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ABSTRACT 

CLICKABLE POLY(PROPARGYL METHACRYLATE) PREPARED BY ATOM 

TRANSFTER RADICAL POLYMERIZATION AND ITS DERVIATIVES AS 

ENZYME STABILIZERS 

By 

Po-Jen Hsiao 

 Enzymes are nearly perfect catalysts with excellent selectivity and high turnover 

frequencies. A long-standing goal has been enabling enzymes to operate ex vivo in non-

aqueous solvents, but the structures of native enzymes are typically compromised under 

these conditions. Polymer-enzyme bioconjugates have shown some promise—albeit 

limited—in this regard. The clickable poly(propargyl methacrylate) (PPMA) was proposed 

as a platform to enhance different polymer structures versus the residual enzymatic 

activities. The degree of polymerization and polydispersity are two factors that affect the 

polymer properties and can affect the enzymatic activities of the polymer-enzyme 

bioconjugates. The literature examples of PPMA with degree of polymerization greater 

than 200 are limited. In the atom transfer radical polymerization (ATRP) conditions we 

discovered, the degree of polymerization and the polydispersity of 

poly(trimethylsilylpropargyl methacrylate) (PTMSPMA) can be precisely adjusted by the 

initiator and monomer ratio, the copper catalyst loading, and the reducing agent loading 

(copper wire).  

After deprotection, PPMA is further reacted with different mole fraction 

compositions of hydrophilic triethylene glycol monomethyl ether (mDEG) azide and 

hydrophobic dodecyl azide to prepare amphiphilic polymers as enzyme stabilizers. The 

activities of the model enzyme, Subtilisin Carlsberg (SC), and polymer-SC bioconjugates 



were determined by 4-nitrophenolate and 4-thiopyridone assays, and the polymer-enzyme 

bioconjugate SC@82%mDEG-PPMA was found to be more active than SC alone in 

toluene. The SC@82%mDEG-PPMA is also more active than SC@100%mDEG-PPMA 

in 4-nitrophenolate assay, proving that the side chain structure of the polymer micelles can 

affect the polymer-enzyme bioconjugates. The micelle 80%mDEG-PPMA may isolate the 

enzyme from the bulk toluene better than 100%mDEG-PPMA. 

 Deprotonated amino acid salts are great alternatives to the synthesized alkylamines 

as post-combustion CO2 absorbents due to their non-toxic and low volatile nature. For CO2 

capture, gas uptake was measured when solutions of monodeprotonated amino acids were 

sparged with CO2. The speciation between dissolved CO3
2–, HCO3

– , and CO2(aq), and CO2 

captured as carbamates of the deprotonated amino acids, was quantified by 13C{1H} and 

1H NMR spectroscopy. Less hindered amino acids like glycine tend to have faster CO2 

absorption kinetic and higher carbamate concentrations due to the formation of relatively 

stable carbamates. One equivalent of carbamate forms requires one equivalent of amino 

acid as sacrificial base. Therefore, the formation of carbamate decreases the total CO2 

absorption capacity and is an unfavorable pathway for CO2 capture. While the amino acids 

containing substituents at the α carbon atom adjacent to the amino group, like alanine and 

proline, destabilize their carbamates by unfavorable steric interaction and lead to carbamate 

hydrolysis to CO3
2–/HCO3

– and enhance the CO2 capture capacity. Therefore, mixing 

different amino acids can have the fast absorption kinetics and higher absorption capacity. 

Based on the results, the mixture amino acid solutions were observed to have higher CO2 

absorption capacity than the single amino acid counterparts.  
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Chapter 1. Introduction  

Overview of atom transfer radical polymerization (ATRP) 

In conventional radical polymerizations, an initiator reacts with an atom in a closed-

shell monomer to make a new covalent bond, while creating unpaired electron spin 

density—a radical—on the initiated monomer. The chains grow through subsequent 

reactions of the radical chain and the monomer. Chain growth terminates when the radical 

at the chain terminus is quenched. The molecular weight distribution of the polymer chains 

is broadened when (i) chain initiation is slow relative to chain propagation, (ii) two radical 

chains react to generate two new radical chains via chain transfer, and/or (iii) two chain 

ends couple in a radical chain termination event. If the goal of a radical polymerization is 

to produce a material where the range of chain molecular weights is narrow, the three 

events noted above must avoided. 

Atom transfer radical polymerization (ATRP), was independently developed by 

Sawamoto1 and Matyjaszewski.2 In the ATRP mechanism,2 the initiator was initiated by 

the activator (CuIX/Ln) to generate an initiator radical (In·) and a deactivator (CuIIX2/Ln), 

shown in Scheme 1. 
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Scheme 1. The ATRP mechanism 

 

The first step in initiating the polymerization is the reaction between CuI–X/Ln with 

In–X to generate two species—CuII–X2/Ln and In·. These radicals can either recombine to 

their dormant states, CuI–X/Ln and In–X, or In· can react with a monomer to initiate the 

radical chain. The initiated monomer In–P1· can react in an analogous fashion. Reaction 

with one (or more) monomers extends that radical chain, forming In–Pn·, while reaction 

with the deactivating Cu radical, CuII–X2/Ln, returns both radicals to their dormant states, 

CuI–X/Ln and In–P1–X. The propagation rate is determined by the monomer structure and 

the concentration of the radical. The termination rate is affected by the concentration of 

radical. Therefore, the termination rate can be decreased by lowering the radical 

concentration, leads to overall a lower propagation rate for ATRP than conventional free 

radical polymerization. With sufficient deactivator concentration, the radical concentration 

is suppressed by the equilibrium between the higher oxidative state deactivator (CuIIX2/Ln) 

and the lower oxidative state activator (CuIX/Ln). With much lower radical concentrations 

during polymerization, side reactions like chain transfer and chain termination can be 

minimized. The vast majority of the chains are in the dormant state (R–X), and only a small 
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fraction exist as free radicals react with monomers to propagate with chain before returning 

to their dormant state after a few monomer additions.  

Finding the proper condition with optimal balance between ka and kd is the key to 

well-control polymerization with a reasonable polymerization rate. Factors affect ka and kd 

of a polymerizing a specific monomer include: (1) Ligand structures on the copper center 

(2) initiator structures (3) transfer atom groups (4) polymerization solvents.  

The first factor is the activator (CuIX/Ln) and deactivator (CuIIX2/Ln) activities can 

be modified by the ligand structures on the copper centers. The activities of the copper 

complexes are defined by the ATRP equilibrium constant (KATRP), shown in Eq 1Eq 1, i.e., 

the ratio of the rate constants for activation (ka) and deactivation (kd). The KATRP of ATRP 

catalysts is small to ensure most of the radicals are in the dormant state. The complex with 

higher KATRP drives the equilibrium toward radical side and the higher radical concentration 

leads to faster polymerization rate. The Figure 1 shows various ligand structures and the 

KATRP of the corresponding copper complexes in acetonitrile.3 The activities of catalysts 

bearing different ligand structures decrease in the following trend: alkyl amine ~ pyridine 

> alkyl imine. Since the ATRP equilibrium is governed by the redox properties between 

Cu(I) and Cu(II), cyclic voltammetry data can help illustrate the activities of different 

catalyst complexes. A linear correlation of E1/2 of different copper complexes with their 

KATRP is reported by Tang and coworkers,3 shown in Figure 2. The more reducing 

complexes (with lower E1/2 value) are the more active ATRP catalyst with higher KATRP, 

which drives the equilibrium toward the radical side. The polymerization control and 

polymerization rate rely on finding the proper copper catalyst structure for the 

corresponded monomer.  
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Figure 1. ATRP equilibrium constants KATRP for nitrogen-based ligands determined with 

the initiator EtBriB in the presence of CuIBr in MeCN at 22°C.3 

 

Figure 2. Plot of KATRP (measured with the initiator EtBriB in acetonitrile, structure shown 

in Figure 1Figure 1, versus E1/2 for different CuIIBr2/L complexes (ligand structures show 

in Figure 1Figure 1).3 

 𝐾𝐴𝑇𝑅𝑃 =
𝑘𝑎

𝑘𝑑
 Eq 1 
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The second factor that can affect the ka and kd at the early stage of polymerization 

is the initiator structure. As we mentioned above, to obtain polymer with narrower PDI, 

the initiation rate must be faster than the propagation rate. Therefore, the ka plays an 

important role in keeping PDI narrow. The different initiator structures lead to different 

stabilities of the corresponding radicals and different ka values. The ka and kd of a specific 

initiator were determined by trapping the generated radicals by TEMPO and the resulting 

In–TEMPO products were quantified by HPLC or GC.4 , 5  The ka values for primary, 

secondary, and tertiary alkyl halide follow the order: 1° < 2° < 3°, shown in  Figure 3. The 

ka of the tertiary alkyl bromide initiator MBriB is 8 times higher than the secondary initiator 

MBrP, and 87 times higher than the primary counterpart MBrAc.5 The size of the alkyl 

ester group also found to affect the ka values of initiators. The ka of the initiator containing 

methyl ester group MBrP is 4 times higher than the counterpart with t-butyl ester group 

tBBrP, shown in Figure 3.  

The α-substituent of the radical also affects the ka value of the initiator. Substituents 

with π-accepting functional groups can stabilize the radical by delocalizing the unpaired 

electron onto the π*-orbital.6 Most of the ka values for the initiators listed in the Figure 3 

were determined by reacting 1 mM of different initiators with 20 mM of CuIBr/PMDETA 

and trapped the radical by TEMPO. However, for the active initiators like EBPA and BrPN, 

less active catalysts like CuIBr/NPPMI and CuIBr/HMTETA, respectively were used to 

obtain accurate ka values. By assuming CuIBr/PMDETA (more reactive catalyst) and 

CuIBr/HMTETA (less reactive catalyst) have the same selectivity toward different 

initiators, the ka values determined from the less active catalysts can be extrapolated using 

an initiator with ka that has been accurately determined in both catalysts (more reactive and 
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less reactive catalysts). ka (BrPN, CuIBr/PMDETA) = ka (BrPN, CuIBr/HMTETA) × ka 

(EtBriB, CuIBr/PMDETA) / ka (EtBriB, CuIBr/HMTETA). The ka (CuIBr/PMDETA) of 

initiator bearing substituents follow this order: ester and phenyl (EBPA, 5.3×103 M-1s-1) > 

cyano (BrPN, 2.3 M-1s-1), ester (MBrP, 0.33 M-1s-1) > phenyl (PEBr, 0.17 M-1s-1) > amide 

(DEBrPA, 0.040 M-1s-1). Due to the dual stabilization effect from ester and phenyl groups, 

the ka of EBPA is 132,500 times higher than the amide bearing initiator DEBrPA.5  

 

 

Figure 3. Activation rate constant (ka) of various initiators were determine with [Initiator]0 

= 1mM, [CuIBr/PMDETA]0 = 20 mM, at 35°C in MeCN except for EBPA and BrPN.5 The 

ka of EBPA is determined by CuIBr/NPPMI. The ka of EBPA is determined by CuIBr/ 

HMTETA.5  
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The third factor that can affect the ka and kd during ATRP is the transfer group, X, 

which is typically halogen. The KATRP for the Br-based initiators are almost 10 times higher 

than their Cl-based counterparts.3 Under the same condition (CuIX/PMDETA in 

acetonitrile), the ka of initiator bearing bromo MBrP is 0.33 M-1s-1 22 times higher than the 

chloro-containing initiator MClP because the C–Br bond is weaker than the C–Cl bond.5 

The iodo-containing initiator, MIP has a ka that is higher than the bromo-containing 

counterpart MBrP but due to the low stability of CuII–I bond, the KATRP of MIP is ~ 15 

times smaller than MBrP. The alkyl iodides are not common choices as ATRP initiators. 

 

Figure 4. The ATRP equilibrium constant and activation rate constant of initiator bearing 

different transfer groups. KATRP values for various initiators were determined with 

CuIX/TPMA in MeCN at 22 °C.3 ka values for various initiators were determined with 

CuIX/PMDETA in MeCN at 35 °C.5 

The last factor that affects the ka and kd during ATRP is the solvent. The polar 

solvent accelerates the activation process and decreases the rate of deactivation leading to 

higher KATRP.7 Under the same condition (EtBriB as the initiator and CuIBr/HMTETA as 

the catalyst), 14 different solvents were tested and discovered that the ka in DMSO (ka = 

1.30 M-1s-1) is roughly 31-fold higher than in butanone, the one with the lowest ka (ka = 

0.0417 M-1s-1). In the same condition, formamide has the highest KATRP (2.83×10−6) 

followed by DMSO (KATRP = 2.59×10−9) and butanone (KATRP = 1.55×10−9).  



 8 

With the versatile reactivity of different ligand and initiator structures, ATRP has 

successfully been applied to polymerize various monomers, including styrene,8 acrylate,9 

methacrylate,9 acrylonitrile,10 acrylamide,11 4-vinyl pyridine,12 and methacrylic acid.13  

Overview of preparing comb-like copolymers 

Comb-like copolymers are the polymers containing one or more than one 

chemically different polymer structures connected to the main polymer backbone. The 

synthetic methods of comb-like copolymers can be categorized into three types: grafting-

to, grafting-through, and grafting-from.14 These three synthetic routes are summarized in 

Scheme 2Scheme 2.  

Scheme 2. Three different synthetic routes to comb-like copolymers. (a) grafting to method. 

(b) grafting through method. (c) grafting from method. The scheme is from reference 14. 

 

The grafting-to method uses polymer backbones bearing reactive groups where 

sidechains can be installed through chemical reactions with another functional polymer 

shown in Scheme 2Scheme 2a. One advantage of the grafting-to approach is that the side 
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chains with diverse structures can be installed on the same batch of polymer backbone. 

This allows for the side chain structure–property studies since the grafted polymer products 

have the same backbone length and polydispersity but different side chain structures and 

grafting density. The grafting density of the polymer product is determined by the density 

of the functional group on the reactive polymer backbone, the size of the functional 

polymer, and the chemical structure of the functional polymer. Gao and Matyjaszewski 15 

studied the effect of the size and the chemical structure of the functional polymer. They 

grafted different azide functionalized polymers, such as poly(ethylene glycol)-N3, 

polystyrene-N3, poly(n-butyl acrylate)-N3, and poly-(n-butyl acrylate)-b-polystyrene-N3, 

to reactive polymer bearing alkyne groups. Among all the side chain structures, they found 

the poly(ethylene glycol)-N3 with Mn = 750 g/mol reached the highest grafting density 

(88%) when 8 equivalents of azide to alkyne group was used. The grafting density dropped 

when grafting longer side chains onto the polymer backbone or the side chains containing 

bulkier groups like polystyrene. The concept of grafting-to is a form of post-polymerization 

modification and will be further discussed in the following section. 

Grafting-through is polymerizing the macromonomer that contains the desired side 

chain structure with a reactive end group, the “monomer,” from which the polymer 

backbone of the comb is grown by polymerization at one terminus. Grafting through does 

not have the incomplete grafting conversion issue. Polymerization of the macromonomer 

with high molecular weight is challenging due to the increasing viscosity after each 

macromonomer is added to the chain. It can be explained by the Mark-Houwink Sakurada 

equation (Eq 2Eq 2), which is an empirical relationship between molecular weight (M) and 

intrinsic viscosity ([): 
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 [ƞ] = K𝑀𝑎 Eq 2 

 

where K and a are empirically determined constants for a polymer-solvent system.  

If a monomer with a small molecular weight was added to the polymer chain, it has 

a limited impact on the intrinsic viscosity of the system per monomer addition. While 

polymerizing a macromonomer with much higher molecular weight, the significant 

increase of molecular weight per monomer addition can significantly alter the intrinsic 

viscosity of the system. Therefore, the solubility can drop quickly even at low 

polymerization conversion. The phase separation of the growing chain to the bulk 

polymerization media decreases or halts the polymerization. For growing side chains with 

high molecular weight, grafting-from can be a better choice. 

Grafting-from uses polymer backbones bearing initiating sites and the polymer 

chains are grown from the initiator sites. With the advent of the control/living radical 

polymerization, grafting from method can prepared comb-like copolymers with high 

grafting density and narrow polydispersity. Beers and colleagues16 prepared poly-(2-(2-

bromoisobutyryloxy)ethyl methacrylate)-graft-polystyrene by atom transfer radical 

polymerization (ATRP) with Mn up to 4,980,000 and PDI = 1.20. While the free radical 

polymerization counterpart only resulted in polymer with Mn = 90,800 and PDI = 2.20. 

Suppressing the cross-coupling between polymer chains is critical in grafting from method. 

Overview of post polymerization modification 

There are two general approaches for synthesizing polymers having one or more 

functional groups along the chain: (i) Polymerizing monomers containing the desired 

functional group(s) (i.e., functionalized monomers) or (ii) post-polymerization 



 11 

modification (PPM). For the functionalized monomer strategy, altering the polymer 

structure requires the synthesis and polymerization of new functionalized monomers. 

While the requirement that functional groups must be compatible with polymerization 

conditions can restrict the scope of polymer functionality, multiblock co-polymers can be 

synthesized via the functionalized monomer approach. In the PPM method, a polymer is 

synthesized from a monomer that contains functionality retained in the resulting polymer. 

What sets PPM apart from the functionalized monomer strategy is that the functionality in 

the polymer is easily and reliably transformed by chemical reactions with both exceptional 

substrate scope and cross-compatibility. PPM can enable rapid synthesis of polymers with 

diverse combinations of functionalities, including groups that cannot be installed using the 

functionalized monomer approach due to their incompatibility with the polymerization 

conditions. The PPM approach is illustrated in Scheme 3. The ideal PPM process should 

include the following: (1) the reaction should be highly selective, and it should not react 

with the polymer chain, (2) it should not be prone to crosslinking, and (3) it should exhibit 

a high functional group tolerance and yield.17 Common PPM reactions include thio-ene, 

thio-yne, Michael addition, copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC), 

Strain promoted alkyne-azide cycloaddition (SPAAC), etc. The coupling partners of the 

PPM methods are summarized in Table 1. 
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Scheme 3. The post-polymerization modification using methacrylate bearing a selective 

handle as an example. Different functional groups (FGs) can be introduced to the same 

polymer backbone. 

 

Table 1. Summary of coupling partners in the commonly used post-polymerization 

modification methods. 

Post-polymerization 

modification method 

Coupling partner 

 

Coupling partner 

 

CuAAC 
 

 
 

Strain promoted alkyne-

azide cycloaddition 

(SPAAC) 
 

 

Michael addition 
 

 
 

Radical-mediated thiol-ene 

addition  

 
 

 

Radical-mediated thiol-yne 

addition  
 

 

Diels-Alder 
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CuAAC was independently introduced by Sharpless, Fokin,18 and Meldal19 groups. 

Due to the high selectivity, broad functional group tolerance, and mild reaction conditions, 

CuAAC has been found as a powerful tool for post polymerization modification (PPM) 

and was applied to various polymer backbones: polyester, 20  polyurethane, 21  poly(2-

oxazoline),22 polycarbonate,23 and poly(p-phenylene ethynylene)24, as shown in Figure 

5Figure 5. The PPM approach obviates the synthesis of individual monomers each time a 

new structural feature is to be introduced, as a parent polymer bearing azide or alkyne 

groups can be modified by grafting side chains along the polymer chain with CuAAC 

reactions of alkyne or azide molecules. CuAAC introduces the functional groups that are 

not compatible with the polymerization conditions and is a useful tool for studying 

structure-property relationship since all the modified polymer products are made from the 

same parent polymer, which has the same chain length and polydispersity. However, the 

requirement of copper catalyst in CuAAC can be problematic in electronic applications,25 

and Cu toxicity can arise in bio-applications in vivo.26,27 The other limitation is that CuAAC, 

like other grafting to methods, usually does not reach complete conversion if the polymer 

backbone was coupled with high molecular weight side chains, due to the grafted chains 

blocking the neighboring modifiable sites.15  
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Figure 5. The CuAAC modifiable polymer examples. 

Overview of polymers as enzyme stabilizers 

Through billions of years of evolution, enzymes have adapted and become excellent 

catalysts capable of converting a wide spectrum of substrates into metabolites with high 

efficiencies and high chemo-, regio-, and enantioselectivities under mild conditions.28,29,30 

Enzymatic catalysis has gained more attention due to the need for enantiomerically pure 

chemicals for pharmaceutical and agrochemical uses. There are two candidates suitable for 

this purpose: whole cells (from microbial, plant, or animal) and isolated enzymes. To keep 

cells alive, the reactions are run under aqueous condition. However, there are several 

challenges of using living cells as biocatalysts for unnatural transformation: (i) the desired 
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substrates or products can be toxic to cell, causing the inhibition of the further reactions, 

(ii) the substrates or products might have poor cell permeability, (iii) living cells need to 

be cultured and fed to precede the reactions, (iv) limited substrate solubility in water leads 

to low reagent concentrations in biocatalytic reactions and complicated product recovery 

process, and (v) the substances from cell or cell-growth medium might contaminate 

products. 

Applying isolated enzymes as biocatalysts can solve the cell permeability issue, 

prevent the product contamination from cell-growth medium, and circumvent the need for 

cell culture. Unfortunately, the poor substrate solubility in water remains unsolved. To 

solve the solubility issue, organic solvents as reaction media were considered to be 

implausible because enzymes were evolved in organisms where water is the “solvent.” 

Their structural integrity is compromised in mixtures of organic solvents that are miscible 

in water, and their catalytic activity in organic media is typically destroyed. This 

conventional wisdom started to change when Klibanov and co-workers found that two 

lyophilized enzymes, Bovine pancreatic α-chymotrypsin (α-chymotrypsin) and Bacillus 

subtilis protease (subtilisin Carlsberg), could act as heterogenous catalysts in nearly 

anhydrous, hydrophobic organic solvents.29 Klibanov and co-workers also established 

three key factors, which greatly affect the enzymatic activities: (1) solvent effects (2) pH 

memory effect (3) effects of additives during lyophilization. In the first case, higher 

enzymatic activity was observed in hydrophobic solvents, as hydrophilic solvents were 

prone to remove vital protein-bound water, which is critical for maintaining protein 

structure and activity.31 In the second case, the “pH memory effect” was observed by Zak 

and colleagues 32  that enzymatic activity in nearly anhydrous organic media greatly 
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depends on the pH environment of the enzyme precipitated or lyophilized from. The 

porcine pancreatic lipase precipitated from the optimal pH (8.4) has the highest activity in 

2 M heptanol in the tributyrin (containing 0.02% water). While the pH memory effect is 

not observed in the aqueous media due to the fast equilibrium with the bulk aqueous media. 

Zacharis and colleagues further found out that the pH memory effect in organic media can 

be altered if the organic-extractable weak acid or base was used as buffer. The subtilisin 

lyophilized from ammonium formate buffer, which both ions can be removed by hexane 

(the assay media), did not have the pH memory effect, and have lower activity than the 

counterpart lyophilized from sodium phosphate buffer.33 The third case is the effect of 

additives during lyophilization. Khmelnitsky and co-workers showed that the catalytic 

activity of subtilisin Carlsberg in dry hexane was 3750-fold higher when it was lyophilized 

in 98% KCl aqueous buffer solution compared to the salt-free lyophilized counterpart.34 

Several additives, such as sorbitol, poly (ethylene glycol), and glycerol, could also enhance 

the enzymatic activity.35  

Reaction media other than organic solvents have been studied in the realm of 

enzymatic catalysis, including water-miscible organic solvents, 36  water-immiscible 

organic solvents,37 and biphasic systems.38 In anhydrous organic media, water-dependent 

side reactions, such as hydrolysis,39 were suppressed. In some cases, the product selectivity 

can be altered or even inversed when switching from aqueous media to organic solvent.28 

However, most isolated enzymes are not sufficiently stable and often exhibit low catalytic 

activity in organic media. There are several methods to increase enzymatic activity in 

organic solvents: (i) directly suspending a lyophilized enzyme in an organic solvent, (ii) 

finding a solvent or solvent mixtures to create a more favorable environment for enzymes 
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(solvent engineering), (iii) immobilization or stabilization of enzymes by synthetic 

macromolecules, (iv) chemical modification on the surface of enzymes to increase stability, 

(v) genetic modification of enzyme structures to make them remain active in 

unconventional media.  

Overview of enzyme polymer interactions 

Different kinds of enzyme polymer interactions are utilized to stabilize enzymes: 

(1) covalent binding, (2) physical adsorption, (3) affinity binding, and (4) entrapment. For 

covalent binding, the chemical reaction is either site-specific or non-specific between with 

functional groups on the enzyme surfaces and on the polymers to form an enzyme polymer 

bioconjugates. One of the popular polymers to covalently bind to enzyme is poly(ethylene 

glycol) (PEG). In 1977, Abuchowski and co-workers40,41 reported the first PEG enzyme 

bioconjugate, bovine serum albumin (BSA)–PEG bioconjugate, which has reduced 

immunogenicity due to the incorporation of PEG polymer. Now PEG is frequently attached 

to therapeutic proteins and enzymes to prolong circulation time of the biopharmaceuticals 

and enhance solubility and stability due to the steric shielding effect provided by the 

synthetic polymer.42  

Another type of polymer enzyme interaction is physical adsorption, where enzymes 

interact with carriers, from silica, polymer resins, to modified surfaces, through weak 

interactions like Van der Waals forces, hydrogen bonds, ionic interaction, and hydrophobic 

interactions. Physical adsorption methods are widely used due to their simplicity, but they 

are also highly environmentally dependent and can lead to protein leakage due to the weak 

interaction between protein and the matrix.43  
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Affinity interaction requires installing an affinity handle on the enzyme to interact 

with the carrier bearing the corresponding tag. The most common affinity interactions are 

metal ion–polyhistidine and Streptavidin–biotin interactions.44 The metal ion-polyhistidine 

interaction are commonly used in protein purification, known as immobilized metal affinity 

chromatography. The bivalent metal ions (Co2+, Ni2+, Cu2+, Fe2+ or Zn2+) are chelated to 

the supporting materials including ligands like nitrilotriacetic acid (NTA) or iminodiacetic 

acid. The desired enzymes need to have six histidine tags at either N- or C-termini to 

coordinate to the metal ions. Metal ion–polyhistidine interaction has been used to 

immobilize green fluorescent protein, 45  horseradish peroxidase, 46 ferredoxin-NADP+ 

reductase,46 NADH oxidase47 onto various surfaces. The streptavidin–biotin interaction is 

a non-covalent interaction between a water-soluble vitamin B complex, biotin, and the 

homotetrameric protein streptavidin. It is one of the tightest non-covalent protein ligand 

interactions where the dissociation constant Kd is 10-15.48 Each streptavidin has four biotin-

binding sites.49 To immobilize proteins through streptavidin–biotin interaction, there are 

two possible routes: (1) biotinylation of the protein; or (2) attaching streptavidin to the 

target protein. The biotinylation of protein can be site-specifically catalyzed by E. coli 

biotin ligase.50 The biotin can also be introduced onto protein by N-hydroxysuccinimide 

(NHS) chemistry.51 Catalase,51 glucose oxidase,52 and horseradish peroxidase53 have been 

immobilized onto different materials via streptavidin–biotin binding. 

Enzymes can be entrapped within gel or polymer matrixes either by the sol-gel 

method or by polymerization around the enzymes.54 The entrapped enzymes experience 

minimum conformational change during the entrapping process and have high operational 

stability. The drawbacks of the entrapment process are the potential enzyme leakage if the 
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supporting carriers decompose and the deactivation of enzymes by the reagents used in the 

entrapping process. The sol-gel method involves two steps: (1) generation of silanol group 

by acidic condition and (2) the gel formation by condensation, shown in Scheme 4Scheme 

4. The first step (Scheme 4Scheme 4a) is acid catalyzed hydrolysis of alkylsilanes 

RSi(OCH3)3 and Si(OCH3)4  to form the silanol group (Si–OH, the “sol”). In the second 

step (Scheme 4Scheme 4b), the reaction mixture contains freshly prepared “sol” and the 

enzyme is adjusted to mildly basic condition to promote condensation between two silanol 

groups to form the Si–O–Si network (gel), trapping the desired enzyme within the gel.55 

The pH condition of the second step is crucial since strong basic conditions can lead to 

enzyme deactivation. The gels are then washed and dried to remove the free enzyme and 

reaction media to form a xerogels containing entrapped enzymes. The drying conditions 

determine the pore sizes of the enzyme–xerogel conjugates, which directly affect the 

substrate and product diffusion rate.54 Alkaline phosphatase, 56  glucose oxidase, and 

peroxidase 57  have been entrapped by the sol-gel method. The entrapped alkaline 

phosphatase was found to have 30% of the initial enzymatic activity but better thermal 

stability at 70 °C than the free enzyme. The entrapped glucose oxidase and peroxidase have 

similar activities as their free enzyme counterparts. 
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Scheme 4. The sol-gel method for enzyme entrapment. 

 

Polymeric entrapment is conducted by initiating polymerization around the desired 

enzyme and trapping the enzymes within the polymer matrixes. The enzyme entrapped by 

the polymer is described as enzyme@polymer. Glucose isomerase@poly(acrylamide),58 

laccase@poly(acrylamide-N-isopropyl-acrylamide), 59  and α-glucosidase@poly(2-

hydroxyethyl methacrylate) 60 have been prepared and the enzyme-polymer conjugates 

were reusable and retained 50% to 98% of their initial enzymatic activities after 10 to 25 

cycles. 

Overview of post combustion CO2 capture  

The historical atmospheric CO2 concentration can be determined by the air trapped 

within the ice-core obtain from Vostok, Antarctica. Carbon dioxide concentrations in the 

atmosphere, expressed as part per million by volume (ppmv), for the past 420,000 years 

are shown in Figure 6. 61 Scientists discovered that the CO2 level in the air fluctuated 

between 180 to 300 ppmv the peak CO2 concentration is 300 ppm at 3 million years ago. 

However, after the industrial revolution, the utilization of the fossil fuels for electricity 

generation and transportation caused CO2 levels to rise to an historic high of 414 ppmv in 
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the 2021 shown in Figure 7.62 The higher CO2 concentration in the atmosphere traps more 

heat and causes global warming. Higher temperature leads to faster moisture evaporation 

rate, rapid drying of soil, and drier climate condition.63 The warmer air can also hold more 

moisture than cooler air. The extra water vapor in the atmosphere is available to storm 

systems, leading to heavier rainfalls.64 The extreme climate pattern can cause food security 

problem, loss of life and properties. The urgent need to reduce CO2 emission and increase 

CO2 capture have brought attention to governments, industry leaders, and scientific 

communities. Scientists from different fields are working together to tackle this task. 

