compounds 4, 5, and 12 were performed in scales 

involving less than 5 g of material. Compounds 1, 2, 3, and 10, which satisfy both safety 

assessment rules, were routinely handled in 50‒100 g scales without incident. However, a 

colleague was injured in June 2014 during an explosive decomposition of a reaction 

mixture that was set up to synthesize TMS-azide from TMS-chloride and sodium azide, 

using a method developed by Du et al.
150

 The reasons for the explosion are not clear. It is 

important to realize that the potential for an explosive decomposition always exists with 

compounds containing azides, and explosions may occur for unknown reasons during 

procedures that have previously proved uneventful. Therefore, it is necessary to adopt 

proper precautions and suitable safety measures when handling these compounds. In 

addition, for future experiments, it would be safer to synthesize -azidoethers that satisfy 

the (C+O)/N ratio. Functionalization of compounds 1 or 10 by adding additional ethylene 

oxide repeating units would be the most convenient approach to synthesize alkyl -

azidoethers that satisfy this rule. 

 

Figure 2-4. Examples of organic azides in literature that have similar (C+O)/N ratios 

to the compounds synthesized here 



 

 44 

2.5 Conclusion 

We have formulated an efficient synthetic method to synthesize -azidoethers using a 

mild ZnCl2 catalyzed addition of TMS-azide to acetals. Subsequently, conventional 

synthetic transformations were used to synthesize -azidoethers with amine, amide, 

alcohol, carboxylic acid, ether, and ester end groups. The azide functional group has 

distinct features in the IR and NMR spectra. These features can be conveniently used to 

follow the synthetic transformations and the progress of cleavage reactions involving -

azidoethers. The synthetic examples presented here can be used as starting points to 

synthesize cleavable linkers to conjugate functional moieties in biotechnological and 

biomedical applications.  

2.6 Materials and Methods 

General procedure and materials. Potassium phthalimide (98%), 2-chloromethyl-

1,3-dioxolane (97%), chlorotrimethylsilane (≥98%), sodium azide (≥99.5%), pyridine 

(+99%), methanesulfonyl chloride (≥99%), DMF (≥99%), and sodium sulfate were 

purchased from Sigma-Aldrich. Zinc chloride (≥97%) was purchased from Fisher 

Scientific. Hydrazine monohydrate (100%) and 1-methyl-2-pyrrolidinone (99%) were 

purchased from Acros Organics. Dichloromethane (DCM) was purchased from 

Mallinckrodt Chemicals. Deuterated chloroform (CDCl3-d) and dimethyl sulfoxide 

(DMSO-d6) were purchased from Cambridge Isotope Laboratories. Azidotrimethylsilane 

was synthesized by stirring a suspension of sodium azide (100 g, 1.54 mol) in 1-methyl-

2-pyrrolidinone (500 mL) and chlorotrimethylsilane (140 mL, 1.3 mol) at 100 
o
C under a 
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reflux condenser for 12 h. The mixture was distilled using a Vigreux column and the 

fraction boiling from 96‒100 
o
C was collected and used for azidation reactions.

151
 

NMR spectra were obtained on a Varian INOVA 500 MHz solution state 

spectrometer. CDCl3, water (D2O) and DMSO-d6 were used as solvents with either 

tetramethylsilane (TMS) or solvent peaks as reference. Infrared spectra were obtained on 

a Midac M4000 FT-IR instrument. High resolution mass spectrometry was performed on 

a Bruker-BioTof II (ESI-TOF) instrument using PEG as internal standard and methanol 

as carrier solvent. 

Synthesis. 2-azido-2-(2-hydroxyethoxy)ethyl phthalimide ‒ 1. Potassium 

phthalimide (50 g, 0.27 mol) was suspended in DMF (400 mL) and 2-chloromethyl-1,3-

dioxolane (25 g, 0.2 mol) was added to the mixture under constant stirring. The 

temperature of the mixture was then increased to 140 C and solution was stirred for 

48 h. The mixture was then cooled to room temperature and poured on to 400 mL of cold 

water. The resulting precipitate was then filtered and washed with ethanol. The 

precipitate was purified by recrystallization from ethanol to yield white needle-like 

crystals of phthalimido(1,3-dioxolan-2-yl)methane (43 g, 92 % yield). 
1
H NMR 

(500 MHz, CDCl3, δ) 7.82 (dd, J1 = 3.1, J2 = 5.4 Hz, 2H), 7.69 (dd, J1 = 3.1, J2 = 5.4 Hz, 

2H), 5.21 (t, J = 4.8 Hz, 1H), 3.93 (m, 4H), 3.83 (d, J = 4.7 Hz, 2H). 
13

C NMR (125 

MHz, CDCl3, δ) 168.11, 134.13, 132.10, 123.50, 100.76, 65.09, 40.22. HRMS - ESI 

(m/z): [M + Na]
+
 calcd for C12H11NO4, 256.0580; observed, 256.0572. To 

phthalimido(1,3-dioxolan-2-yl)methane (47 g, 0.2 mol), TMS-azide (70 g, 0.6 mol) was 

added along with anhydrous ZnCl2 (0.04 mol, 5.5 g) under an active nitrogen flow. The 
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mixture was stirred overnight under a nitrogen balloon, after which saturated 

aq. NaHCO3 solution was added and stirred for 2 h. The aqueous layer was extracted with 

DCM. The combined organic layers were concentrated to approximately 300 mL and 

washed with brine. The organic layer was dried over Na2SO4 and concentrated by rotary 

evaporation. The product was obtained as a white precipitate with 89% (48 g) yield. The 

product was obtained with high purity and could be used for subsequent steps without 

further purification. 
1
H NMR (500 MHz, CDCl3, δ) 7.86 (dd, J1 = 3.1, J2 = 5.4 Hz, 2H), 

7.74 (dd, J1 = 3.0, J2 = 5.5 Hz, 2H), 4.81 (t, J = 6.0 Hz, 1H), 3.93 (dd, J1 = 1.8, J2 = 

5.4 Hz, 2H), 3.91 (m, 1H), 3.75 (m, 2H), 3.66 (m, 1H). 
13

C NMR (125 MHz, CDCl3, δ) 

168.13, 134.50, 131.92, 123.78, 89.06, 71.13, 61.72, 40.63. HRMS - ESI (m/z): 

[M + Na]
+
 calcd for C12H12N4O4, 299.0751; observed, 299.0743.  

2-(2-Phthalimido(1-azidoethoxy))ethyl methanesulfonate - 2. Product 1 (44 g, 

0.16 mol) was dissolved in DCM (500 mL) and placed under nitrogen flow for 15 min on 

an ice bath. Pyridine (20 mL, 0.25 mol) and mathanesulfonyl chloride (20 mL, 0.25 mol) 

were added slowly under constant stirring. After stirring for 15 min, a nitrogen balloon 

was applied and the mixture was allowed to reach room temperature and react overnight. 

After this period, water (500 mL) was added to the reaction mixture and stirred for 2 h to 

remove any unreacted pyridine. The aqueous layer was removed and the organic layer 

was washed thrice with saturated aqueous sodium bicarbonate solution (500 mL) and 

once with brine (500 mL). The organic layer was dried with sodium sulfate and 

concentrated under reduced pressure. Product 2 was obtained as clear viscous yellow oil 

in quantitative yield. 
1
H NMR (500 MHz, CDCl3, δ) 7.88 (dd, J = 3.4, 5.4 Hz, 2H, Ar H), 
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7.76 (dd, J = 3.4, 5.4 Hz, 2H, Ar H), 4.84 (t, J = 6.2 Hz, 1H, -CHN3), 4.37 (m, 2H, N-

CH2), 4.09 (m, 1H, O-CH2), 3.95 (dd, J = 6.4, 11.7 Hz, 2H, -CH2O), 3.87 (m, 1H, O-

CH2), δ 3.03 (s, 3H, -CH3). 
13

C NMR (125 MHz, CDCl3, δ) 167.97 (2C), 134.54 (2C), 

131.90 (2C), 123.79 (2C), 88.66 (1C), 68.07 (1C), 66.92 (1C), 40.26 (1C), 37.73 (1C). 

HRMS - ESI (m/z): [M + Na]
+
 calcd for C13H14N4O6S, 377.0526; observed, 377.0544. 

N-(2-(2-Phthalimido(1-azidoethoxy))ethyl)phthalimide – 3. The mesylate product 

obtained above (55 g, 0.16 mol) was dissolved in DMF (500 mL). Potassium phthalimide 

was added to the mixture and heated to 75 
o
C and stirred overnight under nitrogen 

atmosphere. The reaction mixture was cooled to room temperature and poured on to cold 

water, resulting in a white precipitate. The precipitate was filtered and washed with 

ethanol. The product was purified by recrystallization from a DMF/water-solvent mixture 

to result in white granular crystals of 3 (51 g, 78 % yield). 
1
H NMR (500 MHz, CDCl3, δ) 

7.80 (dd, J = 2.9, 5.4 Hz, 2H, Ar H), 7.76 (dd, J = 3.4, 5.4 Hz, 2H, Ar H), 7.72 (dd, J = 

2.9, 5.4 Hz, 2H, Ar H), 7.70 (dd, J = 2.9, 5.4 Hz, 2H, Ar H), 4.82 (t, J = 6.2 Hz, 1H, -

CHN3), 4.07 (m, 1H, O-CH2), 3.91 (m, 5H, N-CH2, O-CH2-CH2-N). 
13

C NMR (125 

MHz, CDCl3, δ) 168.20 (2C), 167.85 (2C), 134.28 (2C), 134.12 (2C), 132.06 (2C), 

131.97 (2C), 123.63 (2C), 123.44 (2C), 88.17 (1C), 65.83 (1C), 40.29 (1C), 37.34 (1C) 

HRMS - ESI (m/z): [M + Na]
+
 calcd for C20H15N5O5, 428.0965; observed, 428.0998. 

2-(2-aminoethoxy)-2-azidoethanamine – 4. Product 3 (15 g, 37 mmol) was 

suspended in 0.8 M methanolic hydrazine (150 mL) and refluxed at 75 C for 3 h. 

Aqueous hydrochloric acid (5%, 100 mL) was then added to the solution, resulting in the 

formation of a white precipitate. This suspension was then refluxed at 75 C for 2 h. The 
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reaction mixture was then concentrated under vacuum to approximately 100 mL and 

acidified (pH ~ 2). Insoluble components were filtered off and the aqueous solution was 

washed twice with DCM (50 mL). Solid potassium hydroxide (KOH) was added to the 

aqueous solution to make the solution basic (pH > 10). The basic solution was then 

extracted thrice with DCM. The organic layers were pooled, dried using sodium sulfate, 

and concentrated under vacuum to result in 4, a yellow liquid (5.5 g, 61% yield). 
1
H 

NMR (500 MHz, CDCl3, δ) 4.43 (t, J = 5.3 Hz, 1H, -CHN3), 3.86 (m, 1H, O-CH2), 3.59 

(m, 1H, O-CH2), 2.94 (m, 4H, N-CH2, -CH2N), 1.37 (s, 4H, -NH2). 
13

C NMR (125 MHz, 

CDCl3, δ) 93.54 (1C), 72.08 (1C), 45.85 (1C), 41.82 (1C). HRMS - ESI (m/z): [M + Na]
+
 

calcd for C4H11N5O1, 168.0856; observed, 168.0896. 

N-(2-(2-aminoethoxy)-2-azidoethyl)methacrylamide 5. The diamine 4 (4.5 g, 

31 mmol) was diluted with 80 mL of chloroform. The solution was cooled using a liquid 

nitrogen bath and was stirred under a nitrogen flow for 15 min. Methacrylic anhydride 

(1 g, 6.5 mmol) was added to the mixture, and the mixture was stirred under a nitrogen 

balloon over liquid nitrogen for 3 h. The solution was allowed to warm up to room 

temperature and the reaction was allowed to proceed overnight. The chloroform was then 

removed under vacuum and the product mixture was passed through a silica gel column 

using ethyl acetate and methanol (8:2) as the eluting solvent. The fractions eluting at Rf = 

0.26 were pooled and concentrated to obtain 800 mg (58%) of product 5. Excess diamine 

that was used initially was recovered from the column by using methonal with 1% 

NH4OH as the eluent. 
1
H-NMR (500 MHz, CDCl3, ): 1.96 (s, 3H), 2.93 (m, 2H), 3.58 

(m, 2H), 3.71 (m, 1H), 3.92 (m, 1H), 4.46 (t, 1H, J = 5.37 Hz), 5.35 (t, 1H, J = 0.98 Hz), 
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6.64 (br s, 1H). 
13

C-NMR (125 MHz, CDCl3, ) 18.7, 39.4, 45.4, 68.5, 92.9, 119.9, 139.8, 

168.7. HRMS - ESI (m/z): [M + Na]
+
 calcd for C8H15N4O2, 214.1299; observed, 

214.1293. 

Diethyl (2-((2-(2-aminoethoxy)-2-azidoethyl)amino)-2-oxoethyl)phosphonate - 6. 

The diamine 4 ( 3.5 g, 24 mmol) and triethylamine (2.38 g, 24 mmol) were suspended in 

water (18 g, 1 mol) and maintained over a salt-ice bath (-5 to -10 
o
C). Under vigorous 

stirring, diethylphosphonoacetyl chloride (5.18 g, 24 mmol) was added drop-wise to the 

mixture. The reaction was allowed to proceed for 1 h, while the temperature returned to 

room temperature. The reaction mixture was diluted with water (100 mL) and basified by 

adding solid KOH (pH > 10). The basic solution was then extracted thrice with DCM. 

The organic layers were pooled, dried using sodium sulfate, and concentrated under 

vacuum. The product 6, was isolated using silica gel column chromatography (0.96 g, 

13% yield). A one-to-one mixture of diethyl ether and acetonitrile : methanol : 

triethylamine (2:2:1) was used as the eluting solvent. 
1
H-NMR (500 MHz, CDCl3, ): 

1.35 (t, 6H, J = 6.84 Hz), 2.45 (br s, 2H), 2.87 (d, 1H, J = 5.86 Hz), 2.91 (d, 1H, J = 5.37 

Hz), 2.96 (m, 2H), 3.41 (m, 1H), 3.61 (m, 2H), 3.89 (m, 1H), 4.15 (m, 4H), 4.61 (dd, 1H, 

J1 = 6.84 Hz, J2 = 4.88 Hz), 7.60 (br t, 1H). 
13

C-NMR (125 MHz, CDCl3, ) 16.5, 34.6, 

35.6, 41.6, 43, 62.93, 63.07, 71.7, 90.1, 164.7, 164.7. HRMS - ESI (m/z): [M + H]
+
 calcd 

for C8H15N4O2, 324.1431; observed, 324.1446.  

N-(2-azido-2-(2-methacrylamidoethoxy)ethyl)methacrylamide 7. The diamine 4 

(1.6 g, 11 mmol) was diluted with 25 mL of DCM. The solution was cooled using an ice 

bath and was stirred under a nitrogen flow for 15 min. Methacryloyl chloride (2.3 g, 
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0.022 mmol) was added to the mixture and the mixture was stirred under a nitrogen 

balloon for 3 h. The solution was allowed to warm up and the reaction was allowed to 

proceed overnight. DCM was then removed under vacuum and 3 g of the product 7 was 

obtained (95% yield). 
1
H-NMR (500 MHz, CDCl3, ): 1.97 (s, 6H), 3.58 (m, 5H), 3.71 

(m, 1H), 3.90 (m, 1H), 4.66 (t, 1H, J = 5.0 Hz), 5.35 (s, 1H), 5.38 (s, 1H), 5.73 (s, 2H), 

6.44 (br s, 2H). 
13

C-NMR (125 MHz, CDCl3, ) 18.7, 39.4, 42.9, 68.9, 90.1, 120, 120.4, 

139.7, 139.9, 168.8, 168.9. HRMS - ESI (m/z): [M + Na]
+
 calcd for C8H15N4O2, 

304.1380; observed, 304.1391. 