According to the United States Environmental Protection Agency, the transportation, 

electricity, and industry are the three top greenhouse gas emitters by economic sector in 

the 2019, shown in Figure 8. 65  

 

Figure 6. Historical carbon dioxide record from the Vostok Ice core.66  
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Figure 7. The monthly mean direct measurement of carbon dioxide concentration at Mauna 

Loa Observatory, Hawaii. Data was collected from 1958 to present.62 

 

Several ways to reduce CO2 emissions from the fossil fuel-fired power plants 

include: (i) enhancing the efficiency of the power generation process (1% increase in coal-

fired power plant efficiency reduces CO2 by 2-3%)67, (ii) partially or completely switching 

to low carbon-content fuels or to carbon neutral fuels, and (iii) capturing CO2 from the flue 

gas to recycle or store it. For the latter strategy, the three main approaches available for 

capturing CO2 from the fossil fuel-fired power plants are post-combustion capture, pre-

combustion capture, and oxy-fuel combustion. In the post-combustion capture, the CO2 

can be chemically absorbed into amine solutions or onto solid sorbents or separated from 

the flue gas by membranes and captured before the balance of the flue gas is discharged to 

the air. In the pre-combustion capture, the coal gasification process converts coal to CO2, 
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which is captured with similar methods used in post-combustion capture, and hydrogen gas 

that remains is converted to electricity. In the oxy-fuel capture, pure or enriched O2 that 

has been separated from air is used for combustion, so the flue gas is comprised of CO2 

and H2O that can be stored or recycled. This eliminates the need for post-combustion 

separation of N2 form CO2, but the oxy-fuel capture is expensive due to cryogenic 

extraction O2, which is energy intensive. The separated CO2 is then transported to storage 

sites or utilized as a chemical feedstock.  

 

Figure 8. The total U.S. greenhouse gas emissions by economic sector in 2019. Note: total 

emissions in 2019 is 6,558 million metric tons of CO2 equivalent. Percentages may not add 

up to 100% due to independent rounding.65 

Among different post-combustion capture technologies, aqueous 

monoethanolamine (MEA) solution is the most common alkanolamine chemical absorbent 

and has been industrially employed for 50 years due to its fast absorption rate and low 

material costs. However, the MEA solution also suffers from several limitations includes 

high energy consumption for MEA regeneration (4 GJ/ton CO2 released),68 poor thermal 

and oxidative stability, volatility, and its toxic nature.69  
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Like MEA, amino acid alkali metal salts, [NH2C(R)CO2
-][M+] (M = Na or K), are 

amine chemical absorbent candidates for post-combustion capture. Compared to MEA 

solutions, amino acid salts are non-volatile and non-toxic, and their solutions are less 

corrosive. If the amino acids can be efficiently and sustainably obtained from sources like 

microalgae biomass, some CO2 capture can be accomplished during algal growth, and 

production of amino acid salts may be more economical than chemically synthesized MEA 

and related absorbents. To prove the viability, Song and colleagues compared the effective 

CO2 loading of 30 mass% MEA solution with 30 mass% sodium glycinate solution.70 The 

effective CO2 loading of the absorbent is defined by Eq 3Eq 3, where αrich is the moles of 

CO2 absorbed per mol of absorbent. The lean CO2 loading, αlean, is determined by the 

solubility of CO2 (aq) at the desorption temperature. 

 Effective CO2 loading = αrich − αlean  Eq 3 

 The effective CO2 loading of 30 mass% sodium glycinate solution is comparable 

to the 30 mass% aqueous MEA solution in different CO2 sources, shown in Table 2. 

However, the higher CO2 solubility of sodium glycinate solution at the desorption 

temperature (120 °C) leads to the slightly higher αlean and lower effective CO2 loading than 

MEA solution. 
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Table 2. Effective CO2 loading of 30 mass% Aqueous Solutions of monoethanolamine 

(MEA) and sodium glycinate in different CO2 sources. Table from reference 70. 

CO2 source 

30 mass%  

MEA solution 

30 mass%  

Na glycinate solution 

αrich αlean 
effective 

loading 
αrich αlean 

effective 

loading 

Natural gas 

power plant 

(PCO2 = 3.5 kPa) 

0.489 0.132 0.357 0.538 0.243 0.295 

Coal-fired 

power plant 

(PCO2 = 12 kPa) 

0.525 0.241 0.284 0.584 0.333 0.251 

Iron and steel 

industry 

(PCO2 = 25 kPa) 

0.549 0.299 0.250 0.613 0.382 0.231 

 

The regeneration energy for 30 mass% sodium glycinate solution is 5.2 GJ/ton CO2 

released and it is slightly higher than its 30 mass% MEA solution counterpart (4.3 G GJ/ton 

CO2 released).70 Despite having a higher regeneration energy, amino acid salts could still 

be viable for post-combustion capture due to its lower toxicity, corrosivity, and volatility.  

Another emerging post-combustion capture method is cultivating microalgae to 

capture and directly utilize the CO2 in the flue gas. Microalgae are naturally abundant 

unicellular photosynthetic microorganisms and have five main classes: Chlorophyceae 

(green algae), Rhodophyceae (red algae), Phaeophyceae (brown algae), Cyanophyceae 

(blue-green algae) and Bacillariophyceae (diatoms). Under favorable conditions, some 

microalgae are fast-growing and can divide their cells within 3–4 h while most microalgae 

divide every 1–2 days.71 The CO2 enriched flue gas can be a great carbon source for the 

photosynthesis of microalgae, which converts CO2 to carbohydrates, the building blocks 

for nucleic acids, lipids, and proteins. Due to the fast-growing rate, the biomass 

productivity of microalgae could be 50 times more than the fastest growing terrestrial plant, 
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switchgrass.72 Photosynthetic microalgae CO2 capture is a sustainable post-combustion 

capture method with great potential.  

Conclusion 

With the equilibrium between CuI and CuII catalysts, the radical concentration 

during ATRP is minimized by the reversible activation and deactivation process. In 

Chapter 2 ATRP of trimethylsilylpropargyl methacrylate with different chain length and 

narrow polydispersity, and the poly(propargyl methacrylate) functional monomer by 

removing the trimethylsilyl protecting groups, will be presented. In Chapter 3, the design 

of macromolecular micelles is described, where the properties of amphiphilic polymers can 

be tuned by varying mole fractions of hydrophilic and hydrophobic sidechains installed 

along the polymer backbone using CuAAC. In Chapter 4, the structure–property 

relationship of polymeric micelles as enzyme stabilizers is presented. 

Carbon dioxide capture is the topic of Chapters 5 and 6. In Chapter 5, Amino acid 

salts are shown to be better CO2 absorbents than commonly used alkanolamine chemical 

absorbents like MEA, with the added benefit of eliminating the toxicity associated with 

MEA. The CO2 absorption efficiency of single amino acid solutions and mixture solutions 

of several amino acids are described. In Chapter 6, synthetic of amino acid-derived 

polyureas is developed, and the influence of the amino acid structures on the resulting 

polyureas is presented.  
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Chapter 2. Clickable poly(trimethylsilylpropargyl methacrylate) with 

narrow polydispersity prepared by Atom Transfer Radical 

Polymerization 

Introduction 

Azide- and alkyne-containing polymers are the two parent polymer candidates that 

are amenable to CuAAC modification. Azide functionalized polymers can be prepared by 

direct polymerization of azido-containing monomers but monomers bearing the shock-

sensitive azides can pose safety hazards during handling or purification by distillation or 

recrystallization. 73  The azido-containing polymethacrylate with the highest degree of 

polymerization was prepared by reversible addition−fragmentation chain transfer (RAFT) 

polymerization of 2-azidoethyl methacrylate (DP = 322, PDI = 1.13).74 Another azido-

containing polymer, poly(3-azidopropyl methacrylate) (DP=109, PDI = 1.33), was 

prepared via atom transfer radical polymerization (ATRP).73 To avoid safety hazards of 

shock-sensitive monomers, azido-containing polymers can be synthesized by polymerizing 

monomers with groups that can be readily displaced by azide after polymerization. 

Poly(glycidyl methacrylate)75 and poly(2-chloroethyl methacrylate)76 are examples where 

reaction with sodium azide affords azido polymers. A significant drawback to modifying 

azido polymers with CuAAC is that the scope of methods for alkyne synthesis are limited 

when compared to ease with which azides can be synthesized from a vast array of 

commercially available starting materials. Consequently, alkyne-containing polymers are 

the preferred synthons for post-polymerization modification with CuAAC. 

Alkyne functional polymers can be prepared by grafting an alkyne onto a functional 

polymer or polymerizing an alkyne containing monomer. Gao and coworkers grafted 
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pentynoic acid onto poly(2-hydroxyethyl methacrylate) by esterification (DP = 217 and 

PDI = 1.22), shown in Scheme 5.15 The esterification was judged to be quantitative, 

positioning alkynes on side chains nine atoms away from the polymer backbone. The 

molecular weight variation between hydroxy-containing polymer and alkyne-containing 

polymer is caused by the hydrodynamic volume difference in the DMF GPC. Gan and 

colleagues reported grafting two alkyne groups per monomer unit onto the poly(2-

hydroxyethyl methacrylate) backbone by esterification. The modification was quantitative 

based on the disappearing hydroxy proton NMR signal on the poly(2-hydroxyethyl 

methacrylate).77   

Scheme 5. Alkyne-containing polymer prepared by esterification.15,77 

  

Direct polymerization of alkyne-modified acrylates and methacrylates are less 

prevalent. In radical polymerizations like ATRP the alkyne groups can intercept the chain 

propagating radicals, which creates crosslinks between chains. This becomes more 

problematic as the monomer is consumed and the [alkyne]:[alkene] ratio increases. 
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Consequently, the control of molecular weight distribution (MWD) is lost. Alkyne 

protecting groups can greatly alleviate this problem.  

Trimethylsilyl propargyl methacrylate (TMSPMA, Scheme 6) is a protected alkyne 

monomer that has been polymerized to poly(trimethylsilyl propargyl methacrylate) 

(PTMSPMA). Examples of PTMSPMA with the highest DP by different polymerization 

methods are summarized in Scheme 6. Anionic polymerization under anhydrous conditions 

at -78 °C affords the highest molecular weight polymer with a narrow PDI (DP = 254, PDI 

= 1.04),78 while controlled radical polymerizations yield the poly(trimethylsilyl propargyl 

methacrylate) (PTMSPMA) with PDI < 1.5 and DP up to 210 were synthesized by RAFT 

polymerization under less stringent conditions.79 The longest homopolymer of TMSPMA 

prepared by another atom transfer radical polymerization (ATRP), has DP = 109 and a 

narrow PDI (1.25).80  

Scheme 6. Poly(trimethylsilyl propargyl methacrylate) examples reported by various 

polymerization conditions. 
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Atom transfer radical polymerization (ATRP) is a controlled/living polymerization 

method that can tailor the length of the polymer chain, control the molecular weight 

dispersity, and keep the chain end fidelity for efficient block copolymer preparation. More 

details about ATRP will be introduced in the following section. The combination of ATRP 

and copper-catalyzed azide-alkyne cycloaddition (CuAAC) has allowed chemists to tailor 

polymers with fine-tuned structures such as block copolymer,81,82star polymers,83graft 

polymers,73,84,85 polymer brushes,15 and polymer networks.86 However, most of the alkyne-

containing polymethacrylate chains reported either require demanding polymerization 

conditions like anionic polymerization 87  or result in relatively small degree of 

polymerization79,80 [DP < 210 for reversible addition–fragmentation chain transfer (RAFT) 

or ATRP]. Here we reported ATRP conditions that control the molecular weights of 

poly(trimethylsilylpropargyl methacrylate) over a broader range while keeping 

polydispersity narrow. This protocol will enable chemists to make alkyne-functionalized 

polymers with controlled molecular weights that can be easily functionalized by CuAAC 

with azide-bearing molecules. 

Polymerization of TMSPMA by ATRP 

Several terms will be defined first. Mn,theo is defined by Eq 4Eq 4. The Mn,theo can 

be calculated by the monomer to initiator ratio at t = 0, [M]0/[I]0, molecular weight of 

monomer and initiator, and conversion of the polymerization.2 When the experimental 

molecular weight is close to the Mn,theo, indicating the efficient initiation occurs and the 

termination event is not significant during the polymerization. If only fraction of the 

initiator is initiated, the experimental molecular weight determined by GPC (Mn,GPC) will 

be higher than the Mn,theo due to higher actual monomer to initiator ratio than [M]0/[I]0. If 
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termination is significant in the polymerization, Mn,GPC will be higher than the Mn,theo and 

higher polydispersity will be observed as well.  

𝑀𝑛,𝑡ℎ𝑒𝑜 =
[𝑀]0

[𝐼]0
× 𝑀𝑊𝑚𝑜𝑛𝑜𝑚𝑒𝑟 ×  𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 + 𝑀𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟  Eq 4 

The commonly used ATRP catalyst and ligand (CuIBr/bpy) was tested first (Table 

1Table 1 Entry 1) and showed good PDI control, but the experimental molecular weight 

determined by GPC (Mn,GPC) is significantly larger than theoretical molecular weight 

(Mn,theo), shown in Table 3Table 3. Matyjaszewski and colleagues 88  showed that a 

homogeneous polymerization mixture was observed when using the di-n-heptyl substituted 

bipyridine as ligand (CuIBr/dHbpy) in a mixture of styrene at the end of polymerization. 

However, when replacing ligand bearing shorter di-t-butyl chain (CuIBr/dtbbpy), the 

polymerization media became heterogenous. This result indicates the ligand with longer 

dialkyl substituents has better solubility in the polymerization media and will ensure the 

effective concentration of deactivator in the solution to minimize the radical concentration. 

At targeted DP = 100, both catalysts (CuIBr/bpy and CuIBr/dtbbpy) have comparable 

results (Table 1Table 1 Entry 1 and 2). When the targeted DP = 200, the dtbbpy cannot 

reach to higher conversion even with longer reaction time (Table 1Table 1 Entry 3 and 4). 

With the limited literature precedent for homopolymerization of poly(trimethylsilyl 

propargyl methacrylate) (PTMSPMA), we turned to ATRP conditions that produce 

poly(methyl methacrylate) with good control. After testing several polymerization 

conditions, we found that the Activator ReGenerated by Electron Transfer (ARGET) 

ATRP using copper wire as a reducing agent gave better results for preparing 

PTMSPMA.89  



 32 

Scheme 7. Polymerization of TMSPMA by conventional ATRP. 

 

Table 3. Polymerization of TMSPMA by conventional ATRP with different ligands. 

 

Polymerization of TMSPMA by Activator ReGenerated by Electron Transfer 

(ARGET) ATRP  

Activator ReGenerated by Electron Transfer (ARGET) ATRP is a catalytic 

initiation system that reduces the copper concentrations relative to conventional ATRP, 

which uses equal concentration of copper catalyst as the initiator concentration. In ARGET 

ATRP, stable CuII is replaced the CuI and the activator CuI is in situ generated by reducing 

CuII with various reductants, such as Ag(0),90,91 Cu(0),92 Sn(EH)2,
93 or ascorbic acid.94 The 

mechanism of ARGET ATRP is shown in Scheme 8. In ARGET ATRP, the CuII 

concentration is commonly lower than the initiator concentration ([CuIIX2] < [In–X]). If 

the low concentration of reductants is added or heterogeneous reductants are used (like 

copper metal in ARGET ATRP), then [CuIX] < [CuIIX] < [Pn–X] and [In–X]. Since [CuIX] 

Entry CuIBr/L [M]/[I]/[CuIBr]/[L] 
[I] 

(mM) 

Time 

(h) 

Conv. 

(%) 

Mn,theo 

(× 10-3) 
Mn,GPC 

(× 10-3) 
PDI 

1 CuIBr/bpy 100/1/1.2/2.5 16 44 98 19.2 29.3 1.16 

2 CuIBr/dtbbpy 100/1/1.1/2.3 17 41 96 18.8 33.0 1.19 

3 CuIBr/dtbbpy 200/1/1.5/3.2 8 23 69 27.1 36.0 1.27 

4 CuIBr/dtbbpy 200/1/1.7/3.5 8 67 65 25.5 49.0 1.21 
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<< [Pn–X],  most of the chains are in the dormant state and [CuIIX2] > [Pn·]. This ensures 

that deactivation rate = kd[Pn·][CuIIX2] is significantly greater than the termination rate = 

kt[Pn·]
2 throughout the polymerization. These features of ARGET ATRP enable the 

synthesis of high molecular weight polymers compared to other ARTP methods.   

Using Cu(0) as a reductant, the ARGET ATRP polymerization follows the regular 

ATRP mechanism after generating the activator (CuIX2/Ln). Cu(0) serves two extra 

functions during polymerization. One is that Cu(0) can scavenge excess deactivators 

(CuIIX2/Ln), regulate the concentration of deactivators, and increase the rate of 

polymerization while keeping the radical concentration low. The termination events can be 

minimized but not eliminated during ATRP and one equivalent of deactivator is generated 

when one termination event occurs. The accumulation of deactivator can decelerate or even 

halt the polymerization. The adequate amount of Cu(0) reduces the deactivator Cu(II) back 

to Cu(I) and accelerates the polymerization. The other function is that Cu(0) eliminates the 

residual oxygen in the system. With an excess amount of copper wire as oxygen scavenger, 

ATRP without the need for a deoxygenation step has been reported.95 Avoiding the use of 

air-sensitive CuI catalyst, faster reaction rate, and better oxygen tolerance are the three 

advantages of ARGET ATRP over conventional ATRP.  
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Scheme 8. The ARGET ATRP mechanism 

 

Eq 5 defines factors that affect polydispersity (Mw/Mn) in ATRP. These include the 

targeted degree of polymerization (DPn), which is equal to the monomer to initiator ratio, 

the rate constant for chain propagation (kp), the total initiator concentration at t = 0 

([In–X]0), the rate constant for deactivation (kd), the deactivator concentration  

([CuII–(Br)2/Ln]), and conversion of the polymerization (p). Eq 5 can guide us to find the 

proper polymerization conditions. 

 

 
𝑀𝑤

𝑀𝑛

= 1 +
1

𝐷𝑃𝑛

+ (
𝑘𝑝[In − X]0

𝑘𝑑[CuII − (Br)2 Ln⁄ ]
) (

2

𝑝
− 1) Eq 5 

  

For the polymerization of a specific monomer with the desired targeted degree of 

polymerization, several strategies can be used to yield polymers with smaller Mw/Mn (or 

PDI): (1) choosing deactivators with higher kd values; (2) increasing deactivator 
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concentration; and (3) driving conversion close to completion. The propagation rate 

constant (kp) of the methacrylate derivative monomers increase with the size of the ester 

group.96 Based on this trend, our targeted monomer TMSPMA should have a higher kp than 

methyl methacrylate (kp = 648 mol-1s-1 at 50 °C),96 which is an active monomer in ATRP. 

We chose a deactivator with high kd (2×106 M-1s-1),3 CuIIBr2/4,4′-dinonyl-2,2′-dipyridyl 

(dNbpy), to compensate for the active TMSPMA monomer. 

To synthesize polymers with Mw/Mn values approaches the minimum value of 1, 

the initiation rate needs to be faster than the monomer propagation rate so that all the chains 

are initiated simultaneously. Two initiators with different activation rate constants ka, ethyl 

α-bromoisobutyrate (EtBriB) (ka = 2.7 M-1s-1)5, benzyl α-bromoisobutyrate (BzBr), and 

ethyl α-bromophenylacetate (EBPA) (ka = 5.3 × 103 M-1s-1),5 were tested for polymerizing 

TMSPMA. The EBPA has dual stabilization effect from the ester and phenyl groups, which 

makes the ka value of EBPA 1963 times higher than EtBriB. EBPA is an efficient initiator 

for active monomers like acrylonitrile and methyl methacrylate3 and will be used as the 

initiator for all the polymerization conditions reported in this chapter. 

Effects of deactivator (CuIIBr2/ligand) loading 

The effect of deactivator loading to polydispersity was investigated by varying 

concentration of deactivator (CuIIBr2/dNbpy) versus initiator concentration while keeping 

the targeted degree of polymerization DPn = 200 and copper wire surface area constant (79 

mm2) (Table 4Table 4 Entry 1─4). There are two observations from this series of 

experiments. (1) The polymerization rate increases with deactivator concentration 

(CuIIBr2/dNbpy) due to the higher concentration of activator (CuI complex) will be 

generated by comproportionation of Cu0 and CuII. At lower deactivator concentration (1.0 
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mM, Table 4Table 4 Entry 1) the reaction cannot reach higher conversion even with 

prolonged reaction times. (2) Among these polymerization conditions, the deactivator 

concentration mildly affects the PDI but has a strong impact on the initiation efficiency 

(IE), which is defined by  

Eq 6 

Eq 6. When the initiation efficiency is close to 100%, indicates the initiation is 

efficient and without significant termination or chain transfer side reactions. The 

polymerization with deactivator concentration at 6.1 mM (Table 4Table 4 Entry 3) 

produced the product with the exact molecular weight (Mn,GPC) as the theoretical molecular 

weight (Mn,theo). Under this condition, the activator [CuI] and deactivator [CuII] were in the 

range that suppressed termination while maintaining a reasonable polymerization rate. We 

utilized this optimized deactivator concentration (Table 4Table 4 Entry 3) as a model 

reaction to investigate the effect of copper wire loading. 

Initiation Efficiency (IE) =
𝑀𝑛,𝑡ℎ𝑒𝑜

𝑀𝑛,𝐺𝑃𝐶
 

 

Eq 6 
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Table 4. ARGET ATRP of PTMSPMA with different deactivator loadings and copper 

wire surface areas.a  

Effects of copper wire loading 

In ARGET ATRP, the generation of the activator (CuI) occurs on the surface of the 

copper wire, so the copper wire surface area plays a critical role in controlling the ratio of 

activator concentration and deactivator concentration ([CuI]/[CuII]), which determines the 

polymerization rate and regulates the radical concentration. The copper wire was assumed 

to be a cylinder and its surface area was calculated with the standard formula. The copper 

wire surface area ranging from 39 to 236 (mm2) was tested while keeping deactivator 

concentration at 6.1 mM, shown in Table 4Table 4 entries 3, 5, and 6. Several trends were 

observed: (1) The polymerization rate increased with the copper wire surface area. This 

tendency can be explained by the generation of higher activator concentration during 

polymerization and is consistent with the proposed ARGET ATRP mechanism (Scheme 

8). (2) The polymerization conditions with smaller copper wire surface areas (39 or 79 

mm2), shown in Table 4Table 4 Entry 3 and 5, yielded polymers with narrow PDIs and 

close to 100 % initiation efficiency.  

Entry 
[TMSPMA]/[EBPA]

 
/[CuIIBr2]/[dNbpy] 

[CuII] 

(mM) 

Cu0 surface 

area  

(mm2)b 

Time 

(h) 

Conv. 

(%)c 

Mn,theo
d
 

(×10-3) 
Mn,GPC

 
(×10-3) 

DP IEe PDI 

1 200/1/0.1/0.2 1.0 79 42 44.0 18.7 28.2 144 66% 1.26 

2 200/1/0.4/0.8 3.9 79 17 79.4 33.8 40.5 206 83% 1.27 

3 200/1/0.6/1.2 6.1 79 10 80.2 34.2 34.2 174 100% 1.27 

4 200/1/1.0/2.0 9.5 79 13 93.4 39.8 44.4 226 90% 1.29 

5 200/1/0.6/1.2 6.1 39 11 78.5 33.4 34.8 177 96% 1.26 

6 200/1/0.6/1.2 6.1 236 10 85.9 36.6 45.2 230 81% 1.97 

a The ARGET ATRP were set up with [TMSPMA] = 2.0 M, T = 35 °C, 50% (v/v) anisole versus TMSPMA, total reaction 
mixture volume: 7.5 mL, and copper wire (length = 5, 10, or 30 cm, diameter = 0.25 mm). b Calculated by assuming copper wire 
is a smooth cylinder. c Determined by 1H NMR. d Calculated by Eq 4Eq 4e Calculated by Eq 6Eq 6. 
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At much higher copper surface areas (236 mm2), shown in Table 4Table 4 Entry 6, 

the initiation efficiency dropped to 81 % and yielded the product with broad molecular 

weight distribution. This consistent generated the activator-radical equilibrium shifting to 

the radical, Pn·, increasing the probability for chain termination relative to propagation, 

which increases the PDI. 

 

Figure 9. Molecular weight (left Y axis) and polydispersity (right Y axis) versus the 

polymerization conversion plot. Copper wire surface area = 39 mm2 (black square), copper 

wire loading = 79 mm2 (red circle), and copper wire loading = 236 mm2 (blue triangle). 

[CuIIBr2] = 6.1 mM. 

The molecular weight and polydispersity (Mw/Mn) versus the polymerization 

conversion plot, shown in Figure 9, revealed more details of copper wire surface area effect 

during the polymerization. At smaller surface area (39 and 79 cm2), the molecular weight 

(Mn,GPC) grew linearly and closely to the theoretical molecular weight (Mn,theo, dashed line 

in Figure 9) and the Mw/Mn remained less than 1.3 at the end of the polymerization. While 
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the polymerization with the largest surface area (236 mm2, black square), the Mn,GPC grew 

along the Mn,theo below 80% conversion, and Mn,GPC started deviating from Mn,theo and the 

PDI soared to 2 at above 80% conversion.  

 

Figure 10. First-order kinetic plot of different copper wire loadings ([Cu0]). [Cu0] = 39 

mm2 (red dot), [Cu0] = 79 mm2 (blue triangle), and [Cu0] = 236 mm2 (black square). 

In the first-order kinetic plot, shown in Figure 10, we found several general trends. 

(1) Induction periods were observed for all three entries and the one with larger surface 

area (236 mm2) has the shortest induction period (1 h). Since comproportionation between 

CuII and Cu0 involves soluble CuII species reacting at a metal surface, a larger copper wire 

surface area accelerates reduction of CuII by Cu0 to generate the CuI activator. This will be 

further discussed in the “Effects of induction periods” section. 
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(2) After the induction period, early stages of polymerization, the plot of 

ln([M0]/[M]) vs. time for polymerization with lowest Cu0 surface area (39 mm2) had a 

reasonable linearity from ln([M0]/[M]) = 0 to 1.5, indicating the first-order kinetic 

behavior—consistent with the concentration of propagation radicals remaining constant. 

However, the analogous plots for polymerizations with higher Cu0 surface areas (79 and 

236 mm2) started deviating from the linear correlation when ln([M]0/[M]) > 1. 

(3) The rate of polymerization decreased with the copper wire loading [Cu0]. The 

observed rate constant of propagation (kp
obs) is defined by Eq 10, where [M]0 and [M]t are 

the monomer concentration at t = 0 and at a specific time, t, during polymerization. Natural 

logarithm of ([M]0/[M]) depends on propagation rate constant (kp), ATRP equilibrium 

constant (KATRP), initiator concentration ([In–X]), activator concentration ([CuI]), and 

deactivator concentration ([CuII]). The initial kp
obs of different copper wire surface area is 

determined by the slope of the first-order kinetic plot, shown in Figure 11. The kp
obs 

dropped two-fold from kp
obs

 (236 mm2) = 1.19 × 10-4 s-1 (0.43 h-1) to kp
obs

 (39 mm2) = 5.83 

× 10-5 s-1 (0.21 h-1). 

 
−

𝑑[M]

𝑑𝑡
 =

𝑘p𝐾ATRP[In– X][CuI]

[CuII]
[M] 

Eq 7 

 
𝑘p

obs  =
𝑘p𝐾ATRP[In– X][CuI]

[CuII]
 

Eq 8 

 

 
−

𝑑[M]

[M]
 = 𝑘p

obs𝑑𝑡 
Eq 9 

 

 

ln (
[M]0

[M]
) = 𝑘p

obs𝑡 Eq 10 
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Figure 11. First-order kinetic plot for determining initial polymerization rate of different 

copper wire surface area = 39 mm2 (orange), 79 mm2 (blue), and 236 mm2 (grey). 

Effects of targeted degrees of polymerization  

To obtain good control over different targeted degrees of polymerization, two 

boundary conditions were applied based on findings in the previous section: (1) The initial 

deactivator concentration, [CuII ]0, was 6.1 mM, and (2) Cu0 surface areas did not exceed 

79 mm2. Both conditions were expected to maintain radical chain concentration [Pn·] at 

levels sufficient for propagating the polymer chain, but sufficiently lower than [CuII ]t to 

minimize chain termination. 
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Table 5. ARGET ATRP of TMSPMA with different targeted degrees of polymerization.a 

We first used concentrations that mimicked the best polymerization conditions 

from Table 4Table 4 to determine whether longer reaction times would give higher 

conversions and molecular weights for targeted DP = 200. Compared to Entry 3 of Table 

4, Entry 1 in Table 5 shows that lowering the Cu0 surface area from 79 to 39 mm2 and 

increasing the reaction time from 10 to 24 h increased conversion (95.7% vs 80.2%) and 

increased Mn from 34,200 to 40,000 g/mol, while comparable PDIs (1.25 vs. 1.27) are 

indicate that control of the polymerization is maintained. In several entries, the initiation 

efficiency is greater than 100%, which may be caused by the Mn,GPC is determined by the 

retention time of the polymer sample against poly(methyl methacrylate) standards. 

Therefore, the Mn,GPC may be underestimated because of the slightly structure difference 

of the TMSPMA monomer.   

Entry 4 of Table 5 shows that ARGET ATRP is well behaved when both [CuIIBr2] 

(3.1 vs 6.1 mM) and the Cu0 surface area (24 vs 39 mm2) are decreased. Analysis of the 

resulting polymers showed that control of Mw was maintained and the narrower PDI (1.12) 

Entry 
[TMSPMA]/[EBPA]

 
/[CuIIBr2]/[dNbpy] 

[CuII] 
(mM) 

Cu0 surface 

areab 
(mm2) 

Time 
(h) 

Conv.c 

(%) 
Mn,theo 

(×10-3) 
Mn,GPC 
(×10-3) 

DP IEd PDI 

1 200/1/0.6/1.2 6.1 39 24.0 95.7 40.8 40.0 204 102% 1.25 

2 200/1/0.3/0.6 3.1 24 16.5 87.1 37.1 36.0 183 103% 1.12 

3 100/1/0.3/0.6 6.1 39 23.5 99.6 20.7 21.6 110 96% 1.15 

4 100/1/0.3/0.6 6.1 24 23.5 99.3 20.7 22.0 112 94% 1.17 

5 600/1/0.6/1.2 2.0 39 18.0 70.1 83.5 78.4 399 107% 1.27 

6 600/1/0.6/1.2 2.0 24 24.0 77.8 92.7 83.0 423 112% 1.25 

7 600/1/0.3/0.6 1.0 24 41.5 78.6 93.7 98.2 501 95% 1.30 

a The ARGET ATRP were set up with [TMSPMA] = 2.0 M, T = 35 °C, 50% (v/v) anisole versus TMSPMA, total reaction 
mixture volume: 7.5 mL, and copper wire (length = 3, or 5 cm, diameter = 0.25 mm). b Assuming the copper wire is a 

cylinder. c Determined by 1H NMR. d Initiation efficiency (IE) = Mn,theo/Mn,GPC 
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is consistent with less termination due to lower [Pn·]. Thus, lowering both [CuII] and [Cu0] 

can offer better control in polymerization of TMSPMA.  

For the lowest targeted DP (100, entries 3 and 4 of  Table 5), the impact of lowering 

the surface area was minimal as conversions were complete and Mn and PDI values were 

nearly identical. For the highest targeted DP (600, entries 5-7), the best combination of IE 

and control of Mn,GPC and PDI was found for entry 6 where IE = 112%, Mn,GPC = 83,000 

and PDI = 1.25. While Mn,GPC value is less than the Mn,theo, this is caused by the Mn,GPC was 

determined by using GPC column retention time against poly(methyl methacrylate) 

standards. When this adjustment is made (entry 6 of Table 5), the value of Mn,theo was 

92,700 at 77.8% conversion, which is lower than Mn,GPC. The higher Mn,GPC value is 

consistent with incomplete activation of the initiator and a higher ratio of monomer to 

growing chains, which leads to higher Mn,GPC values than that when the initiator was fully 

activated. For entry 7, where [CuII] = 1.0 mM vs 2.0 mM in entry 6, and entry 5, where the 

Cu0 surface area is 24 mm2 vs 39 mm2 in entry 5, the IE (95% for entry 7) were significantly 

lower than the values for entry 5 and 6. We found that using 0.3 equivalent deactivator 

versus initiator concentration and copper wire surface area = 24 mm2 gave the polymer 

with highest DP, narrow PDI (Table 5 entry 7).  

The most significant outcome of these studies is that ARGET ATRP vastly 

improves polymerizations of TMSPMA compared to ATRP. This is highlighted by entries 

5-7 in Table 5, where much higher molecular weight values were achieved without 

compromising molecular weight control, as was observed for the polymer with the highest 

Mn,GPC value in Table 5 entry 5, the TMSPMAs can be polymerized up to DP = 500 with 

PDI =1.30, which is five times higher than the PTMSPMA reported by ATRP (DP = 109) 
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and two times longer than the PTMSPMA by anionic polymerization (DP = 250). 

Noteworthily, low or no conversion were observed when the systems were not properly 

degassed. Thus, the fact that experiments DPn= 600 gave lower targeted DPn experiments 

may be due to trace molecular oxygen.  

Effects of induction periods 

The induction periods decrease from 2.5 h to 1 h with increasing the copper wire 

surface area—33 to 198 mm2, respectively—as shown in Figure 10. A one-hour induction 

period was reported in ARGET ATRP of acrylonitrile using CuCl2 as the deactivator and 

PMDETA as both the ligand and the reducing agent.97 The stronger C–Cl bond breaks 

slower than the C–Br counterpart leads to the induction period. Moreover, no induction 

period was reported from Cu0-mediated ATRP of MMA utilizing the same deactivator 

(CuIIBr2/dNbpy) with 10 mol% copper deactivator versus initiator concentration, which is 

lower deactivator loading than our study.89  

Our hypothesis is that the induction period is the time of reducing the Cu(II) 

deactivator and accumulating the concentration of Cu(I) activator. To evaluate this 

hypothesis, the copper wire was added to the reaction vessel containing degassed CuIIBr2 

solution and stirred for 2.5 h, which was followed by the addition of the degassed initiator 

and monomer solution to the reaction vessel. In the delayed addition of the monomer and 

initiator experiment, the induction period was (~30 min) significantly shorter, shown in 

Figure 12Figure 12 (red dots). After the induction period, the polymerization rates are 

similar (slope of first-order kinetic plot) for both polymerizations (monomer addition at t 

= 0 and t = 2.5 h). Another way to test our hypothesis–the induction period is the time of 

reducing the Cu(II) deactivator and accumulating the concentration of Cu(I) activator–is to 
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lower the deactivator concentration from 6.1 mM to 1.0 mM, following the standard 

procedure under the same copper wire loading. No induction period was observed at the 

lower deactivator loading, shown in Figure 13Figure 13 (blue squares). Both generation of 

Cu(I) prior to adding the monomer and initiator and lowering the deactivator experiments 

support our hypothesis and indicate the induction period results from the slow generation 

of Cu(I) from Cu(0) and Cu(II). 

 

Figure 12. First-order kinetic plot of ARGET ATRP of TMSPMA with monomer and 

initiator added at t = 0 h (black dots) and with monomer and initiator added at t = 2.5 h (red 

dots). [TMSPMA]: [EBPA]: [CuIIBr2]: [dNbpy] = 200: 1: 0.6: 1.2 and copper wire surface 

area = 39 (mm2) 
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Figure 13. First-order kinetic plot of with constant copper wire surface area = 24 (mm2) at 

[CuIIBr2] = 1.0 mM (blue square) and at [CuIIBr2] = 6.1 mM (black dot). 

Conclusion 

With the fast initiator EBPA, high kd deactivator CuIIBr2/dNbpy, and reduced 

radical concentration by lowering both deactivator concentration and copper wire surface 

area, the polymerization of clickable TMSPMA can be well-controlled from DP = 100 to 

500 with low polydispersity (<1.3). Under the smaller copper surface area, the kinetic data 

also showed that the radical concentration remains constant throughout the polymerization 

and the molecular weight grew along the theoretical molecular weight, indicating the well-

balance between activator and deactivator concentration. The induction period in ARGET 

ATRP was the time for reducing Cu(II) to Cu(I), which was supported by delaying 

monomer addition and lowering the deactivator concentration.  
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Experimental section 

Materials  

Unless otherwise specified, ACS reagent grade solvents and starting materials were 

used as received. Anisole (Aldrich, 99.7%, anhydrous), triethylamine (J.T. Baker, 99.5%), 

dimethylformamide (Macron fine chemical, 99.8%), 2-propyn-1-ol (Acros, 99%), copper 

wire (Strem, d = 0.25 mm, 99.99%), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) (Oakwood 

Chemical, 99%), methacryloyl chloride (Aldrich, 97%), silver chloride (American Drug 

and Chemical Co., reagent grade), chlorotrimethylsilane (Acros, 98%), Ethyl α-

bromophenylacetate (EBPA) (Alfa Aesar, 97%), 4,4′-dinonyl-2,2′-dipyridyl (dNbpy) (TCI, 

98%), copper(II) bromide (Acros, 99%, anhydrous) was kept in a desiccator with 

phosphorus pentoxide. Triethylamine was stored over KOH pellets.  

Characterization 

The molecular weights of polymers were determined by gel permeation 

chromatography (GPC) at 35 °C using two PLgel 10μ mixed-B columns in series 

(manufacturer stated linear molecular weight range of 500-10,000,000 g/mol) with THF as 

the eluent solvent at a flow rate of 1 mL/min. Optilab rEX (Wyatt Technology Co.) 

differential refractive index (dRI) detector was used as detector. The columns were 

calibrated by narrow poly(methyl methacrylate) standards (Mn = 6, 12, 30, 60, 127, 350 

kg/mol). The GPC samples were prepared by dissolving 1-4 mg of polymer in 1 mL of 

THF and all GPC samples were filtered through a 0.2 μm Whatman PTFE syringe filter 

before injecting into GPC. 
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Synthesis of propargyl methacrylate (PMA) 

 

The procedure reported by the Haddleton group was followed, 98  but reaction 

solvent was changed to DCM from diethyl ether because the reaction was more easily 

stirred and the byproduct, triethylammonium chloride, was more soluble in DCM. In a 1 L 

three neck round bottom flask equipped with a magnetic stirring bar and an addition funnel,  

the solution of propargyl alcohol (55 mL, 0.963 mol) and triethylamine (150 mL, 1.087 

mol) in dry DCM (250 mL) was cooled under ice bath. A solution of freshly distilled 

methacryloyl chloride (83.42 g, 0.806 mol) in dry DCM (100 mL) was added dropwise 

over 1 h. The mixture was then stirred at ambient temperature overnight. The crude product 

was diluted with diethyl ether and the triethylammonium chloride salt was filtered off. The 

filtrate was then washed with 1 M HCl solution and brine. The organic layer was dried over 

sodium sulfate and concentrated using rotary evaporator. The product was purified by 

passing through a silica plug using petroleum ether as an eluent. The solution was 

concentrated using rotary evaporator, further purified by vacuum distillation (45 °C at 0.02 

mmHg). The product is a colorless oil (61.8 g, 62 %). 1H NMR (500 MHz, CDCl3, 298 K) 

δ 6.17 (dd, J = 1.5, 1.0 Hz, 1H), 5.62 (p, J = 1.6 Hz, 1H), 4.75 (d, J = 2.5 Hz, 2H), 2.48 (t, 

J = 2.5 Hz, 1H), 1.96 (dd, J = 1.6, 1.0 Hz, 3H). 13C{1H} NMR (125 MHz, CDCl3, 298 K) 

δ 166.53, 135.58, 126.58, 77.74, 74.76, 52.18, 18.24. 
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Synthesis of Trimethylsilylpropargyl Methacrylate (TMSPMA) 

 

We followed the procedure reported by Stenzel group.99 Silver chloride (1.82 g, 

12.7 mmol) was suspended in 170 mL of dry dichloromethane. Propargyl methacrylate 

(15.76 g, 127 mmol) and DBU (24 mL, 160 mmol) were added to this suspension, forming 

a pale-yellow mixture. The reaction mixture was then heated to 40 °C, 

chlorotrimethylsilane (24 mL, 189 mmol) was added dropwise, and the mixture was stirred 

for 24 h. The dark green solution obtained was diluted with hexane (400 mL), and the 

organic phase was washed with saturated NaHCO3 solution (2 × 100 mL), 1M HCl solution 

(2 × 100 mL), DI water (2 × 100 mL), dried over magnesium sulfate, and concentrated by 

rotary evaporator. The crude product was further purified by flash column chromatography 

using hexanes/ethyl ether = 25: 1 mixture as eluent. A colorless oil (20.6 g, 82.8 % yield) 

was obtained. 1H NMR (500 MHz, CDCl3, 298 K) δ 6.17 (p, J = 1.1 Hz, 1H), 5.61 (p, J = 

1.6 Hz, 1H), 4.76 (s, 2H), 1.96 (dd, J = 1.6, 1.0 Hz, 3H), 0.18 (s, 9H). 13C{1H} NMR (125 

MHz, CDCl3, 298 K) δ 166.57, 135.70, 126.40, 99.08, 91.95, 77.00, 76.75, 52.97, 18.30, -

0.30. 

Monitoring conversion and molecular weight during polymerization 

 Aliquots (0.4 mL) were removed at specific times using a degassed syringe. The 

NMR samples were prepared by dissolving 5 drops of crude samples with CDCl3 without 

any purification. The molecular weight and PDI were monitored by the following GPC 

sample preparation procedure. The remaining sample aliquots (~ 0.3 mL)  were passed 

through a flash pipette column packed with activated basic alumina using DCM as eluent. 
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After evaporating excess DCM, the polymers were precipitated by adding MeOH, the 

MeOH supernatants were decanted, and the amorphous solids were dried under high 

vacuum. The GPC samples were prepared by dissolving ca. 4 mg polymer product in 1 mL 

of THF and filtered through 0.2 μm Whatman PTFE syringe filters. 

ARGET ATRP procedure (entry 1 of Table 4Table 4, [TMSPMA]: [EBPA]: [CuIIBr2]: 

[dNbpy] = 200: 1: 0.1: 0.2, copper wire surface area = 79 mm2) 

A 10 mL long-necked Schlenk round-bottom flask equipped with a magnetic stir 

bar was charged with 3.2 mL of anisole, 0.096 mL of a freshly prepared 0.076 M CuIIBr2 

solution in DMF (0.0076 mmol), 6.4 mg of dNbpy (0.02 mmol), 1.004 mL of DMF, and 

3.2 mL of 0.022 M EBPA (0.07 mmol) in TMSPMA (15.3 mmol), respectively. The 

solution was then degassed with three freeze-pump-thaw cycles by liquid nitrogen. After 

the last freeze cycle, copper wire (length: 100 mm, diameter: 0.25 mm, surface area: 79 

mm2) was coiled around a glass pipette and added under a strong nitrogen counterflow, and 

the frozen mixture was evacuated and backfilled with nitrogen three times. Next, the 

mixture was thawed and submerged in an oil bath maintained at 35 °C. The reaction was 

timed after the mixture thawed and samples were withdrawn periodically for conversion 

determination by 1H NMR. At the end of the reaction, the crude mixture was diluted with 

dichloromethane and passed through a short basic aluminum plug to remove the catalyst. 

The solution color changed from brown to colorless. Excess solvents were removed using 

rotary evaporator and the polymer product was precipitated by methanol. The product was 

an amorphous solid. 1H NMR (500 MHz, CDCl3, 298 K) δ 4.59 (s, 2H), 1.96 – 1.60 (br, 

2H), 1.09 – 0.94 (br, 3H), 0.19 (s, 9H).85 Mn = 28.2 kg/mol, PDI = 1.26. 
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ARGET ATRP procedure (entry 2 of Table 4Table 4, [TMSPMA]: [EBPA]: [CuIIBr2]: 

[dNbpy] = 200: 1: 0.4: 0.8, copper wire surface area = 79 mm2) 

A 10 mL long-necked Schlenk round-bottom flask equipped with a magnetic stir 

bar was charged with 3.2 mL of anisole, 0.38 mL of a freshly prepared 0.076 M CuIIBr2 

solution in DMF (0.0289 mmol), 24 mg of dNbpy (0.06 mmol), 0.720 mL of DMF, and 

3.2 mL of 0.022 M EBPA (0.07 mmol) in TMSPMA (15.3 mmol), respectively. The 

solution was then degassed with three freeze-pump-thaw cycles by liquid nitrogen. After 

the last freeze cycle, copper wire (length: 100 mm, diameter: 0.25 mm, surface area: 79 

mm2) was coiled around a glass pipette and added under a strong nitrogen counterflow, and 

the frozen mixture was evacuated and backfilled with nitrogen three times. Next, the 

mixture was thawed and submerged in an oil bath maintained at 35 °C. The reaction was 

timed after the mixture thawed and polymerization progress was analyzed as described 

above. At the end of the reaction, the crude mixture was diluted with dichloromethane and 

passed through a short basic aluminum plug to remove the catalyst. The solution color 

changed from brown to colorless. Excess solvents were removed by rotary evaporator and 

the polymer product was precipitated by methanol. The product was an amorphous solid. 

1H NMR (500 MHz, CDCl3, 298 K) δ 4.59 (s, 2H), 1.96 – 1.60 (br, 2H), 1.09 – 0.94 (br, 

3H), 0.19 (s, 9H).85 Mn = 40.5 kg/mol, PDI = 1.27. 

ARGET ATRP procedure (entry 3 of Table 4Table 4, [TMSPMA]: [EBPA]: [CuIIBr2]: 

[dNbpy] = 200: 1: 0.6: 1.2, copper wire surface area = 79 mm2) 

A 10 mL long-necked Schlenk round-bottom flask equipped with a magnetic stir 

bar was charged with 3.2 mL of anisole, 0.56 mL of a freshly prepared 0.076 M CuIIBr2 

solution in DMF (0.043 mmol), 35 mg of dNbpy (0.086 mmol), 0.540 mL of DMF, and 
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3.2 mL of 0.022 M EBPA (0.07 mmol) in TMSPMA (15.3 mmol), respectively. The 

solution was then degassed with three freeze-pump-thaw cycles by liquid nitrogen. After 

the last freeze cycle, copper wire (length: 100 mm, diameter: 0.25 mm, surface area: 79 

mm2) was coiled around a glass pipette and added under a strong nitrogen counterflow, and 

the frozen mixture was evacuated and backfilled with nitrogen three times. Next, the 

mixture was thawed and submerged in an oil bath maintained at 35 °C. The reaction was 

timed after the mixture thawed and polymerization progress was analyzed as described 

above. At the end of the reaction, the crude mixture was diluted with dichloromethane and 

passed through a short basic aluminum plug to remove the catalyst. The solution color 

changed from brown to colorless. Excess solvents were removed using rotary evaporator 

and the polymer product was precipitated by methanol. The product was an amorphous 

solid. 1H NMR (500 MHz, CDCl3, 298 K) δ 4.59 (s, 2H), 1.96 – 1.60 (br, 2H), 1.09 – 0.94 

(br, 3H), 0.19 (s, 9H).85 Mn = 34.2 kg/mol, PDI = 1.27. 

ARGET ATRP procedure (entry 4 of Table 4Table 4, [TMSPMA]: [EBPA]: [CuIIBr2]: 

[dNbpy] = 200: 1: 1.0: 2.0, copper wire surface area = 79 mm2) 

A 10 mL long-necked Schlenk round-bottom flask equipped with a magnetic stir 

bar was charged with 3.2 mL of anisole, 0.94 mL of a freshly prepared 0.076 M CuIIBr2 

solution in DMF (0.071 mmol), 58 mg of dNbpy (0.14 mmol), 0.160 mL of DMF, and 3.2 

mL of 0.022 M EBPA (0.07 mmol) in TMSPMA (15.3 mmol), respectively. The solution 

was then degassed with three freeze-pump-thaw cycles by liquid nitrogen. After the last 

freeze cycle, copper wire (length: 100 mm, diameter: 0.25 mm, surface area: 79 mm2) was 

coiled around a glass pipette and added under a strong nitrogen counterflow, and the frozen 

mixture was evacuated and backfilled with nitrogen three times. Next, the mixture was 
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thawed and submerged in an oil bath maintained at 35 °C. The reaction was timed after the 

mixture thawed and polymerization progress was analyzed as described above. At the end 

of the reaction, the crude mixture was diluted with dichloromethane and passed through a 

short basic aluminum plug to remove the catalyst. The solution color changed from brown 

to colorless. Excess solvents were removed using rotary evaporator and the polymer 

product was precipitated by methanol. The product was an amorphous solid. 1H NMR (500 

MHz, CDCl3, 298 K) δ 4.59 (s, 2H), 1.96 – 1.60 (br, 2H), 1.09 – 0.94 (br, 3H), 0.19 (s, 

9H).85 Mn = 44.4 kg/mol, PDI = 1.29. 

ARGET ATRP procedure (entry 5 of Table 4Table 4, [TMSPMA]: [EBPA]: [CuIIBr2]: 

[dNbpy] = 200: 1: 0.6: 1.2, copper wire surface area = 39 mm2) 

A 10 mL long-necked Schlenk round-bottom flask equipped with a magnetic stir 

bar was charged with 3.2 mL of anisole, 0.56 mL of a freshly prepared 0.076 M CuIIBr2 

solution in DMF (0.043 mmol), 35 mg of dNbpy (0.086 mmol), 0.540 mL of DMF, and 

3.2 mL of 0.022 M EBPA (0.07 mmol) in TMSPMA (15.3 mmol), respectively. The 

solution was then degassed with three freeze-pump-thaw cycles by liquid nitrogen. After 

the last freeze cycle, copper wire (length: 50 mm, diameter: 0.25 mm, surface area: 79 mm2) 

was coiled around a glass pipette and added under a strong nitrogen counterflow, and the 

frozen mixture was evacuated and backfilled with nitrogen three times. Next, the mixture 

was thawed and submerged in an oil bath maintained at 35 °C. The reaction was timed after 

the mixture thawed and polymerization progress was analyzed as described above. At the 

end of the reaction, the crude mixture was diluted with dichloromethane and passed 

through a short basic aluminum plug to remove the catalyst. The solution color changed 

from brown to colorless. Excess solvents were removed using rotary evaporator and the 



 54 

polymer product was precipitated by methanol. The product was an amorphous solid. 1H 

NMR (500 MHz, CDCl3, 298 K) δ 4.59 (s, 2H), 1.96 – 1.60 (br, 2H), 1.09 – 0.94 (br, 3H), 

0.19 (s, 9H).85 Mn = 34.8 kg/mol, PDI = 1.26. 

ARGET ATRP procedure (entry 6 of Table 4Table 4, [TMSPMA]: [EBPA]: [CuIIBr2]: 

[dNbpy] = 200: 1: 0.6: 1.2, copper wire surface area = 236 mm2) 

A 10 mL long-necked Schlenk round-bottom flask equipped with a magnetic stir 

bar was charged with 3.2 mL of anisole, 0.56 mL of a freshly prepared 0.076 M CuIIBr2 

solution in DMF (0.043 mmol), 35 mg of dNbpy (0.086 mmol), 0.540 mL of DMF, and 

3.2 mL of 0.022 M EBPA (0.07 mmol) in TMSPMA (15.3 mmol), respectively. The 

solution was then degassed with three freeze-pump-thaw cycles by liquid nitrogen. After 

the last freeze cycle, copper wire (length: 300 mm, diameter: 0.25 mm, surface area: 79 

mm2) was coiled around a glass pipette and added under a strong nitrogen counterflow, and 

the frozen mixture was evacuated and backfilled with nitrogen three times. Next, the 

mixture was thawed and submerged in an oil bath maintained at 35 °C. The reaction was 

timed after the mixture thawed and polymerization progress was analyzed as described 

above. At the end of the reaction, the crude mixture was diluted with dichloromethane and 

passed through a short basic aluminum plug to remove the catalyst. The solution color 

changed from brown to colorless. Excess solvents were removed using rotary evaporator 

and the polymer product was precipitated by methanol. The product was an amorphous 

solid. 1H NMR (500 MHz, CDCl3, 298 K) δ 4.59 (s, 2H), 1.96 – 1.60 (br, 2H), 1.09 – 0.94 

(br, 3H), 0.19 (s, 9H).85 Mn = 45.2 kg/mol, PDI = 1.97. 

ARGET ATRP procedure (entry 1 of Table 5Table 5, [TMSPMA]: [EBPA]: [CuIIBr2]: 

[dNbpy] = 200: 1: 0.6: 1.2, copper wire surface area = 39 mm2) 
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A 10 mL long-necked Schlenk round-bottom flask equipped with a magnetic stir 

bar was charged with 3.2 mL of anisole, 0.56 mL of a freshly prepared 0.076 M CuIIBr2 

solution in DMF (0.043 mmol), 35 mg of dNbpy (0.086 mmol), 0.540 mL of DMF, and 

3.2 mL of 0.022 M EBPA (0.07 mmol) in TMSPMA (15.3 mmol), respectively. The 

solution was then degassed with three freeze-pump-thaw cycles by liquid nitrogen. After 

the last freeze cycle, copper wire (length: 50 mm, diameter: 0.25 mm, surface area: 79 mm2) 

was coiled around a glass pipette and added under a strong nitrogen counterflow, and the 

frozen mixture was evacuated and backfilled with nitrogen three times. Next, the mixture 

was thawed and submerged in an oil bath maintained at 35 °C. The reaction was timed after 

the mixture thawed and polymerization progress was analyzed as described above. At the 

end of the reaction, the crude mixture was diluted with dichloromethane and passed 

through a short basic aluminum plug to remove the catalyst. The solution color changed 

from brown to colorless. Excess solvents were removed using rotary evaporator and the 

polymer product was precipitated by methanol. The product was an amorphous solid. 1H 

NMR (500 MHz, CDCl3, 298 K) δ 4.59 (s, 2H), 1.96 – 1.60 (br, 2H), 1.09 – 0.94 (br, 3H), 

0.19 (s, 9H).85 Mn = 40.0 kg/mol, PDI = 1.25. 

ARGET ATRP procedure (entry 2 of Table 5Table 5, [TMSPMA]: [EBPA]: [CuIIBr2]: 

[dNbpy] = 200: 1: 0.3: 0.6, copper wire surface area = 24 mm2) 

A 10 mL long-necked Schlenk round-bottom flask equipped with a magnetic stir 

bar was charged with 3.2 mL of anisole, 0.30 mL of a freshly prepared 0.076 M CuIIBr2 

solution in DMF (0.023 mmol), 18 mg of dNbpy (0.044 mmol), 0.80 mL of DMF, and 3.2 

mL of 0.022 M EBPA (0.07 mmol) in TMSPMA (15.3 mmol), respectively. The solution 

was then degassed with three freeze-pump-thaw cycles by liquid nitrogen. After the last 
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freeze cycle, copper wire (length: 30 mm, diameter: 0.25 mm, surface area: 24 mm2) was 

coiled around a glass pipette and added under a strong nitrogen counterflow, and the frozen 

mixture was evacuated and backfilled with nitrogen three times. Next, the mixture was 

thawed and submerged in an oil bath maintained at 35 °C. The reaction was timed after the 

mixture thawed and polymerization progress was analyzed as described above. At the end 

of the reaction, the crude mixture was diluted with dichloromethane and passed through a 

short basic aluminum plug to remove the catalyst. The solution color changed from brown 

to colorless. Excess solvents were removed using rotary evaporator and the polymer 

product was precipitated by methanol. The product was an amorphous solid. 1H NMR (500 

MHz, CDCl3, 298 K) δ 4.59 (s, 2H), 1.96 – 1.60 (br, 2H), 1.09 – 0.94 (br, 3H), 0.19 (s, 

9H).85 Mn = 36.0 kg/mol, PDI = 1.12. 

ARGET ATRP procedure (entry 3 of Table 5Table 5, [TMSPMA]: [EBPA]: [CuIIBr2]: 

[dNbpy] = 100: 1: 0.3: 0.6, copper wire surface area = 39 mm2) 

A 10 mL long-necked Schlenk round-bottom flask equipped with a magnetic stir 

bar was charged with 3.2 mL of anisole, 0.60 mL of a freshly prepared 0.076 M CuIIBr2 

solution in DMF (0.046 mmol), 37 mg of dNbpy (0.09 mmol), 0.50 mL of DMF, and 3.2 

mL of 0.045 M EBPA (0.14 mmol) in TMSPMA (15.3 mmol), respectively. The solution 

was then degassed with three freeze-pump-thaw cycles by liquid nitrogen. After the last 

freeze cycle, copper wire (length: 50 mm, diameter: 0.25 mm, surface area: 39 mm2) was 

coiled around a glass pipette and added under a strong nitrogen counterflow, and the frozen 

mixture was evacuated and backfilled with nitrogen three times. Next, the mixture was 

thawed and submerged in an oil bath maintained at 35 °C. The reaction was timed after the 

mixture thawed and polymerization progress was analyzed as described above. At the end 
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of the reaction, the crude mixture was diluted with dichloromethane and passed through a 

short basic aluminum plug to remove the catalyst. The solution color changed from brown 

to colorless. Excess solvents were removed using rotary evaporator and the polymer 

product was precipitated by methanol. The product was an amorphous solid. 1H NMR (500 

MHz, CDCl3, 298 K) δ 4.59 (s, 2H), 1.96 – 1.60 (br, 2H), 1.09 – 0.94 (br, 3H), 0.19 (s, 

9H).85 Mn = 21.6 kg/mol, PDI = 1.15. 

ARGET ATRP procedure (entry 4 of Table 5Table 5, [TMSPMA]: [EBPA]: [CuIIBr2]: 

[dNbpy] = 100: 1: 0.3: 0.6, copper wire surface area = 24 mm2) 

A 10 mL long-necked Schlenk round-bottom flask equipped with a magnetic stir 

bar was charged with 3.2 mL of anisole, 0.60 mL of a freshly prepared 0.076 M CuIIBr2 

solution in DMF (0.046 mmol), 37 mg of dNbpy (0.09 mmol), 0.50 mL of DMF, and 3.2 

mL of 0.045 M EBPA (0.14 mmol) in TMSPMA (15.3 mmol), respectively. The solution 

was then degassed with three freeze-pump-thaw cycles by liquid nitrogen. After the last 

freeze cycle, copper wire (length: 30 mm, diameter: 0.25 mm, surface area: 24 mm2) was 

coiled around a glass pipette and added under a strong nitrogen counterflow, and the frozen 

mixture was evacuated and backfilled with nitrogen three times. Next, the mixture was 

thawed and submerged in an oil bath maintained at 35 °C. The reaction was timed after the 

mixture thawed and polymerization progress was analyzed as described above. At the end 

of the reaction, the crude mixture was diluted with dichloromethane and passed through a 

short basic aluminum plug to remove the catalyst. The solution color changed from brown 

to colorless. Excess solvents were removed using rotary evaporator and the polymer 

product was precipitated by methanol. The product was an amorphous solid. 1H NMR (500 
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MHz, CDCl3, 298 K) δ 4.59 (s, 2H), 1.96 – 1.60 (br, 2H), 1.09 – 0.94 (br, 3H), 0.19 (s, 

9H).85 Mn = 22.0 kg/mol, PDI = 1.17. 

ARGET ATRP procedure (entry 5 of Table 5Table 5, [TMSPMA]: [EBPA]: [CuIIBr2]: 

[dNbpy] = 600: 1: 0.6: 1.2, copper wire surface area = 39 mm2) 

A 10 mL long-necked Schlenk round-bottom flask equipped with a magnetic stir 

bar was charged with 3.2 mL of anisole, 0.40 mL of a freshly prepared 0.0385 M CuIIBr2 

solution in DMF (0.015 mmol), 13 mg of dNbpy (0.030 mmol), 0.70 mL of DMF, and 3.2 

mL of 0.0079 M EBPA (0.03 mmol) in TMSPMA (15.3 mmol), respectively. The solution 

was then degassed with three freeze-pump-thaw cycles by liquid nitrogen. After the last 

freeze cycle, copper wire (length: 50 mm, diameter: 0.25 mm, surface area: 39 mm2) was 

coiled around a glass pipette and added under a strong nitrogen counterflow, and the frozen 

mixture was evacuated and backfilled with nitrogen three times. Next, the mixture was 

thawed and submerged in an oil bath maintained at 35 °C. The reaction was timed after the 

mixture thawed and polymerization progress was analyzed as described above. At the end 

of the reaction, the crude mixture was diluted with dichloromethane and passed through a 

short basic aluminum plug to remove the catalyst. The solution color changed from brown 

to colorless. Excess solvents were removed using rotary evaporator and the polymer 

product was precipitated by methanol. The product was an amorphous solid. 1H NMR (500 

MHz, CDCl3, 298 K) δ 4.59 (s, 2H), 1.96 – 1.60 (br, 2H), 1.09 – 0.94 (br, 3H), 0.19 (s, 

9H).85 Mn = 78.4 kg/mol, PDI = 1.27. 