Diethyl(2-((2-azido-2-(2-methacrylamidoethoxy)ethyl)amino)-2-

oxoethyl)phosphonate - 8. The amine 6 (0.96 g, 3.1 mmol) was diluted with 25 mL of 

DCM. The solution was cooled using an ice bath and was stirred under a nitrogen flow 

for 15 min. Methacryloyl chloride (0.42 g, 4 mmol) was added to the mixture and the 

mixture was stirred under a nitrogen balloon for 3 h. The solution was allowed to warm 

up to room temperature and the reaction was allowed to proceed overnight. The reaction 

mixture was concentrated and the product was isolated using silica gel column 

chromatography with ethyl acetate and methanol (9:1) mixture as the eluting solvent. 
1
H-

NMR (500 MHz, CDCl3, ): 1.34 (m, 6H), 1.99 (s, 3H), 2.86 (d, 2H, J = 20.5 Hz), 3.35 

(m, 1H), 3.55 (m, 2H), 3.7 (m, 2H), 3.95 (m, 1H), 4.14 (m, 4H), 4.55 (dd, 1H, J1 = 6.84 

Hz, J2 = 4.39 Hz), 5.34 (s, 1H), 5.77 (s, 1H), 7 (br t, 1H), 7.32 (br t, 1H). 
13

C-NMR (125 

MHz, CDCl3, ) 14.4, 16.5, 18.9, 30.5, 34.3, 35.4, 39.7, 42.9, 63.1, 68.9, 81.3, 89.7, 

119.8, 140.1, 164.5 (2C), 169.1. HRMS - ESI (m/z): [M + Na]
+
 calcd for C8H15N4O2, 

414.1513; observed, 414.1548. 
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(2-((2-(1-azido-2-methacrylamidoethoxy)ethyl)amino)-2-oxoethyl)phosphonic 

acid - 9. Phosphonoacetic acid chloride was synthesized according to the procedure 

outlined in a previously published patent.
152

 A stirred mixture of phosphonoacetic acid 

(10 g, 0.07 moles) and thionyl chloride (25 mL) was heated at 55 C for 5 h. The 

resulting solution was concentrated in vacuo to obtain the product. The yellow, viscous 

liquid was used without further characterization. The monomethacrylamide 5 (0.21 g, 

1 mmol) was diluted with 5 mL CHCl3 and 2 mL H2O with 0.1 g NaOH dissolved in it. 

The mixture was added to phosphonoacetic acid chloride (0.14 g, 1 mmol) and stirred 

rapidly for 2 h. The aqueous layer was separated and the product was obtained after 

concentrating the solution under vacuum. 
1
H-NMR (500 MHz, D2O, ): 1.93 (s, 3H), 

2.83 (s, 1H), 2.87 (s, 1H), 3.24 (m, 2H), 3.48 (m, 1H), 3.59 (m, 1H), 3.83 (m, 1H), 3.97 

(m, 1H), 5.11 (dd, J1 = 6.3 Hz, J2 = 3.9 Hz), 5.46 (br t, 1H), 5.72 (br t, 1H), 6.12 (br s, 

1H). 
31

P-NMR (120 MHz, D2O) 13.7 (s, 1P). HRMS - ESI (m/z): [M + Na]
+
 calcd. for 

C12H22N5O6P 386.1200; observed, 386.2212. 

2-azido-2-(2-hydroxyethoxy)ethyl benzoate - 10. Benzoate-acetal, (1,3-dioxolan-2-

yl)methyl benzoate, was synthesized using a procedure adapted from a method developed 

by Parrish et al.
153

 The reaction was modified to work with K2CO3 instead of Cs2CO3. 

Benzoic acid (6 g, 49 mmol), 2-chloromethyl- 1,3-dioxolane (3 g, 24.5 mmol), and 

potassium carbonate (5 g, 36.75 mmol) were taken in 500 mL DMF (0.05 M) and held at 

130 C for 120 h. Reaction mixture was then cooled and DMF was removed through 

vacuum distillation at 500 mTorr. Water was added to the reaction pot and the aqueous 

layer was extracted using ethyl acetate. Residual DMF was removed by washing with 5% 
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aq. LiCl. Organic layers were pooled and dried over Na2SO4 and concentrated under 

reduced pressure to yield 3.6 g (17.2 mmol, 70% yield) of product. The acetal (5 g, 24 

mmol), along with ZnCl2 (0.5 g, 3.4 mmol) was incubated under nitrogen atmosphere for 

15 min. TMS-azide (4.2 g, 36 mmol) was added to this mixture and the reaction was held 

under nitrogen for 24 h. Reaction mixture was neutralized with saturated aq. NaHCO3, 

stirred overnight, and extracted with DCM. Organic layers were pooled, dried over 

Na2SO4, and concentrated under reduced pressure to yield 21.6 mmol (5.4 g, 90% yield) 

of a yellowish liquid product 10. 
1
H NMR (500 MHz, CDCl3, δ): 8.06 (d, 2H, J = 7.8 

Hz), 7.59 (m, 1H), 7.46 (m, 2H), 4.85 (dd, 1H, J1 = 4.88 Hz, J2 = 5.37 Hz), 4.48 (t, 2H, J 

= 4.9 Hz), 4.00 (m, 1H), 3.82 (m, 3H), 3.74 (m, 1H), 2.1 (br s, 1H). 
13

C NMR (125 MHz, 

CDCl3, δ) 166.22, 133.67, 130.01, 128.73, 89.51, 71.33, 65.04, 61.85. HRMS - ESI 

(m/z): [M + Na]
+
 calcd for C11H13N3O4, 274.0798; observed, 274.0799. 

2-azido-2-(2-hydroxyethoxy)ethanol - 11. Product 10 (1 g) was treated with 100 mL 

1% NaOH in methanol for 30 min. To this reaction mixture 100 mL of 1% NaOH in H2O 

was added and held for 30 min. This reaction mixture was extracted with DCM (5 x 

100mL), pooled, dried and concentrated under reduced pressure to get product 11. 
1
H 

NMR (300 MHz, CDCl3, δ): 3.09 (s, 1H), 3.39 (s, 1H), 3.76 (m, 5H), 3.98 (m, 1H), 4.55 

(t, 1H, J = 5 Hz).   

Azido-2-methoxy-1-(2-methoxyethoxy)ethane - 12. The compound 12 was prepared 

according to the method similar to that described by Johnstone et al.
154

 with the following 

modification: powdered potassium hydroxide (85%, 8.5 g, 0.129 mol) was dissolved in 

25 mL DMSO for 10 min, and then 2-azido-2-(2-hydroxyethoxy)ethyl benzoate (3.2 g, 
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13 mmol) was added to the mixture. Iodomethane (9.1 g, 64 mmol) was then added 

immediately. The mixture was stirred overnight and was dissolved in water. The aqueous 

layer was extracted with DCM. The combined organic layers were washed with water 

and brine. The organic layer was dried over Na2SO4 and concentrated under reduced 

pressure. The product was purified by silica gel column chromatography (ethyl 

acetate:hexanes = 1:2) to yield 1.59 g (70.6%) of a colorless liquid product, 12. 
1
H NMR 

(500 MHz, CDCl3, δ): 4.62 (t, 1H, J = 1.07 Hz), 3.91 (m, 1H), 3.73 (m, 1H), 3.59 (m, 

3H), 3.53 (m, 1H), 3.41 (s, 3H), 3.37 (s, 3H). 
13

C NMR (125 MHz, CDCl3, δ) 90.61, 

73.60, 71.76, 68.77, 59.67, 59.25. HRMS - ESI (m/z): [M + Na]
+
 calcd for C6H13N3O3, 

198.0849; observed, 198.0850.  

2-(1-azido-2-phthalimidoethoxy)acetic acid - 14. The procedure was adapted from a 

procedure developed by Zhao et al.
155

 H5IO6 (6 g) was added to 45 mL of acetonitrile 

(MeCN) along with CrO3 (50 mg) and the mixture was stirred for 2 h. The phthalimide 1 

(2.26 g) was dissolved in 40 mL of MeCN. The periodic acid solution was then added to 

the phthalimide solution under constant stirring over an ice bath. The mixture was stirred 

for 48 h, after which the precipitate that was formed was filtered and washed with 

aqueous Na2HPO4. The product 14 (2.07 g, 88% yield) was obtained as a white 

precipitate with appreciable purity. 
1
H NMR (500 MHz, DMSO-d6, δ): 5.81 (m, 4H), 

2.91 (t, 1H, J =  5.86 Hz), 2.19 (d, 2H), 1.80 (m, 1H), 1.69 (m, 1H). 
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2.7 NMR spectra of -azidoether small molecules 
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Chapter 3. -Azidoethers as Bioorthogonally 

Triggered Cleavable Linkers - Structural Design 

and pH Dependent Cleavage Kinetics 

3.1 Introduction 

Cleavable linkers are organic molecules that are typically made up of two reactive 

functional groups connected through a cleavable bond. The reactive groups interact or 

react with targets of interest, such as proteins, fluorescent probes, solid supports, 

pharmaceuticals, and affinity tags. The cleavable bond is designed to cleave under 

specific conditions to release the targets of interest for different purposes such as 

synthesis, purification, detection, and delivery. Cleavable linkers are essential for a 

variety of applications related to organic synthesis,
9
 chemical biology,

10
 materials 

science,
76,156

 and therapeutics.
157

  

For a cleavable linker to be used across different applications, it has to satisfy certain 

basic requirements. First, the linker must be stable in the environment of an application 

and to the procedures involved until it is ready to be cleaved. The second requirement is 

for the linker to be cleaved using a specific trigger at reasonable rates so it can be cleaved 

selectively and under practically relevant timescales. The third requirement is that the 

linker and the trigger be compatible with the environment where they are used. In the 

case of biotechnology or biomedicine, the linker, the trigger, or the products formed after 

cleavage, should not interact with biomolecules or participate in reaction pathways that 

are commonly observed. 
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Cleavable linkers are widely utilized in applications such as organic synthesis, protein 

purification, DNA sequencing, and drug development. A number of functional groups 

have been explored to develop such linkers. For example, Jahng et al. have used 

hydrolytically cleavable ester linkers for protein purification.
158

 A tag that selectively 

binds to a protein of interest was conjugated to a biotin ligand through a cleavable ester 

linker. The protein of interest was then 'pulled-down' from a complex mixture using a 

streptavidin containing solid support, and then selectively released by cleaving the linker 

under basic conditions. The linker was developed to avoid the harsh denaturing 

conditions that are required to release the proteins in the case of biotin-avidin affinity 

systems that do not utilize cleavable linkers. Esters have also been used as cross-linking 

agents to study the structure of proteins.
159

 Mass spectrometric analysis of cross-linked 

and uncross-linked proteins, before and after exposure to cleavage conditions, was used 

to obtain information about interacting subunits in a protein complex. Acid cleavable 

linkers incorporating functional groups, such as acetals and orthoesters, have been 

explored for use in intracellular drug delivery vehicles. Tumor cells are known to have a 

lower pH compared to healthy cells.
160

 Control over the location of degradation of the 

carrier and release of therapeutic agents was obtained by utilizing acid cleavable 

linkers.
18,161

 Enzymatically cleavable linkers have been used in imaging applications to 

monitor the activity of enzymes in real time. Takakusa et al. demonstrated that the 

functioning of phosphodiesterases can be monitored by using a cleavable linker 

incorporating a coumarin donor and fluorescein acceptor linked through a phosphodiester 

functional group. The activity of the enzyme was monitored by observing changes in the 
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fluorescence based on Forster resonance energy transfer (FRET).
162

 MMP cleavable 

fluorescent probes have been used to image cancer cells, because of the increased activity 

of these enzymes during metastasis.
45

 Reductively cleavable disulfide linkers have been 

used for the development of prodrugs to conjugate drug molecules with peptide 

sequences that can bind to specific targets in cancer cells. The drug is then released 

through the reductive cleavage of the linker by intracellular glutathione.
163

 Linkers that 

cleave under reducing conditions have also been developed using the azobenzene 

functional group and have been used for proteomics applications.
164

 Similarly, 

oxidatively cleavable vicinal diols and photocleavable o-nitrobenzyl ethers have been 

used to develop linkers for protein purification and cross-linking applications.
69,165

 A 

detailed review of cleavable linkers that are used in applications related to biotechnology 

and medicine can be found in Leriche et al.
10

  

Although a variety of functional groups have been developed over the years, there is a 

definite scope for improvement when we take a closer look at the degree of external 

control offered by existing linkers over the initiation and timescales of their cleavage 

reactions. For example, hydrolytically cleavable linkers such as esters or anhydrides, 

cleave spontaneously in aqueous environments and do not offer any control over the 

process after they are implemented in a system. For linkers that cleave through acid-

catalyzed hydrolysis, it is necessary to provide an acidic environmental pH, which is 

difficult in biological systems that are efficiently buffered. Therefore, they can be used 

only in applications that can make use of a preexisting change in environmental pH. 

Enzymatically cleavable linkers utilize cleavage mechanisms that already exist in 
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biological environments. In addition, the peptide fragment that is recognized by an 

enzyme needs to be modified in order to attach the functional units, which may alter the 

behavior of the enzymatic cleavage reaction.
10

 As a result, extensive evaluations would 

be required to modify an enzymatically cleavable linker for different applications. When 

it comes to chemically cleavable linkers, there is a lack of examples of systems where the 

cleavage chemistry is bioorthogonal. For example, reductively cleavable disulfide linkers 

utilize biocompatible triggers such as thiols. However, biological systems contain thiols 

such as glutathione (GSH) in appreciable concentrations and can cause background 

cleavage.
115

 Azobenzene derivatives have been known to cleave in the presence of 

sodium dithionite, which is unstable under physiological conditions.
166

 In addition, the 

bulky chemical structure of the functional group would offer very little flexibility in 

terms of tailoring the linker for different applications. Vicinal diols are not bioorthogonal 

as the functional group is commonly found in RNA and polysaccharides. Linkers that 

undergo photolytic cleavage are the most promising in terms of biocompatibility and 

bioorthogonality, and are used in a wide range of applications. However, it would be 

difficult to use photocleavable linkers in applications where there would be restricted 

access to light.  

In this chapter, we argue that the -azidoether functional group can be used to 

develop cleavable linkers that offer an external, tunable control over their cleavage 

reactions in a way that makes them potentially favorable for different applications. The 

azide group is known to be bioorthogonal, and has gained a lot of attention in recent 

years, in applications that utilize click chemistry and Staudinger ligation protocols.
123,124
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In aqueous conditions, an -azidoether linker is cleaved to aldehyde and alcohol 

components in the presence of a water-soluble reducing agent such as TCEP (Scheme 

3-1). This cleavage has previously been used in organic protecting group chemistry
125

 

and DNA sequence analysis where linker release serves to unmask a quenched 

fluorophore.
66,67

 In principle, it should be possible to translate -azidoether cleavage to 

other linker applications in biotechnology and biology research. However, there are 

several issues that need to be addressed in order to get a clear idea about the potential of 

this functional group as a bioorthogonally triggered cleavable linker. 