ARGET ATRP procedure (entry 6 of Table 5Table 5, [TMSPMA]: [EBPA]: [CuIIBr2]: 

[dNbpy] = 600: 1: 0.6: 1.2, copper wire surface area = 24 mm2) 
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A 10 mL long-necked Schlenk round-bottom flask equipped with a magnetic stir 

bar was charged with 3.2 mL of anisole, 0.40 mL of a freshly prepared 0.0385 M CuIIBr2 

solution in DMF (0.015 mmol), 13 mg of dNbpy (0.030 mmol), 0.70 mL of DMF, and 3.2 

mL of 0.0079 M EBPA (0.03 mmol) in TMSPMA (15.3 mmol), respectively. The solution 

was then degassed with three freeze-pump-thaw cycles by liquid nitrogen. After the last 

freeze cycle, copper wire (length: 30 mm, diameter: 0.25 mm, surface area: 24 mm2) was 

coiled around a glass pipette and added under a strong nitrogen counterflow, and the frozen 

mixture was evacuated and backfilled with nitrogen three times. Next, the mixture was 

thawed and submerged in an oil bath maintained at 35 °C. The reaction was timed after the 

mixture thawed and polymerization progress was analyzed as described above. At the end 

of the reaction, the crude mixture was diluted with dichloromethane and passed through a 

short basic aluminum plug to remove the catalyst. The solution color changed from brown 

to colorless. Excess solvents were removed using rotary evaporator and the polymer 

product was precipitated by methanol. The product was an amorphous solid. 1H NMR (500 

MHz, CDCl3, 298 K) δ 4.59 (s, 2H), 1.96 – 1.60 (br, 2H), 1.09 – 0.94 (br, 3H), 0.19 (s, 

9H).85 Mn = 83.0 kg/mol, PDI = 1.25. 

ARGET ATRP procedure (entry 7 of Table 5Table 5, [TMSPMA]: [EBPA]: [CuIIBr2]: 

[dNbpy] = 600: 1: 0.3: 0.6, copper wire surface area = 24 mm2) 

A 10 mL long-necked Schlenk round-bottom flask equipped with a magnetic stir 

bar was charged with 3.2 mL of anisole, 0.20 mL of a freshly prepared 0.0385 M CuIIBr2 

solution in DMF (0.0077 mmol), 7 mg of dNbpy (0.017 mmol), 0.90 mL of DMF, and 3.2 

mL of 0.0079 M EBPA (0.03 mmol) in TMSPMA (15.3 mmol), respectively. The solution 

was then degassed with three freeze-pump-thaw cycles by liquid nitrogen. After the last 
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freeze cycle, copper wire (length: 30 mm, diameter: 0.25 mm, surface area: 24 mm2) was 

coiled around a glass pipette and added under a strong nitrogen counterflow, and the frozen 

mixture was evacuated and backfilled with nitrogen three times. Next, the mixture was 

thawed and submerged in an oil bath maintained at 35 °C. The reaction was timed after the 

mixture thawed and polymerization progress was analyzed as described above. At the end 

of the reaction, the crude mixture was diluted with dichloromethane and passed through a 

short basic aluminum plug to remove the catalyst. The solution color changed from brown 

to colorless. Excess solvents were removed using rotary evaporator and the polymer 

product was precipitated by methanol. The product was an amorphous solid. 1H NMR (500 

MHz, CDCl3, 298 K) δ 4.59 (s, 2H), 1.96 – 1.60 (br, 2H), 1.09 – 0.94 (br, 3H), 0.19 (s, 

9H).85 Mn = 98.2 kg/mol, PDI = 1.30. 

Induction period study procedure monomer added at t = 2.5 h ([TMSPMA]: [EBPA]: 

[CuIIBr2]: [dNbpy] = 200: 1: 0.3: 0.6, copper wire surface area = 39 mm2) 

In a 10 mL long neck Schlenk flask charged with a stir bar, 3.2 mL of anisole, 

0.56 mL of 0.076 M CuIIBr2 (0.043 mmol) in DMF, dNbpy (35 mg, 0.086 mmol), 0.54 mL 

DMF were added respectively. The solution mixture was degassed by three freeze-pump-

thaw cycles. The solution was frozen again and backfilled with nitrogen. Under the 

nitrogen flow, copper wire (length = 50 mm, diameter = 0.25 mm, surface area = 39 mm2) 

was coiled around a glass pipette and added under a strong nitrogen counterflow. The 

reaction mixture was allowed to stir at 35 °C for 2.5 h. In another Schlenk flask, 3.2 mL of 

0.022 M EBPA in TMSPMA was degassed by three freeze-pump-thaw cycles and added 

to the reaction mixture at the end of 2.5 h, which is t = 0 h for the polymerization. The 
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reaction was allowed to stir at 35 °C and the polymerization conversion and molecular 

weight were monitored by 1H NMR and GPC as described above.  

Induction period study procedure [CuII] = 1.0 mM  ([TMSPMA]: [EBPA]: [CuIIBr2]: 

[dNbpy] = 200: 1: 0.1: 0.2, copper wire surface area = 39 mm2) 

A 10 mL long-necked Schlenk round-bottom flask equipped with a magnetic stir 

bar was charged with 3.2 mL of anisole, 0.1 mL of a freshly prepared 0.076 M CuIIBr2 

solution in DMF (0.0076 mmol), 6.0 mg of dNbpy (0.015 mmol), 1.0 mL of DMF, and 3.2 

mL of 0.022 M EBPA (0.07 mmol) in TMSPMA (15.3 mmol), respectively. The solution 

was then degassed with three freeze-pump-thaw cycles by liquid nitrogen. After the last 

freeze cycle, copper wire (length: 50 mm, diameter: 0.25 mm, surface area: 39 mm2) was 

added with a strong nitrogen counterflow, and the frozen mixture was evacuated and 

backfilled with nitrogen three times. Next, the mixture was thawed and submerged in an 

oil bath maintained at 35 °C. The reaction was timed after the mixture thawed and samples 

were withdrawn periodically for conversion determination by 1H NMR. 

Induction period study procedure [CuII] = 6.1 mM  ([TMSPMA]: [EBPA]: [CuIIBr2]: 

[dNbpy] = 200: 1: 0.6: 0.2, copper wire surface area = 39 mm2) 

A 10 mL long-necked Schlenk round-bottom flask equipped with a magnetic stir 

bar was charged with 3.2 mL of anisole, 0.56 mL of a freshly prepared 0.076 M CuIIBr2 

solution in DMF (0.043 mmol), 35 mg of dNbpy (0.086 mmol), 0.540 mL of DMF, and 

3.2 mL of 0.022 M EBPA (0.07 mmol) in TMSPMA (15.3 mmol), respectively. The 

solution was then degassed with three freeze-pump-thaw cycles by liquid nitrogen. After 

the last freeze cycle, copper wire (length: 50 mm, diameter: 0.25 mm, surface area: 79 mm2) 

was coiled around a glass pipette and added under a strong nitrogen counterflow, and the 
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frozen mixture was evacuated and backfilled with nitrogen three times. Next, the mixture 

was thawed and submerged in an oil bath maintained at 35 °C. The reaction was timed after 

the mixture thawed and polymerization progress was analyzed as described above.   
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Chapter 3. Post-polymerization Modification and polymeric micelle 

formation 

Introduction 

Modifying the properties of a class of polymers (e.g., polyolefins, 

polymethacrylates, etc.) can be achieved by using different monomers, including 

combining them (e.g., copolymerization of ethylene and 1-hexene) or by chemically 

modifying a polymer—an approach described as post-polymerization modification (PPM). 

Modification by polymerizing different monomer(s) is preferable when the monomers are  

commercially available, inexpensive, and compatible with polymerization conditions.  

In the PPM approach monomers containing functional groups that (1) can be 

chemoselectively modified and (2) are compatible with the polymerization conditions are 

polymerized to yield a functional polymer. By reacting the functional groups along the 

backbone with suitably functionalized molecules or macromers, new polymers or polymer 

brushes with a range of chemical and physical properties can be prepared from a common 

starting material—the functional polymer. An important advantage of the PPM approach 

is that polymers with functional groups that are incompatible with polymerization 

conditions can be synthesized. Many reactions have been used as PPMs: esterification, 

amidation, Michael type addition, Diels -Alder reaction, and copper-catalyzed alkyne azide 

cycloaddition (CuAAC), etc. 

CuAAC is one of the widely used PPM method that exhibits high yield, high 

chemo-selectivity, broad functional group tolerance, and produce byproducts that can be 

easily removed without chromatography. CuAAC has been utilized to make various 
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polymer structures: comb-shape polymers, dendrimers, block copolymers. This chapter 

describes using PPM to synthesize micelles formed from individual polymer chains.   

Micelles can form by the hydrophobic interactions between the water molecules, 

polar functional groups, and nonpolar functional groups on surfactant molecules or 

amphiphilic macromolecules. In 1950, Walter Kauzmann identified the hydrophobic 

interactions as a primary source of protein stability. In 1999, Lum, Chandler and Weeks 

developed a theory of solvation of small and large nonpolar molecules in water.100 For a 

small nonpolar solute at low concentration in water, the hydrophobic surface does not form 

hydrogen bonds with nearby water molecules. Due to the size of the solute molecule, the 

water nearby can recognize the solute and form hydrogen bonds around the solute.  In this 

situation, the water molecules separate the solute and the hydrophobic interactions between 

solutes are weak. However, if the length of the hydrophobic solute is greater than 1 nm, 

the formation of hydrogen bond networks around the hydrophobic solute is geometrically 

impossible. The two hydrophobic surfaces can push nearby water molecules away to 

generate a thin vapor layer around the surface. The pressure imbalance leads to the 

attraction force between two hydrophobic surfaces. Chandler explained the hydrophobicity 

by “oil and water molecules actually attract each other, but not nearly as strongly as water 

attracts itself.”101 Hydrophobic interactions are also observed in biological systems. One 

example is the bilayer formation from polar lipid, shown in Scheme 9. The 

phosphatidylcholine from chicken egg is used as an example. When the 

phosphatidylcholine dissolved in aqueous media, the aliphatic tails are associated by the 

hydrophobic interactions and the ionic heads point toward the bulk water solution to 

stabilize the bilayer structure.102 The bilayer is the building block to form membranes. 
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Another example of hydrophilic-hydrophobic interaction is the micelle formation from 

amphiphilic block copolymers containing polar (red) and nonpolar (green) ends, shown in 

Scheme 10. At lower concentrations, the copolymers exist as single polymer chain, while 

at concentrations higher than critical micelle concentration (cmc), they self-assemble into 

micelles with polar (red) ends point toward the bulk aqueous media.  

 

Scheme 9. Lipid bilayer formation by hydrophilic hydrophobic interactions 

 
Scheme 10. Formation of micelle from block copolymer. 

 

The concentration of the surfactant (or block copolymer) plays an important role 

during this process. The critical micelle concentration (cmc) is defined as the threshold 

concentration for a specific surfactant to form stable micelles. The critical micelle 
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concentration (cmc) is defined by the lowest concentrations of molecular surfactants or 

amphiphilic block copolymers where micelles form. Several methods have been reported 

to measure cmcs, including pyrene encapsulation,103 surface tension measurements,104 and 

dynamic light scattering (DLS).105 In these experiments, physicochemical properties are 

plotted vs surfactant or amphiphile concentrations, and the concentration where the 

property deviates is the cmc. Unlike traditional micelles formed by aggregation of 

surfactant molecules or amphiphilic block polymers, “intramolecular” micelle formation is 

entropically more favorable for polymers chains where hydrophilic and hydrophobic side 

chains randomly (or approximately randomly) distributed along the polymer backbone. 

This chapter focuses on whether CuAAC of functional polymers prepared by ARGET 

ATRP can produce polymers capable of forming single-chain micelles. 

Deprotection of Poly(trimethylsilylpropargyl methacrylate) 

The first step in testing the above hypothesis is cleaving the trimethylsilyl group of 

PTMSPMA to prepare poly(propargyl methacrylate) (PPMA), which has terminal alkynes 

as the partners for azides in CuAACs. As shown in Scheme 11, treating 

poly(trimethylsilylpropargyl methacrylate) (PTMSPMA) with tetra-n-butylammonium 

fluoride trihydrate (TBAF)  under acidic condition, deprotects the terminal alkyne yielding 

poly(propargyl methacrylate) (PPMA). PMMA was characterized by 1H NMR 

spectroscopy and GPC. In the NMR spectrum, , the disappearance of the TMS signal at 0.2 

ppm (protons a in Figure 14Figure 14) and appearance of the alkyne signal at 2.5 ppm 

(proton b in Figure 14Figure 14) indicates complete deprotection. The removal of TMS 

group leads to a 37% mass loss from each repeating unit on the polymer chain. However, 

the apparent molecular weight of based on the poly(methyl methacrylate) standards did not 
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reflect the mass loss of the deprotection process. The similar retention time in THF-GPC 

system indicates that the deprotected polymer PPMA has similar hydrodynamic radius as 

the PTMSPMA.  Triple detection GPC may give more accurate molecular weight 

determination of PPMA. The overlapped GPC traces of PTMSPMA and PPMA are, shown 

in Figure 15Figure 15.  
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Scheme 11. The deprotection of poly(trimethylsilylpropargyl methacrylate).  

 

  

Figure 14. Overlapped 1H NMR spectra of the PTMSPMA (top) and PPMA (middle) and 

100% mDEG-PPMA (bottom) in CDCl3 
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Figure 15. The GPC trace of PTMSPMA (black) and after removing TMS protecting group, 

PPMA (red). 

Functionalizing poly(propargyl methacrylate) by CuAAC 

With the alkyne polymer, PPMA, in hand, the viability of CuAAC for PPM with 

azide bearing molecules was initially tested by reacting PPMA with 3 equiv of methoxy 

tri(ethylene glycol) azide (mDEG-N3) versus the alkyne concentration catalyzed by 5 

mol% CuSO4・5H2O and 12 mol% sodium ascorbate versus the alkyne concentration in 

DMF for 3 h at room temperature (Scheme 12). The overlaid 1H NMR spectra of PPMA 

and 100%mDEG-PPMA are shown in Figure 14Figure 14. The disappearance of the alkyne 

signal at 2.5 ppm and the presence of the broad signal from the triazole ring at 7.98 ppm 

(proton c in Figure 14Figure 14), indicate that the CuAAC reactions is >99% complete.  
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Scheme 12. Post-polymerization modification of PPMA with mDEG-N3 by CuAAC. 

 

After this success, syntheses of amphiphilic polymers were explored by CuAAC 

reactions of PPMA was then reacted with mixtures containing different ratios of 

hydrophilic mDEG-N3 and hydrophobic dodecyl azide (C10-N3) catalyzed by CuSO4・

5H2O and sodium ascorbate in DMF. The polymer with 80%mDEG and 20% C10 groups, 

80%mDEG-PPMA, illustrates how the products of CuAAC were synthesized and 

characterized. The mole fraction of the hydrophilic mDEG-N3 reactant within the azide 

mixture was 79%, determined by the methylene protons next to the azido group on mDEG-

N3 (protons 2 in Figure 16) and C10-N3 (protons 5 in Figure 16). The 

hydrophilic/hydrophobic side chains ratios of CuAAC products were determined by 1H 

NMR, using the integration value of the methylene groups next to the nitrogen on the 

triazole rings. Comparing the integration value of the methylene on the hydrophilic mDEG 

chain at 4.60 ppm (protons a in Figure 17) and the hydrophobic dodecyl chains at 4.41 ppm 

(protons b in Figure 17), the hydrophilic/hydrophobic ratio can be precisely determined. 

The mole fraction of the targeted 80%mDEG-PPMA has 82% hydrophilic mDEG side and 

will be later referred as 82%mDEG-PPMA. Comparison of the mole fraction of mDEG in 

reactant azide mixtures and the mole fraction of the mDEG side chains in the functionalized 
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mDEG-PPMAs are summarized in Table 6. The results indicate the mDEG-N3 and C10-

N3 have similar reactivity toward alkyne groups on the polymer backbones and shows that 

mole fraction of the mDEG can be controlled with less than a 3% difference between mole 

fractions of the reactant and the polymers.  

Table 6. Comparison of the mole fraction of mDEG in the reactant azide mixtures with 

the functionalized x%mDEG-PPMA products. 

Sample 
Reactant azide ratio 

(mol% of mDEG) 

Polymer side chain ratio 

(mol% of mDEG) 

90%mDEG-PPMA 88.5% 90.1% 

82%mDEG-PPMA 78.7% 82.0% 

61%mDEG-PPMA 59.9% 61.0% 
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Figure 16. The 1H NMR of reactant azide mixture (mDEG-N3 and C10-N3) for preparing 

80%mDEG-PPMA in CDCl3 
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Figure 17. The 1H NMR of 82%mDEG-PPMA in CDCl3. 

 

Figure 18. Overlapped GPC traces of PPMA (dark red), 100%mDEG-PPMA (cyan), 

82%mDEG-PPMA (purple) and 71%mDEG-PPMA (orange) in THF. 
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CuAAC modified polymers with different side chain ratios were further 

characterized by GPC. Theoretically, the molecular weight of the grafted polymers should 

increase by 2.5 but the GPC results only show slightly higher molecular weight for 

82%mDEG-PPMA and 71%mDEG-PPMA. The 100%mDEG-PPMA has roughly the 

same molecular weight as the PPMA precursor. The theoretical Mns of CuAAC products 

were calculated from the degree of polymerization of parent polymer PPMA (DP = 288). 

The experimental Mns are significantly lower than the theoretical Mns, shown in Table 

7Table 7. The CuAAC modified polymer products have similar PDI value to the parent 

polymer except 100%mDEG PPMA. The underestimating molecular weight of the grafted 

polymers is due to the GPC calibration method. The GPC columns are calibrated by the 

retention time of the linear poly(methyl methacrylate) (PMMA) standards within the GPC 

columns. The molecular weights of the grafted polymer samples were then calculated 

against the calibration curve. The grafted polymers have compact structure, and their 

hydrodynamic radius are comparable to the linear PMMA standards with much smaller 

molecular weight and lead to the underestimate of the molecular weight. The underestimate 

of molecular weight was also observed by Gao while characterizing polymer brushes using 

the same GPC calibration method.15    

Table 7. Comparing the theoretical molecular weight (calculated from the degree of 

polymerization of PPMA) and the experimental molecular weight (determined by GPC) 

of xx%mDEG-PPMA. 

Sample Experimental Mn Experimental PDI  Theoretical Mn 

PPMA 35,800 1.13  

100%mDEG PMMA 35,300 1.31 90,200 

82%mDEG PMMA 43,300 1.17 89,900 

71%mDEG PMMA 47,000 1.17 89,700 
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Kinetic Study of CuAAC 

The CuAAC kinetic of the azido-bearing polymer, poly(3-azidopropyl 

methacrylate) was reported by Matyjaszewski group.73 They discovered that over 90% of  

the azido-bearing polymer was functionalized in 150 min when reacts with propargyl 

alcohol. Under the same condition, 3-azidopropyl methacrylate has around 30 % 

conversion in 150 min, shown in Scheme 13. 

Scheme 13. CuAAC reaction rate of poly(3-azidopropyl methacrylate) (top) and 3-

azidopropyl methacrylate (bottom) reacting with propargyl alcohol. 

 

 This kinetic result was explained by anchimeric assistance and is supported by the 

mechanistic study from Fokin and Finn, shown in Scheme 14Scheme 14,106 who reported 

that ditriazole 3 was the major product when diazide 1 was coupled with phenylacetylene, 

even when 10 equivalents of diazide 1 vs phenylacetylene were used. They proposed that 
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the monotriazole copper complex 4 can recruit another copper–acetylide to form dinuclear 

copper complex intermediate 5 and intramolecularly couple with the second azide.  

Scheme 14. Reactivity of diazide toward phenylacetylene and mechanism proposed by 

Fokin and Finn. 

  

The CuAAC mechanism involving the binuclear copper complex was proposed by  

Worrell and Fokin, shown in Figure 19. 107  The formation of binuclear copper complex 

intermediate was proven by reacting the isotopically pure 63Cu(MeCN)4PF6 with Cu 

acetylide with natural Cu isotope ratio (63Cu: 65Cu ratio = 69: 31). After CuAAC, Cu 

triazole product (63Cu: 65Cu ratio = 85: 15) with 50% isotopic enrichment was observed. 

While reacting Cu triazole complex containing natural Cu isotope ratio with isotopically 

pure 63Cu(MeCN)4PF6, no isotopic enrichment was observed. Based on the evidence,  

Worrell and Fokin claimed the existence of the binuclear copper intermediate, and the 50% 
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isotopic enrichment happens during the cycloaddition process to form copper triazole 

complex.  

 

Figure 19. The CuAAC mechanism involving binuclear copper intermediate proposed by 

Worrell and Fokin. 

Venderbosch and coworkers prepared a Cu(I) iminophosphorane triazole complex, 

shown in Scheme 15, and found it is catalytically active to couple benzyl azide and 

phenylacetylene.108  The Cu triazole complex is isolable and characterized by 1H NMR and 

cold-spray ionization mass and proposed to be the resting state of the CuAAC catalytic 

cycle. 
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Scheme 15. Synthesis of copper iminophosphorane triazole complex reported by 

Venderbosch and coworkers.108 

 

Fokin and Finn suggested the anchimeric assistance of the diazide reacting with 

phenylacetylene (Scheme 14Scheme 14) is catalyzed by the monotriazole copper complex 

4 recruiting another copper–acetylide to form dinuclear copper complex intermediate 5 and 

intramolecularly coupling with the second azide. Worrell and Fokin have proven the 

involvement of the dinuclear copper complex during CuAAC catalytic cycle by the copper 

isotope enrichment experiment. Venderbosch and coworkers identified the copper 

triazolide complex as the resting state of the catalytic cycle. Both experimental results are 

consistent with the Fokin and Finn’s statement of anchimeric assistance of diazide in 

CuAAC reaction. 

Fokin and Finn also studied reactivity of the dialkyne 6 with benzyl azide and found 

out that the distinct reactivity of dialkyne 6 from the diazide 1, shown in Scheme 16Scheme 

16. The products of dialkyne and benzyl azide are a statistical mixture of monotriazole 

product 7 and ditriazole product 8. The reaction mechanism was proposed by Fokin and 

Finn to be stepwise due to the weak interaction between copper-triazole complex 

intermediate 9 and benzyl azide. Failing to recruit the benzyl azide, the proteolysis of 

intermediate 9 generates the monotriazole product 7 before the neighbor alkyne groups 

couple with benzyl azide.  
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Scheme 16. Reactivity of dialkyne toward benzyl azide and mechanism proposed by Fokin 

and Finn.  

 

Based on Fokin and Finn’s result on dialkyne reacting with benzyl azide, we 

hypothesize that no anchimeric assistance will be observed when reacting alkyl-bearing 

polymer PPMA with organic azide due to the weak interaction between copper triazole 

complex and organic azide. To prove the concept, the CuAAC kinetic of the alkyne-bearing 

polymer PPMA is compared with the monomer containing alkyne. It was known that the 

vinyl group on the propargyl methacrylate monomer can coordinate to the copper 

catalysts.109 To eliminate the impact of vinyl coordination on copper catalyst activity, 

ethynyl-2-methylpropanoate (EMP), shown in  

Scheme 17 
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Scheme 17a, was prepared to mimic the propargyl methacrylate monomer. All the 

kinetic reactions were set up with the same alkyne and azide concentration (0.1 M) and 2 

mol% CuBr/PMDETA (N,N,N´,N´´,N´´-pentamethyldiethylenetriamine) catalyst loading 

(0.002 M) in DMF. The conversion of the reactions was monitored by 1H NMR 

spectroscopy. The overlapped NMR spectra as a function of reaction time is shown in 

Figure 20. For the CuAAC reaction of PPMA, the conversion was determined by the 

integration value of the benzyl methylene signal on the benzyl azide (protons 1 in Figure 

20) and the integration value of the methylene signal on the polymer products (protons 4 

in Figure 20).  

Scheme 17. CuAAC reaction of benzyl azide with ethynyl-2-methylpropanoate (EMP), 

poly(propargyl methacrylate) (PPMA), and poly(propargyl methacrylate)-co-poly(methyl 

methacrylate) (PPMA-co-PMMA). 
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Figure 20. 1H NMR spectra as a function of time for the CuAAC of PPMA-88.9 kDa and 

benzyl azide. 
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Figure 21. Conversion versus time plot for the CuAAC reaction of benzyl azide with EMP, 

PPMA-88.9 kDa (Mn = 88,900, PDI = 1.30), PPMA-34.0 kDa (Mn = 34,000, PDI = 1.12), 

and PPMA-co-PMMA-29.1 kDa { Mn = 29,100, PDI = 1.20, [PMMA]:[PPMA] = 10: 1 

(mol%)}. Reaction progression was monitored by 1H NMR. ([alkyne] = 0.1 M, [azide] = 

0.1 M, [CuIBr/PMDETA] = 2 mM, DMF, 25 °C). 

Unlike Matyjaszewski’s result of azido-containing polymer, poly(3-azidopropyl 

methacrylate), the CuAAC reaction rate of poly(propargyl methacrylate) (PPMA) (red and 

blue dots in Figure 21Figure 21) is roughly four times slower than the small molecule EMP 

(black dots in Figure 21Figure 21). We found the PPMA with higher Mn (PPMA-88.9 kDa) 

has similar reaction rate with benzyl azide as the lower molecular weight (PPMA-34.0 

kDa).  

We had two hypotheses for the slower reaction rates of PPMA-34.0 kDa and 

PPMA-88.9 kDa compared to the small molecule EMP. One hypothesis is that due to the 

steric hinderance from the neighboring chains, the alkyne groups on the PPMA are less 

accessible than those on the small molecules EMP. Another hypothesis is that multiple 

alkyne groups on the PPMA might coordinate to one copper catalyst and deactivate the 
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catalyst. To minimize the multiple alkyne group coordinate to the copper center, a 

copolymer, PPMA-co-PMMA, containing mole ratio of poly(methyl methacrylate) to 

poly(propargyl methacrylate) 10 to 1 was prepared by ARGET ATRP from the mixture of  

methyl methacrylate and trimethylsilylpropargyl methacrylate (TMSPMA) at the 10 to 1 

mole ratio. The molecular weight of PTMSPMA-co-PMMA was 31.5 kDa and PDI = 1.17, 

characterized by GPC, and the ratio of PMMA to PTMSPMA segments was 10 to 1, 

determined by 1H NMR. The PPMA-co-PMMA for CuAAC kinetic study was obtained by 

deprotecting the PTMSPMA-co-PMMA. The deprotection process did not vary the mole 

ratio of PMMA to PPMA segments on PPMA-co-PMMA (10 to 1), characterized by 1H 

NMR spectroscopy, shown in Figure 22. The molecular weight of PPMA-co-PMMA is 

29,100, characterized by GPC. With the smaller fraction of alkyne groups per polymer 

chain, PPMA-co-PMMA reduces the chance of copper catalyst deactivation by a multiple 

alkyne coordination from the same polymer chain. The CuAAC reaction of PPMA-co-

PMMA was conducted under the same total alkyne concentration as the homopolymer 

PPMA experiment (dark green dots in Figure 21Figure 21). The reaction rate of PPMA-

co-PMMA is slower than the PPMA, indicating the deactivation of the catalyst by multiple 

alkyne coordination is not the main cause of the slower reaction rate. The CuAAC reaction 

of PPMA-co-PMMA only reached 25.4 % conversion even after prolonged reaction time 

(22 h). While the conversion of PPMA-34.0 kDa and benzyl azide was > 99% at 22 h. 

However, to keep the same initial alkyne concentration, 10 times higher polymer 

concentration of PPMA-co-PMMA than the homopolymer PPMA is required. The higher 

polymer concentration leads to more polymer chain entanglement and higher viscosity of 

the reaction mixture.110  The slower CuAAC reaction rate was also observed in more 
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viscous reaction mixture by Döhler and coworkers.111 They cross-linked the three different 

poly(propargyl acrylate-co-n-butyl acrylate)s (PPA-co-PBAs) (Mn = 9,600, 12,000, and 

19,100) with three-arm-star azido-telechelic poly(isobutylene) (Mn = 6,200) shown in 

Scheme 18. Gel time is determined by the reaction time that the shear storage moduli and 

the shear loss moduli cross. The shear storage modulus shows the elastic character of the 

material, and the shear loss modulus indicates the viscous response of the material. Under 

the same alkyne and azide concentration (0.245 M) and copper concentration, increasing 

gel time (from 213 min to 418 min) was observed on the reaction mixture with higher initial 

viscosity (from 60 Pa·s to 123 Pa·s). The longer gel time was reported as the molecular 

weight of PPA-co-PBA increased (from 9,600 to 19,100).   

 

Figure 22. 1H NMR spectrum of the PPMA-co-PMMA ([PPMA]: [PMMA] = 1: 10 

(mol%)) in CDCl3 
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Scheme 18. Reaction scheme of cross-linking three different poly(propargyl acrylate-co-

n-butyl acrylate)s (PPA-co-PBAs) (Mn = 9,600, 12,000, and 19,100) with three-arm-star 

azido-telechelic poly(isobutylene) reported by Döhler. 

  

To test the effect of the viscosity on CuAAC kinetics, the alkyne concentration was 

diluted 10 times and PPMA and PPMA-co-PMMA with [alkyne] = 0.01 M were conducted 

under 2 mol% CuIBr/PMDETA catalyst loading (0.2 mM). The CuAAC reaction of PPMA 

([alkyne] = 0.01 M) and benzyl azide reached 24.5% conversion at 20 h, which was 

significantly slower than their higher alkyne concentration counterpart (0.1 M, > 99% 

conversion at 22 h). Under the same condition ([alkyne] = 0.01 M),  no conversion was 

observed between PPMA-co-PMMA and benzyl azide at 20 h. To confirm that the PPMA-

co-PMMA was unreacted, the product was purified and characterized by 1H NMR 
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spectrum. The alkyne protons (proton c in Figure 24) were intact. If viscosity is the 

dominate factor that decrease the reaction rate of copolymer PPMA-co-PMMA, the diluted 

reaction should have faster rate. More data will be needed to address the impact of viscosity 

on the reaction rate.  

 

Figure 23. The overlapped 1H NMR of crude material at 20 h (a) PPMA-34.0 kDa (Mn = 

34,000, PDI = 1.12, top) and (b) PPMA-co-PMMA-29.1 kDa {Mn = 29,100, PDI = 1.20, 

[PMMA]:[PPMA] = 10: 1 (mol%), bottom}. ([alkyne] = 0.01 M, [azide] = 0.01 M, 

[CuIBr/PMDETA] = 0.2 mM, DMF, 25 ℃) 
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Figure 24. Recovered and purified PPMA-co-PMMA-29.1 kDa after 20 h reaction time 

under CuAAC condition ([alkyne] = 0.01 M, [azide] = 0.01 M, [CuIBr/PMDETA] = 0.2 

mM, DMF, 25 ℃). 