 

Scheme 3-1. Hypothesized reductive cleavage of the -azidoether functional group 

Hydrolytic stability, choice of trigger, kinetics, mechanism and bioorthogonality. 

-Azidoethers are known to cleave as a result of hydrolysis. Amyes and Jencks reported 

that the half-lives of some -azidoethers in aqueous solution were as short as 2 h.
167

 In 

their application of -azidoethers to DNA sequence detection, Franzini and Kool 

observed similarly spontaneous linker cleavage (presumably by hydrolysis) over many 

hours.
168

 In order to apply -azidoethers as stable linkers with controlled cleavage, their 

hydrolytic stability needs to be improved.  
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In applications that have previously utilized -azidoethers as cleavable linkers, 

LiAlH4 and TCEP have been used as triggers. TCEP is the only available choice for a 

trigger for biological applications because it is a mild, water-soluble reducing agent that 

is widely used in biotechnology protocols. However, its biocompatibility has not been 

established. In vivo applications of triggered -azidoether cleavage could be facilitated 

by using other reducing agents. Dithiols, such as dithiothreitol (DTT), have been used 

previously to reduce azides.
169

 Dihydrolipoic acid (DHLA), another dithiol, is a naturally 

occurring antioxidant
170

 that is currently available to consumers over-the-counter as a 

dietary supplement. The reduction of azides by DHLA has not been previously 

characterized, and -azidoethers have not been cleaved by DHLA (or, to our knowledge, 

by any dithiol). In addition, the kinetics and mechanism of reductive cleavage of -

azidoethers with TCEP or DHLA has not been previously studied. The cleavage 

timescales of currently available linkers summarized in Table 3-1 provide an estimate of 

the expectations from -azidoethers. -Azidoethers should cleave in timescales that are 

comparable to those typically observed for existing cleavable linkers. The reduction of 

azides by thiols, also gives rise to concerns about the bioorthogonality of -azidoethers, 

because GSH is an endogenous thiol that is found in millimolar concentrations in vivo.
171

 

Based on current literature, it is not clear whether GSH can reduce azides or cleave -

azidoethers to interfere with the triggered cleavage process. We believe that all these 

factors have made it difficult to utilize and tailor -azidoether structures for different 

applications.  
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The following sections detail our analysis of the structural design of -azidoethers to 

minimize background hydrolysis, as well as the study of the kinetics and mechanism of 

the cleavage of -azidoethers in the presence of TCEP, DHLA and GSH. The ratio of 

triggered cleavage to background hydrolysis was found to be in the order of 10
5
. The 

cleavage kinetics and pH range of utility for DHLA were comparable to those of TCEP. 

The timescales of linker cleavage were comparable to those of existing linkers. GSH was 

not an effective trigger for cleaving -azidoethers. 

Table 3-1. Rate constants and timescales of cleavage reactions observed for existing 

cleavable linkers 

Functional Group Trigger Rate Constant Reaction 

Timescales 

Reference 

Ester H2O (pH 10-11) - 2‒12 h 158,159
 

Acetal H2O (pH 4-5) - 1 h 
18

 

Phosphodiester Phosphodiesterase - 45 min 
162

 

Peptide MMP 

80‒23,000 

M
‒1

s
‒1

 

1 h 
172
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Nitrobenzyl 

ether/ester 

UV-light 10
‒4
‒10

‒3
 s
‒1

 10 min‒2 h 

50,53,108,173-

175
 

Disulfide 

TCEP 

GSH 

GSH 

- 

1.5‒12 M
‒1

s
‒1 

2.1 M
‒1

s
‒1

 

1 h 

1 h 

8‒45 min 

59
 

176
 

177
 

Azobenzene Na2S2O3 - 45 min 
164

 

Vicinal diol NaIO4 - 1 h 
69

 

 

3.2 Results and Discussion 

Cleavable linkers are expected to cleave only when they are exposed to a specific 

trigger. Other compounds present in the linker environment should have a minimal effect, 

in order to maintain control over the cleavage reaction. The biocompatibility of -

azidoethers is not known, but the azide group is known to be bioorthogonal and has been 

used in a variety of biological applications. Therefore, they are not expected to cleave 

through interactions with biomolecules. However, -azidoethers cleave as a result of 

hydrolysis. From the studies of Amyes and Jencks, it is known that the hydrolysis of -

azidoethers proceeds through the formation of an oxocarbenium ion intermediate. The 

mechanism is shown in Scheme 3-2.  
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Scheme 3-2. Mechanism of hydrolysis of -azidoethers.
167

 

The rate of this hydrolysis reaction depends on the stability of the oxocarbenium ion 

intermediate. Amyes and Jencks showed that electron-withdrawing substituents 

destabilize this intermediate, leading to slower hydrolysis. Given the generic structure 

shown on Figure 3-1, we hypothesized that the best way to minimize the hydrolysis of -

azidoethers is to incorporate an electron-withdrawing substituent at the  position (X) and 

hydrogen at the  position. To test this hypothesis, we developed a method to synthesize 

different -azidoethers with this design and evaluated their hydrolytic stabilities. A 

generic synthetic route is shown in Scheme 3-3.  

 

Scheme 3-3. A generic strategy for synthesizing functionalizable -azidoethers. 

Phthalimide groups is represented as PhthN. 
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A list of compounds that were used to study the characteristics of -azidoethers, in 

addition to those shown in Scheme 3-3, is represented on Figure 3-1. The hydrolysis rates 

of compounds 1, 1a and 12 were studied using 
1
H NMR analysis by following their 

concentrations in D2O over time (Figure 3-2). These rates, along with corresponding 

values for compounds 15 and 16 reported by Amyes and Jencks, are listed in Table 3-2. 

 

Figure 3-1. Compounds used to study the hydrolytic stability and reductive cleavage 

of -azidoethers 

 

Figure 3-2. Kinetics of hydrolysis of -azidoethers 1, 1a and 12 in D2O followed 

using 
1
H NMR. Solid lines represent linear fits for the data.  
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Table 3-2. Pseudo first-order rate constants and half-lives of hydrolysis of -

azidoethers compounds. 

Compound ID Structure k (s
–1

) t1/2  

1
a
 

 
3.6  10

–9
 6 years 

1a
a
 

 

1.1  10
–7

 76 days 

12
b
 

 
2  10

–8
 13 months 

15
c
 

 

7.7  10
–1

 1 s 

16
c
 

 

1.3  10
–3

 9 min 

a
 in DMF-d7 : D2O (1 : 1); 

b
 in water (pH 7.00); 

c
 from Amyes and Jencks;

167
 

[H2O]:[-azidoether] ≥ 500 

The data in Table 3-2 illustrates that an electron withdrawing group at  position (X) 

significantly retards the hydrolysis of -azidoethers. Compound 16 is 600 times more 

stable than 16, and compound 1 is 30 times more stable than 1a. Similarly, -azidoethers 

with a -CH3 substituent at the  position were substantially less stable than those without 

one. The rate of hydrolysis of 12 is five orders of magnitude slower than that of 16. 

Overall, this implies that -azidoethers with an electron-withdrawing  substituent and 
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hydrogen as the  substituent will be orders of magnitude more stable to hydrolysis than 

the compounds that have been previously studied. 

The next step in designing cleavable -azidoether linkers is to quantify reaction rates 

and timescales of their cleavage in the presence of a suitable trigger. TCEP is a water-

soluble reducing agent commonly used in biotechnological applications, and has been 

previously used to cleave -azidoethers.
178

 However, the kinetics of this reaction have 

not yet been characterized. We studied the reduction of -azidoethers using 
1
H NMR, by 

monitoring the consumption of TCEP and the appearance of tris(2-

carboxyethyl)phosphine oxide (TCEP=O). We performed these studies in D2O solutions 

with different pD values, in order to study the effect of TCEP protonation on the reaction 

rate. 

At all pD values we studied, the disappearance of TCEP could be fit to second-order 

decay functions (Figure 3-3, Figure 3-4): first-order in TCEP, and first-order in -

azidoether 12. Above a pD ≈ 7, the rate of reaction was dependent on the pD of the 

reaction mixture. The pKa of TCEP is 7.70, and so TCEP is protonated below pH 7. The 

increase in reaction rate as the solution pD crosses this pKa suggests that [TCEP∙H]
+
 

needs to be deprotonated before reacting with the azide. Qualitatively, the reaction rates 

we measured at mM concentrations of reactants were fast, with half-lives of a few 

minutes (Table 3-4). 
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Figure 3-3. Left: 
1
H NMR spectra, illustrating the oxidation of TCEP to TCEP=O by 

12 at pD = 9.7, measured at t = 0 s (a), 40 s (b), 270 s (c) and 1200 s (d). The 

concentrations of TCEP and TCEP=O were calculated by integrating resonances at 

 = 2.28 ppm (in blue) and  = 2.10 ppm (in red), respectively.  Right: Concentration of 

TCEP versus time, measured by 
1
H NMR, as it reacts with -azidoether 12. The 

procedure used for estimating the rate constants is explained in the experimental section. 
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Figure 3-4. (Square) Variation of rate constant for the reaction between 12 and TCEP 

with pD of the reaction mixture. (Circle) NMR titration plot in blue shows the variation 

of the chemical shift of the  proton (Figure 3-3, Left) with pD of the reaction mixture. 

The  dashed curve was obtained ater curve fitting and was used to estimate the pKa of 

TCEP to be 7.7. 

Our hypothesis for the mechanism of the reductive cleavage of -azidoethers by 

TCEP is shown in Scheme 3-4. TCEP reacts with azide to form a phosphazide 

intermediate (I1), which then eliminates nitrogen to give an iminophosphorane (I2). I2 is 

then hydrolyzed after protonation, leading to the formation of phosphine oxide and an -

aminoether (I4). This -aminoether can then cleave spontaneously to break the link 

between the two sides of the starting functional group. Our proposed cleavage 

mechanism is based on previous reports on the reduction of azides by phosphines and on 

the hydrolysis of iminophosphoranes in aqueous solution.
179,180

 Importantly, the rate of 

reductive cleavage of 12 is about 100 times faster than the rates that are typically 
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observed for the reduction of azides by phosphines.
181-184

 The increased reactivity of -

azidoethers could be a result of the presence of oxygen at the -position, making them 

more electrophilic and encouraging the addition of the phosphine to the azide. 

 

Scheme 3-4. Proposed mechanism for the reduction of -azidoether using TCEP 

Below pH 9.5, none of the intermediates in this scheme were observed and the -

azidoether appeared to be reduced directly to cleavage products. This suggests that the 

rate determining step (RDS) is the initial reaction between TCEP and azide. However, 

when the reaction was performed above pD = 9.5, a transient intermediate was observed 

by 
1
H NMR, and the reaction kinetics changed from a second-order to a zero order 

behavior (Figure 3-5).  
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Figure 3-5. Left: Kinetic profiles for the formation of intermediate (I2) during the 

reaction between 12 and TCEP. For pH < 9, when the formation of TCEP=O shows 

exponential behavior, I2 formation is not observed. When TCEP=O formation deviates 

from exponential behavior, I2 formation and consumption is observed as shown. Right: 

Plot of concentrations of TCEP=O versus time during its reaction with 12 by 
1
H NMR 

analysis at pD 8.53 and 10.19 showing differences in the kinetics of formation of 

TCEP=O. 

We identify this as the iminophosphorane I2 based on chemical shift values observed 

in 
1
H NMR. Previous research has shown that

180,185
 under basic conditions, the RDS of 

iminophosphorane hydrolysis can be the initial protonation step (from I2 to I3) if the 

iminophosphorane is basic enough. However, we believe that in the case of -

azidoethers, the presence of oxygen at the  position decreases the basicity of the 

iminophosphorane nitrogen. As a result, the availability of free protons becomes essential 

for the hydrolysis reaction. The rate of hydrolysis of I2 decreases as the pH increases, and 
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the protonation step (I2 to I3) becomes the RDS above pH 10. The rate equation derived 

below supports the observed shift in the reaction kinetics. 

 

  
    

      

            
                 

        

    
        

              
           

 

       

  
        

        
                

           
 

The protonation equilibrium constant (K) for the iminophosphorane is expected to be 

large (>> 1) when free protons are available. When             

       

  
      

           

Under rapid pre-equilibrium conditions, the equation reduces to have a first order 

dependence on the concentration of protons, which in buffered solutions will lead to 

pseudo zero-order kinetics. This is also supported by the decrease in the rate of formation 

of TCEP=O beyond this pH (Figure 3-6). Further studies are required to fully 

characterize intermediate I2 and to evaluate how the mechanism changes with pH. 

However, the formation of this intermediate occurs in high pH conditions and is not 

expected to affect the utility of -azidoethers in practical applications. Most importantly, 

our experiments illustrate a wide pH range for triggered cleavage of -azidoethers by 

TCEP.  
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Figure 3-6. Variation of rate of formation of TCEP=O with proton concentration for 

the reaction between 12 and TCEP. Line shows a linear fit for the data plot. Inset shows 

the concentration - time plots for the individual reactions along with linear curve fitting 

from which the rate constants were calculated. 

Next, we studied the kinetics of the reductive cleavage of -azidoethers using DHLA 

as the trigger. We followed the reaction between DHLA and -azidoether 12 by both 

UV-vis spectrophotometry and 
1
H NMR spectroscopy. DHLA is oxidized to lipoic acid 

(LA) in its reaction with 12, and we monitored the conversion of DHLA to LA in order to 

study the kinetics of -azidoether cleavage. LA absorbs light at max = 334 nm,
186

 and we 

measured the appearance of LA in pseudo first-order rate experiments using excess -

azidoether 12, via UV-vis spectrophotometry. The reduction of 12 by DHLA exhibited 

first-order kinetic dependence on both the azide and DHLA (Figure 3-7, Figure 3-10). As 

was observed with TCEP, the rate of reduction was pH-dependent, with increased rates at 

higher pH (Figure 3-8). The increase in reaction rate as the pH increased above 
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pKa(DHLA) = 9.8 indicates that the azide group is reduced by a thiolate, and not by a 

thiol. To put the rate of this reaction into perspective, the half-life of -azidoether 12 

ranges from 20 h at pH = 7 to 4 min above pH = 10 (Table 3-4). This illustrates that 

DHLA reduction of -azidoethers like 12 could be used in cleavable linker schemes with 

practical cleavage timescales. 

 

Figure 3-7. Plot of ln(pseudo first-order rate constants) for different concentrations of 

-azidoether 12. The reaction has a first-order dependence on [12]. 

The reduction of azides by DHLA has not been previously reported, so we also 

characterized the reduction of primary azide 17 and secondary azide 18 by DHLA. As 

shown on Figure 3-8, azides 17 and 18 were reduced at similar rates, but the reactions 

were about four times slower than the rate of reduction of 12. This trend is consistent 

with the increased reactivity of -azidoethers that was observed when TCEP was used as 

the trigger. These results illustrate that DHLA is indeed effective in reducing -

azidoethers, and that the reduction rates are comparable to those of TCEP. However, the 
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useful pH range of DHLA is higher than that of TCEP because of its higher pKa. At 

neutral pH, TCEP is 100 times faster than DHLA in reducing -azidoether 12. Despite 

this difference, DHLA might still be a useful alternative to TCEP, especially for 

applications in which trigger biocompatibility is an important factor.  

 

Figure 3-8. Plot of the second-order rate constant (k) versus pH for the reduction of 

azide-containing molecules (50 mM) by 10 mM DHLA, measured using UV-Vis 

spectroscopy. Inset: 
1
H NMR titration of DHLA, obtained by following the change in 

chemical shift of proton peak from DHLA (refer to Figure 3-9, Left). 

We also monitored the reductive cleavage of -azidoether 12 by DHLA using 
1
H 

NMR spectroscopy. 
1
H NMR allowed for the monitoring of both the appearance of LA 

and the disappearance of DHLA, by time-resolved integration of peaks specific to each 

molecule. Kinetic profiles obtained from an equimolar reaction of 12 and DHLA are 

shown on Figure 3-9. The rate constants calculated from this data are consistent with 

those calculated from UV-Vis experiments (Table 3-4).  
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Figure 3-9. Left: 
1
H NMR spectra illustrating the oxidation of DHLA to LA by 12 at 

pD 9.7, measured at t = 0 s (a), 35 s (b), 270 s (c) and 1200 s (d). (e) is the 
1
H NMR of 

LA. The concentrations of DHLA and LA were calculated by integrating resonances at 

 = 3.21 ppm (in red) and  = 2.6 ppm (in blue), respectively. Right: Concentration of 

DHLA and LA versus time, measured by 
1
H NMR as it reacts with 12.  

We were unable to identify any stable intermediates of the reaction between 12 and 

DHLA by NMR under any reaction condition. The proposed mechanism for the reduction 

reaction, based on previous reports on the reduction of azides by thiols,
187

 is given in 

Scheme 3-5.   
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Scheme 3-5. Proposed mechanism for the reduction of -azidoether using DHLA 

An interesting feature of this reaction mechanism is the participation of the thiolate 

ion in two different steps during the reaction. When a dithiol is used as the reducing 

agent, the formation of the cyclic disulfide can happen instantaneously because of the 

immediate availability of the second thiolate ion. As a result, the reaction has a first-order 

dependence on [DHLA]. When we performed the reduction of 12 using GSH, the 

reaction exhibited a second-order dependence on [GSH] as shown on Figure 3-10. In 

biological systems, GSH is the most prevalent endogenous thiol, with intracellular 

concentrations typically in the 1‒10 mM range.
171

 Based on our results, even at a high 

concentration of reductant used (250 mM), the initial rate of cleavage of 12 with GSH as 

the trigger would be four orders of magnitude slower than the rate of the reaction in 

which DHLA is used as the trigger. Therefore, under practical experimental conditions, 

we expect that such monothiols would not be effective in causing the reductive cleavage 
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of -azidoethers. This is a notable advantage compared to reductively cleavable disulfide 

linkers that undergo non-specific cleavage because of their interactions with GSH.
116

  

 

Figure 3-10. Plot of ln(initial rates) vs ln (concentration) for the reductive cleavage of 

12 by DHLA (pH 9.9) and GSH (pH 11). The slope from the plots illustrates that the 

reaction has a first-order dependence on [DHLA] and a second-order dependence on 

[GSH]. 

Our final goal was to experimentally characterize the products formed by reductive 

cleavage of -azidoethers. Reductions of 1 by TCEP or DHLA were carried out to 

completion, and product mixtures were analyzed using 
1
H NMR and HRMS. A 

representative 
1
H NMR spectrum illustrating the reaction between 1 and TCEP is shown 

in Figure 3-11. Comparing the NMR to that of model compound 19, which was 

synthesized separately, reveals that the -azidoether is eventually transformed to 

aldehyde 19a, which equilibrates in water with the hydrate 19b. Although we have 



 

 82 

argued that -azidoethers are first reduced to imines, we were unable to find any 

evidence for their formation from the NMR experiments.  

 

Figure 3-11. Top: 
1
H NMR after the completion of reaction between 1 and TCEP in 

DMF-d7 : D2O (9 : 1). Bottom: Model compound 19 in equilibrium with its hydrated 

form in DMF-d7 : D2O (9 : 1). Comparison of the chemical shifts and the integration 

areas of the peaks observed indicate formation of aldehyde in its hydrated form. The 

formation of alcohol fragment is also observed.  

When we studied the reductive cleavage of 1 using HRMS during the progress of the 

reaction, evidence for the formation of both aldehyde and imine products were observed, 

through the imine was observed under very short timescales (< 1 min). The structures of 
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the fragments that could give rise to the peaks observed in HRMS are listed in Table 3-3 

along with their calculated and observed masses. Similar results were obtained when 

DHLA was used as the trigger.  

Table 3-3. Masses of different fragments observed in ESI HRMS during reaction 

between 1 and reducing agent. Calculated and observed masses are shown for sodiated 

species [M+Na]
+
. The hydrated aldehyde and imine were observed as their hemiacetals or 

hemiaminals because methanol was used as the carrier solvent in ESI-MS. 

Fragment 19 20 21 22 

Calculated 

Observed 

212.0318 

212.0307 

211.0478 

211.0533 

244.0580 

244.0581 

243.0740 

243.0790 

 

These results indicate that the reductive cleavage of -azidoethers would result in the 

formation of two fragments, a hydrated aldehyde and an alcohol. Although there is a 

possibility for the formation of imine, it is highly unlikely that it would exist for 

significant timescales in H2O because of its propensity toward hydrolysis (Scheme 3-6).  

 

Scheme 3-6. Products formed after the completion of the reductive cleavage of -

azidoethers 
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3.3 Conclusions 

To summarize, the reductive cleavage reactions of -azidoethers were characterized 

using TCEP and DHLA as triggers. When the reduction of -azidoethers were performed 

in solutions where the pH is close to the pKa of the triggers, TCEP or DHLA, they 

proceeded with a rate constant around 0.2 M
–1

s
–1

. This would translate to a half life of 

8 minutes for a 10 mM equimolar reaction. Compared to the values presented in Table 

3-1, the timescales observed for -azidoether cleavage are very relevant for developing 

cleavable linkers for biological applications. Our structural design provides a way to 

design linkers that are hydrolytically stable. The rate of cleavage of -azidoethers 

depends on the concentration of the externally applied chemical trigger. By making use 

of this dependence, it would be possible to achieve a variety of cleavage rates by 

controlling the concentration of the chemical trigger in the environment of the 

application. In addition, we showed that the reaction between -azidoethers and 

glutathione is extremely slow, and is unlikely to interfere in biological applications. As a 

result, -azidoethers can be used to develop cleavable linkers that offer a bioorthogonal, 

predictable and tunable control over the timescale of linker cleavage. 
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3.4 Summary of Reaction Rates 

Table 3-4. Summary of rate constants and half-lives of reductive cleavage reactions 

of -azidoethers using different triggers at significant pH points. 

Compound Trigger pH k (M
–1

s
–1

) t1/2 
a
 Technique 

12 DHLA 7 6.7  10
–4

 1.7 days UV-Vis 

12 DHLA 8 0.005 6 h UV-Vis 

12 DHLA 9.8 0.11 15 min UV-Vis 

12 DHLA ≥ 11 0.22 8 min UV-Vis 

12 DHLA 9.7 0.22 8 min 
1
H NMR 

12 DHLA 10.2 0.31 5 min 
1
H NMR 

12 GSH
b
 11 3.8  10

–4
 5 months 

1
H NMR

 

12 TCEP 7 0.07 24 min 
1
H NMR 

12 TCEP 8 0.27 6 min 
1
H NMR 

12 TCEP ≥ 9 0.28 6 min 
1
H NMR 

17 DHLA 12.3 0.059 28 min UV-Vis
 

18 DHLA 12.3 0.046 36 min UV-Vis
 

a
 For a 10 mM equimolar reaction; 

b
 unit for k - M

-2
s

-1
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3.5 Materials and Methods 

Reagents and solvents were purchased from commercial sources. DHLA was 

synthesized from -lipoic acid using a procedure from literature.
188

 NMR spectra were 

obtained on a Varian Inova 500 MHz solution state spectrometer. For general 

characterizations, deuterated chloroform (CDCl3) was used as the solvent with CHCl3 

(δ = 7.26 ppm) as the reference. For experiments pertaining to kinetic and hydrolytic 

stability studies, D2O or DMF-d7–D2O mixtures were used as solvents. For internal 

reference, 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) was used. Phosphate (pH 6–

8 and 11–13), tris(hydroxymethyl)aminomethane (Tris, pH 7–9), borate (pH 8–10), N-

cyclohexyl-3-aminopropanesulfonic acid (CAPS, pH 11), carbonate (pH 9–11) and 

NaOH (pH 13) were used to prepare buffered solutions. For 
1
H NMR experiments, buffer 

solutions and TCEP stock solutions were prepared in D2O and lyophilized to maximize 

deuterium content. The pKa values of DHLA and TCEP were determined using 
1
H NMR 

by measuring changes in chemical shifts of the relevant protons as a function of pD.
189

 

Uv-Vis spectroscopy was performed using an Agilent 8453 spectrophotometer equipped 

with a temperature controller system. High resolution mass spectrometry was performed 

using an Bruker-BioTof II (ESI-TOF) instrument with PEG as internal standard. Samples 

were prepared using methanol as the carrier solvent and filtered through a 

polytetrafluoroethylene (PTFE, 0.45 m) syringe filter before injection. Calibration and 

analysis were performed using a mMass open-source mass spectrometry tool.
190

 

Experiments using UV-Vis spectroscopy. Stock solutions (200 mM) of azide 

compounds 12, 6 and 7 were prepared in water. DHLA stock solution (40 mM) was 
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prepared by dissolving DHLA in freshly prepared 40 mM NaOH solution. The solutions 

were degassed by passing N2 gas through them. Kinetic studies were initiated by adding 

500 L of azide solution into a mixture of 500 µL DHLA and 1 mL of 200 mM buffer 

solution in a UV-Vis cuvette. The solutions were immediately mixed and UV-Vis spectra 

were recorded at 25 C. Absorption spectra were collected at 350 nm corresponding to 

LA formation (  = 102.65 M
-1

cm
-1

). Concentration values were extracted from 

absorption curves using Beer’s law. Background correction because of oxidation of 

DHLA was done by subtracting the initial concentration of LA at 1.4 s. The concentration 

versus time curves for the appearance of LA were fitted to a second-order integrated rate 

law equation having different initial concentration of reactants:
191

 

    
      

      
  

   

     
               

where a and b are initial concentrations of DHLA and azide species and x is 

concentration of LA. Linear curves were fitted to obtain slopes that were used to 

calculate second-order kinetic constants (k) up to ~50% conversion of DHLA. 

For pseudo first-order analyses, 2 mM DHLA was mixed with 10, 40, 50, 60, and 

90 mM -azidoether 12 at pH 9.90 and the rate constants were calculated under 

conditions where b >> a, (b - a) = b and (b - x) = b for equation (1). The rate constants 

thus obtained were plotted against the concentration of 12. The kinetic order of 

dependence on [12] was obtained by dividing the ln(ratio of rates) by ln(ratio of 

concentrations). Similarly the kinetic order of dependence on DHLA was calculated from 

the reaction between 50 mM 12 and different concentrations of DHLA, from 1 mM to 5 

mM. The initial rates were obtained from the [LA] versus time curves.  
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Experiments using 
1
H NMR spectroscopy. For studies on the hydrolytic stability of 

azides, compound 12 (50 mM) was suspended in 1 mL buffered D2O (pD 7.00) along 

with DSS (10 mM) as an internal standard. The change in concentration of 12 with 

respect to the concentration of DSS was monitored over time using 
1
H NMR. The area 

under the methyl peaks of DSS at 0 ppm was used to calculate the reference 

concentration. Area under the peaks arising from one of the methylene protons of 12 at 

3.839 to 3.776 ppm was used for calculating its concentration. For compounds 1 and 1a, 

the studies were performed in DMF-d7:D2O (1:1) solvent mixture because the compounds 

are insoluble in D2O. For 1, the area under the peaks from protons attached to the carbon 

bearing the azide, from 5.037 to 4.898 ppm was used to calculate the concentration. For 

1a, the area under the peaks arising from the methylene protons alpha to the azide bearing 

carbon from 2.206 to 2.030 ppm was used to calculate the concentration. The ln(C/C0) 

versus time curve was fitted with a straight line and the slope was used to estimate the 

rate constant and half-life of hydrolysis. 

For experiments on kinetics of reductive cleavage using TCEP, 100 L of 200 mM 

stock solution  of TCEP with 4 equivalents of deuterated sodium hydroxide (NaOD) was 

mixed with 500 L of 200 mM buffer, 100 L of 100 mM DSS and 200 L D2O in an 

NMR tube. Then, 100 L of 200 mM -azidoether compound 12 was added to the NMR 

tube. Immediately, 
1
H-NMR spectra were recorded at different time intervals. From 

NMR, the area under peaks arising from the methylene protons were used to calculate the 

concentrations of TCEP and TCEP=O. The chemical shifts of the methylene protons of 

TCEP depend on the pD of the reaction mixture because of which the variations in the 
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chemical shifts with pD were mapped before performing the kinetic experiments. A plot 

of the variation in chemical shifts is given on Figure 3-4. To calculate the concentration 

of TCEP=O, the area under the peaks from 2.19 to 2.06 ppm was used. For mechanistic 

analysis, NMR peaks arising from intermediates appeared in a region overlapping the 

peaks from TCEP and TCEP=O. They were isolated through Gaussian curve fitting using 

Origin 8.6 graphing software. The areas under the peaks were used to calculate the 

concentrations of the intermediates. For intermediate I2, the area under the peaks from 

2.47 to 2.32 ppm was used to calculate the concentration. The same protocol was used for 

experiments with DHLA, the only difference being the amount of NaOD used was one 

equivalent. From NMR, the area under peaks arising from methylene protons alpha to the 

terminal thiol/thioether from 2.71 to 2.55 ppm and from 3.29 to 3.13 ppm were used to 

calculate the concentrations of DHLA and LA, respectively.  

To analyze the data obtained from the kinetic studies, the plot of concentration versus 

time was fitted to the following equations to obtain second-order rate constants for the 

consumption of reactant and formation of product: 

 

 
     

 

  
          

    
   

  

        
          

where x and x0 are concentrations of TCEP or DHLA at time t and 0, respectively, 

and y is concentration of TCEP=O or LA at time t.  

For the reaction between 12 and GSH, the kinetic order of dependence on [GSH] was 

estimated by comparing the initial rates of formation of the cleavage product, 2-methoxy 
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ethanol, obtained from reactions between 10 mM 12 and 100, 150, 200 and 250 mM 

GSH. Area under 
1
H NMR peaks from 3.572 to 3.547 ppm was used to calculate the 

concentration of the product. The rate of reduction of 12 by GSH was calculated from the 

1
H NMR's of pseudo first order reaction between 10 mM 12 and 250 mM GSH in 1 mL 

carbonate (D2O) buffer of pH 11. The concentration of 12 was calculated using the area 

under the peaks arising from one of the methylene protons from 4.016 to 3.963 ppm. The 

rate constants were then calculated from the plot of ln[12] versus time.  

To study the products formed after reductive cleavage, compound 1 (50 mmol) was 

dissolved in 900 L of DMF-d7. TCEP (50 mmol) was dissolved in 100 L of D2O and 

was added to the DMF solution. The mixture was stirred at room temperature for 24 h. 

The solution was then analyzed by 
1
H NMR and mass spectrometry. Similarly, DHLA 

(50 mM) was added to 1 in NMR solvent mixture along with 3 L of 40% NaOD in D2O. 

The 
1
H NMR of the reaction mixture after completion of the reaction was compared to 

that of compound 19 dissolved in a DMF-d7:D2O (9:1) solution with 10 L of 37% DCl.  