The slower reaction rate observed on PPMA-co-PMMA than homopolymer PPMA 

indicates that the multiple alkyne coordination to the copper catalyst is unlikely the cause 

of  slower reaction rate of PPMA than small molecule EMP. The slower reaction rate of 

homopolymer PPMA than small molecule EMP is probably due to the less accessibility of 

the alkyne on the polymer.  

Several trends were observed on the CuAAC kinetic of the alkyne containing 

polymer PPMA. (1) Our kinetic results support the mechanistic study from Fokin and Finn 

that the CuAAC on the dialkyne is stepwise without the anchimeric assistance. (2) The 
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slower reaction rate of polymer PPMA than small molecule EMP is probably caused by 

the  less accessibility of alkyne groups on PPMA. 

Characterizing the hydrodynamic radius of amphiphilic polymers with 

different compositions 

Micelles are formed when dissolving functionalized mDEG-PPMAs in water and 

dynamic light scattering (DLS) is used to characterize the hydrodynamic radius of the 

micelles. DLS measures the hydrodynamic radius of a particle in solution by monitoring 

its time-dependent fluctuation in scattering intensity due to Brownian motion. If the particle 

size is identical, at short time delays, the scattering correlation is high because the particles 

cannot travel very long distance. The scattering correlation will eventually decay to zero 

after longer delay time. In the same delay time, bigger particles move slower than smaller 

particles so that the scattering correlation of bigger particles are higher due to the shorter  

the distance they travel. Therefore, the dynamic light scattering can be used to predict the 

particle size by the Stokes-Einstein equation, shown in Eq 11Eq 11, which calculates the 

size of a particle based on its velocity due to Brownian motion, where D is the diffusion 

constant, kB is Boltzmann’s constant, T is the temperature, ƞ is the viscosity of the solution 

and RH is the hydrodynamic radius of particles. 

 𝐷 =
𝑘𝐵𝑇

6𝜋ƞ𝑅𝐻
 Eq 11 

        

The comb-shape amphiphilic polymers, prepared by ATRP and CuAAC, contains 

hydrophilic and hydrophobic side chains attach to the polymer backbones. To determine 

the cmc, the hydrodynamic radius was plotted as a function of amphiphilic polymer 

concentration. The hydrodynamic radius of 100%mDEG-PPMA was determined in 
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polymer concentration from 0.15 to 10 (mg/mL), which is equal to 1.7 ×10-6 to 1.1× 10-4 

M (Mn = 90,200) shown in Figure 25. The hydrodynamic radius remains 6 to 7 nm over 

two-order polymer concentration range with no drastic change of hydrodynamic radius 

indicating no cmc observed in this range. The higher concentration cannot be studied due 

to the limited solubility. The results shows that the size of the micelle is stable during 

dilution and can be an ideal nanocarrier at low concentration. The Scheme 19 illustrates 

the amphiphilic comb polymer self-assemble into unimolecular micelle with polar ends 

(red in Scheme 19) point toward the bulk water and form a hydrophobic micelle core. The 

covalently bonded polar and nonpolar side chains keep the unimolecular micelles stable 

even under low polymer concentration.  

 

Figure 25. The hydrodynamic radius as a function of 100%mDEG-PPMA concentration 

from 10 to 0.15 mg/mL in MilliQ water.  

  

0

2

4

6

8

10

12

14

16

18

1 10 100 1000 10000

R
el

at
iv

e 
in

te
n
si

ty

Hydrodynamic Radius RH (nm)

Hydrodynamic radius of variable 100%mDEG-

PPMA concentration

0.15mg

0.31mg

0.62mg

5mg

10mg



 92 

Scheme 19. Formation of unimolecular micelle by amphiphilic comb polymer.  

 

 

The hydrodynamic radius of variable 82%mDEG-PPMA concentration is between 

5 to 8 nm from 0.15 to 10 (mg/mL), which equal to polymer concentration: 1.7 ×10-6 to 

1.1× 10-4 M (Mn = 89,900), shown in Figure 26. The 82%mDEG-PPMA was observed to 

have a fraction of bigger aggregation (~170 nm) due to the loose aggregation or large 

association complexes. Micelles are stable and have similar size across the concentration 

range tested. The hydrodynamic radius of both 82%mDEG-PPMA and 100%mDEG-

PPMA is independent to the polymer concentration (0.15 to 10 mg/mL), indicating the 

micelle formation did not involve multiple polymer chains in this concentration range.  
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Figure 26. The hydrodynamic radius as a function of 82% mDEG-PPMA concentration 

from 10 to 0.15 mg/mL in MilliQ water. 

The hydrodynamic radius behavior of 71% mDEG-PPMA at variable 

concentration is different from the more hydrophilic 82% mDEG-PPMA and 100% 

mDEG-PPMA . With the higher hydrophobic composition (dodecyl side chain), the 

bimodal particle size was observed as 11 and 82 nm indicating the stronger hydrophobic 

interaction between chains. The size of the micelle grows as the increasing polymer 

concentration. Smaller concentration interval was tested due to the intriguing finding. 

Starting from polymer concentration at 1.25 mg/mL, the equilibrium shifted to polymer 

aggregate side and the size of the aggregate changed from 61 nm at 1.25 mg/mL to 95 nm 

at 10 mg/mL. Based on the variable concentration DLS results, the cmc of 71% mDEG-

PPMA is between 0.62 and 1.25 mg/mL. Amphiphilic comb shaped polymers with similar 

side chain structures were reported and the cmc decreases with higher hydrophobic 

composition along the polymer backbone.104 The 82% mDEG-PPMA and 100% mDEG-

PPMA may have higher cmc than the tested range.  
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Figure 27. The hydrodynamic radius as a function of 71% mDEG-PPMA concentration 

(mg/mL) in MilliQ water. 

 

Lower critical solution temperature  

Thermoresponsive polymer materials have coil-globule transition under external 

temperature changes. These polymers have gained attention for their potential in 

biomedical applications.112,113,114  Based on the behavior, the thermo-responsive material 

can be categorized into two types: material with lower critical solution temperature (LCST) 

and material with upper critical solution temperature (UCST).113, 115  For the polymer 

material with LCST, the transition temperature of the polymer solution varies with polymer 

concentration and polymer molecular weight. The phase diagram is then plotted with the 

transition temperature versus the polymer volume fraction. The lowest transition 

temperature on the phase diagram is defined as LCST, shown in Figure 28.  
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Figure 28. Schematic phase diagram of a polymer with LCST behavior. 

The solubility of the polymer with LCST decreases when temperature increases and 

becomes insoluble above LCST. The solution behavior of Poly(N-isopropylacrylamide) 

(PNIPAM) was first studied by Heskins and Guillet.116  PNIPAM is the most studied 

thermo-responsive material for bio applications due to its biocompatibility and the 

transition temperature (31 °C)  that is close to physiological temperature (37 °C). UCST is 

defined as the highest temperature that the polymer solution can exist as single phase. The 

solubility of polymer with UCST decreases at lower temperature and becomes insoluble 

below certain temperature called the upper critical solution temperature (UCST). Polymers 

that have UCST behavior are poly(acrylic acid) (PAA), polyacrylamide (PAAm), and 

poly(acrylamide-co-butyl methacrylate). 

For a thermodynamically spontaneous process, a negative Gibbs free energy 

change at the condition is needed. For the polymers with LCST behavior, the polymers 
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dissolved in aqueous media below LCST. The water molecules interact with the 

hydrophilic functional groups on the polymer chains and lead to the relatively ordered 

water molecules around polymer chains than the water molecules in the bulk solution. 

While increasing the solution temperature, the interactions between water molecules and 

polymer chains become entropically unfavorable and are not thermodynamically feasible. 

At the phase transition temperature, polymer chains expel the associated water driven by 

entropy gain and lead to the precipitation of the polymer and a two-phase solution. One 

common way to measure the transition temperature or commonly referred as cloud point 

is to monitor the turbidity using a variable temperature UV-Vis spectroscopy. When the 

temperature is near the transition temperature, the formation of polymer aggregates blocks 

the incoming light, and this the transition can be observed by the sharply increasing. The 

cloud point is assigned to the inflection point on the absorption versus temperature curve. 

The cloud points of PPMAs (containing different mole% of mDEG chains were determined 

by plotting the absorbance at 450 nm versus the temperature, shown in Figure 29Figure 29. 
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Figure 29. Cloud point determination by variable temperature-UV/Vis spectroscopy. The 

turbidity was determined by absorbance at 450 nm and all the polymer concentration is 3 

mg/mL in MilliQ water. All the polymers have Mn ~ 90 kg/mol. 

The x% mDEG-PPMAs were prepared from the same polymer precursor and have 

the same degree of polymerization (DP = 288). At room temperature, the PPMAs with 

more than 70% mole fraction of mDEG are soluble in water. Figure 30Figure 30 shows a 

linear correlation between cloud point of the x% mDEG-PPMAs and the mole fraction of 

hydrophilic mDEG chain along PPMA side chains. This result also indicates the cloud 

point of x% mDEG-PPMAs can be tailored for different applications. CuAAC 

functionalized poly(glycidyl ether) PPGE and PMGE were prepared by former group 

member Dr. Lien using the same hydrophilic (mDEG) and hydrophobic side chains.117 The 
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comparison of x% mDEG-PPMA, x% mDEG-PPGE, and x% mDEG-PMGE is shown 

in Figure 30Figure 30. The cloud points increase for all polymer backbones when enriching 

the mDEG mole% fraction along the polymer chains. The slope for PPMA backbone is 

0.90, slightly greater than the slope for PMGE (0.74), indicating that the PPMA backbone 

has slightly more influence on the cloud point than the PMGE counterpart. Although the 

slope of PPGE cannot be obtained due to the poor linearity, PPGE backbone has the widest 

range of cloud point among the three polymer backbones: from  48 to 96 °C. Another 

finding is that the hydrophilic PPGE backbone also has higher cloud point than the 

hydrophobic PPMA backbone at the same side chain structure and similar composition. 

The cloud point of 80% mDEG-PPGE is 59 °C while the one for 82% mDEG-PPMA is 

33 °C.  

The cloud point results for PPMA backbone are in good agreement with the 

previous research on PPGE and PMGE backbones. The results also reveal the impact of 

the side chain composition and backbone structure on cloud point values. Thermo-

responsive material with a specific targeted cloud point can be tailor by choosing proper 

polymer backbone and manipulating the side chain composition.  
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Figure 30. Cloud points versus different mole% of mDEG side chain along different 

polymer backbones: PPMA (green), PMGE (orange), and PPGE (black).117 
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Conclusion 

The alkyne-containing polymer backbone PPMAs was observed to have roughly 

four times slower coupling reaction rate toward benzyl azide than the small molecule 

counterpart, EMP. Unlike the azide-containing polymer backbone kinetic result from 

Matyjaszewski group, no anchimeric effect was observed during CuAAC of alkyne-

containing polymer PPMA and benzyl azide and the result agreed with the CuAAC 

mechanism. The slower reaction rate of PPMA may be caused by the less accessibility of 

alkyne groups on the polymer chains than the alkyne groups on the molecules.  

CuAAC can simply modify the PPMA to comb shaped graft copolymers with 

different ratio of hydrophilic and hydrophobic side chains by simply tuning the ratio of the 

hydrophilic and hydrophobic azides. The CuAAC functionalized graft copolymers (x% 

mDEG-PPMA) were found to have cloud points from 26 to 53 °C. The cloud point value 

of the polymer materials can be adjusted by the mol% of the hydrophilic mDEG chains 

along PPMA. The backbone structure also affects the cloud point of the thermo-responsive 

behavior. The more hydrophilic backbone PPGE was found to have higher cloud point than 

PPMA under  the same side chain structure and similar side chain composition. For 82% 

mDEG-PPMA and 100% mDEG-PPMA, no cmc was observed and the hydrodynamic 

radius of graft copolymers were similar (5-8 nm) at polymer concentration between 0.15 

to 10 mg/mL. The cmc of 71% mDEG-PPMA is between 0.62 and 1.25 mg/mL, which 

was observed by the shift of the hydrodynamic radius on DLS. 
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Experimental section 

Characterization 

The molecular weights of polymers were determined by gel permeation 

chromatography (GPC) at 35 °C using two PLgel 10μ mixed-B columns in series 

(manufacturer stated linear molecular weight range of 500-10,000,000 g/mol) with THF as 

the eluent solvent at a flow rate of 1 mL/min. Optilab rEX (Wyatt Technology Co.) 

differential refractive index (dRI) detector was used as detector. The columns were 

calibrated by narrow poly(methyl methacrylate) standards (Mn = 6, 12, 30, 60, 127, 350 

kg/mol). The GPC samples were prepared by dissolving 1-4 mg of polymer in 1 mL of 

THF and all GPC samples were filtered through a 0.2 μm Whatman PTFE syringe filter 

before injecting into GPC. 

Dynamic light scattering (DLS) data were obtained using a Malvern Zetasizer Nano 

ZS. All samples were filtered through a 0.2 μm Whatman PTFE syringe filter and then 

equilibrated in the instrument for 2 minutes at each temperature before taking the data used 

to calculate the hydrodynamic radius (Rh). The particle size uniformity was determined by 

a monomodal curve fit, which assumes a single particle size with a gaussian distribution. 

LCST determination was done by variable temperature UV-vis spectra were recorded with 

a Shimadzu UV-2600 UV-Vis spectrometer equipped with temperature regulator. The 

polymer sample was allowed to equilibrate in the instrument for 5 minutes before 

acquisition. 

Synthesis of 1-(2-azidoethoxy)-2-(2-methoxyethoxy)ethane (mDEG-N3)
117,118 

TEG azide was synthesized in two steps. Triethylene glycol monomethyl ether (4 

g, 24.3 mmol) in THF (12 mL) was added dropwise to a solution of sodium hydroxide (3 
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g, 75 mmol) in a water/THF mixture (6:4 v/v, 40 mL) at 0 °C. The mixture was stirred at 

0 °C for 30 min and then a solution of 4-toluenesulfonyl chloride (6.86 g, 40.0 mmol) of 

THF (20 mL) was added dropwise. The mixture was stirred at 0 °C for another 30 min and 

then brought to room temperature for another 6 h. The reaction progress can be monitored 

by the 1H NMR signal of the methylene group next to the tosyl group (product) and the 

signal of the methylene group next to the hydroxyl group (reactant). The crude mixture was 

poured into 30 mL of ice water. The water layer was extracted with diethyl ether (3×100 

mL). The combined organic layers were washed with brine and dried over MgSO4. Diethyl 

ether was evaporated, and the tosyl mDEG product was used without further purification 

(6.57 g, 86% yield). 

Tosyl mDEG (6.57 g,) and sodium azide (6.70 g, 103 mmol) were dissolved in a 

water/acetone mixture (1:3 v/v, 40 mL) and the solution was heated to reflux and stirred 

overnight. The crude mixture was extracted with diethyl ether (4×50 mL). The combined 

organic layers were washed with brine and DI water and dried over MgSO4. Diethyl ether 

was evaporated under vacuum to obtain mDEG azide (3.54 g, 91.3 % yield) as colorless 

liquid. 1H NMR (500 MHz, CDCl3, 298 K) δ 3.76 – 3.60 (m, 8H), 3.60 – 3.50 (m, 2H), 

3.44 – 3.31 (m, 5H). 13C{1H} NMR (125 MHz, CDCl3, 298 K) δ 71.9, 70.6, 70.6, 70.6, 

70.0, 59.0, 50.6. 

Synthesis of decyl azide (C10-N3)
118 

Decyl bromide (6.6 g, 29.8 mmol) was added dropwise to a solution of sodium 

azide (3 g, 46.1 mmol) in a water/acetone mixture (1:3 v/v, 40 mL) at 0 °C. Then the 

solution was heated to reflux and stirred overnight. The crude mixture was extracted with 

petroleum ether (4×50 mL). The combined organic layers were washed with brine and DI 
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water and dried over MgSO4. Petroleum ether was evaporated under vacuum to obtain 

decyl azide (5.067 g, 92.1 % yield) as a colorless liquid. 1H NMR (500 MHz, CDCl3, 298 

K) δ 3.3 (t, J = 7.0 Hz, 2H), 1.6 (p, J = 7.0 Hz, 2H), 1.4 – 1.2 (m, 14H), 0.9 (t, J = 6.9 Hz, 

3H). 13C{1H} NMR (125 MHz, CDCl3, 298 K) δ 51.5, 31.9 , 29.5 , 29.5 , 29.3 , 29.2 , 28.8 , 

26.7 , 22.7 ,14.1 

Synthesis of 100%mDEG-PPMA117 

 PPMA (317 mg, 2.55 mmol of alkyne), DMF (7 mL), mDEG-N3 (1.39 g, 7.34 

mmol), and sodium ascorbate (58.3 mg, 0.29 mmol) were added respectively into a Schlenk 

flask and degassed by three freeze-pump-thaw cycles. After the mixture was thawed, 0.1 

M of CuSO4·5H2O deoxygenated solution in DMF (1.2 mL, 0.12 mmol) was added and 

the reaction was stirred at room temperature for 12 h. The crude product was passed 

through an alumina plug using DCM as eluent to remove sodium ascorbate and copper 

catalyst. Ion exchange resin beads (Amberlite® IRC-748 ion exchange resin) was stirred 

with the filtrate for 12 h to further remove residual copper catalyst. The ion exchange resin 

was filtered out and the excess DCM in the filtrate was remove by rotary evaporator. The 

residual azides were removed by dialysis (MWCO = 6-8 kDa) in acetone for 24 h and the 

polymer solution was dried under high vacuum until constant weight. Viscous liquid (682 

mg, 86%) was obtained as product. 1H NMR (500 MHz, CDCl3) δ 8.04 – 7.85 (m, 1H), 

5.08 (br, 2H), 4.61 (br, 2H), 3.92 (br, 2H), 3.68 – 3.50 (m, 8H), 3.36 (s, 3H), 1.94 – 1.58 

(m, 2H), 0.87 – 0.46 (m, 3H). 

Synthesis of 90%mDEG-PPMA117 

PPMA (310 mg, 2.50 mmol of alkyne), DMF (7 mL), mDEG-N3 (1.25 g, 6.60 

mmol), C10-N3 (142 mg, 0.77 mmol), and sodium ascorbate (60 mg, 0.30 mmol) were 



 104 

added respectively into a Schlenk flask and degassed by three freeze-pump-thaw cycles. 

After the mixture was thawed, 0.1 M of CuSO4·5H2O deoxygenated solution in DMF (1.2 

mL, 0.12 mmol) was added and the reaction was stirred at room temperature for 12 h. The 

crude product was passed through an alumina plug using DCM as eluent to remove sodium 

ascorbate and copper catalyst. Ion exchange resin beads (Amberlite® IRC-748 ion 

exchange resin) was stirred with the filtrate for 12 h to further remove residual copper 

catalyst. The ion exchange resin was filtered out and the excess DCM in the filtrate was 

remove by rotary evaporator. The residual azides were removed by dialysis (MWCO = 6-

8 kDa) in acetone for 24 h and the polymer solution was dried under high vacuum until 

constant weight. Viscous liquid (467 mg, 60%) was obtained as product. 1H NMR (500 

MHz, CDCl3) δ 8.02 – 7.86 (m, 1H), 5.08 (br, 2H), 4.61 (br, 1.76H, methylene signal on 

90 mol% mDEG side chain), 4.41 (br, 0.2H, methylene signal on polymer backbone and 

10 mol% C10 side chain), 3.91 (s, 2H), 3.69 – 3.47 (m, 7H), 3.36 (s, 3H), 2.04 – 1.18 (m, 

4H, containing methylene signal from C10 side chain), 0.92 – 0.43 (m, 3H, methyl signal 

on polymer backbone and 10 mol% C10 side chain). 

 

Synthesis of 80%mDEG-PPMA117 

PPMA (311 mg, 2.51 mmol of alkyne), DMF (7 mL), mDEG-N3 (1.10 g, 5.83 

mmol), C10-N3 (267 mg, 1.46 mmol), and sodium ascorbate (59 mg, 0.30 mmol) were 

added respectively into a Schlenk flask and degassed by three freeze-pump-thaw cycles. 

After the mixture was thawed, 0.1 M of CuSO4·5H2O deoxygenated solution in DMF (1.2 

mL, 0.12 mmol) was added and the reaction was stirred at room temperature for 12 h. The 

crude product was passed through an alumina plug using DCM as eluent to remove sodium 
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ascorbate and copper catalyst. Ion exchange resin beads (Amberlite® IRC-748 ion 

exchange resin) was stirred with the filtrate for 12 h to further remove residual copper 

catalyst. The ion exchange resin was filtered out and the excess DCM in the filtrate was 

remove by rotary evaporator. The residual azides were removed by dialysis (MWCO = 6-

8 kDa) in acetone for 24 h and the polymer solution was dried under high vacuum until 

constant weight. Viscous liquid (478 mg, 61%) was obtained as product. 1H NMR (500 

MHz, CDCl3) δ 8.06 – 7.84 (m, 1H), 5.08 (br, 2H), 4.61 (br, 1.52H, methylene signal on 

80 mol% mDEG side chain), 4.42 (br, 0.36H, methylene signal on 20 mol% C10 side 

chain), 3.92 (br, 1.52H, methylene signal on 80 mol% mDEG side chain), 3.72 – 3.47 (m, 

6.38 H, methylene signal on 80 mol% mDEG side chain), 3.36 (s, 2.2H, methyl signal on 

80 mol% mDEG side chain), 2.04 – 1.12 (m, 4.86H, methylene signal on polymer 

backbone and 20 mol% C10 side chain), , 0.96 – 0.45 (m, 3.16H, methyl signal on polymer 

backbone and 20 mol% C10 side chain). 

 

Synthesis of 70%mDEG-PPMA117 

PPMA (309 mg, 2.49 mmol of alkyne), DMF (7 mL), mDEG-N3 (977 mg, 5.16 

mmol), C10-N3 (401 mg, 2.19 mmol), and sodium ascorbate (59 mg, 0.30 mmol) were 

added respectively into a Schlenk flask and degassed by three freeze-pump-thaw cycles. 

After the mixture was thawed, 0.1 M of CuSO4·5H2O deoxygenated solution in DMF (1.2 

mL, 0.12 mmol) was added and the reaction was stirred at room temperature for 12 h. The 

crude product was passed through an alumina plug using DCM as eluent to remove sodium 

ascorbate and copper catalyst. Ion exchange resin beads (Amberlite® IRC-748 ion 

exchange resin) was stirred with the filtrate for 12 h to further remove residual copper 
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catalyst. The ion exchange resin was filtered out and the excess DCM in the filtrate was 

remove by rotary evaporator. The residual azides were removed by dialysis (MWCO = 6-

8 kDa) in acetone for 24 h and the polymer solution was dried under high vacuum until 

constant weight. Viscous liquid (516 mg, 66%) was obtained as product. 1H NMR (500 

MHz, CDCl3) δ 8.09 – 7.79 (m, 1H), 5.08 (br, 2H), 4.61 (br, 1.36H, methylene signal on 

70 mol% mDEG side chain), 4.42 (br, 0.59H, methylene signal on 30 mol% C10 side 

chain), 3.92 (s, 1.35H, methylene signal on 70 mol% mDEG side chain), 3.76 – 3.45 (m, 

5.67H, methylene signal on 70 mol% mDEG side chain), 3.36 (s, 2H), 2.01 – 1.14 (m, 6.6H, 

methylene signal on polymer backbone and 30 mol% C10 side chain), 0.99 – 0.47 (m, 

3.65H, methyl signal on polymer backbone and 30 mol% C10 side chain). 

 

Synthesis of 60%mDEG-PPMA117 

PPMA (214 mg, 1.61 mmol of alkyne), DMF (5 mL), mDEG-N3 (565 mg, 2.98 

mmol), C10-N3 (358 mg, 1.95 mmol), and sodium ascorbate (39 mg, 0.2 mmol) were added 

respectively into a Schlenk flask and degassed by three freeze-pump-thaw cycles. After the 

mixture was thawed, 0.1 M of CuSO4·5H2O deoxygenated solution in DMF (0.81 mL, 0.08 

mmol) was added and the reaction was stirred at room temperature for 12 h. The crude 

product was passed through an alumina plug using DCM as eluent to remove sodium 

ascorbate and copper catalyst. Ion exchange resin beads (Amberlite® IRC-748 ion 

exchange resin) was stirred with the filtrate for 12 h to further remove residual copper 

catalyst. The ion exchange resin was filtered out and the excess DCM in the filtrate was 

remove by rotary evaporator. The residual azides were removed by dialysis (MWCO = 6-

8 kDa) in acetone for 24 h and the polymer solution was dried under high vacuum until 
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constant weight. Viscous liquid (317 mg, 62%) was obtained as product. 1H NMR (500 

MHz, CDCl3) δ 8.07 – 7.82 (m, 1H), 5.08 (br, 2H), 4.61 (br, 1.13H, methylene signal on 

60 mol% mDEG side chain), 4.42 (s, 0.74H, methylene signal on 40 mol% C10 side chain), 

3.92 (s, 1.18H, methylene signal on 60 mol% mDEG side chain), 3.70 – 3.49 (m, 4.78H, 

methylene signal on 60 mol% mDEG side chain), 3.36 (s, 1.67H, methyl signal on 60 mol% 

mDEG side chain), 2.02 – 1.14 (m, 7H, methylene signal on polymer backbone and 30 

mol% C10 side chain), 0.96 – 0.53 (m, 3.74H, methyl signal on polymer backbone and 30 

mol% C10 side chain). 

 

Synthesis of ethynyl 2-methylpropanoate (EMP)119 

A solution of propargyl alcohol (20 mL, 0.29 mol) and triethylamine (20 mL, 0.36 

mol) in dry DCM (100mL) was cooled to 0 °C and a solution of isobutyryl chloride (30 

mL, 0.29 mol) in dry DCM (100 mL) was added dropwise over 1 h. The mixture was then 

stirred at room temperature overnight. The triethylammonium chloride was filtered out 

from the crude product. Ammonium chloride was further removed by precipitation by the 

addition of diethyl ether and filtration. The filtrate was washed with 1M HCl solution and 

brine. The organic layer was dried over sodium sulfate and concentrated using rotary 

evaporator. The product was then passed through a silica plug using HEX/ether = 25: 1 as 

eluent. The excess solvents were removed by rotary evaporator. The product is a volatile 

liquid that easily evaporates by rotary evaporator. A pale-yellow oil was obtained (15.49 

g, 42.4 %). 1H NMR (500 MHz, CDCl3, 298 K) δ 4.67 (d, J = 2.5 Hz, 2H), 2.59 (p, J = 7.0 

Hz, 1H), 2.46 (t, J = 2.5 Hz, 1H), 1.18 (d, J = 7.0 Hz, 6H). 

General Procedure for deprotecting PTMSPMA99 
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The deprotection of the trimethylsilyl protecting group was carried out by the 

procedure reported by Yhaya and co-workers.99 The trimethylsilyl protected polymer and 

acetic acid (2.0 equiv vs the alkyne trimethylsilyl groups) were dissolved in THF (10 mL). 

Nitrogen was purged through the solution over 20 min, before cooling it to 0 °C. A 1 M 

solution of tetrabutylammonium fluoride trihydrate (TBAF·3H2O) in THF (2.0 equiv vs 

the alkyne trimethylsilyl groups) was added slowly via syringe over 2–3 min. The resulting 

turbid mixture was stirred at 0 °C for 30 min and then brought to room temperature. The 

deprotection was monitored by 1H NMR. The disappearance of the silane signal at 0.2 ppm 

and the appearance of the alkyne proton signal at 2.5 ppm indicate the completion of 

deprotection, and the excess volatile liquid was removed by rotary evaporation. The 

resulting viscous solution was then precipitated in methanol several times to remove excess 

TBAF and the residual silane. Following precipitation, the excess methanol was decanted 

out and the amorphous polymer solid was dried overnight under vacuum. 1H NMR (500 

MHz, CDCl3, 298 K) δ 4.71 – 4.51 (m, 2H), 2.52 (s, 1H), 2.14 – 1.57 (m, 2H), 1.34 – 0.78 

(m, 3H). 

Synthesis of PMMA-co-PPMA (10: 1 mol ratio) 

Preparation of 0.043 M EBPA in MMA/TMSPMA mixture (10: 1 mol ratio)  

EBPA (93 μL, 0.53 mmol) was mixed with a monomer mixture containing MMA 

(10.2 mL, 96 mmol) and TMSPMA (2 mL, 9.6 mmol) to make the stock solution. 

Copolymerization of MMA and TMSPMA by ARGET ATRP 

In a 10 mL Schlenk flask equipped with a magnetic stir bar, anisole (12.2 mL), 

0.076 M CuIIBr2 in DMF (2.1 mL, 0.159 mmol), dNbpy (135 mg), DMF (2.1 mL), and 

0.043 M EBPA in MMA/TMSPMA (12.2 mL) were added respectively. The solution was 
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degassed by three freeze-pump-thaw cycles. A copper wire (length = 120 mm, diameter = 

0.25 mm) was coiled around a glass pipette and added to the mixture under a nitrogen flow. 

The reaction mixture was kept frozen and applied three evacuation and backfill cycles to 

remove the oxygen. The reaction was thawed, stirred at 35 °C, and monitored by 1H NMR. 

The viscous crude product was diluted with DCM and passed through a basic alumina plug 

to remove the catalyst. The excess solvent was removed by rotary evaporator and the 

polymer product was added dropwise into methanol while stirring. The MeOH 

supernatants were decanted and the solid was dried under high vacuum overnight. The 

product is a white fine powder (7.20 g, 63% yield). The mole fraction of the 

MMA/TMSPMA = 9.9: 1 was determined by 1H NMR and the molecular weight Mn: 

31,500, PDI: 1.17 was determined by GPC. 