Synthesis. For the synthesis procedures refer to Chapter 2. 

2(3-phthalimido(1-azidopropoxy))ethanol (1a), was synthesized using the same 

procedure that was used for 1, the only difference being the use of 2-(2-bromoethyl)1,3-

dioxolane as the starting material. 
1
H NMR (500 MHz, CDCl3, δ)  7.84 (dd, J = 3.4, 5.4 

Hz, 2H), 7.72 (dd, J = 2.9, 5.4 Hz, 2H), 4.50 (dd, J = 5.4, 6.8 Hz, 1H), 3.89 (m, 2H), 3.82 

(m, 1H), 3.74 (m, 2H), 3.61 (m, 1H), 2.63 (br s, J = 5.9, 6.4 Hz, 1H), 2.13 (m, 2H). 
13

C 

NMR (125 MHz, CDCl3, δ) 168.57, 134.36, 132.07, 123.57, 90.71, 71.02, 61.76, 33.97, 
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33.69. HRMS - ESI (m/z): [M + Na]
+
 calcd for C13H14N4O4, 313.0907; observed, 

313.0931. 

Phthalimido acetaldehyde (17). 1 (1.3 g, 5.4 mmol) was dissolved in concentrated 

hydrochloric acid (HCl) and stirred overnight at room temperature. The mixture was 

extracted with DCM, dried and concentrated to obtain the product as a white precipitate 

(0.52 g, 50 % yield). 
1
H NMR (500 MHz, CDCl3, δ) 9.67 (s, 1H), 7.90 (dd, J = 2.9, 5.4 

Hz, 2H), 7.77 (dd, J = 2.9, 5.4 Hz, 2H), 4.58 (s, 2H). 
13

C NMR (125 MHz, CDCl3, δ) 

193.70, 167.69, 134.53, 132.10, 123.87, 47.55. HRMS - ESI (m/z): [M + Na]
+
 calcd for 

C10H7NO3, 212.0318; observed, 212.0317.  

The procedure for the synthesis of primary and secondary azide analogs, 17 and 18, 

has already been published and their identities and purities were determined using 
1
H 

NMR.
192,193
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Chapter 4. Exploring the Use of -Azidoethers 

to Achieve External Tunable Control Over 

Polymer Degradation  

4.1 Introduction  

The interest in polymers for medical applications such as drug delivery,
3,194

 tissue 

engineering,
4,195

 and medical devices
5,196,197

 has grown significantly in recent years. The 

most important criteria for using a polymer as a biomaterial are its biocompatibility, 

mechanical properties and degradation behavior. While biocompatibility and mechanical 

properties are intrinsic properties that depends on the chemical composition, the 

degradability of a polymer can be controlled and modified because it is initiated by a 

trigger. Controlling the degradation behavior of polymers is important because different 

applications have different demands as to when a polymer starts to degrade and how long 

it takes for the process to complete. For example, a polymer that is used as an unreactive 

coating material on the surface of medical devices, is expected to stay intact during the 

full term of the usage of a device, whereas a polymer that is used as a scaffold for wound-

healing applications is expected to degrade gradually during the course of an application 

so the local mechanical loads are transferred onto the natural tissue in a way that will 

facilitate the healing process. A polymer that is used to encapsulate and deliver 

therapeutic molecules to a desired target site is expected to degrade under short 

timescales at a specific location in order to achieve maximum efficacy. 
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One of the most commonly used methods to design a degradable polymeric 

biomaterial is to incorporate cleavable bonds along the polymer backbone. The choice of 

the cleavable functional group is used as an important tool to synthesize polymers with 

different types of degradation behaviors. A majority of existing polymeric biomaterials 

degrade through hydrolysis and incorporate functional groups such as anhydrides,
198,199

 

phosphazenes,
78,200

 and esters
201,202

 as the cleavable functional units. For these polymers, 

water acts as the trigger that initiates degradation, and the duration of the process is 

determined by the hydrolytic lability of the functional group and the ease with which 

water can diffuse into the bulk of the polymer. In recent years, there has been a lot of 

interest in developing materials that enable a quick and triggered degradation response, 

where the material stays intact under certain conditions and degrades when exposed to a 

specific environment. For example, polymers that incorporate functional groups such as 

acetals
82,83

 and orthoesters
84

 undergo hydrolytic degradation in acidic environments, 

enabling selective degradation using changes in pH as a trigger. The incorporation of 

cleavable peptide sequences along a polymer backbone is another technique used to 

prepare polymers that degrade in the presence of specific enzymes in the environment.
203-

205
 Polymers composed of disulfide

87,88
 backbone units degrade when exposed to 

reducing chemical agents as triggers. Externally administered triggers have also been 

utilized to initiate the degradation of polymeric biomaterials. For example, polymers with 

photocleavable
206

 units typically degrade through photochemical reactions that take place 

upon exposure to UV light. Ultrasound has been used as a trigger to initiate the 

degradation of certain types of polymers.
207

 Self-immolative polymers
91

 that degrade 
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through cascade elimination reactions after initiating the first step of the degradation 

process using a chemical trigger, have also been developed.  

A variety of mechanisms have been explored for varying the degradation profiles of 

polymeric biomaterials. However, there is a lack of simple and efficient methods to 

externally control the degradation behavior of polymers. For mechanisms that utilize 

water, pH, enzymes, or biological reducing agents as triggers, the degradation is dictated 

by molecules present in the environment of biological systems, that are difficult to predict 

or control. Photocleavable functional groups typically require the use of UV light that 

could potentially damage biological molecules.
7
 In addition, they cannot be used in 

situations where there is restricted access to light,
118

 and the presence of aromatic rings in 

these functional groups limits the ease of synthesis of polymers with different backbone 

chemistries. The use of ultrasound as a trigger requires expertise and specialized 

equipment. Although ultrasound can have better tissue penetration depths when 

compared to light, only high-frequency ultrasound is suitable for clinical applications and 

is not as effective in causing polymer degradation.  

In this chapter, we propose that an efficient external control over the degradation of 

polymers can be achieved by using functional groups that cleave in the presence of 

chemical triggers. We have demonstrated this approach by synthesizing polymers that 

incorporate the -azidoether functional group along the backbone. -Azidoethers can be 

selectively cleaved by phosphines and dithiols which are normally absent in biological 

environments. Studies on the cleavage of this functional group were discussed in Chapter 

3, where the bioorthogonal, tunable cleavage of small molecule -azidoethers was 
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demonstrated. The functional group is not bulky and could be placed along different 

types of polymer backbones by synthetically modifying the monomers. Here, we have 

synthesized a polyamide incorporating -azidoether units along the backbone. The results 

presented here illustrate the potential for using this degradation mechanism to externally 

control the degradation behavior of polymers.  

Polymer design. Polyamides are polymers with (-C(O)N(H)-) repeating units. They 

have structures similar to those of naturally occurring peptides and are useful as soft 

biomaterials. The biocompatibility and mechanical properties of polyamides are 

considered to be major advantages in biomedical applications. Nylon was the first 

synthetic material to be used for sutures
208

 because of its advantages such as high tensile 

strength, low tissue reactivity, high elasticity and low cost. Nylon foils are available as 

implants for treating orbital bone fractures.
209

 Polyether-segmented nylon copolymers 

have been studied for applications in hemodialysis, where the excellent mechanical 

properties and biocompatibility of nylon-polyether copolymers have been noted as 

significant advantages over other polymers.
210

 Nylon-chondroitin sulfate composite 

membranes have been studied for cell growth and attachment to utilize their 

immunocompatibility for a scaffold that can support three-dimensional cell growth.
211

 

Biobrane is a membrane material with nylon fabric embedded into a silicone layer and is 

commercially available for treatment of skin burns.
212

 Polyamide-hydroxyapatite 

composites have been synthesized to mimic the hierarchical organization of bones inside 

the human body for efficient bone tissue scaffold materials.
213

 Apart from use as bulk 

materials, polyamide microcapsules, synthesized using a combination of emulsification 
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and interfacial polycondensation, have also been proposed for applications in drug 

delivery.
214

  

Although polyamides are used as biomaterials in a variety of applications in different 

forms, they have very slow hydrolysis rates and fall under the category of nondegradable 

materials for all practical purposes. Drug delivery systems making use of conventional 

polyamides depend on the diffusion-controlled release of encapsulated therapeutic 

molecules. Nylon implants have been found to allow tissue in-growth over a period of 

several months, and in case of infections, difficulties in the surgical removal of implants 

have been noted.
215,216

 A lot of effort has been put into the development of polyamides 

that incorporate cleavable functional groups along the polymer backbone. As a result, 

materials that combine the favorable mechanical properties and biocompatibility of 

nylons, with degradability that is required for different applications, have been 

developed.  

Poly(ester amides) (PEAs) are the most widely studied class of degradable 

polyamides, and make use of hydrolytically degradable ester groups along the polymer 

backbone. Ouchi et al. have utilized a combination of peptide and lactic acid repeat units 

along polymer backbones to develop hydrolytically degradable microspheres for drug 

delivery applications.
217

 PEAs have also been used to develop sustained release matrices 

eluting antibiotics, for wound-healing applications.
218

 Bettinger et al. have developed 

degradable elastomeric PEAs for tissue engineering applications.
219

 Acid labile 

poly(ortho ester amides) have been developed by Tang et al. for drug delivery 

applications.
220

 Enzymatically degradable polyamides have been prepared by 
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incorporating amino acids that can be cleaved by enzymes such as collagenases, along the 

polymer backbone.
221

 Reduction-degradable polyamides incorporating the disulfide 

functional group have been used to develop degradable micelles for intracellular drug 

delivery applications.
222

  

The examples cited above illustrate that the biocompatibility and mechanical 

properties of polyamides make them ideal candidates for preparing their degradable 

versions by incorporating cleavable functional groups along the polymer backbone. Here, 

we have synthesized polyamides incorporating -azidoether groups along the backbone, 

and characterized their physical properties. In addition, we have demonstrated their 

tunable degradation behavior, where the same polymer can be degraded at different rates 

simply by controlling the concentration of the externally applied trigger. 

4.2 Results and Discussion 

Synthesis. A diamine monomer incorporating the -azidoether functional group was 

synthesized using the method shown in Scheme 4-1. The monomer was synthesized in a 

50% overall yield.  
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Scheme 4-1. Synthesis of -azidoether diamine monomer and polyamide PAAz_C10. 

Potassium phthalimide is represented as PhthNK. 

Nylons are typically prepared using bulk or solution polymerization using diamine 

and diacid monomers, at high temperatures (> 200 C).
223

 However, the azide group is 

known to be thermally sensitive and decomposes at such high temperatures. As a result, 

the diamine monomer 4 was polymerized using a milder interfacial polycondensation 

method. In an interfacial polymerization a diacid chloride, which is more reactive than a 

diacid, is taken in an organic solution and a diamine is in an aqueous solution with a base. 

Under vigorous stirring of this mixture, a polymer may be obtained dissolved in an 

emulsified organic phase or as a precipitate.
224,225

 For a detailed review of factors 

influencing the interfacial polymerization process, readers are directed to the textbook on 

this topic written by P. W. Morgan.
226

 In general, the chemical reactions employed in this 

method are extremely fast; the polymerization takes place in the organic layer and by-

products accumulate in the aqueous layer; when the polymer precipitates, the rate of 
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polymerization decreases drastically; yield and molecular weight distribution of the 

polymer depend on the choice of organic solvent, concentration ratios of the monomer 

solutions, temperature of the reaction, stirring speed, and the presence of added salts in 

the aqueous layer. The conditions for polymerization of diamine 4 were identified based 

on trial experiments using sebacoyl chloride as the co-monomer and varying each of 

these factors.  

The miscibility of organic solvent with water and the extent of solubility of the 

growing polymer chains in the organic solvent have been known to affect the yield and 

molecular weight of the obtained polymer. As a result, polymerization of diamine 4 with 

sebacoyl chloride was performed using benzene, carbon tetrachloride, ethyl acetate, 

dichloromethane and hexane as the organic solvents. The molecular weight distribution 

of the polymers obtained from each trial is summarized in Table 4-1. The result from 

solution polymerization using benzene as the solvent, is also included. 
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Table 4-1. Variation of molecular weight distribution with choice of solvent
*
 

Solvent Mw (g/mol) PDI 

Benzene 7200 4 

Dichloromethane 4770 2.8 

Carbon Tetrachloride 6750 4 

Ethyl Acetate 5326 2.9 

Hexane 7440 6.5 

Solution Polymerization (C6H6) 3654 3.6 

*
Reactions were performed with equivalent mole ratios and concentrations of the 

monomers 

The rate of diffusion of the two monomers to the polymerization zone influences the 

quality of the polymer obtained from an interfacial polymerization reaction. Diffusion of 

the acid chloride can occur only up to the interface because of its low solubility in water 

and its propensity to hydrolysis. However diamine monomers tend to have better 

solubility in organic solvents. Therefore, interfacial polymerizations are typically 

performed with higher concentration of diamine in an aqueous layer. The interfacial 

polymerization of diamine 4 with sebacoyl chloride was performed by using different 

concentrations of the monomers in the aqueous and organic layers. The results from these 

trials are presented in Table 4-2. Based on Table 4-1, benzene was used as the organic 

solvent for these trials, with the aqueous layer. 
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Table 4-2. Variation of molecular weight distribution with concentrations of the 

aqueous and organic layers. Sebacoyl chloride is represented as SC and diamine 4 is 

represented as DA. 

[SC] : [DA] Mw (g/mol) PDI 

0.8 : 1 8217 5.4 

1 : 1 7200 4 

1 : 2 8900 2.2 

1 : 3 6040 4 

1 : 4 7320 3.9 

1 : 5 6639 3.25 

 

Factors such as presence of salt in the aqueous layer, decreasing the temperature of 

the polymerization reaction or increasing the stirring speed beyond the capabilities of a 

bench-top stirrer (~1600 rpm), did not have any significant influence on the outcome of 

the polymerization. Based on these results, -azidoether polyamides were prepared using 

benzene as the organic solvent, and the aqueous diamine solution was twice as 

concentrated as the organic acyl chloride solution, with no added salts. A polyamide, 

PAAz_C10, that incorporated -azidoether units along the backbone was obtained in 

82% yield. The 
1
H NMR and IR spectra of the polymer are shown on Figure 4-1.  
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Figure 4-1. IR and 
1
H NMR of PAAz_C10. DMSO-d6 was used as the solvent for 

NMR. 

Molecular weight analysis. The molecular weight distribution of PAAz_C10 was 

characterized using size exclusion chromatography (SEC). DMF with 0.05 M LiBr was 

used as the eluent. PEG/PEO standards were used for calibration. Their suitability was 

verified using static light scattering (SLS) as an alternative method to characterize 

molecular weight. In order to assess the effect of the azide group on the polymerization 

process, an analogous polymer (PA_C10) using a diamine derivative of diethylene 

glycol, was synthesized for comparison. PA_C10 was insoluble in DMF or any other 

solvent compatible with our SEC instrument because it was not possible to measure its 

molecular weight using SEC. Therefore, the molecular weight of PA_C10 was 

characterized using SLS with 88% formic acid as the solvent. The results are summarized 
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in Table 4-3. The molecular weight of PAAz_C10 from SLS measurements were in the 

same range as those obtained from SEC, indicating that PEG standards are suitable for 

calibration. Similar molecular weights were obtained for polymers with and without the 

azide substituent, implying that the presence of the azide group did not have any 

significant effect on the interfacial polymerization process. 