  



 110 

Synthesis of PMMA-co-PPMA (deprotection procedure)99 

The poly(methyl methacrylate)-co-poly(trimethylsilylpropargyl methacrylate) 

(PMMA-co-PTMSPMA) (7 g, containing 5.90 mmol of TMSPMA group) and glacial 

acetic acid (0.8 mL, 14 mmol, 2.4 equivalents with respect to the trimethylsilyl alkyne 

groups) were dissolved in THF (50 mL). Nitrogen was purged through the solution over 

20 min and then cooled to 0 °C. A 1 M solution of tetrabutylammonium fluoride 

(TBAF·3H2O) in THF (12 mL, 12 mmol, 2.0 equiv) was added slowly via syringe over 2-

3 min. The mixture was stirred at 0 °C for 30 min and warmed to room temperature. The 

deprotection was monitored by 1H NMR. The disappearance of the silane signal at 0.2 ppm 

and the appearance of the alkyne proton signal at 2.5 ppm indicate the completion of 

deprotection, and the excess volatile liquid was removed by rotary evaporation. The 

resulting viscous solution was then precipitated by methanol several times to remove 

excess TBAF and the residual silane. The MeOH supernatants were decanted and the 

amorphous polymer gel-like solid was dried overnight under vacuum. The product is a 

white solid (6 g, 91% yield). After deprotection a smaller molecular weight was observed 

by GPC, Mn = 29,100, PDI = 1.20. The mole fraction of PMMA and PPMA is 9.8 to 1, 

determined by 1H NMR. 1H NMR (500 MHz, CDCl3) δ 4.61 (s, 2H), 3.59 (s, 30H), 2.47 

(s, 1H), 2.02 – 1.71 (m, 20H), 1.50 – 0.62 (m, 34H). 
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Chapter 4. Polymeric Micelles as Enzyme Stabilizers in Organic 

Solvents 

Introduction 

A former group member, Dr. Yu-Ling Lien, prepared functionalized poly(glycidyl 

ether) bearing dodecyl, poly(ethylene glycol), and ionic side chains. The amphiphilic 

polymers was found to decelerate the aggregation rate of the model enzyme (Subtilisin 

Carlsberg) in aqueous buffer solution.117 The polymer micelles prepared by CuAAC from 

poly(propargyl methacrylate) were proposed to form reverse micelle in the organic media 

and may stabilize enzymes in organic solvents. The local hydrophilic core of the micelle 

may enhance the enzymatic activity in an array of chemical environments. The side chain 

ratios of hydrophilic and hydrophobic side chains and enzyme activities relationship is 

further studied. The side chain structure of poly(propargyl methacrylate) could potentially 

be tailored to specific enzymes to optimize their activities. 

Enzymatic activity of Subtilisin Carlsberg using 4-nitophenolate as chromophore (4-

NP assay) 

 To study the performance of polymeric micelles in stabilizing enzymes in 

anhydrous organic media, a serine protease, Subtilisin Carlsberg (SC), was chosen as the 

hydrophilic guest biomacromolecule. Subtilisin Carlsberg is a well-characterized 

industrially important protease from Bacillus licheniformis, a microorganism, and 

catalyzes hydrolysis of proteins and peptide amides.120  

To understand the activity of SC entrapped by polymeric micelles, the enzymatic 

activity is determined by enzymatic assays, using substrates that can bind and react with 

the active site of the SC. One of the common enzymatic assays is colorimetric enzymatic 
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assays, where the enzymatic reaction that converts a substrate into colored product(s) easily 

detected by a spectrometric method like UV/Vis spectroscopy. The first colorimetric 

substrate we chose is z-Ala-ONp, which was reported by Reimann and colleagues to 

determine the activity of SC adsorbed on silica particles in hexane.121 The substrate has 

low solubility in hexane, we choose toluene as the reaction media due to the better substrate 

solubility and immiscibility with water, which is important for extracting the product 4-

nitrophenol out of the reaction media. The experimental design is shown in Scheme 20. 

First, the SC samples were lyophilized both with, and without, mDEG-PPMA polymers. 

In the former case, the mole ratio of the mDEG-PPMA to SC was 2:1. After lyophilization, 

three different biocatalysts—SC, SC entrapped in 100%mDEG-PPMA (SC@100% 

mDEG-PPMA), and SC entrapped in 80%mDEG-PPMA (SC@80% mDEG-PPMA)—

were obtained and the colorimetric assay I, using z-Ala-ONp as the substrate was used to 

determine the activity of each composition. The SC or SC@mDEG-PPMA catalyzed the 

transesterification of z-Ala-ONp and n-butanol, which breaks the ester bond (red bond 

shown in Scheme 20) to generate 4-nitrophenol as the product. The procedure involved 

adding n-butanol (458 µL) and 0.01 M toluene solution of (z-Ala-ONp) to a vial containing 

the lyophilized biocatalysts, and the mixture was mixed by a benchtop orbital shaker set at 

300 rpm. The aliquots were taken periodically from the reaction media. After extracting 

the aliquots from the reaction mixture with 0.1 N NaOH solution, the 4-nitrophenol was 

converted into 4-nitrophenolate, which has a strong yellow color under the basic condition. 

The extinction coefficient was determined by UV-Vis spectrum with variable 

concentration of 4-nitrophenolate in 0.1 N NaOH solution, shown in Figure 31 and Figure 

32. The extinction coefficient is 17893 L·mol-1cm-1 in 0.1 N NaOH(aq), which is slightly 
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smaller than the literature value (18800 L·mol-1cm-1).121 Since the UV-Vis will be 

measured in 0.1 N NaOH(aq),  =17893 L·mol-1cm-1 was used for determining the 4-

nitrophenolate concentrations for the assay.  

  

Scheme 20. Colorimetric enzymatic assay using z-Ala-ONp as a substrate in toluene. 

[substrate] = 0.01 M, [n-BuOH] = 1 M, [SC] = 0.2 mg/mL, [SC]: [mDEG-PPMA] = 1: 2. 

Aliquots (50 µL) were taken periodically, mixed with 500 µL of 0.1 N NaOH(aq), and 

vortexed for 30 s before measuring the UV-Vis of the aqueous layer. 

 

 

Figure 31. Overlapped UV-Vis spectra of variable 4-nitrophenolate concentration in 0.1 

N NaOH(aq). The wavelength of maximum absorbance is at 400 nm.  
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Figure 32. Determination of extinction coefficient of 4-nitrophenolate in 0.1 N NaOH(aq) 

by UV-Vis spectroscopy. 

The amounts of enzymatic product (4-nitrophenolate) versus reaction time in the 

presence of various biocatalysts were plotted in Figure 33. In the lyophilized SC 

experiment, very little 4-nitrophenolate (< 5% conversion) was produced over the 40 

minutes and the amount of the product generated was close to the control experiment, 

which only contained the substrate without biocatalyst, indicating low to no activity of the 

lyophilized SC. In the SC@100%mDEG-PPMA experiment, the biocatalyst was more 

active than lyophilized SC and the conversion of the enzymatic assay reached 30% 

conversion over 40 min reaction period. The SC@82%mDEG-PPMA was found to be the 

most active biocatalyst and the enzymatic assay passed 60 % conversion within 40 minutes. 

The enzymatic activity follows this order: SC@82%mDEG-PPMA > SC@100%mDEG-

PPMA > SC. The enzymatic assay of SC@82%mDEG-PPMA and SC was repeated three 

times and yielded a consistent result, shown in Figure 34 and Figure 35. Polymeric micelles 

may serve two functions to keep SC active in organic media. First, the polymeric micelles 
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may act as lyoprotectants to keep a layer of protein-bound water on the enzyme surface, 

which is vital to the enzyme structure and activity. The other is that the polymeric micelles 

may form reverse micelle in the organic media, generating a hydrophilic microenvironment 

within the micelles, and shield the enzyme from the bulk organic media. The 80%mDEG-

PPMA can form more stable micelle in toluene than 100%mDEG-PPMA due to the 20% 

hydrophobic dodecyl side chains. The more stable micelle can keep the protein-bound 

water from leaking into organic solvent and enhance the enzymatic activity. 

 

Figure 33. Mole of enzymatic assay product (4-nitrophenolate) versus reaction time plot 

of different biocatalysts: SC@82%mDEG-PPMA (magenta diamond), 

SC@100%mDEG-PPMA (blue triangle), SC (red dot), control (substrate only, black 

square). Assay was used z-Ala-ONp as substrate in toluene. [substrate] = 0.01 M, [n-BuOH] 

= 1 M, [SC] = 0.2 mg/mL, [SC]: [xx%mDEG-PPMA] = 1: 2 (mol ratio). Aliquots (50 µL) 

were taken periodically, mixed with 500 µL of 0.1 N NaOH(aq), and vortexed for 30 s before 

determining the aqueous layer by UV-Vis spectroscopy. 
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Figure 34. Triplicate of enzymatic assay of SC@82%mDEG-PPMA using z-Ala-ONp as 

substrate in toluene. [substrate] = 0.01 M, [n-BuOH] = 1 M, [SC] = 0.2 mg/mL, [SC]: 

[mDEG-PPMA] = 1: 2 (mol ratio). Aliquots (50 µL) were taken periodically, mixed with 

500 µL of 0.1 N NaOH(aq), and vortexed for 30 s before determining the aqueous layer by 

UV-Vis spectroscopy. 
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Figure 35. Triplicate of enzymatic assay of SC using z-Ala-ONp as substrate in toluene. 

[substrate] = 0.01 M, [n-BuOH] = 1 M, [SC] = 0.2 mg/mL, [SC]: [mDEG-PPMA] = 1: 2 

(mol ratio). Aliquots (50 µL) were taken periodically, mixed with 500 µL of 0.1 N 

NaOH(aq), and vortexed for 30 s before determining the aqueous layer by UV-Vis 

spectroscopy. 

Alcohols are common deactivators for enzymes and n-butanol was one of the 

reagents used in the enzymatic assay. We exchanged the order of reagent addition — n-

butanol and substrate solution (z-Ala-ONp)— to study the impact of sequence of addition 

to the enzymatic activity. The experiments following the standard procedure (adding 458 

µL of n-butanol first) and the control procedure (adding 0.01 M substrate solution in 

toluene first) were conducted side by side and the enzymatic assay results were shown in 

Figure 36. The enzymatic assays following different order of addition had similar reaction 

rate and reached ~70% conversion at 40 minutes, indicating the order of reagent addition 

did not alter the enzymatic activity.  
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Figure 36. The enzymatic assay results of different order of reagent addition. Standard 

procedure: in a vial containing biocatalyst SC@82%mDEG-PPMA, adding n-butanol and 

substrate solution, respectively (black square). Control procedure: in a vial containing 

biocatalyst SC@82%mDEG-PPMA, adding substrate solution and n-butanol, 

respectively (red dot).  

We had a hypothesis that if the SC@82%mDEG-PPMA are soluble in toluene, 

the enzymatic activity will be detected in the upper clear toluene solution. To test our 

hypothesis, the freshly lyophilized SC@82%mDEG-PPMA was incubated and shaken in 

toluene for 5 or 25 minutes at 300 rpm. After shaking, the top clear solutions were carefully 

transferred to different vials and charged with substrate and n-butanol respectively, and the 

enzymatic activity was assayed with the same procedure. The results are shown in Figure 

37. We did find the enzymatic activity on the top clear solution. The SC@82%mDEG-

PPMA was still observed to be the most active biocatalyst, followed by the 

SC@82%mDEG-PPMA with 25 min incubation time in toluene, then SC@82%mDEG-

PPMA with 5 min incubation time, and the inactive SC. The activities of the dissolved 
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biocatalysts increase with the longer incubation time. Based on the results, we concluded 

only part of the biocatalysts was dissolved, and the dissolving process is a slow process. 

Majority of the enzymatic activity was from the heterogenous biocatalyst. 
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Figure 37. Mole of enzymatic assay product (4-nitrophenolate) versus reaction time plot 

of different biocatalysts: SC@82%mDEG-PPMA (magenta diamond), 

SC@82%mDEG-PPMA-25 min incubation time (blue triangle), SC@82%mDEG-

PPMA-5 min incubation time (red dot), SC (black square). 

 

Enzymatic activity of Subtilisin Carlsberg using 4-thiopyridone as chromophore (4-

TP assay) 

 In the previous section, the enzymatic assay using 4-nitrophenolate as chromophore 

was used to determine the activity of the biocatalysts. Another colorimetric assay (4-

thiopyridone as chromophore) was used to verify biocatalyst activity trend. Egwim and 

colleagues122 reported that 4,4´-dithiodipyridine (DTDP) can spectroscopically measure 

organic thiols in the organic media with better sensitivity due to the higher reactivity of 

DTDP toward thiols than Ellman’s reagent, 5,5´-dithio-bis(2-nitroben-zoic acid). The 

mechanism of DTDP reacting with a thiol is illustrated in Scheme 21. The thiol–disulfide 

exchange reaction between the thiol and DTDP releases one equivalent of 4-

mercaptopyridine and then tautomerizes into the chromophore, 4-thiopyridone, under 
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acidic condition. The thiol–disulfide exchange is a fast process when catalyzed by 0.12% 

(v/v) triethylamine in DMSO, which only requires 3 minutes of incubation and then can be 

quenched with acetic acid to drive the equilibrium to 4-thiopyridone side. To verify the 

effectiveness of DTDP reacting with thiols, we prepared various concentrations of 

thiophenol following the procedure from Egwim and colleagues. The overlapped UV-Vis 

spectra of variable thiophenol concentration are shown in Figure 38. The linear correlation 

of UV-Vis absorption@352 nm versus the concentration of thiophenol was observed and 

shown in Figure 39 , validating that Egwim’s procedure can be used to characterize 

thiophenol in DMSO solution. 

Scheme 21. Mechanism of 4,4´-dithiodipyridine (DTDP) reacting with a thiol to release a 

4-mercaptopyridine and then tautomerizing into 4-thiopyridone chromophore. 
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Figure 38. Calibration curve of variable concentration of thiophenol reacting with DTDP. 

[DTDP] = 1×10-4 M in DMSO solution containing 0.12% (v/v) triethylamine. 

 

Figure 39. Calibration curve of UV-Vis absorption@352 nm versus variable thiophenol 

concentration. [DTDP] = 1×10-4 M in DMSO solution containing 0.12% (v/v) 

triethylamine. 
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Cummings and colleague 123  determined the activity of chymotrypsin-poly(2-

(dimethylamino)ethyl methacrylate) conjugates in acetonitrile by a colorimetric assay 

utilizing the thiol–disulfide exchange idea. The design of colorimetric enzymatic assay is 

shown in Scheme 22Scheme 22. The thioester bond in the substrate (N-acetyl L-

phenylalanine thiophenylester (APTE)) is cleaved by the enzyme, releasing an equivalent 

of thiophenol, whose triethylamine-catalyzed reaction with DTDP generates the 4-

thiopyridone chromophore. The enzymatic activities of SC@82%mDEG-PPMA and SC 

were determined by the amount of 4-thiopyridone (4-TP) generated, shown in Figure 40. 

There are several observations from this result. First, the enzymatic activity of 

SC@82%mDEG-PPMA is higher than SC, which follows the trend observed from the 

enzymatic assay using 4-nitrophenolate as chromophore (4-NP assay). The initial rate of 

SC@82%mDEG-PPMA is 13-fold faster than SC, shown in Figure 41. Second, the 

SC@82%mDEG-PPMA was active between 600 min (27.9% conversion at 10 h) and 

1860 min (44.3% conversion at 31 h). While the conversion of SC was 3.0% at 600 min 

and 6.0% at 1860 min. The results indicate the 80%mDEG-PPMA not only keeps the SC 

active but also enhances the long-term durability of SC in toluene.  
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Scheme 22. The design of enzymatic assay using 4-thiopyridone as chromophore  

 

 

 

Figure 40. Enzymatic assay result using 4-thiopyridone (4-TP) as chromophore. 

SC@82%mDEG-PPMA (red dot) and SC (black square) were tested using APTE as 

substrate in toluene. [APTE] = 1 mM, [n-butanol] = 0.1 M. 
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Figure 41. Initial rate of biocatalysts in 4-TP assay. SC@82%mDEG-PPMA (blue) and 

SC (red). 

 

Conclusion 

The micelles prepared by post-polymerization modification were used as enzyme 

stabilizers in toluene. The residual activity of Subtilisin Carlsberg was determined by two 

different enzymatic assays (4-nitrophenoate and 4-thiopyridone). In 4-nitrophenoate assay, 

SC@82%mDEG-PPMA was found to be the most active biocatalyst followed by 

SC@100%mDEG-PPMA. The SC without polymer micelles showed remarkably lower 

activity. The 4-thiopyridone, the SC@82%mDEG-PPMA was ten times more active than 

the SC without polymer. Although the reaction rates were different in these assays, the 

SC@82%mDEG-PPMA were both more active than the SC only, indicating the 

effectiveness of 82%mDEG-PPMA as enzyme stabilizer in toluene. 
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Experimental Section 

Materials 

Subtilisin Carlsberg (SC) was purchased form Sigma-Aldrich as Protease from 

Bacillus licheniformis (Type VIII, lyophilized powder, 7-15 units/mg solid) and was kept 

in the freezer. Anhydrous toluene was kept with activated 4Å molecular sieves. 

Triethylamine was kept with potassium hydroxide pallets. All the other chemicals were 

used as received without further purification. 

Lyophilization procedure 

The enzyme stock solution (1 mg/mL) was prepared by dissolving Subtilisin 

Carlsberg (SC) (5 mg) by phosphate-buffered saline (PBS buffer) (5 mL, pH 7.4, RNase-

free). The polymer stock solutions (6 mg/mL) were made by dissolving specific graft 

polymer x% mDEG-PPMA in corresponded volume of phosphate-buffered saline. The 

SC entrapped by graft polymer sample (SC@x% mDEG-PPMA) was prepared by 

transferring the enzyme stock solution (1 mL) and the polymer stock solution (1 mL) into 

a 20 mL scintillation vials, and loosely tighten the cap. The solution mixture was briefly 

swirled and freeze by keeping the vial in a liquid nitrogen bath. After the solution was 

frozen, the vial was kept under vacuum for 12 h to remove the water. For the SC only 

sample, the enzyme stock solution (1 mL) was mixed with PBS buffer (1 mL) in a 20 mL 

scintillation vials and followed the rest of the lyophilization process. For the polymer only 

sample, the polymer stock solution (1 mL) was mixed with PBS buffer (1 mL) in a 20 mL 

scintillation vials and followed the rest of the lyophilization process. After the 

lyophilization, the enzymatic activity must be determined immediately.  

Enzymatic assay (4-nitrophenolate as chromophore)121 
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 The 0.01 M substrate stock solution was prepared by dissolving substrate z-Ala-

ONp (86 mg, 0.25 mmol) in anhydrous toluene (25 mL). The scintillation vial containing 

the lyophilized samples was then charged with 0.01 M substrate stock solution (5 mL, 0.05 

mmol) and 1-butanol (458 µL, 5 mmol). The reaction was started after adding 1-butanol 

and the mixture was shaken at 300 rpm. Aliquots (50 µL) was taken periodically from the 

reaction mixture to monitor the reaction progression. The aliquots (50 µL) were mixed with 

1M Na2CO3(aq) by vortexing the mixture for 30 seconds. The product concentration (4-

nitrophenolate) was then determined by UV/Vis spectrometer.  

Synthesis of N-acetyl L-phenylalanine thiophenylester (APTE)123  

 

 A Schlenk flask, charged with N-acetyl-L-phenylalanine (2.00 g, 9.7 mmol, 1 equiv), 

anhydrous DCM (100 mL), triethylamine (1.5 mL, 10.7 mmol, 1.1 equiv), and a magnetic 

stir bar, was purged with nitrogen briefly. Under an ice bath, isobutyl chloroformate (1.3 

mL, 10.3 mmol, 1.06 equiv) was slowly added to the reaction solution and stirred under 

room temperature for 30 minutes. A solution of thiophenol (1.0 mL, 9.7 mmol, 1 equiv) in 

dry DCM (10 mL) was then added to the reaction mixture and stirred at room temperature. 

After stirring for 30 minutes, the mixture was washed with 0.1 N HCl aq. (50 mL × 2), 

saturated NaHCO3 aq. (50 mL × 2) and saturated brine (50 mL × 2). The organic layers 

were dried over anhydrous MgSO4, and the excess solvents were evaporated using rotary 

evaporator. The product was further recrystallized by EtOH and water mixture (2:1 volume 

ratio). 2.1 g (72%) of product was obtained. 1H NMR (500 MHz, CDCl3) δ 7.14 – 7.46 (m, 
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10 H, phenyl), 5.82 (br, 1 H, J = 8.6 Hz), 5.12 (td, 1 H, J = 6.6, 8.6 Hz), 3.18 (d, 2 H, J = 

6.6 Hz), 2.01 (s, 3 H) ppm. 

Enzymatic assay (4-thiopyridone)122,123 

 The 0.01 M substrate stock solution was prepared by dissolving substrate APTE 

(74.8 mg, 0.25 mmol) in anhydrous toluene (25 mL). The scintillation vial containing the 

lyophilized samples was then charged with 0.01 M substrate stock solution (5 mL, 0.05 

mmol) and 1-butanol (458 µL, 5 mmol). The reaction was started after adding 1-butanol 

and the mixture was shaken at 300 rpm. Aliquots (50 µL) were taken periodically from the 

reaction mixture and mixed with 0.01 M 4,4’-dithiodipyridine (DTDP) (1 mL) solution in 

DMSO and vortexed for 30 seconds before taking UV/Vis spectra. Noteworthily, the 

reaction between thiophenol and DTDP is much faster in DMSO than in toluene. The 

product concentration (4-thiopyridone) was then determined by UV/Vis spectrometer. 
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Chapter 5. Amino acids solution as CO2 capturing absorbents and NMR 

study of the CO2 adducts  

Introduction  

Cultivating microalgae for post-combustion capture 

The Liao group at MSU has reported utilizing a culture of selected freshwater 

microalgae (chlorophyte alga as dominating domain) in a pilot-scale photobioreactor for 

post-combustion capture at MSU’s T.B. Simon power plant, which is a natural gas fired 

power plant.124 The photobioreactor is a PHYCO2 APB unit, shown in Figure 42. CO2 in 

the flue gas from the natural gas power plant and ammonium nitrate were used as the carbon 

source and nitrogen source respectively for the microalgae culture during a 12-month 

continuous operation. The biomass productivity reached 0.43 ±0.14 g L-1 d-1, and the 

biomass was comprised of proteins (58.60 ± 2.41%), carbohydrates (19.5 ±2.44%), ash 

(12.20 ±1.52%), and lipids (9.70 ±1.68%). In the Liao-Smith collaboration, peptides and 

amino acids from the digested biomass were proposed to be use as CO2 absorbents or as 

building blocks for value-adding polymer materials, which can fix CO2 in longer term than 

turning biomass into fuel.  
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Figure 42. Microalgae photobioreactor, PHYCO2 APB unit. Diagram of the 

photobioreactor (left) and the photobioreactor at the MSU. T.B. Simon power plant 

(right).124,125 

Amino acid salts as CO2 absorbents for post-combustion capture 

Characterization of the CO2 capturing intermediates by 13C{1H} NMR 

Glycine, alanine, proline, and lysine were chosen as the model amino acids to 

mimic the mixture from the algal biomass and tested the CO2 capturing performance. 

Amino acids are amphoteric molecules due to the presence of the acidic carboxylic acid 

group and the basic amino group. Amino acids have three ionization state in different pH 

environments. When pH < pKa1, both the amino and acid groups are protonated. When pKa1 

< pH < pKa2, the amino acid exists in a zwitterionic form, which contains a deprotonated 

carboxylic acid group and a protonated amino group. When pH > pKa2, both acid and amino 

groups are deprotonated.  
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Scheme 23. Ionization states of amino acid in different pH value. 

 

To enhance the affinity of the amino group toward CO2, one equivalent of 

potassium hydroxide versus amino acid was added to deprotonate the ammonium group on 

the zwitterion form. The pH values of the amino acid salt solutions are higher than pKa2 to 

ensure the complete deprotonation of the ammonium group. The CO2 absorption 

experiment was done by my colleagues, Dr. Uludag-Demirer and Adam Smerigan, and the 

setup was shown in the Figure 43. The gas entering the absorption reactor contains 10 vol% 

CO2 and 90 vol% air to mimic the flue gas from the power plant with a flow rate maintained 

between 0.5 to 0.7 L/min and is monitored by a digital flow meter. The absorption reactor 

is a 250 mL gas washing bottle with 100 mL of the desired concentration of amino acid 

salt solution as an absorbent. The CO2 concentration in the exhaust gas was monitored by 

GC (SRI 310 C) and plotted versus reaction time, shown in Figure 44. The absorption 

traces (blue circles and orange triangles trace in Figure 44) showed fast CO2 capture kinetic 

and nearly 100% CO2 capture was observed for 20 minutes. The CO2 capture capability 

decreased after 20-minute reaction time and the CO2 concentration in exhaust gas started 

increasing and reached a plateau around 80 minutes and the absorption experiment was 

stopped.  
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Figure 43. The CO2 absorption experimental setup. From reference  

 
Figure 44. The CO2 absorption (blue circle and orange triangle) and desorption (green star 

and red cross) progression plot using potassium glycinate solution as absorbent.  

 

During CO2 absorption, the amino acid form carbamate and bicarbonate as products. 

For the primary and secondary amine interacting with CO2, the zwitterion mechanism 

proposed by Caplow126  and Danckwerts127  is the most accepted carbamate formation 

mechanism, shown in Scheme 24. The zwitterion mechanism is also supported by kinetic 

studies of aqueous monoethanolamine (MEA) solutions reacting with CO2.
128  Kinetic 
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studies129,130,131 have concluded that the total reaction order is 2 and the partial order for 

MEA is 1. The rate law of the CO2 absorption into MEA solution is shown in Eq 12. 

 𝑅𝑎𝑡𝑒 = 𝑘[𝑀𝐸𝐴][𝐶𝑂2] Eq 12 

The kinetic data also indicates that the deprotonation is a fast process, and the 

formation of carbamate zwitterion is the rate-determining step. A parallel reaction during 

CO2 absorption is the formation of bicarbonate ion by the reaction between hydroxide ion 

(under basic reaction media) with dissolved CO2, shown in Scheme 25. However, at the 

early stage of the CO2 capture process, the carbamate formation is faster than the 

bicarbonate formation due to the higher nucleophilicity of amino group of the MEA than 

hydroxide ion.132,133 Another bicarbonate ions formation route is by the decomposition of 

the carbamate, shown in Scheme 26. 

Scheme 24. MEA carbamate formation via zwitterion mechanism. 

 

Scheme 25. Formation of bicarbonate ion by reaction between hydroxide ion with 

dissolved CO2 (aq).  
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Scheme 26. Formation of bicarbonate ion by carbamate decomposition. 

 

Several studies have proposed the formation of amino acid carbamate following the same 

zwitterion mechanism as the MEA carbamate formation.134,135,136 The carbamate formation 

starts with the amino group on the amino acid react with CO2 molecule to form a carbamate 

zwitterion intermediate and another amino acid molecule acts as base to abstract the acidic 

ammonium proton to generate carbamate and amino acid zwitterion, shown in Scheme 27.  

Scheme 27. Formation of amino acid carbamate and amino acid zwitterion. 

 

The formation of amino acid carbamate is much faster than the formation of 

bicarbonate ion by hydroxide ion reacting with dissolved CO2, shown in Scheme 25, and 

is supported by the study from Li and colleagues. 137  Quantitative 13C{1H} NMR 

spectroscopy was used to monitor the mole fraction of carbamate and bicarbonate during 

the CO2 absorption into 3 M potassium glycinate solution. In the low CO2 loading (higher 

pH of the solution), the glycine carbamate concentration is increasing faster comparing to 

the bicarbonate and carbonate concentration. The mole fractions of each species are 

replotted versus the CO2 loading in Figure 45. The potassium glycinate carbamate (KG-

CO2
-) is formed at low CO2 loading and kept increasing until CO2 loading = 0.56 (mol 
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CO2/mol amine). While the mole fraction of bicarbonate and carbonate ions (HCO3
-/CO3

2-) 

is low at the early stage of the CO2 absorption process because the lower hydrophilicity of 

the hydroxide ion than the amino group on the potassium glycinate so majority of CO2 is 

consumed by forming carbamate at this stage.133133 The mole fraction of bicarbonate and 

carbonate increases sharply after CO2 loading = 0.56 (mol CO2/mol amine) due to the 

decomposition of carbamate in relatively acidic condition (pH drop from 10.02 to 8.40 at 

CO2 loading = 0.56 and 0.76, respectively), which is also supported the proposed carbamate 

mechanism (Scheme 26).  

 

  

Figure 45. The mole fraction of potassium glycine and its protonated form (KG/KGH+, 

black square), potassium glycine carbamate (KG-CO2
-, red dot), and bicarbonate and 

carbonate ions (HCO3
-/CO3

2-, blue triangle) versus the CO2 loading, characterized by 

quantitative 13C{1H} NMR. CO2 loading is calculated by dividing the sum of potassium 

glycine carbamate and bicarbonate with the initial potassium glycinate concentration. The 

data are from reference 137.  
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In the Liao-Smith collaboration, the goal is to use mixture of amino acid solutions 

as CO2 absorbents and to analyze the products quantitatively and qualitatively after 

absorption experiment by 13C{1H} NMR for studying the structure–property relationship. 

13C{1H} NMR is powerful tool to quantify the CO2 adducts in MEA solutions or in amino 

acid solutions due to the ability to characterize bicarbonate and carbonate concentration 

and less signal overlapping than 1H NMR. However, the low natural abundance of the 

NMR active 13C nuclei leads to lower sensitivity of the 13C{1H} NMR and required longer 

experiment time.138 

Quantitative 13C{1H} NMR study with different relaxation delays (d1) 

To obtain quantitative NMR result, two factors are critical: (1) the relaxation delay 

time must be sufficient to avoid saturating the resonances (rule of thumb is four to five 

times of the longest T1 carbon nuclei); (2) using a decoupling pulse sequence that avoids 

contributions to the signal from nuclear Overhauser (NOE) effects. Due to the low signal-

to-noise ratio causing by the relatively dilute sample (1 M), the T1 determination of carbon 

can take several days. Ciftja and colleagues reported 13C relaxation times of a mixture of 2 

M glycine and 2 M MEA in aqueous solution.139  The species with the longest d1 is 

bicarbonate and carbonate ion: 16.3 s. The standard 13C{1H} NMR experiment parameters 

are relaxation delay (d1) = 60 s, number of scan (NS) = 1000–2000 (higher number of scan 

is needed for the sample containing low concentration CO2 adducts), decoupled–NOE 

mode. To verify that the d1 (60 s) in the standard method is long enough, a control 

experiment was performed with the same sample (mixture of proline, alanine, and lysine 

after CO2 absorption, abbreviated as PAL absorption sample) and the same parameters 

(using NS = 1000 and decoupled–NOE mode), except the d1 = 120 s. The integration value 
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of CO2 adducts in experiments with different relaxation delays (d1) are compared, with the 

proline integration value set to 1.00, are shown in Table 8. The results from the two 

different d1 experiments are similar and indicates the 60 s relaxation delay is adequate in 

our purpose. 