Table 4-3. Molecular weight of polymers obtained using SEC and SLS. The 

refractive index increments of the polymers, that were used in SLS measurements are 

also included. 

Polymer 

Mw (PDI)     

SEC (g/mol) 

Mw SLS 

(g/mol)
*
 

dn/dc 

(mL/g)
*
 

PAAz_C10 

 

8900 (2.2) 6000 0.107 

PA_C10 

 

- 7600 0.135 

*
 With formic acid (88%) as the solvent 

Thermal properties. The thermal properties of the PAAz_C10 were studied using 

thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC). The 

DSC and TGA thermograms are shown on Figure 4-2. TGA revealed that thermal 

decomposition of the polymer occurred beyond 150 C with 10% weight loss occurring 
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within 175 
o
C. This approximately corresponds to the amount of nitrogen that would be 

released from the polymer when the azide decomposes. Riva et al. have also observed a 

similar three-step decomposition process in polycaprolactones containing azide units in 

their backbone.
146

 From DSC analysis, the glass transition temperature of PAAz_C10 

was found to be 57 C and the peak melting temperature was 96 C. Based on these 

results, the polymer was processed using compression molding at 100 C into films of 

0.75 mm thickness. This temperature is near Tm and the weight loss at this temperature 

from TGA was less than 2%. The IR and NMR spectra of the thermally processed 

polymer were compared to those of the virgin polymer. There were no signs of thermal 

degradation that indicated that the azide group could withstand the processing conditions 

that were used. 
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Figure 4-2. DSC analysis of PAAz_C10 illustrating the glass transition and melting 

transitions. Inset shows the TGA profile showing a three step thermal decomposition 

process. 

Mechanical properties. The mechanical properties of the compression-molded 

polymer were studied using tensile testing. The polymer showed brittle failure at 2% 

elongation with a Young’s modulus of (1.6 ± 0.24) GPa. The brittleness is unlike the 

tensile properties that are commonly observed in commercial nylons. This could be a 

result of the low and broad molecular weight distribution of the polymers prepared 

here.
227

 This is an inherent problem with interfacial polycondensation because of the 

limited solubility of the polymer in the polymerization system. In the case of 

conventional nylons, bulk or solution polymerization at higher temperatures is used to 

avoid this issue,
223

 which would not be possible here because of the thermally sensitive 

azide groups in the polymer. Given these facts, the presence of azide groups in the 
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polymer backbone also provides a convenient opportunity to cross-link the polymer and 

modify its physical properties. We used a bis-alkyne cross-linker and copper catalyzed 

click chemistry to cross-link PAAz_C10. As a result, the modulus of the polymer 

decreased to (7.4 ± 1.5) MPa, but the elongation at break increased to 55%. A 

representative plot illustrating this is shown on Figure 4-3. Additional work is required to 

explore methods to synthesize polymers with better molecular weight distributions and 

improved mechanical properties. Most importantly, we believe that it is possible to obtain 

materials with a variety of physical properties through simple chemical modifications of 

the azide group in these polymers.   

 

Figure 4-3. Plot showing the change in tensile properties of PAAz_C10 on cross-

linking. Cross-linking was performed with 15 wt% bis-alkyne cross-linker as shown on 

the right using CuBr catalyzed click chemistry at 65 C for 2h. 

Degradation behavior. The chemically triggered degradation behavior of 

PAAz_C10 was studied using TCEP as the degrading trigger. Powdered polymer samples 

were suspended in aqueous solutions of TCEP (pH 2). After 24 h, the solutions were 
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centrifuged and the supernatant solution was removed. The centrifugate was then dried 

and characterized using SEC. The SEC chromatograms are shown on Figure 4-4. It can 

be seen that the polymer shows a tunable degradation behavior where the rate of 

degradation can be modified by simply changing the concentration of TCEP in the 

solution in which the polymer is incubated. The triggered degradation was then analyzed 

using compression-molded polymer films. The mass-loss behavior of PAAz_C10 

incubated in TCEP solutions, shown on Figure 4-4, also illustrates that the degradation 

rate of the polymer can be tuned by changing the concentration of TCEP in the 

environment. The time-lapse images (Figure 4-4) show that the polymer remains 

unaffected in the aqueous solutions without the degrading trigger, whereas, it is 

completely solubilized over a period of time when it is incubated in a solution containing 

TCEP. In addition, the degradation exhibits a surface-erosion profile, presumably 

because of the hydrophobic polymer backbone, which could hinder the penetration of 

water into the bulk of the polymer film. The surface erosion behavior was verified using 

SEC analysis of the degraded polymer films, where the molecular weight distributions 

showed no change over the degradation period of 0‒46 h. From these results, it is evident 

that polymers incorporating -azidoether units along their backbone can be triggered to 

degrade using an external chemical agent such as TCEP. The rate of polymer degradation 

could be conveniently tuned by controlling the concentration of the degrading trigger in 

the environment without any modifications to the chemical structure of the polymer.  
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Figure 4-4. a) SEC profiles of PAAz_C10 (unprocessed) incubated in TCEP (pH 2) 

solutions of different concentrations after different periods of time, illustrating the 

tunable degradation behavior. b) Mass loss profiles obtained for PAAz_C10 compression 

molded films degraded by TCEP. c) Time-lapse images of polymer film in TCEP 

solution (top) and in water as control (bottom). 

The results illustrate that the initiation and timescale of polymer degradation can be 

tuned by controlling the concentration of the externally applied trigger. The rate of 

TCEP-triggered cleavage of -azidoethers is known to increase as the pH of the reaction 

mixture crosses the pKa of TCEP (7.7), based on the experiments performed using small 

molecules (Chapter 3). TCEP is commercially available as a hydrochloride salt, and our 

initial studies were performed in solutions at an acidic pH. We then repeated the studies 

at neutral pH expecting to obtain faster degradation profiles; however, this was not the 
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case. SEC analysis of powdered PAAz_C10 incubated in 100 mM TCEP solutions at pH 

7, did not show any change in the molecular weight distribution after 24 h of reaction. 

When the compression-molded polymer film was placed in a 100 mM TCEP solution, the 

film degraded and dissolved over a period of 4 months, whereas the same process took 

only 60 h in acidic conditions (Figure 4-5). This is in clear contradiction with the results 

that were obtained using small molecules where faster reaction rates were obtained when 

the cleavage reactions were performed in solutions of higher pH. We hypothesized that 

this discrepancy in reaction rates could be a result of higher solubility of polyamides in 

acidic solutions. Nylons are more soluble in concentrated acids such as formic acid and 

sulfuric acid.
228

 The disruption of hydrogen bonds between polyamide chains is believed 

to make it easier for the polymer to uncoil and dissolve. The repulsion caused by the 

protonation of backbone amide nitrogen is also considered as a plausible explanation for 

the improved solubility of polyamides in acidic solutions.
229

 In the case of chemically 

triggered degradation of PAAz_C10, TCEP molecules need access to the polymer chains 

in order to cleave the -azidoether in the backbone. In acidic solutions, if the polymer 

chains have a higher tendency to dissolve, this would facilitate easier access to TCEP 

molecules and lead to faster degradation of the polymer. 
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Figure 4-5. Degradation of PAAz_C10 film in 100 mM TCEP at pH 7 

In order to test our hypothesis, we explored the synthesis of other polyamides that 

could have a better solubility in H2O. Examples of polyamides made from diamines of 

oligo-ethylene glycols of different chain lengths can be found in the literature, where 

different degrees of solubility are observed based on the choice of the diamine and the 

diacid used for polymerization.
230

 By following this principle, different polyamides were 

synthesized by varying the length of the diacid chloride and performing the interfacial 

polymerization with -azidoether diamine 4. The relevant physical properties of these 

polymers are provided in Table 4-4. The polymer made using adipoyl chloride 

(PAAz_C6) showed appreciable solubility in water after prolonged stirring and was used 

for further characterization of chemically induced degradation. Other polymers prepared 

from acid chlorides containing 7 or more carbons were similar in nature to PAAz_C10 

and were not considered in this study. 
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Table 4-4. Properties of azido ether polymers prepared using different di-acid 

chlorides and diamine 4. A polymer obtained from the reaction between an acid chloride 

containing m carbons and the diamine monomer 4 is named as PAAz_Cm 

Name of acid 

chloride 

Name of 

polymer 

Mw (SEC) 

g/mol 

Tg C Tm  C Solubility 

Adipoyl PAAz_C6 10700 21 - DMF, H2O 

Pimeloyl PAAz_C7 8476 0 - DMF 

Suberoyl PAAz_C8 8861 15 - DMF 

Azelaic PAAz_C9 8267 27 - DMF 

Sebacic PAAz_C10 8900 57 96 DMF 

Dodecanedioic PAAz_C12 6780 - 104 DMF 

The polymer, PAAz_C6, started to dissolve in water started after more than 3 h of 

incubation time (verified using SEC). We analyzed the heterogeneous polymer 

degradation in this timeframe and the solution phase degradation once the polymer 

completely dissolved. The results from the SEC studies of PAAz_C6 incubated in TCEP 

solutions at pH 2 and 7 under heterogeneous conditions are shown on Figure 4-6. The 

profiles are similar to what was observed with PAAz_C10. The shift in molecular weight 

occurs faster in acidic solutions than in neutral ones. Beyond the 3 h time period, 

PAAz_C6 started to dissolve; as a result, the experiment was not continued. The 

experiment was then performed under homogeneous conditions, where the polymer was 

first dissolved in water and then TCEP was added to the solution, similar to experiments 
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performed using small molecules -azidoethers. The degradation of the polymer was 

observed using 
1
H NMR by following the disappearance of the proton peaks from the 

reactants. The results showed a complete reversal in the observed kinetics of degradation 

as shown in Figure 4-6. It can be clearly seen that the degradation of the polymer 

proceeds faster in neutral conditions than acidic conditions. This implies that if the 

polymer is in solution, the degradation behavior is similar to that of small molecules 

where the reduction of azide by TCEP becomes rate determining. However, under 

heterogeneous degradation conditions, solvation effects seem to alter the access of TCEP 

to the azide groups in the polymer backbone, acting as an added factor that influences 

polymer degradation. Therefore, in addition to the properties that are known to influence 

the reductive cleavage of small molecule -azidoethers, the backbone chemistry and its 

influence on the solubility of a polymer should also be considered while utilizing this 

chemistry to develop degradable materials.  
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Figure 4-6. Changes in degradation rates of PAAz_C6 with pH based on 

homegeneous or heterogeneous degradation methods. a) SEC chromatograms from 

heterogeneous polymer degradation. b) Kinetic data from 
1
H NMR analysis of 

homogeneous polymer degradation with equimolar concentrations of TCEP. The 

concentration of azidoether groups in the polymer is represented as [S].  

Finally, the degradation products of the chemically induced degradation of the 

polyamides were then characterized using high-resolution mass spectrometry (HRMS). 

From the studies using small molecules, presented in Chapter 3, alcohol and hydrated 

aldehyde fragments are expected to be formed after the cleavage of -azidoethers. In the 

case of the polymers synthesized here, the diamine monomer 4, can add in two different 

ways to the acid chloride during the polymerization reaction, as shown in Figure 4-7. 

Therefore, when the polymer degrades, three different types of fragments are expected to 

be formed. These were the fragments observed at the end of the degradation process. The 

calculated and observed masses of the fragments are listed in Table 4-5. 
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Figure 4-7. Different ways in which monomers can react during polymerization and 

the degradation products that can be obtained as a result 

Table 4-5. Fragments of polymer degradation products observed using HRMS along 

with their calculated masses [M+Na]
+
 

Fragment 

Calculated Observed 

m = 4 m = 8 m = 4 m = 8 

P1 255.1315 311.1941 255.1267 311.1931 

P2 315.1527 341.2047 315.1507 341.2056 

P3 285.1315 371.2153 258.1401 371.2252 
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4.3 Conclusions 

We have explored a unique method to transform a non-degradable polymer into a 

degradable one by incorporating -azidoethers along a polymer backbone. Nylons were 

used as a model system to design our polymer. The polymer was synthesized using a mild 

interfacial polycondensation method. The chemical structure and physical properties of 

the polymer were characterized using SEC, SLS, DSC and TGA. Compression molding 

was used to process the polymer into films and the mechanical properties of the film were 

characterized using tensile testing. The degradation behavior of the polymer was studied 

using TCEP as a chemical trigger. The use of this reductive cleavage mechanism allowed 

us to conveniently manipulate the rate of degradation of these polymers by controlling 

the concentration of the externally applied chemical trigger. In solution state, the 

polymers behave similarly to small molecules and the pH dependence of the reductive 

degradation was similar to what was observed in small molecule studies. However, in the 

heterogeneous state, the pH of the environment and backbone structure of the polymer 

influenced the solvation of the polymers, thereby having a significant influence on the 

rate of degradation. In principle, the triggered degradation mechanism illustrated here can 

be incorporated into polymeric materials with different backbone chemistries. We believe 

that the use of this triggered degradation mechanism has exciting potential in terms of 

exploring new polymers for biomaterial applications. 
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4.4 Materials and Methods.  

General procedure and materials. Potassium phthalimide (98%), 2-chloromethyl-

1,3-dioxolane (97%), chlorotrimethylsilane (≥98%), sodium azide (≥99.5%), pyridine 

(+99%), methanesulfonyl chloride (≥99%), , sebacoyl chloride (99%), N,N’-

dimethylformamide (DMF) (≥99%), benzene (≥99%) and sodium sulfate were purchased 

from Sigma-Aldrich. Tris(2-carboxyethyl)phosphine hydrochloride (TCEP.HCl) and zinc 

chloride (≥97%) were purchased from Fisher Scientific. Hydrazine monohydrate (100%) 

and 1-methyl-2-pyrrolidinone (99%) were purchased from Acros Organics. DCM was 

purchased from Mallinckrodt Chemicals. Deuterated chloroform (CDCl3-d) and dimethyl 

sulfoxide (DMSO-d6) were purchased from Cambridge Isotope Laboratories.  

NMR spectra were obtained on a Varian INOVA 500 MHz solution state 

spectrometer. CDCl3, D2O and DMSO-d6 were used as solvents with either TMS or 

solvent peaks as reference. Infrared spectra of the polymer were obtained on a Midac 

M4000 FT-IR instrument. Polymer film was prepared by evaporating a solution of 

polymer in DMSO over NaCl plates. High-resolution mass spectrometry was performed 

on a Bruker-BioTof II (ESI-TOF) instrument using PEG as internal standard and 

methanol as carrier solvent. 

Molecular weights and polydispersity indices of polymers were determined using size 

exclusion chromatography (SEC) in DMF with 0.05 M LiBr as the eluent with 0.5 

mL/min flow rate and PEG/PEO as standards (molecular weights of components - 600, 

1500, 12000, 25000, 125000, 460000 and 1200000 g/mol). Samples were analyzed at 55 

o
C using Agilent 1200 series high performance liquid chromatograph (HPLC) equipped 
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with a G1362A refractive index detector. Waters Styragel HT 3 and HT 4 columns were 

connected in series. Samples were filtered using a 0.2 µm Teflon filter before injecting. 