Table 8. Integration value of CO2 adducts in a mixture of proline, alanine, and lysine 

solution after CO2 absorption obtained by 13C{1H} NMR experiments with different 

relaxation delay (d1). The integration value of proline was set as 1.00.  

CO2 adducts 

 

Integration value 
d1 = 60 s 

Integration value 
d1 = 120 s 

A 1.08 1.01 

A-CO
2
 0.16 0.15 

P 1.00 1.00 

P-CO
2
 0.27 0.26 

L 0.53 0.49 

L-CO2 (α) 0.31 0.31 

L-CO2 (ε) 0.08 0.09 

HCO
3

-

/CO
3

2-

 1.23 1.14 

 

Assigning 13C{1H} NMR signals of the amino acid sample after CO2 absorption 

Ciftja and co-workers reported a quantitative CO2 adduct study of using 

monoethanolamine (MEA) mixed with different amino acids as absorbents including 

glycine, L-alanine, taurine, sarcosine, L-serine, L-proline by 13C{1H} NMR.140 This paper 

provides a valuable starting point to identify the CO2 adduct in our amino acid samples. 

The 13C{1H} NMR signals of alanine solution after CO2 absorption are assigned based on 

Ciftja’s report (Figure 46). The set of signals (182, 164, 56, and 20 ppm) appeared next to 

the alanine signals (173, 48, and 17 ppm) are assigned to alanine carbamate and the 

chemical structure is shown in Figure 46. All the integration values from the carbamate 

signals are similar (either 0.24 or 0.25), indicating the NMR experiment was quantitative. 

The peak at 162 ppm is assigned to bicarbonate and carbonate ion. Due to the fast proton 
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exchange, bicarbonate and carbonate are indistinguishable by NMR. The bicarbonate ions 

(HCO3-) should be the major species in the solution after CO2 absorption (pH = 9.12) based 

on the pKa value of the carbonic acid (6.4 and 10.3)141. The glycine and proline absorption 

samples are assigned in a similar way and the spectra are shown in the experimental section.  

 

Figure 46. 13C{1H} NMR spectrum of alanine absorption sample in H2O: D2O = 5: 1 (v/v).  
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Figure 47. 13C{1H} NMR spectrum of alanine desorption sample in H2O: D2O = 5: 1 (v/v). 

The CO2 desorption process was done by heating the alanine solution to boiling. 

The pH of the alanine solution increased from 9.12 to 11.08 during the desorption process. 

The disappearance of the carbamate, carbonate, and bicarbonate 13C{1H} NMR signals 

indicates that the complete CO2 desorption from the alanine solution. The carbonyl signal 

of alanine shifted 10 ppm downfield due to the changing pH environment. The pH value 

of the amino acid solutions before CO2 absorption, after CO2 absorption, and after CO2 

desorption are summarized in Table 9. The pH value of the proline solution after desorption 

(11.77) is significantly lower than the pH before CO2 absorption (12.32). The lower pH 

can be explained by the incomplete desorption observed by 13C{1H} NMR, shown in 

Figure 48. The desorption mechanism was proposed to be reverse to the absorption process, 

which the bicarbonate and carbonate ions are decomposed to carbamate.137 Most of the 

bicarbonate and carbonate ions are decomposed during desorption process so a higher 
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carbamate concentration compared to bicarbonate and carbonate concentration was 

observed. Incomplete desorption was also found in glycine sample after desorption with 

only trace amount of carbamate detected (Figure 49). CO2 was completely desorbed in 

lysine and alanine solution.  

  

Table 9. Average pH values of the amino acid salt solution at 298 K before CO2 

absorption, after CO2 absorption, and after CO2 desorption. The synthetic gas used in 

CO2 absorption process contains 10% CO2 and 90% air. The pH value was measured by 

pH meter.  

Amino acid 
pH value of the solution 

Before CO2 absorption After CO2 absorption After CO2 desorption 

Glycine (G) 11.24±0.028 8.78±0.064 11.10±0.049 

Alanine (A)  11.43±0.021 9.12±0.078 11.08±0.014 

Proline (P)  12.32±0.057 8.91±0.064 11.77±0.035 

Lysine (L) 10.52±0.028 8.36±0.078 10.57±0.085 

 

 

Figure 48. 13C{1H} NMR spectrum of proline desorption sample in H2O: D2O = 5: 1 (v/v). 
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Figure 49. 13C{1H} NMR spectrum of glycine desorption sample in H2O: D2O = 5:1 

(v/v). 

Assigning 13C{1H} NMR signals of the lysine sample after absorption 

Peak assignments of lysine carbamates were reported by Al-Terkawi and co-

workers.142 The 13C{1H} NMR spectrum of lysine after absorption has three carbonyl 

signals (181.43, 175.55, and 175.41 ppm), shown in Figure 50. Based on the observation 

from other samples, the signal at 175.55 ppm was assigned to lysine (structure A in Scheme 

28) due to the bigger integration value than other two signals. Based on the integration 

value, two sets of carbamate signals were observed. One set of signals contains peaks at 

181.43 and 163.76 ppm . Another set of signals are at 175.40 and 164.73 ppm. 2D NMR 

experiment, Heteronuclear Multiple Bond Correlation (HMBC), was used to assign the 

carbonyl signals to the α–carbamate (structure B in Scheme 28) and ε–carbamate (structure 

C in Scheme 28). The proton next to the carboxylic acid on the α–carbamate (proton B2 in 

Figure 51) was shifted downfield due to the proximity to the carbamate. The proton next 
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to the carboxylic acid on the ε–carbamate was not affected by the carbamate formation 

since the carbamate is five bonds away. Therefore, the cross-peak between the 1H signal at 

3.7 ppm (proton B2) and 13C signal at 181.43 ppm (carbon B1), shown in Figure 51 (blue 

line), is assigned to α–carbamate (structure B in Scheme 28). The another set of signals 

(175.40 and 164.73 ppm) is assigned to ε–carbamate (structure C in Scheme 28). The peak 

assignment of lysine absorption sample is shown in Figure 52 and Figure 53. After 

assigning peaks on the 13C{1H} NMR spectrum, quantitative analysis of the CO2 adducts 

will be discussed in the following sections.  
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Scheme 28. Chemical structures of lysine CO2 adducts after absorption. 

 

 

Figure 50. 13C{1H} NMR of lysine sample after absorption (carbonyl region only) in H2O: 

D2O = 5:1 (v/v). 
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Figure 51. HMBC spectrum of lysine sample after absorption in H2O:D2O = 5:1 (v/v). 

 

 

Figure 52. 13C{1H} NMR spectrum of lysine sample after absorption in D2O (carbonyl 

region only). 
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Figure 53. 13C{1H} NMR spectrum of lysine sample after absorption in D2O (aliphatic 

region only). 

Determination of initial concentration of amino acid solutions 

The total concentration of amino acid containing species (zwitterion amino acid 

and amino acid carbamate) was assumed to remain constant during CO2 absorption due to 

the low volatility of amino acid. If all the initial amino acid converts into zwitterion form 

and carbamate, the [zwitterion amino acid] and [carbamate] can be calculated by the initial 

concentration and the product integration ratio. Therefore, the accurate determination of 

initial concentrations of amino acid solutions (before CO2 absorption) is critical. The initial 

concentration was determined by 1H NMR with water suppression pulse to obtain a flat 

baseline. The experiment setup is shown in Figure 54. The known concentration of 

disodium maleate (2 M) was used as the NMR external standard, which was located in the 

NMR inner tube (red area in Figure 54). The calibration curve was prepared by known 
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concentration of glycine (0.05 to 1.0 M), located at the outer tube (green area in the Figure 

54). The volume normalized integration ratios under different [glycine] were calculated by 

Eq 13Eq 13 and the results are summarized in Table 10. A linear correlation can be 

observed if [glycine] was plotted versus volume normalized integration ratios, shown in 

Figure 55. The calibration curve was then used to determine the initial concentration of all 

amino acid samples and the results are shown in Table 11. 

 

Figure 54. The NMR setup with stem coaxial insert NMR tube. Samples is in the outer 

tube (green) and the external standard is in the inner tube (red).143 

𝐕𝐨𝐥𝐮𝐦𝐞 𝐧𝐨𝐫𝐦𝐚𝐥𝐢𝐳𝐞𝐝 𝐢𝐧𝐭𝐞𝐠𝐫𝐚𝐭𝐢𝐨𝐧 𝐫𝐚𝐭𝐢𝐨

=

(

𝐬𝐚𝐦𝐩𝐥𝐞 𝐢𝐧𝐭𝐞𝐠𝐫𝐚𝐭𝐢𝐨𝐧
𝐧𝐮𝐦𝐛𝐞𝐫 𝐨𝐟 𝐫𝐞𝐩𝐫𝐞𝐬𝐞𝐧𝐭𝐢𝐧𝐠 𝐩𝐫𝐨𝐭𝐨𝐧 

𝛍𝐋 𝐨𝐟 𝐬𝐚𝐦𝐩𝐥𝐞
)

(

𝐝𝐢𝐬𝐨𝐝𝐢𝐮𝐦 𝐦𝐚𝐥𝐞𝐚𝐭𝐞 𝐢𝐧𝐭𝐞𝐠𝐫𝐚𝐭𝐢𝐨𝐧
𝐧𝐮𝐦𝐛𝐞𝐫 𝐨𝐟 𝐫𝐞𝐩𝐫𝐞𝐬𝐞𝐧𝐭𝐢𝐧𝐠 𝐩𝐫𝐨𝐭𝐨𝐧 
𝛍𝐋 𝐨𝐟 𝐝𝐢𝐬𝐨𝐝𝐢𝐮𝐦 𝐦𝐚𝐥𝐞𝐚𝐭𝐞 𝐬𝐨𝐥𝐮𝐭𝐢𝐨𝐧

)

 

Eq 13 
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Table 10. Volume normalized integration ratio over different glycine concentration 

determined by 1H NMR. Known concentration of glycine (600 µL in outer tube) and 2 M 

of disodium maleate (60 µL in inner tube) in H2O : D2O = 5 : 1 (v/v). 

Volume Normalized Integration Ratio [Glycine] (M) 

0.0220 0.051 

0.0888 0.202 

0.1765 0.404 

0.2695 0.606 

0.4407 1.010 

 

 

Figure 55. The 1H NMR calibration curve using external standard (60 µL of 2 M disodium 

maleate solution). 

Table 11. Initial concentration of amino acid samples before absorption. (G: glycine, A: 

alanine, P: proline, and L: lysine) 

Sample Initial 

concentration (M) 

Sample Initial 

concentration (M) 

G 0.893 GL 0.755 

A 0.888 PL 0.779 

P 0.856 GAP 0.887 

L 0.679 GPL 0.820 

AP 0.890 PAL 0.778 

GA 0.875 GAL 0.838 

GP 0.926 GAPL 0.793 

AL 0.772   
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Determination of CO2 adduct by 13C{1H} NMR integral ratio (primary method) 

With the accurate determination of initial concentration, the zwitterionic amino 

acid concentration and carbamate concentration can be calculated by the integration values 

of the zwitterion amino acid and the carbamate. Based on the assumption, the total 

concentration of zwitterion glycine and glycine carbamate in the sample after absorption 

equals to the initial concentration of glycine from the previous section (0.893 M). The 

normalized integration value is calculated by dividing initial concentration after dilution 

(0.744 M, diluting with D2O for NMR sample preparation) with the total integration value 

of zwitterion glycine (100.00, signal G1 in Figure 56) and glycine carbamate (33.01, signal 

G1′ in Figure 56), shown in Eq 14Eq 14. The normalized integration value was then used 

to determine the concentration of the CO2 adducts by multiplying the corresponding 

integral vales and the dilution factor (1.2). The concentration of each species is: [glycine 

zwitterion] = 0.674 M, [carbamate] = 0.222 M, [HCO3
-/CO3

2-] = 0.282 M. The result will 

then be verified by the external standard method using the same sample. More details will 

be discussed in the next section. 
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Figure 56. 13C{1H} NMR spectrum of glycine sample after absorption. 

 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 (𝑔𝑙𝑦𝑐𝑖𝑛𝑒)

=
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑀)

𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑎𝑚𝑖𝑛𝑜 𝑎𝑐𝑖𝑑 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 

=  
0.744

100.00 + 33.01
= 0.0056 (𝑀 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑣𝑎𝑙𝑢𝑒⁄ ) 

Eq 14 

 

 

Verifying the primary method by 13C{1H} NMR experiment with external standard 

Obtaining the absolute concentration by NMR using coaxial insert tube with 

external standards was reported by Koichi,144 Fulton,145 and Henderson.146 An external 

standard with known concentration is used to verify the glycine concentration obtained 

from the primary method shown in the previous section. Disodium maleate was chosen as 

external standard due to its low volatility, good solubility in D2O, and containing minimum 

interfering signals to the desired peaks. The 13C NMR samples were taken in the NMR 

coaxial insert tube and the setup is like the one used for determining initial concentration. 

The volume normalized integration ratio is calculated by Eq 15Eq 15.  
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𝑉𝑜𝑙𝑢𝑚𝑒 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜: 
(

𝑔𝑙𝑦𝑐𝑖𝑛𝑒 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛
𝜇𝐿 𝑜𝑓 𝑔𝑙𝑦𝑐𝑖𝑛𝑒

)

(

𝑑𝑖𝑠𝑜𝑑𝑖𝑢𝑚 𝑚𝑎𝑙𝑒𝑎𝑡𝑒 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛
2 (𝑡𝑤𝑜 𝑐𝑎𝑟𝑏𝑜𝑛𝑦𝑙𝑠 𝑖𝑛 𝑑𝑖𝑠𝑜𝑑𝑖𝑢𝑚 𝑚𝑎𝑙𝑒𝑎𝑡𝑒)

𝜇𝐿 𝑜𝑓 𝑑𝑖𝑠𝑜𝑑𝑖𝑢𝑚 𝑚𝑎𝑙𝑒𝑎𝑡𝑒
)

 Eq 15 

 

 

The calibration curve was plotted by glycine concentration versus volume 

normalized integration ratio, shown in Figure 57. The same glycine sample after absorption 

from the previous section was ran with the external standard, and the spectrum is shown in 

Figure 58. The amount of CO2 adducts was determined by the 13C NMR calibration curve.  

The results are compared with the primary method from the previous section and 

summarized in Table 12. The CO2 adduct concentration from both methods are similar, 

which suggest that the concentration determined by primary method is accurate and can be 

used to determine rest of the samples after absorption or desorption.  

 

Figure 57. 13C{1H} NMR calibration curve using external standard (2 M disodium maleate 

solution). 
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Figure 58. 13C{1H} NMR spectrum of glycine sample after absorption (600 µL) with 2 M 

disodium maleate (60 µL) as external standard. 

 

Table 12. Glycine sample after absorption characterized by different methods (primary 

method versus external standard method). 

Glycine after absorption Glycine Carbamate HCO3
-/CO3

2- 

Primary method 

(Initial conc. = 0.893 M) 
0.674 M 0.222 M 0.282 M 

External standard method 0.688 M 0.237 M 0.323 M 

 

Comparing different amino acid solutions as CO2 absorbents  

Different amino acid solutions were utilized as CO2 absorbents and the CO2 adducts 

were characterized by 13C{1H} NMR using primary method mentioned above. The results 

are summarized in Table 13. The absorption experiments were ended when the CO2 

concentration became constant from CO2 scrubber outlet. At this point, we considered the 

absorbent solutions reached an equilibrium with CO2. Glycine sample has the highest 
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carbamate concentration due to the stable carbamate structure formed by less hindered 

amino group. The methyl group on the alanine leads to a less stable carbamate structure 

due to the steric repulsion between oxygen and methyl group as , shown in Scheme 29. 

Carbamate formation is an inefficient CO2 capture route since it consumes two equivalents 

of amine to react with one equivalent of CO2 (Scheme 27). The formation of bicarbonate 

is more favorable and can maximize the CO2 capture efficiency. Sartorl and Savage studied 

the carbamate stability of hindered and conventional amino alcohols by 13C{1H} NMR.147 

They found that the carbamate stability constants decrease with the increase steric 

repulsion around the amino group: monoethanolamine (MEA) (12.5 at 40 °C), 

diethanolamine (DEA) (2.0 at 40 °C), and aminomethyl propanol (AMP) (< 0.1 at 40 °C). 

The less stable carbamate from steric hindered amine decomposes to bicarbonate ion via 

hydrolysis (Scheme 26) and releases the free amine for another CO2 capture process. Hook 

also reported the steric hindered amines , like AMP, potassium alaninate, potassium methyl 

alaninate, have enhanced absorption capacities.148 This explanation is consistent with our 

alanine result. Alanine absorbs 0.574 mol of CO2 per mol of amino acid, which is 3% higher 

than the glycine counterpart. Proline has less steric hinderance around the amino group 

than alanine due to the protruding amino group. It has carbamate and [HCO3
-/CO3

2-] 

concentration between glycine and alanine. Lysine has the highest absorption capacity 

probably due to the presence of two amino groups. The absorption capacity follows the 

order: lysine > proline > alanine > glycine. 

The steric hindrance also deactivates the amino group and decrease the CO2 

absorption rate at lower CO2 loading (0–0.3 mol CO2/mol amine).148 Therefore, mixture of 

amines containing different structures is a common strategy to obtain absorbents with fast 
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reaction kinetic and high capture capacity. Mixtures of amino acids as CO2 absorbents will 

be discussed in the next section. 
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Table 13. Summary of CO2 adducts of single amino acid solutions. AA is amino acid and 

AA-CO2 is amino acid carbamate.  

 

* Absorption capacity is divided the sum of carbamate and HCO3
-/CO3

2- concentration with initial 

concentration. 

 

Scheme 29. The steric effect to the amino acid-CO2 intermediate stability.  

 

 

Mixture solutions containing two amino acids as CO2 absorbents 

The mixture solutions containing two amino acids were used as CO2 absorbents 

and their CO2 adducts were characterized by 13C{1H} NMR, shown in Table 14. All the 

mixture solutions have higher absorption capacity (0.586–0.665 mol CO2/mol AA) than 

Species 

Glycine Alanine Proline Lysine 

Concentration 

(M) 

Concentration 

(M) 

Concentration 

(M) 

Concentration 

(M) 

AA 0.645 0.715 0.651 0.498 

AA-CO2 0.252 0.177 0.208 
0.134 

(α-carbamate) 

    0.050 

(ε-carbamate) 

HCO3
-/CO3

2- 0.245 0.333 0.293 0.318 

Initial conc.  

(M) 
0.893 0.888 0.856 0.679 

Absorption 

capacity* 

(mol CO2/mol AA) 

0.557 0.574 0.585 0.740 
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the glycine, alanine, and proline single amino acid solution (0.557–0.585 mol CO2/mol 

AA). The expected absorption capacity is calculated by Eq 16Eq 16. The sum of each 

amino acid concentration in the mixture times the corresponded absorption capacity was 

divided by the initial concentration of the mixture solution. To determine the enhancing 

absorption capacity of the mixture amino acid solutions, the %difference between 

experimental and expected absorption capacity is calculated by Eq 17Eq 17. Following the 

% difference, the AP has the highest %difference (9.8%) than other amino acid mixture 

solutions. All the mixture AA solutions with positive %difference have relatively high 

HCO3
-/CO3

2- concentration, indicating that the CO2 capture through bicarbonate formation 

is critical. It is also supported by the steric hindered alanine is presented in 3 out of 4 sample 

with positive %difference.  

The two amino acid mixtures can also be seen as competition experiments for two 

absorbent species reacting with CO2. In GA and GP samples, the glycine form more stable 

carbamate with CO2 and has the higher carbamate concentration than alanine and proline. 

In AP sample, alanine has lower carbamate concentration than proline, which indicate the 

proline carbamate may be more stable than the alanine carbamate.  

  

Expected absorption capacity

=
(each AA concentration)(single AA absorption capacity) 

initial concentration
 

Eq 16 

% Difference

=
(experimental absorption capacity − expected absorption capacity)

expected absorption capacity
× 100 

Eq 17 
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Table 14. CO2 adducts of solutions containing two amino acids. (G: glycine, A: alanine, 

P: proline, and L: lysine) 

Species 

PL 

Conc. 

(M) 

GL 

Conc. 

(M) 

AL 

Conc. 

(M) 

GA 

Conc. 

(M) 

GP 

Conc. 

(M) 

AP 

Conc. 

(M) 

A   0.388 0.395  0.360 

A-CO2   0.055 0.043  0.074 

G  0.309  0.279 0.323  

G-CO2  0.111  0.163 0.161  

P 0.362    0.396 0.353 

P-CO2 0.080    0.050 0.106 

L 0.217 0.235 0.203    

L-CO2 (α) 0.094 0.074 0.092    

L-CO2 (ε) 0.029 0.028 0.037    

HCO3
-/CO3

2- 0.253 0.269 0.328 0.317 0.350 0.389 

Initial conc. 

(M) 
0.779 0.755 0.772 0.875 0.926 0.890 

Experimental 

absorption capacity 

(mol CO2/mol AA)* 

 
 

0.586 0.639 0.665 0.597 0.606 0.639 

Expected absorption 

capacity  

(mol CO2/mol AA)# 

 

0.655 0.640 0.648 0.569 0.573 0.582 

 %Difference@ -10.5 -0.2 2.6 4.9 5.8 9.8 

A is alanine; G is glycine; P is proline; L is lysine. *Experimental absorption capacity is divided the sum of 

carbamate and HCO3
-/CO3

2- concentration with initial concentration. # Expected absorption capacity is 

defined by Eq 16Eq 16. @ % difference is defined by Eq 17Eq 17. 

 

Mixture solutions containing three and four amino acids as CO2 absorbents 

CO2 capture by the mixture solutions containing three or four amino acids were 

tested and analyzed by the same method as the two amino acid mixtures. The absorption 

capacities of GAL (0.674 mol CO2/mol AA) and GPL (0.723 mol CO2/mol AA) samples 

are higher than the two amino acid mixtures. These two samples also have much higher 

HCO3
-/CO3

2- concentration (0.370 and 0.373 M, respectively) than the rest of the three or 

four mixture samples.  
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The four amino acid mixture GAPL have higher absorption capacity than expected 

capacity but the HCO3
-/CO3

2- concentration is significantly lower than GAL and GPL 

samples. In GAPL sample, the mole fraction of each amino acid carbamate still follows the 

order: glycine > lysine > proline > alanine.  

Table 15. CO2 adducts of solutions containing three or four amino acids. (G: glycine, A: 

alanine, P: proline, and L: lysine) 

Species 
PAL 

Conc. (M) 

GAP 

Conc. (M) 

GAL 

Conc. (M) 

GPL 

Conc. (M) 

GAPL 

Conc. (M) 

A 0.246 0.234 0.282  0.185 

A-CO2 0.036 0.043 0.028  0.022 

G  0.157 0.217 0.196 0.133 

G-CO2  0.125 0.090 0.105 0.07 

P 0.228 0.266  0.260 0.187 

P-CO2 0.061 0.066  0.032 0.031 

L 0.121  0.147 0.147 0.107 

L-CO2 (α) 0.071  0.056 0.064 0.046 

L-CO2 (ε) 0.018  0.020 0.019 0.015 

HCO3
-/CO3

2- 0.280 0.276 0.370 0.373 0.325 

Initial conc. (M) 0.778 0.887 0.838 0.820 0.793 

Experimental 

absorption capacity 

(mol CO2/mol AA)* 

  

0.600 0.575 0.674 0.723 0.643 

Expected absorption 

capacity 

(mol CO2/mol AA)# 

 

0.625 0.575 0.613 0.620 0.610 

% Difference@ -4.0% 0% 10.0% 16.6% 5.4% 
A is alanine; G is glycine; P is proline; L is lysine. *Experimental absorption capacity is divided the sum of 

carbamate and HCO3
-/CO3

2- concentration with initial concentration. # Expected absorption capacity is 

defined by Eq 16Eq 16. @ % difference is defined by Eq 17Eq 17. 

 

Conclusion 

Different amino acids were tested as post combustion capture absorbents. The CO2 

adducts such as carbamate and HCO3
-/CO3

2-, were quantitatively analyzed by 13C{1H} 
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NMR. The amino acid structures affect the stabilities of the corresponded amino acid 

carbamates. The amino group with less steric hinderance like glycine stabilizes the 

carbamate and inhibits the formation of HCO3
-/CO3

2-. The bulky substituent around amino 

group destabilizes the carbamate structure and further decomposes to HCO3
- and CO3

2- 

ions, which enhances the absorption capacity. The absorption capacity of single amino acid 

solution follows this order: lysine > proline > alanine > glycine. Most of the amino acid 

mixture solutions have higher absorption capacity than the single amino acid solutions. We 

found GPL and GAL are the mixture solutions with the highest absorption capacity (0.723 

and 0.674 mol CO2/mol AA, respectively), which is 16.6% and 10.0% higher than the 

expected absorption capacity, respectively. The results prove that the proper formulation 

can enhance the CO2 absorption capacity and pave the way to use amino acid mixtures 

from biomass as absorbents.  
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Experimental section  

The NMR spectra were collected either on a Bruker Avance III HD 500 MHz NMR 

spectrometer equipped with 5mm iProbe (X-nucleus optimized double resonance broad 

band probe) or on a Varian Inova 500 MHz NMR spectrometer equipped with 5mm PFG 

broad band switchable probe. Both spectrometers operate at a frequency of 125 MHz for 

13C and 500 MHz for 1H. All the NMR experiments were run at 25 ºC. The NMR samples 

were prepared by diluting 0.5 mL of the aqueous amino acid solutions after absorption or 

desorption with 0.1 mL of deuterium oxide (D2O) for the signal lock. 

 

Quantitative 1H NMR parameters  

 The original amino acid concentrations were determined by 1H NMR using Agilent 

DirectDrive2 500 spectrometer at 25 °C. The spectra were run with water suppression pulse, 

(H)wet1D experiment, and used the following parameters: number of scans, NS = 8; 

acquisition time, AT = 4; relaxation delay, D1 = 60 s (relaxation time of nuclei D1 ≥ 5T1, 

T1: the longest carbon nuclei relaxation time constant). The 13C{1H} NMR spectra were 

phase corrected automatically, baseline corrected (Whittaker Smoother), and integrated 

using MestReNova software v.14.2.0. 

Quantitative 13C{1H} NMR parameters 

 Quantitative 13C{1H} NMR spectra were collected on either of the spectrometers 

(Bruker HDIII 500 MHz NMR and Varian Inova 500 MHz NMR). The samples ran with 

Bruker used the following parameters: pulse duration p1 = 5 µs for 45º pulse, NS = 800-

1600 (a larger number of scans were used for the three and four amino acid mixtures to get 

better signal-to-noise ratio), AT = 1.10 s, and D1 = 60 s. The samples ran on the Varian 
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were with the following parameters: pulse duration p1 = 5.25 µs for 45º pulse, NS = 800-

1600, AT = 1.04 s, and D1 = 60 s (relaxation time of nuclei D1 ≥ 5T1, T1: the longest carbon 

nuclei relaxation time constant). The 13C{1H} NMR spectra were phase corrected 

automatically, baseline corrected (Whittaker Smoother), and integrated using MestReNova 

software v.14.2.0. 
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Chapter 6. Amino acid derived polyurea materials 

Introduction 

In Smith-Liao collaboration, algal biomass is produced by the CO2 capture process 

with algae culture solution and Table 16 lists top 7 abundant amino acids in the algal 

biomass. The goal is to turn the amino acids from the biomass into value-adding polymeric 

materials and can fix CO2 for long term. Polyurea is commonly used in elastic fibers like 

Spandex®, surface coating for protecting surface from weathering or salt corrosion. 

Polyurethane and polyurea coating are commonly used for roof and floor coating due to its 

chemical resistance and durability. Several considerations for the retrosynthesis of amino 

acid derived polyurea are: (1) the polyurea polymerization is a catalyst free but moisture 

sensitive process; (2) to synthesize diamine from the amino acids, protecting amino groups 

is needed to prevent dimerization. The 4,4′-methylenediphenyl diisocyanate (4,4′-MDI) is 

one of the commonly used aromatic diisocyanates if the product is not exposed to sunlight. 

The aliphatic diisocyanates like 1,6-hexamethylene diisocyanate have better light stability 

and are used for the outdoor application. 
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Table 16. Amino acid profile of the algal biomass (g per 100 g crude protein). Only the 

top 7 abundant amino acids are included. 

Amino acids 
Content 

(g/100 g crude protein)  

Alanine 13.35 

Glycine 11.04 

Glutamic acid 10.51 

Lysine 10.32 

Leucine 8.52 

Valine 7.96 

Aspartic acid 5.79 
 

 

Figure 59. Retrosynthesis of polyurea from aromatic diisocyanate and diamine from amino 

acids. 

 

Synthesis of symmetric diamine monomers from amino acids 

L-Phenylalanine, L-leucine, and L-alanine, which will be referred as phenylalanine, 

leucine, and alanine, respectively, are introduced to the monomer structures to study the 
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structure–property relationship of the resulted polyurea materials. Different spacer lengths 

(C2 and C12) were studied to understand its effect on polymer properties. The synthetic 

routes to monomers bearing different amino acid and spacer length are shown in Scheme 

30. Amino groups on the amino acids were protected by tert-butyloxycarbonyl (Boc) group 

first and the carboxylic groups were then activated by coupling with N-

hydroxysuccinimide (NHS). The amidation is done by reacting Boc protected amino acid 

NHS esters with diamines with different lengths (ethylenediamine or 1,12-

diaminododecane) to form Boc-protected diamines. The deprotection process can be easily 

done by either HCl in methanol or trifluoroacetic acid in DCM. The solubility of the 

symmetric diamine monomers is greatly affected by the amino acid structure and spacer 

length. The monomers containing leucine and phenylalanine have higher solubility in the 

organic solvents like DCM, diethyl ether, and ethyl acetate due to their hydrophobic side 

chains. However, after neutralizing with NaOH solution, the highly water-soluble NH2-

Ala-C2-Ala-NH2 cannot be extracted into the organic layers. The longer spacer length 

counterpart (NH2-Ala-C12-Ala-NH2) was easily isolated with better yield (92%).  
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Scheme 30. Synthesis of symmetric diamine monomers from different amino acids 

(phenylalanine, leucine, and alanine) and two different spacer lengths (C2 and C12). 