The validity of using PEG/PEO standards was verified using SLS as a supplementary 

method. SLS measurements were done using a Zetasizer Nano-ZS (Malvern 

Instruments). Glass cuvettes with round aperture and cap were used for the 

measurements. The cuvettes were cleaned with filtered water and dried under nitrogen 

flow. Water was used as the standard. Nylon 6 (Mw = 17500) was purchased from 

American Polymer Standards Corporation and was used as a standard for SLS 

measurements. For Nylon 6, 88% formic acid with 1 M potassium chloride (KCl) was 

used as the solvent. KCl was not added for -azido ether containing polymers because it 

led to signal fluctuations, the reasons for which are unknown at this point of time. The 

measurements were made at 20 
o
C. All the solvents were filtered through 0.2 µm 

Teflon
®
/Nylon filters. The refractive index increments for the polymers were measured 

using an Abbe (Carl-Zeiss) refractometer using visible light as well as a red LED light.  

TGA was performed on a Perkin-Elmer Pyris Diamond TG/DTA 6300 instrument 

with nitrogen as the purge gas. About 3 mg of polymer was loaded on to an aluminum 

pan. The sample was heated to 550 C at 10 C/min and an empty aluminum pan was 

used as reference. DSC measurements were performed using a TA instrument Q1000 

with helium as the purge gas. Approximately 4‒7 mg of polymer was loaded onto an 

aluminum hermetic pan and sealed. The sample was first heated to 80 C at 10 C/min, 

equilibrated for 15 min, cooled to -50 C at 10 C/min, held for 1 min and finally heated 

at 10 C/min to 120 C.  
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Monomer synthesis. For synthesis procedures, refer to Chapter 2. 

General polymerization procedure. Interfacial polymerization. Diacid chloride 

(31 mmol) was taken in benzene (160 mL). The diamine, 4 (4.5 g, 31 mmol), was taken 

in water (80 mL) with 3.1 g NaOH dissolved in it. The aqueous solution was added to the 

organic solution under constant stirring using a laboratory magnetic stirrer at maximum 

speed, resulting in the formation of a white precipitate instantaneously. The solution was 

kept under constant stirring for 30 min after which it was filtered to get a white 

precipitate. The precipitate was purified by dissolving it in minimal amount of DMF 

under mild heating and reprecipitating by adding water. The precipitate was filtered and 

then washed with water, acetone and DCM, and kept under vacuum for several days to 

obtain the polyamide. Different solvents such as benzene, chloroform, carbon 

tetrachloride, ethyl acetate, dichloromethane, and hexane were tried and benzene was 

chosen because of the higher molecular weights that were obtained. Similarly, different 

molar ratios and concentrations of diamine and diacid chloride, temperature of 

polymerization and the stirring speed were tried to identify the ideal conditions of 

polymerization.  

For the polymers synthesized using adipoyl chloride and pimeloyl chloride, the 

reactions were carried out in a 1 mmol scale. They do not precipitate during 

polymerization, because of which the polymerization solvents were removed under 

vacuum and the polymer obtained was washed with water, acetone and DCM, after which 

they were dried. 
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PAAz_C10: (7.97 g, 82.3% yield). 
1
H NMR (500 MHz, DMSO-d6, δ) 8.05 (br t, 1H, 

NH), 7.87 (br t, 1H, NH), 4.64 (br t, 1H, -CHN3), 3.67 (m, 1H, O-CH2), 3.54 (m, 1H, O-

CH2), 3.23 (m, 4H, N-CH2, -CH2N), 2.06 (m, 4H, C(O)-CH2), 1.47 (br s, 4H, -CH2CH2-), 

1.22 (br s, 8H, -CH2). IR ῡmax : 3318 (NH, amide), 2924-2848 (CH, aliphatic), 2107 (NN, 

azide), 1644 (C=O, amide I), 1553 (amide II), 1220 (amide III), 1110 (amide IV). SEC: 

Mw = 8900 g/mol, PDI = 2.2. 

PAAz_C6: (0.183 g, 64% yield). 
1
H NMR (500 MHz, DMSO-d6, δ) 8.13 (br t, 1H, 

NH), 7.96 (br t, 1H, NH), 4.63 (br t, 1H, -CHN3), 3.68 (m, 1H, O-CH2), 3.53 (m, 1H, O-

CH2), 3.23 (m, 4H, N-CH2, -CH2N), 2.08 (m, 4H, C(O)-CH2), 1.46 (br s, 4H, -CH2CH2-). 

1
H NMR (500 MHz, D2O, δ) 4.72 (br t, 1H, -CHN3), 3.87 (m, 1H, O-CH2), 3.72 (m, 1H, 

O-CH2), 3.44 (m, 4H, N-CH2, -CH2N), 2.28 (m, 4H, C(O)-CH2), 1.60 (br s, 4H, -

CH2CH2-). (~15% decomposition was observed because the polymer had to be stirred in 

D2O for 3 hours with gentle heating (~ 50 
o
C) to completely dissolve) IR ῡmax : 3300 (NH, 

amide), 2940-2866 (CH, aliphatic), 2113 (NN, azide), 1645 (C=O, amide I), 1559 (amide 

II), 1240 (amide III), 1112 (amide IV). SEC: Mw = 10705 g/mol, PDI = 2.8. 

Solution polymerization was carried out in benzene with the same amounts of 

diamine and diacid chloride as in interfacial polymerization. The solution was purged 

with nitrogen and the acid chloride solution was added to the diamine solution under 

constant stirring. Triethylamine was used as the base instead of NaOH. 

Compression molding and tensile testing. Dried polymer was pressed into sheets of 

thickness 0.6 mm by compression molding at 100 
o
C. The films were then cut into 

rectangular pieces and tensile tests were performed on them using a table top In-Spec 
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2200 (Instron, Norwood, MA) equipped with a Sony Clie PDA, with a crosshead speed 

of 1 mm/min and a load cell with a maximum of 0.5 kN. The same procedure was 

followed for PAAz_C10 cross-linked with bis-alkyne. 

Polymer degradation. SEC studies. The exact amount of polymer required to 

prepare a 0.05 mM polymer dispersion in 1 mL of solvent was weighed into an eppendorf 

tube. For solutions of pH 2, equivalent amount of TCEP.HCl was dissolved in 1 mL 

water and added to the polymer solutions. For pH 7 and 9, TCEP solution was prepared 

using phosphate buffer with 5x amount of NaOH to neutralize TCEP. The pH of the 

TCEP solutions were adjusted and then added to the eppendorf tube containing the 

polymer. After specific intervals of time, the tubes were centrifuged and the supernatant 

aqueous solution was carefully removed using a pipet. The degraded polymer was then 

dried for 48 h followed by analysis using SEC with ethylene glycol as internal standard.  

Kinetic studies using 
1
H NMR. For PAAz_C6, characterization of TCEP-induced 

degradation was done using 
1
H NMR because the polymer is water soluble. The 

procedure was same as that followed for SEC studies, the only differences being the use 

of NMR tubes instead of eppendorf tubes and using D2O solutions instead of H2O. DSS 

was used as internal standard. The concentration of polymer was calculated using the 

peaks arising from one of the methylene protons alpha to the oxygen of the -azidoether 

from 3.908 to 3.832 ppm. The rate of the reaction was calculated from the slope of 

inverse of concentration of polymer plotted against time.   

Mass loss and photography experiments. Compression molded polymer film was 

divided (3 x 3 mm
2
) and placed in a Teflon

®
-capped vial with 4 mL of 100 mM 
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TCEP.HCl solution in water. Vials with 5 equivalents of aqueous HCl was used as 

control. The pH of the solutions was 2. For experiments using pH 7, the TCEP solution 

was neutralized with NaOH and pH was measured before and after the experiment. TCEP 

is known to oxidize faster (~3 days) in buffer solutions, so the experiments were 

performed in water. The solution was changed every 3 weeks. The vials were secured in a 

shaker bath equilibrated to 37 ± 1 
o
C.  

For mass loss experiments, the experiments at pH 2, after 10, 15, 24 and 40 h, the 

vials were taken out, supernatant solution was carefully drained using a pipet and the 

polymer film was dried under vacuum. The vials were then weighed to get the final dry 

weight (mf) and compared to initial weight (mi). The percentage residual mass was 

calculated from the ratio (mf/mi). The procedure was done using 6 mL of 10 mM and 2 

mL of 50 mM and 1 mL of 100 mM TCEP.HCl solutions.  

For time-lapse photography experiments, polymer samples were placed in vials 

containing 4 mL of 100 mM TCEP solution at pH 2 and 7. The vial containing the 

polymer sample was removed from sand bath–shaker setup at different time points, 

placed on a light box and imaged using a Nikon D300 camera mounted at a fixed distance 

from sample stage. The vial was returned to the sand bath in less than a minute to 

minimize discrepancies. 

Cross-linking via click chemistry. Di(prop-2-yn-1-yl) decanedioate was synthesized 

from a reaction between sebacoyl chloride (0.239 g, 1 mmol) and propargyl alcohol 

(0.112 g, 2 mmol) in the presence of triethylamine (0.303 g, 3 mmol) in dichloromethane 

(25 mL) solvent under nitrogen atmosphere overnight. The reaction mixture was washed 
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with water, dried with sodium sulfate and concentrated under vacuum to obtain the 

product. 
1
H NMR (500 MHz, CDCl3, δ) 4.68 (d, J = 2.5 Hz, 4H, -CH2CC-), 2.48 (t, J = 

2.5 Hz, 2H, -CCH), 2.35 (t, J = 7.5 Hz, 4H), 1.63 (m, 4H), 1.30 (m, 8H, O-CH2). 
13

C 

NMR (125 MHz, CDCl3, δ) 173.12 (2C), 77.98 (2C), 74.23 (2C), 51.96 (2C), 34.14 (2C), 

29.13 (2C), 24.93 (4C). HRMS - ESI (m/z): [M + Na]
+
 calcd for C16H22O4, 301.1410; 

observed, 301.1389. PAAz_C10 (0.312 g, 1 mmol) was dissolved in 1 mL DMSO at 

70 C for 1 h. Di(prop-2-yn-1-yl)decanedioate (0.05 g, 0.2 mmol) was added to the 

solution along with 5 mg of CuBr and the mixture was poured on a rectangular mold and 

cured at 70 C for 12 h. The gel was washed with water and acetone and dried under 

vacuum for 1 week. Tensile tests and mass loss studies were performed in the same way 

as explained for the uncross-linked polymer. 
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4.5 Appendix 

Plots for calculating differential refractive indices: 

 

Figure 4-8. Variation of the refractive index with concentration for (a) PAAz_C10 in 

88% formic acid, (b) PA_C10 in 88% formic acid, (c) PAAz_C10 in DMF with 0.05 M 

LiBr. 
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Chapter 5. Synthesis of an -Azidoether-

Phosphonate Polymer for Potential Application 

as a Triggered-Release Dental Adhesive 

5.1 Introduction 

Restorative dental treatments require a strong adhesion between restorative materials 

and tooth surface. A dental adhesive is used to bond artificial materials such as veneers 

and crowns to natural tooth substances such as enamel and dentin. Enamel forms the 

outermost layer of a tooth, and consists of about 97% hydroxyapatite, 1% organic 

material and 2% water by weight. The layer underneath enamel is called dentin, and 

consists of about 70% hydroxyapatite, 20% organic material like collagen, and 10% 

water.
231

 An illustration of the different components of tooth is shown on Figure 5-1. 

 

Figure 5-1. Basic components of a tooth 
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In order to achieve strong adhesion, a pretreatment process is required to create a 

rough edge on the surface of the tooth by demineralizing the enamel layer. In addition, 

the process removes organic or bacterial residues from the tooth surface before 

application of the adhesive. An adhesive monomer is then applied onto the pretreated 

tooth surface, where the monomer penetrates the enamel and dentin layers. The 

restorative material, typically made up of a polymer-composite, is then placed over the 

adhesive layer and the adhesive is polymerized. Polymerization causes interpenetration of 

the adhesive into the polymeric composite. In addition, the monomers contain functional 

groups that can bind with the components of enamel or dentin through ionic or covalent 

interactions, leading to the formation of a strong adhesion between teeth and restorative 

materials. This is illustrated on Figure 5-2. 

 

Figure 5-2. Adhesion mechanism of dental adhesives. Left: Demineralization of 

enamel layer because of etching. Right: Ionic interactions (black dashed line) between 

acidic functional groups (red squares) such as phosphates, and calcium ions (green 

triangles) in hydroxyapatite of teeth. 

A variety of dental adhesives have been developed over the years. They can be 

classified as total-etch or self-etch bonding systems depending on the method used to 
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pretreat the tooth surface. In a total-etch system, phosphoric acid is used to demineralize 

the enamel layer and a polymerizable adhesive molecule is then applied onto the treated 

surface. In a self-etch system, the adhesive monomers themselves contain acidic 

functional groups that simultaneously treat the tooth surface and penetrate the dentin 

layer. Self-etch adhesive systems have gained a lot of attention in recent years because 

they eliminate a separate pretreatment step, which makes the restorative process quick 

and efficient.  

Dental adhesives are typically designed based on the template shown on Figure 5-3. 

They incorporate a polymerizable group that can bond with the restorative material, a 

spacer group to influence properties such as solubility and flexibility, and an adhesive 

group that can bond with tooth substances through covalent or ionic interactions.
231

 The 

polymerizable group is composed of methacrylate, methacrylamide, vinyl or styryl 

groups that can copolymerize with polymeric restorative materials. Spacer groups are 

alkyl chains of different lengths. Aromatic rings or oxygen atoms are incorporated into 

the spacer to influence properties such as the hydrophobicity, water uptake and swelling 

behavior. Adhesive groups are composed of functional groups that can bond with 

components of tooth. For example, carboxylic and phosphonic acids can form ionic 

bonds with inorganic, calcium-rich tooth substances, and functional groups such as 

epoxides and aldehydes can form covalent linkages with the amine groups found in 

collagen fibers in a tooth. Adhesives that utilize acidic functional groups fall under the 

category of self-etch systems because the acid performs an additional role as an etching 

agent. 
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Figure 5-3. Template used in the development of dental adhesives  

Restorative materials bonded to teeth are sometimes required to be removed at the 

end of a treatment period or earlier if there are infections. The only option currently 

available to remove bonded restorative materials, is to use surgical techniques involving 

the application of mechanical force, which can damage the physical structure of the 

tooth.
232

 If it were possible to selectively weaken the bond strength of the adhesive 

without using mechanical force, the bonded restorative materials could be removed 

without harming the tooth structure. One way to achieve this would be to use a 

degradable polymer with adhesive properties as the dental adhesive; however, existing 

degradable polymers degrade through different forms of biodegradation mechanisms, 

where degradation is initiated by triggers that are already present in a biological 

environment. It would not be possible to have a biostable adhesive system that will 

perform its function during the treatment period, and at the same time, can be triggered to 

degrade when there is a need to remove the bonded restorative material. As a result, there 

are no examples in the literature of dental adhesives where the adhesion strength can be 

deliberately weakened during or after the completion of the treatment period, to facilitate 

easy removal of bonded restoratives. We propose that the bioorthogonally cleavable -

azidoether system is ideally suited for the development of adhesives that can be triggered 

to release the bonded restorative materials without the use of excessive mechanical force. 
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The design of one such triggered-release adhesive system is explained in the following 

paragraphs. 

-Azidoethers can be selectively cleaved by phosphines and dithiols which are 

normally absent in oral environment. Studies on the cleavage of this functional group 

were discussed in Chapter 3, where the bioorthogonal, tunable cleavage of small 

molecule -azidoethers was demonstrated. In this chapter, our goal is to design an 

adhesive molecule that incorporates the -azidoether functional group in such a way that 

when the cleavage reaction is initiated, it will lead to the weakening of adhesion 

facilitating the release of the bonded substrates. We have designed a degradable adhesive 

molecule based on commercially available self-etch dental adhesive systems.  

Phosphoric acid is one of the most popular choices for etching enamel in dental 

applications. Therefore, monomers composed of hydrogen or dihydrogen phosphates, or 

diphosphates, have been utilized extensively for dental adhesive applications. Examples 

of such polymerizable acidic phosphate derivatives are shown on Figure 5-4.
233-236

 

Methacrylates are preferred as the polymerizable group, owing to their higher reactivity 

when compared to vinyl or styryl monomers. Spacer groups are typically composed of 

alkyl chains of different chain lengths.   
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Figure 5-4. Example of phosphates used in dental adhesives 

Although these monomers are commercially available in dental adhesive 

formulations, the acrylate and phosphate functional groups are prone to hydrolysis 

(Figure 5-5).
237

 The adhesive bond strength after polymerization of hydrophilic acrylate 

monomers have also been found to decrease over time because of hydrolysis of ester 

bonds in the polymer.
238,239

 As a result, monomers using methacrylamide and 

phosphonate groups that are more stable to hydrolysis have gained a lot of attention in 

recent years.
240,241

 

 

Figure 5-5. Hydrolysis of methacrylate-phosphate adhesives 
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Based on these facts, we have designed an adhesive compound as shown on Figure 

5-6. The polymerizable and adhesive functional groups are incorporated into the 

monomer using hydrolytically stable amide bonds. The -azidoether functional group is 

incorporated as a spacer that can be selectively triggered to cleave. The synthesis of this 

compound and the characterization of its adhesive properties and triggered-release 

behavior, are discussed in the following sections. 

 

Figure 5-6. Design of a hydrolytically stable, triggered release adhesive monomer 

with -azidoether 

5.2 Results and Discussion  

The phosphonate-acrylamide adhesive compound was synthesized by following the 

route shown in Scheme 5-1. The diamine was synthesized using a procedure that was 

described in Chapter 2. Mono-functionalization of the diamine was achieved by 

following a procedure reported by Shimaoka et al.
242

 The acrylamide-amine 5, was then 

functionalized using phosphonoacetic acid chloride to obtain the adhesive monomer 9. 

Monomer 9, was polymerized using 2,2′-azo(2-methylpropionamidine) dihydrochloride 

(AMPAHC) as the initiator in an aqueous solution at 65 C for 2 h. The polymer had 
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Mn = 45,000 g/mol with a PDI of 2.2. The proton NMR spectra of the monomer and 

polymer are shown on Figure 5-7. 

 

Scheme 5-1. Synthesis scheme for phosphonate adhesive compound with -

azidoether linkage. Synthesis of a bifunctional -azidoether additive for future studies is 

also shown. 
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Figure 5-7. NMR spectra of monomer 9 (top) and polymer (bottom). Solvent peaks, 

from DMF (top) and methanol (bottom) are indicated with an asterisk. 

The hydrolytic stability of the phosphonate monomer 9, was studied using 
1
H NMR 

spectroscopy. The pseudo first-order rate constant for the hydrolysis of 9 in an aqueous 

solution of pD ~ 2, was estimated to be 2.9 × 10
-8

 s
-1

. This translates to a half-life of 

13 months. The results are shown in Figure 5-8. The hydrolysis of commercially 

available adhesives composed of acrylate or phosphonate groups has been reported to 

reach 90% completion in 16 weeks.
237

 The adhesive phosphonate prepared here, shows a 

significantly enhanced resistance to hydrolysis. 
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Figure 5-8. Hydrolysis of compound 9 in D2O (pD 2). 

In order to test the triggered release adhesion property, a suitable test substrate had to 

be chosen for performing adhesion tests. Current literature suggests the use of 

hydroxyapatite ceramic disks as a suitable test substrate.
243

 However, dental adhesives 

work by interacting with the calcium-rich tooth substances and the polymeric surface of 

artificial implant materials. When we attempted to use purely inorganic substrates to test 

adhesion, the substrates fell apart in water within a few minutes, presumably because of 

lack of penetration of the adhesive into the bulk of the substrate. We believe that a better 

substrate would contain a polymer matrix that would allow the adhesive molecule to 

penetrate the substrate and form a stronger bond. As a result, a polymer-hydroxyapatite 

composite was prepared using commercially available EasyCast epoxy resin kit. A matrix 

was prepared by using the epoxy and amine monomers mixed with powdered 

hydroxyapatite, and then curing the mixture for 24 h. The adhesive formulation with the 

monomer and initiator was then applied on the surface of rectangular composite films. 

The set up was incubated in an oven equilibrated to 65 C for 2 h in order to polymerize 
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the monomer 9. The shear tensile strength of the adhesive layer was then tested. The 

adhesive had a shear modulus of 0.2 MPa. Commercial dental adhesives have shear 

moduli in the range of 1‒10 MPa.
241

 It is however not possible to compare these values as 

we used an artificial substrate that has never been used before. Further tests are required 

to characterize the adhesion strength more precisely. More importantly, the shear tensile 

tests illustrate that the phosphonate molecule 9 has the required adhesion property to be 

formulated into a dental adhesive system. 

The triggered release of substrates held together by the adhesive was then studied 

using DHLA as the trigger. When the system was incubated in an aqueous solution of 

100 mM DHLA (pH 9), the two films held together by the adhesive, fell apart after a time 

period of 26 h. This is illustrated on Figure 5-9. The same system incubated in water as a 

control system fell apart after 15 days. This is expected because the polymeric adhesives 

by themselves are water soluble. After a certain period of time, water percolates into the 

substrate interface and dissolves the polymer, leading to their release. Commercial 

adhesive formulations contain bifunctional methacrylates that copolymerize with the 

phosphonate monomers and act as cross-linkers, resulting in stronger and more durable 

bonding.
236

 Nonetheless, our results demonstrate the triggered release feature of adhesive 

phosphonate monomer with an -azidoether spacer. For future studies, we have also 

synthesized bifunctional methacrylamides that can be used as cleavable comonomers that 

can be used to develop formulations that are more similar to commercial adhesive 

systems (Scheme 5-1, compound 7).   
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Figure 5-9. Triggered release of bonded substrates on incubation in DHLA solution. 

The adhesive bonded composite films stay intact in water and fall apart after 26 h when 

incubated in a 100 mM DHLA solution. 

5.3 Conclusions 

To summarize, a novel phosphonate-acrylamide molecule having adhesive properties 

suitable for dental adhesive applications was developed. The molecule incorporates a 

cleavable -azidoether linkage as a spacer unit. The linker can be cleaved using DHLA 

as an externally applied chemical trigger. This leads to weakening of the adhesive bond 

strength, which ultimately results in the failure of adhesion. The system is a unique 

example of a triggered release adhesive formulation that makes use of the bioorthogonal 

reductive cleavage of -azidoether functional group. Further studies using tooth samples 

and commercial restorative materials are required to more precisely characterize the 

adhesion behavior of the compounds synthesized here. Most importantly, the results 

presented here demonstrate the potential to develop unique applications using the 

triggered reductive cleavage chemistry of -azidoethers. 

5.4 Materials and Methods.  

All chemicals were purchased from commercial sources and were used without 

further purification unless specified otherwise. NMR spectra were obtained on a Varian 
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INOVA 500 MHz solution state spectrometer. CDCl3 and D2O were used as solvents 

with either TMS or DSS as reference. High-resolution mass spectrometry was performed 

on a Bruker-BioTof II (ESI-TOF) instrument using PEG as internal standard and 

methanol as carrier solvent. 

SEC was used to determine the molecular weight distribution. An aqueous solution of 

1.0 wt % acetic acid/0.1 M Na2SO4 was used as the eluent. A flow rate of 0.4 mL/min, 

Eprogen (Downers Grove, IL) columns [CATSEC1000 (7 μm, 50 × 4.6), CATSEC100 (5 

μm, 250 × 4.6), CATSEC300 (5 μm, 250 × 4.6), and CATSEC1000 (7 μm, 250 × 4.6)], a 

Wyatt HELEOS II light scattering detector (λ = 662 nm), and an Optilab rEX 

refractometer (λ = 658 nm) were used. Astra V (version 5.3.4.18, Wyatt Technologies, 

Santa Barbara, CA) was used to determine Mn and PDI. 

Synthesis. For monomer synthesis procedures, refer to Chapter 2. 

Polymerization of 9. In 1 mL, 0.1 mM aqueous solution of the phosphonate 3, 10 mg 

of initiator AMPAHC was dissolved. The solution was purged with nitrogen and heated 

at 65 C for 2 h. The solution was then poured onto 30 mL methanol to obtain the 

polymer as a white precipitate. The polymer was filtered and dried under vacuum for 3 

days. 
1
H-NMR (500 MHz, D2O, ): 0.97 (br s, 3H), 1.13 (br m, 2H), 2.83 (d, 2H), 3.33 

(br m, 6H), 3.75 (br m, 1H), 3.92 (br m, 1H), 5.18 (br s, 1H). 

Hydrolytic stability 
1
H NMR studies. For studies on the hydrolytic stability of the 

adhesive, compound 9 (100 mM) was suspended in 1 mL D2O (pD 2.00) along with DSS 

(10 mM) as an internal standard. The change in concentration of 9 with respect to the 

concentration of DSS was monitored over time using 
1
H NMR. The area under the 
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methyl peaks of DSS at 0 ppm was used to calculate the reference concentration. Area 

under the peaks arising from one of the methylene protons of 9 at 3.522 to 3.460 ppm 

was used for calculating its concentration. The hydrolytic rate constant was estimated 

from the slope of the ln(residual concentration) plot over time. 

Adhesion and release tests. Artificial substrates for adhesion testing were prepared 

using a mixture of hydroxyapatite in Easy Cast epoxy casting resin (3:7) and curing them 

in the form of a sheet for 24 h. The sheets were cut into rectangular strips and used for 

adhesion testing. The adhesive formulation was prepared as a 0.1 mM (1 mL) solution in 

water with 10 mg of AMPAHC initiator dissolved in it. The adhesive solution (10 L) 

was applied in a 1 cm
2
 region between two sheets of the resin substrate.  The setup was 

placed in an oven equilibrated to 65 C for two hours, after which it was tested for shear 

tensile strength and triggered release.  

Photopolymerization was performed by using formulations with 20% phosphonate 9 

in a mixture of 20% H2O, 18.5% acetone, 40% ethanol, 1% ethyl-p-

(dimethylamino)benzoate and 0.5% camphorquinone. To test the effect of added cross-

linkers, 20% of triethyleneglycol dimethacrylate was added along with the phosphonate. 

In this case only 20% ethanol was used in the formulation. The solution (10 L) was then 

applied to the surface of the composite substrate as in the case of thermal polymerization, 

and the setup was kept under a light bulb for 2 h and dried overnight. 

Shear tensile tests were performed on them using a table top In-Spec 2200 (Instron, 

Norwood, MA) equipped with a Sony Clie PDA, with a crosshead speed of 0.5 mm/min 

and a load cell with a maximum of 0.5 kN. The shear cross-sectional area was calculated 
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according to the guidelines provided in ASTM D905‒08. The cross-sectional area and the 

thickness of the adhesive layer were calculated as shown in Figure 5-10. 

 

Figure 5-10. Calculating cross-sectional area and thickness for shear tensile tests. 

Shear modulus is represented as G; dx is the transverse displacement; force (F) is applied 

along the direction of l. 

Triggered release was tested by incubating the resin-hydroxyapatite film in 2 mL of 

100 mM DHLA (pH 9) solution. The time taken for the films to fall apart was observed 

and recorded. The solution was not stirred or agitated. 

  



 

 139 

Chapter 6. Concluding Remarks 

In the preceding chapters of this thesis, we explored the development of cleavable 

linkers and degradable polymers, using the -azidoether functional group to obtain an 

external, tunable control over their degradation. In order to assess the potential of this 

functional group, the kinetics and mechanism of the triggered cleavage reaction were 

characterized through experiments performed using small molecule -azidoethers. The 

reductive cleavage chemistry was then implemented into the development of degradable 

polymers for biomaterial applications. Polymers incorporating -azidoethers along the 

backbone and side-chains were investigated. The development of polymers incorporating 

-azidoethers as cross-linkers were discussed previously by other Taton group 

members.
142,244

  

The advantages of using -azidoether as a cleavable functional group were clearly 

demonstrated in our experiments. The cleavage reaction is triggered by reducing agents 

such as TCEP and DHLA. The reactions follow second-order kinetics with first order 

dependences on the concentrations of -azidoether and the trigger. Therefore, the 

initiation and timescale of cleavage of linkers incorporating this functional group can be 

manipulated by controlling the concentration of the trigger. -Azidoethers are unlikely to 

react with molecules that are commonly found in biological systems. In addition, 

compounds with long-term hydrolytic stabilities can be synthesized using an appropriate 

structural design. As a result, the functional group can be selectively cleaved using an 

externally applied bioorthogonal trigger. In terms of developing degradable polymers 
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using -azidoethers, the functional group is not bulky and can be incorporated into 

polymers with different chemical compositions. By making use of the second-order 

kinetics of the cleavage reaction, it is possible to obtain different degradation rates for the 

same polymeric material. Polymer degradation can be turned on or off simply by 

controlling the presence of the degrading trigger. As a result, the functional group can 

potentially be used to develop polymers that could be used in both biostable and 

degradable forms. This could lead to the development of novel applications, such as the 

triggered-release dental adhesive system that was demonstrated in Chapter 5. 

Although the advantages of -azidoethers were demonstrated conclusively, questions 

still remain. The biocompatibility of the components involved in the cleavable linker 

system and the polymers that were developed using this functional group has not been 

characterized. The polymers that were developed here were helpful to demonstrate the 

triggered degradation behavior and understand the unique advantages offered by the -

azidoether chemistry. However, the examples presented here may not be suitable for 

biomaterial applications in their current forms. For example, in the case of the backbone-

degradable polyamide, the polymer relies entirely on the triggered degradation 

mechanism. Therefore, it is possible for polymer fragments to break away during 

degradation and be transported to other locations within the system of an application 

where the trigger is unavailable. In such cases, it would be better to utilize biodegradable 

monomers in conjunction with -azidoether monomers to prepare copolymers that would 

eventually be eliminated from a biological system even if they do not have access to the 
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trigger. Future work needs to identify the best way to utilize the -azidoether group in 

polymers, taking the nature of the intended application into consideration.  

Another area that needs further research is the identification of suitable triggers. So 

far, we have explored the use of TCEP and DHLA as triggers to cleave -azidoethers. 

TCEP is widely used in biotechnology protocols and effectively cleaves -azidoethers at 

a physiologically suitable pH range (7.5‒9). We have identified DHLA as a more 

biocompatible reducing agent. However, DHLA is efficient only when the pH of the 

environment is greater than 9. This might not be suitable for many biological 

applications. There are examples of other dithiols in the literature with lower pKa values 

and similar reducing potentials.
245

 Exploring the use of such compounds as triggers 

would play an important role in the future development of -azidoether linkers. In 

addition, the most important and difficult challenge in utilizing this system will be the 

development of methods to precisely deliver the trigger.  

To summarize, the advantages of using -azidoethers to develop cleavable linkers 

and degradable polymers were demonstrated conclusively. Addressing some of the 

remaining concerns will depend on the nature of the applications that utilize this 

degradation mechanism. Overall, the triggered degradation chemistry presents a unique 

opportunity to explore the development of exciting new materials for novel applications. 
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