 

 

The polymerizations of symmetric diamines and 4,4′-MDI were conducted in 

anhydrous DMF at 50 °C, shown in Scheme 31. The polymerization rate is fast and polymer 

solutions became viscous within 10 minutes, but the prolonged reaction time was given to 

ensure the polymerization was complete. The isocyanate end groups on the polyurea were 

quenched during work-up by stirring with methanol for 1 hour and the solid products were 

filtered out and dried under vacuum until constant weight. The nomenclature is based on 

the diamine monomer structure so the polyurea prepared from NH2-Phe-C12-Phe-NH2 is 

named as PU-NH-Phe-C12-Phe-NH. The IR spectra of polyureas and 4,4’-MDI were 

overlapped and the distinctive NCO stretching band from 4,4′-MDI was not observed in all 

the IR spectra of polyurea series, shown in Figure 60. All the isocyanate was consumed 

during polymerization or quenched during the workup. 
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Scheme 31. Polymerization of symmetrical diamine monomers with 4,4′-MDI. 

 

 

Figure 60. Overlapped FT-IR spectrum of 4,4′-MDI (green), PU-NH-Leu-C12-Leu-NH 

(black), PU-NH-Phe-C12-Phe-NH (red), and PU-NH-Ala-C12-Ala-NH (blue). 

Assigning 1H NMR signals of the polyureas 

1H NMR signals of the polyureas were assigned based on gradient-selected 

Correlation spectroscopy (gCOSY) spectra. The 1H NMR spectrum of PU-NH-Phe-C2-
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Phe-NH was shown in Figure 61 as an example of peak assignment and the proton signals 

of the rest polyurea samples were assigned in a similar fashion. The protons 5 (in Figure 

61) is a distinctive signal from the methine from the phenylalanine moiety and was used it 

as a starting point to assign other signals by gCOSY. The highlighted cross-peaks with 

protons 5 were shown in Figure 62 and the protons 6 were identified as the urea protons 

next to protons 5 based on the chemical shift. Another two cross-peaks (protons 1 and 2) 

are assigned to the methylene group neighboring to the protons 5. The relatively downfield 

protons 4 were found to have a cross-peak with protons 7 and this match with the methylene 

group from the 4,4′-MDI (Figure 63). Now the methylene groups on the C2 spacer were 

the only aliphatic protons left and were assigned to protons 3. The protons 10 were then 

assigned to the amide protons because of the cross-peak between protons 3 and protons 10 

(Figure 64). The most downfield protons 11 did not have a cross-peak on gCOSY and was 

assigned to another urea protons next to the 4,4′-MDI moiety. All the proton signals of PU-

NH-Phe-C2-Phe-NH were assigned and shown in Figure 65. 
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Figure 61. 1H NMR of PU-NH-Phe-C2-Phe-NH in DMSO-d6.  

 

Figure 62. gCOSY of PU-NH-Phe-C2-Phe-NH in DMSO-d6 highlighting the cross-peaks 

with protons 5. 
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Figure 63. gCOSY of PU-NH-Phe-C2-Phe-NH in DMSO-d6 highlighting the cross-peaks 

between protons 4 and protons 7. 

 

Figure 64. gCOSY of PU-NH-Phe-C2-Phe-NH in DMSO-d6 highlighting the cross-peaks 

between protons 3 and protons 10. 
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Figure 65. 1H NMR of PU-NH-Phe-C2-Phe-NH in DMSO-d6 with all the signals assigned 

on the polymer chemical structure. 

 

 The overlaid proton spectra of polyureas are shown in Figure 66. Similar proton 

signal patterns were observed over polyurea series and were assigned by the method 

mentioned above.  
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Figure 66. Overlapped 1H NMR of PU-NH-Phe-C2-Phe-NH (top), PU-NH-Phe-C12-Phe-

NH (middle), and PU-NH-Leu-C12-Leu-NH (bottom). 

Thermal analysis of polyureas  

Thermal analysis studies the property variation of the sample over a temperature 

range under careful temperature control. Thermal analysis plays an important role for 

understanding the performance and limitation of the polymer materials. Differential 

Scanning Calorimetry (DSC), Thermogravimetric Analysis (TGA), Thermomechanical 

Analysis (TMA), and Dynamic Mechanical Analysis (DMA) are the four common thermal 

analysis techniques. DSC and TGA are used to characterize the glass transition temperature 

and onset temperature of polyureas bearing amino acids.  

Glass transition temperature (Tg) is a reversible transition from a hard and brittle 

glassy state to viscous rubbery state and results in a considerable drop of the polymer 

mechanical strength. Tg provides the polymer properties under a specific working 

temperature and is a critical thermal property for selecting a proper material for the desire 

application.  
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Study the effect of spacer length 

The Differential scanning calorimetry (DSC) data for PU-NH-Phe-C2-Phe-NH is 

shown in Figure 67 and the middle point of the transition was taken as glass transition 

temperature (Tg), analyzed by TA instruments Universal Analysis 2000 software. The DSC 

data of phenylalanine-bearing polyureas with different spacer length was replotted and 

overlapped by Origin and the Tg of all polyureas were analyzed and determined by TA 

instruments Universal Analysis 2000 software in the same way, shown in Figure 68. The 

Tg increases from 49 °C to 55 °C when the spacer length increases from two carbons to 

twelve carbons. The rubber to glass transition corresponds to the freezing of long-range 

polymer backbone rearrangement. The higher Tg of PU-NH-Phe-C12-Phe-NH may be 

explained by the molecular weight difference. Under the same polymerization condition, 

if the degree of polymerization is similar, the polyurea with longer spacer length would 

have a higher molecular weight. However, proper molecular weight characterization is 

needed to reach definitive conclusion on the cause of higher Tg. The dependence of the Tg 

to the macromolecular weight can be explained by the free-volume concept.149 The free 

volume is defined as the volume of void in the polymer material that is not occupied by the 

polymer chains, shown in Figure 69.150 The lower end group concentration on the higher 

molecular weight polymers decreases free volume at end group region, hindering the long-

range backbone rearrangement, and increases the Tg.  
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Figure 67. Differential scanning calorimetry (DSC) data for PU-NH-Phe-C2-Phe-NH and 

the Tg was analyzed by TA instruments Universal Analysis 2000 software. The sample was 

equilibrated at -20 °C and ramp 10 °C/min up to 300 °C.  
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Figure 68. Overlapped differential scanning calorimetry (DSC) data for PU-NH-Phe-C2-

Phe-NH (black) and PU-NH-Phe-C12-Phe-NH (red) and the Tg was analyzed by TA 

instruments Universal Analysis 2000 software. Heating rate is 10 °C/min under nitrogen 

atmosphere.  

 

Figure 69. Schematic representation of the free volume in a polymer.  

 

The thermal stability of polyureas with different spacer length and their onset 

temperatures were determined by Thermogravimetric Analysis (TGA) and analyzed by TA 

instruments Universal Analysis 2000 software. The weight loss curve and first derivative 

weight loss curve of PU-NH-Phe-C2-Phe-NH are shown in Figure 70. The overlapped 

TGA data were replotted by Origin. The onset temperature of PU-NH-Phe-C12-Phe-NH is 
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9 °C higher than the PU-NH-Phe-C2-Phe-NH, indicating that the longer spacer enhances 

the thermal stability of the resulted polyurea, shown in Figure 71.  

 

Figure 70. The thermogravimetric curve (green) and first derivative weight loss curve 

(blue) of PU-NH-Phe-C2-Phe-NH. Data are plotted and processed by TA instruments 

Universal Analysis 2000 software. Heating rate is 10 °C/min under nitrogen atmosphere. 

 

Figure 71. The thermogravimetric curve of PU-NH-Phe-C2-Phe-NH (black) and PU-NH-

Phe-C12-Phe-NH (red) and the onset temperatures were analyzed by TA instruments 

Universal Analysis 2000 software. Heating rate is 10 °C/min under nitrogen atmosphere.  
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Figure 72. First derivative of the thermogravimetric curve of PU-NH-Phe-C2-Phe-NH 

(black) and PU-NH-Phe-C12-Phe-NH (red). 

The overlapped first derivative of the weight loss curve of two polyureas is shown 

in Figure 72. The first major weight loss happened at 266 and 278 °C for the PU-NH-Phe-

C2-Phe-NH and PU-NH-Phe-C12-Phe-NH respectively, which corresponded to the 

reverse polymerization process reported by pyrolysis of polyureas and characterized by 

mass spectroscopy.151 The second major weight loss occurred at 374 and 414 °C and the 

polyurea with longer spacer has 40 °C higher second major weight loss than the shorter 

spacer counterpart. The longer spacer length increases the onset temperature and Tg of the 

polyurea.  

 

Study the effect of side chain structure 

The Tg of polyureas bearing different side chain structures (different amino acid 

structures) are analyzed by DSC and the overlapped data are shown in Figure 73. The Tg 

of PU-NH-Phe-C12-Phe-NH is the highest among three samples, followed by PU-NH-

Leu-C12-Leu-NH, and PU-NH-Ala-C12-Ala-NH. The Tg trend follows the bulkiness of 
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the side chain (phenyl > isobutyl > methyl) and the larger side chain impede the polymer 

backbone rearrangement and increase the Tg.
149  

 

Figure 73. The overlapped DSC data of PU-NH-Phe-C12-Phe-NH (red), PU-NH-Ala-

C12-Ala-NH (blue), and PU-NH-Leu-C12-Leu-NH (black). The numbers in the Figure are 

the Tg of the corresponded sample. The PU-NH-Ala-C12-Ala-NH data was shifted along 

the y-axis for clarity. Heating rate is 10 °C/min under nitrogen atmosphere.  

 

 The PU-NH-Phe-C12-Phe-NH has the highest onset temperature (263 °C) and the 

best thermal stability among three polyureas. Noteworthily, the onset temperature and Tg 

follow different order between PU-NH-Leu-C12-Leu-NH (onset temperature: 240 °C; Tg: 

46 °C) and PU-NH-Ala-C12-Ala-NH (onset temperature: 259 °C; Tg: 44 °C). The 

molecular weight information of the PU-NH-Leu-C12-Leu-NH and PU-NH-Ala-C12-Ala-

NH would guide us to better answer. The overlapped first derivative of the weight loss 

curve of three polyureas is shown in Figure 75. The first major weight loss for the polyurea 

bearing C12 spacer and different amino acids occurred between 257 to 278 °C, which is 

close to the polyurea with C2 spacer. The first major weight loss is less sensitive to the 

polyurea structure than the second major weight loss and is corresponded to the 

decomposition of the urea linkages (the reverse polymerization process).149 The second 
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major weight loss peak of PU-NH-Leu-C12-Leu-NH (263 °C) is 50 °C higher than the PU-

NH-Leu-C12-Leu-NH (364 °C). However, no literature example about the mechanism of 

the second major weight loss process can be found. 

 

 

Figure 74. The thermogravimetric curve of PU-NH-Ala-C12-Phe-NH (blue), PU-NH-Leu-

C12-Leu-NH (black), and PU-NH-Phe-C12-Phe-NH (red). The onset temperatures were 

analyzed by TA instruments Universal Analysis 2000 software and shown on the figure. 

Heating rate is 10 °C/min under nitrogen atmosphere. 

 

Figure 75. First derivative of the thermogravimetric curve of PU-NH-Ala-C12-Phe-NH 

(blue), PU-NH-Leu-C12-Leu-NH (black), and PU-NH-Phe-C12-Phe-NH (red). 
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Table 17. The summary of thermal analysis results of polyurea containing different 

spacer lengths and side chain structures. 

Polyurea sample 
Tg 

(°C) 

Onset temperature 

(°C) 

First derivative 

thermogravimetric peaks 

(°C) 

PU-NH-Phe-C2-Phe-NH 49 254 266, 374 

PU-NH-Ala-C12-Ala-NH 44 259 268, 378 

PU-NH-Leu-C12-Leu-NH 46 240 257, 364 

PU-NH-Phe-C12-Phe-NH 55 263 278, 414 

  

The thermal analysis results of polyurea materials are summarized in Table 17. Two 

observations were made: (1) The longer spacer length and bulkier side chain group leads 

to higher Tg and onset temperature; (2) The first major weight loss is the decomposition of 

urea linkages and are less sensitive to the polymer structures than the second major weight 

loss. 
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Conclusion 

We designed and synthesized the polyurea from amino acid-derived diamines with 

different spacer lengths. The polyurea materials were characterized by FT-IR and NMR 

with the molar ratio of diamine and diisocyanate segments determined as 1 to 1 mole ratio. 

The onset temperature and the glass transition temperature increase with the longer spacer 

length and the bulkier phenyl side chain structure of the polyureas. The polyurea with 

longer spacer length might have bigger molecular weight and has lower end group 

concentration and impeded the backbone rearrangement and increases the Tg. The bulkier 

side groups also inhibit the backbone rearrangement and increase the Tg. The peak around 

260–270 °C on the first derivative TGA plot is the decomposition of urea linkages and is 

observed in all the polyurea samples. 
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Experimental Section 

Materials  

All the Boc-protected amino acids were purchased from Chem-Impex. All the 

chemicals were used as received. 

Characterization  

Differential Scanning Calorimetry (DSC) analysis of the polymers were obtained 

using a TA DSC Q2000. Samples were run under a nitrogen atmosphere at a heating rate 

of 10 °C/min. Thermogravimetric analysis (TGA) of polymers was obtained using a TA 

TGA Q500. Samples were run under a nitrogen atmosphere at a heating rate of 10 °C/min. 

All the DSC and TGA data was processed and analyzed by TA instruments Universal 

Analysis 2000 software and replotted and overlapped by Origin 9.0. 

General procedure for preparing N-hydroxysuccinimide (NHS) ester of amino acids 

At 0 °C, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide·HCl (EDC-HCl, 1 equiv) 

was added in several portions into a solution of Boc-protected amino acid (1 equiv), NHS 

(1 equiv), and DMAP (0.1 equiv) in dry DCM. The mixture was then allowed to react 

overnight at room temperature. The crude product was extracted with 0.5 M HCl solution, 

saturated Na2CO3 solution, and brine. The organic layer was collected and dried over 

sodium sulfate and concentrated using rotary evaporator. The solid product was further 

purified by stirred with IPA for 2 h and collected by vacuum filtration. 

Boc-protected L-phenylalanine NHS ester (Boc-Phe-OSu)152 
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Boc-Phe-OSu was prepared according to the general procedure. White solid was 

obtained as product (25.5 g, 92%). 1H NMR (500 MHz, CDCl3) δ 7.52 – 7.10 (m, 5H), 5.06 

– 4.57 (m, 2H), 3.40 – 3.09 (m, 2H), 2.85 (s, 4H), 1.41 (s, 9H). 

Boc-protected L-leucine NHS ester (Boc-Leu-OSu)153 

 

Boc-Leu-OSu was prepared according to the general procedure. White solid was 

obtained as product (15.2 g, 72.4%). 1H NMR (500 MHz, CDCl3) δ 5.15 – 4.30 (m, 2H), 

2.82 (br, 4H), 1.86 – 1.73 (m, 1H), 1.73 – 1.57 (m, 1H), 1.45 (d, 9H, rotamer), 0.97 (m, 

6H). 

Boc-protected L-alanine NHS ester (Boc-Ala-OSu) 

 

Boc-Ala-OSu was prepared according to the general procedure. White solid was 

obtained as product (22.4 g, 77.1%). 1H NMR (500 MHz, CDCl3) δ 5.11 – 4.39 (m, 1H), 

2.82 (br, 4H), 1.56 (d, J = 7.3 Hz, 3H), 1.45 (s, 9H). 

Boc-Phe-C2-Phe-Boc 

 

Ethylenediamine (2.1 mL, 31.8 mmol) was dropwise added to a solution of Boc-

Phe-OSu (25.47 g, 71.0 mmol), dry triethylamine (11 mL, 79.7 mmol), and DMF (45 mL). 

The white suspensions were formed while adding the ethylenediamine and the mixture was 
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allowed to stir at room temperature for 12 h. The reaction was stopped by adding an excess 

amount of DI water and the product was precipitated out from the reaction mixture. The 

product was filtered and washed with DI water. A white solid (17.44 g, 99 %) was obtained 

as the product. 1H NMR (500 MHz, CDCl3) δ 7.35 – 7.28 (m, 6H), 7.18 (m, 4H), 5.67 (br, 

2H), 5.10 (br, 2H), 4.13 (br, 2H), 3.23 – 3.12 (m, 2H), 2.98 (m, 6H), 1.42 (s, 18H). 

Boc-Leu-C2-Leu-Boc 

 

In a round bottom flask, ethylenediamine (1.4 mL, 21.0 mmol) was dissolved in 

DMF (10 mL) and added to a solution of Boc-Leu-OSu (15.2 g, 328.4 mmol) and 

anhydrous triethylamine (9 mL, 64.6 mmol) in DMF (50 mL). The reaction mixture formed 

white suspensions instantly and DCM (5 mL) was added to dissolve the suspension but 

failed. The reaction was stirred at room temperature for 12 h. The white suspension was 

filtered out and recrystallized by DCM. The residual NHS was observed by NMR at 2.6 

ppm using DMSO-d6 as solvent. The NHS is removed by triturating the product with water. 

The product is a white powder (5.77 g, 57%). 1H NMR (500 MHz, CDCl3) δ 7.03 (br, 2H), 

5.08 (br, 2H), 4.04 (br, 2H), 3.53 (br, 2H), 3.16 (br, 2H), 1.65 (m, 4H), 1.44 (s, 18H), 0.95 

(m, 12H). 

Boc-Phe-C12-Phe-Boc 
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Boc-Phe-OSu (5.29 g, 14.6 mmol), dry triethylamine (5 mL, 35.9 mmol), and DCM 

(50 mL) are mixed. 1,12-Diaminododecane (1.3 g, 6.5 mmol) was added in several portions 

into the reaction mixture and was allowed to stir at room temperature for 12 h. The crude 

solution was purified by extracting with brine and collected the organic layers. The organic 

layer was dried over sodium sulfate, and the excess solvent was removed using rotary 

evaporator. A white solid (4.5 g, 89 %) was obtained as the product. 1H NMR (500 MHz, 

CDCl3) δ 7.31 – 7.17 (m, 10H), 6.03 (br, 2H), 5.28 (br, 2H), 4.29 (br, 2H), 3.23 – 2.88 (m, 

8H), 1.55 – 1.01 (m, 38H). 

Boc-Ala-C12-Ala-Boc 

 

Boc-Ala-OSu (4.85 g, 16.9 mmol), dry triethylamine (6 mL, 43.1 mmol), and DCM 

(50 mL) are mixed. 1,12-Diaminododecane (1.5 g, 7.5 mmol) was added in several portions 

into the reaction mixture and was allowed to stir at room temperature for 12 h. The crude 

solution was purified by extracting with brine and collected the organic layers. The organic 

layer was dried over sodium sulfate, and the excess solvent was removed using rotary 

evaporator. A white solid (4.0 g, 99 %) was obtained as the product. 1H NMR (500 MHz, 

CDCl3) δ 6.38 (br, 2H), 5.17 (br, 2H), 4.14 (br, 2H), 3.20 (m, 4H), 1.42 (s, 20H), 1.32 (m, 

6H), 1.29 – 1.18 (m, 18H). 

Boc-Leu-C12-Leu-Boc 
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Boc-Leu-OSu (6.87 g, 20.9 mmol), dry triethylamine (7 mL, 50.2 mmol), and DCM 

(50 mL) are mixed. 1,12-Diaminododecane (1.9 g, 9.5 mmol) was added in several portions 

into the reaction mixture and was allowed to stir at room temperature for 12 h. The crude 

solution was purified by extracting with brine and collected the organic layers. The organic 

layer was dried over sodium sulfate, and the excess solvent was removed using rotary 

evaporator. A white solid (6.3 g, 99 %) was obtained as the product. 1H NMR (500 MHz, 

CDCl3) δ 6.67 (br, 2H), 5.32 – 4.61 (m, 2H), 4.20 – 3.88 (m, 2H), 3.31 – 3.04 (m, 4H), 

1.76 – 1.11 (m, 44H), 0.88 (m, 12H). 

General Boc-deprotection procedure using TFA 

The Boc-protected diamine monomer (1 equiv) was suspended in dry DCM at 0 °C. 

The trifluoroacetic acid (20 equiv) was dropwise added to the reaction mixture. The white 

suspensions were dissolved after adding trifluoroacetic acid and the reaction was allowed 

to stir at room temperature for 2 h. After removing the volatile by a rotary evaporator, the 

diamine-TFA salt was dissolved with minimum amount of DI water and adjusted the pH 

to 14 by adding NaOH pellets. Then the solution was extracted with DCM three times and 

organic layers were collected. The organic layers were further washed with brine and dried 

over sodium sulfate, and the excess DCM was removed using rotary evaporator.  

General Boc-deprotection procedure using 3M HCl in MeOH 

At 0 °C, the Boc-protected diamine monomer (1 equiv) was slowly mixed with 3M 

HCl in MeOH (20 equiv). The reaction was allowed to stir at room temperature for 2 h. 

After removing the volatile by a stream of nitrogen gas, the diamine-HCl salt was dissolved 

with minimum amount of DI water and adjusted the pH to 14 by adding NaOH pellets. 

Then the solution was extracted with DCM three times and organic layers were collected. 
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The organic layers were further washed with brine and dried over sodium sulfate, and the 

excess DCM was removed using rotary evaporator.  

NH-Phe-C2-Phe-NH154 

 

 Boc-Phe-C2-Phe-Boc was deprotected by 3M HCl in MeOH procedure. 

NH-Phe-C2-Phe-NH (5.6 g, 60%) was obtained as product. 1H NMR (500 MHz, CDCl3) δ 

7.56 (s, 2H), 7.38 – 7.14 (m, 10H), 3.58 (s, 2H), 3.46 – 3.31 (m, 4H), 3.24 (m, 2H), 2.68 

(dd, J = 13.6, 9.2 Hz, 2H), 1.58 – 1.33 (m, 4H). 13C{1H} NMR (125 MHz, CDCl3) δ 175.16, 

137.87, 129.31, 128.71, 126.83, 56.52, 41.12, 39.44. 

NH-Leu-C2-Leu-NH HCl salt155 

 

Boc-Leu-C2-Leu-Boc was deprotected by 3M HCl in MeOH procedure. NH-Phe-

C2-Phe-NH (0.63 g, 60%) was obtained as product. The NMR reported here is from the 

HCl salt. 1H NMR (500 MHz, D2O) δ 3.81 (t, J = 7.3 Hz, 2H), 3.36 – 3.25 (m, 2H), 3.24 – 

3.12 (m, 4H), 1.61 – 1.43 (m, 6H), 0.80 (dd, J = 6.3 Hz, 12H). 13C{1H} NMR (125 MHz, 

D2O) δ 170.59, 51.85, 48.76, 39.82, 38.52, 23.80, 21.71, 20.86. 

NH-Ala-C12-Ala-NH 
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Boc-Ala-C12-Ala-Boc was deprotected by TFA procedure. NH-Ala-C12-Ala-NH 

(2.0 g, 81%) was obtained as product. 1H NMR (500 MHz, CDCl3) δ 7.41 – 7.13 (br, 2H), 

3.46 (m, 2H), 3.21 (m, 4H), 1.56 – 1.19 (m, 30H). 13C{1H} NMR (125 MHz, CDCl3) δ 

175.49, 50.77, 38.99, 29.61, 29.49, 29.48, 29.26, 26.90, 21.87. 

NH-Phe-C12-Phe-NH 

 

Boc-Phe-C12-Phe-Boc was deprotected by TFA procedure. NH-Phe-C12-Phe-NH 

(4.57 g, 82%) was obtained as product. 1H NMR (500 MHz, CDCl3) δ 7.41 – 7.14 (m, 10H), 

3.64 – 3.52 (m, 2H), 3.40 – 3.13 (m, 6H), 2.68 (m, 2H), 1.47 (br, 4H), 1.26 (br, 22H). 

NH-Leu-C12-Leu-NH 

 

Boc-Leu-C12-Leu-Boc was deprotected by TFA procedure. NH-Phe-C12-Phe-NH 

(3.69 g, 85%) was obtained as product. 1H NMR (500 MHz, CDCl3) δ 7.27 (s, 2H), 3.38 

(m, 2H), 3.24 (m, 4H), 1.79 – 1.66 (m, 4H), 1.50 (m, 4H), 1.44 – 1.18 (m, 22H), 0.96 (m, 

12H). 13C{1H} NMR (125 MHz, CDCl3) δ 175.41, 53.57, 44.19, 39.02, 29.65, 29.52, 29.28, 

26.93, 24.91, 23.47, 21.36. 

General polyurea synthesis procedure 

In a round bottom flask equipped with a magnetic stir bar, amino acid diamine (1 

equiv) and 4,4'-MDI (1.1 equiv) were added and the air in the system was evacuated and 

backfilled with nitrogen for three cycles. The dry DMF (12 mL) was added, and the 
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reaction mixture was heated to 50 °C. A viscous clear solution was obtained after all the 

solids dissolved. The mixture was stirred at 50 °C for 17 h to ensure the reaction reach 

completion. The polymer was precipitated by methanol and the was stirred in methanol for 

2 h. The polymer solid was collected by vacuum filtration and dried using rotary evaporator 

until constant weight was observed. Due to the limited solubility, the NMR samples were 

prepared by dissolving polyurea in hot DMSO-d6 and only partially dissolved. 

Polyurea-NH-Phe-C2-Phe-NH 

 

1H NMR (500 MHz, DMSO-d6) δ 8.65 – 8.44 (br, 2H), 8.10 (br, 2H), 7.32 – 7.08 

(m, 14H), 6.98 (dd, J = 7.8, 5.3 Hz, 4H), 6.27 (s, 2H), 4.38 (m, 2H), 3.70 (br, 2H), 3.12 – 

2.91 (m, 4H), 2.82 – 2.76 (m, 2H). 

Polyurea-NH-Leu-C2-Leu-NH 

 

1H NMR (500 MHz,  DMSO-d6) δ 8.48 (s, 2H), 8.09 (s, 2H), 7.23 (td, J = 6.7, 3.2 

Hz, 4H), 7.10 – 6.94 (m, 4H), 6.23 (d, J = 8.2 Hz, 2H), 4.19 – 4.10 (m, 2H), 3.72 (s, 2H), 

3.09 (s, 4H), 1.61 – 1.50 (m, 2H), 1.46 – 1.29 (m, 2H), 0.85 (dt, J = 6.2, 3.1 Hz, 12H). 

Polyurea-NH-Phe-C12-Phe-NH 



 188 

 

1H NMR (500 MHz, DMSO-d6) δ 8.54 (s, 2H), 8.00 (t, J = 5.7 Hz, 2H), 7.35 – 7.07 

(m, 14H), 6.98 (d, J = 8.4 Hz, 4H), 6.26 (d, J = 8.3 Hz, 2H), 4.40 (q, J = 7.2 Hz, 2H), 3.70 

(s, 2H), 3.10 – 2.99 (m, 2H), 2.99 – 2.88 (m, 2H), 2.83 – 2.74 (m, 2H), 1.29 (t, J = 7.2 Hz, 

4H), 1.24 – 1.06 (m, 18H). 

Polyurea-NH-Leu-C12-Leu-NH 

 

1H NMR (500 MHz, DMSO-d6) δ 8.46 (s, 2H), 8.03 (t, J = 5.7 Hz, 2H), 7.23 (d, J 

= 8.2 Hz, 4H), 6.99 (d, J = 8.2 Hz, 4H), 6.22 (d, J = 8.5 Hz, 2H), 4.27 – 4.10 (m, 2H), 3.73 

(d, J = 14.2 Hz, 2H), 3.11 – 2.92 (m, 4H), 1.55 (dq, J = 13.4, 6.7 Hz, 2H), 1.46 – 1.06 (m, 

24H), 0.86 (t, J = 6.1 Hz, 12H). 

Polyurea-NH-Ala-C12-Ala-NH 

 

1H NMR (500 MHz, DMSO-d6) δ 8.74 – 8.28 (m, 2H), 7.93 (s, 2H), 7.44 – 6.81 (m, 

8H), 6.28 (d, J = 13.5 Hz, 2H), 4.25 – 3.97 (m, 2H), 3.73 (s, 2H), 1.56 – 0.94 (m, 22H). 

Four proton peaks are overlapped with residual DMF (polymerization solvent) and NMR 

solvent peaks.  
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Figure A1. 1H NMR spectrum of PMA in CDCl3. 
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Figure A2. 1H NMR spectrum of TMSPMA in CDCl3. 
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Figure A3. 13C{1H} NMR spectrum of TMSPMA in CDCl3. 
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Figure A4. 1H NMR spectrum of PTMSPMA in CDCl3. 
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Figure A5. Overlapped GPC traces during ATRP polymerization kinetic reaction. [TMSPMA]:[EBPA]:[CuIIBr2]:[dNbpy] = 

200:1:0.6:1.2, [Cu0] = 10 (mm2). 
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Figure A6. 1H NMR spectrum of PPMA in CDCl3. 
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Figure A7. 1H NMR spectrum of PMMA-co-PTMSPMA (mol ratio = 10 : 1) in CDCl3. 
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Figure A8. 1H NMR spectrum of PMMA-co-PPMA (mol ratio = 10 : 1) in CDCl3. 
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Figure A9. 1H NMR spectrum of mDEG-azide in CDCl3. 
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Figure A10. 13C{1H} NMR spectrum of mDEG-azide in CDCl3. 
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Figure A11. 1H NMR spectrum of dodecyl azide in CDCl3. 
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Figure A12. 13C{1H} NMR spectrum of dodecyl azide in CDCl3. 
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Figure A13. 1H NMR spectrum of 100% mDEG-PPMA in CDCl3. 
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Figure A14. 1H NMR spectrum of 90% mDEG-PPMA in CDCl3. 
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Figure A15. 1H NMR spectrum of 80% mDEG-PPMA in CDCl3.  
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Figure A16. 1H NMR spectrum of 70% mDEG-PPMA in CDCl3. 
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Figure A17. 1H NMR spectrum of 60% mDEG-PPMA in CDCl3. 
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Figure A18. Overlapped 1H NMR spectrum of CuAAC kinetic result between EMP and benzyl azide.  
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Figure A19. 1H NMR spectrum of N-acetyl-L-phenylalanine S-thiophenyl ester (APTE) in CDCl3.  
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Figure A20. 13C{1H} NMR spectrum of alanine sample after CO2 absorption in D2O. 
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Figure A21. 13C{1H} NMR spectrum of alanine sample after CO2 desorption in D2O. 
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Figure A22. 13C{1H} NMR spectrum of glycine sample after CO2 absorption in D2O. 
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Figure A23. 13C{1H} NMR spectrum of glycine sample after CO2 desorption in D2O. 

 



 213 

 

Figure A24. 13C{1H} NMR spectrum of proline sample after CO2 absorption in D2O. 
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Figure A25. 13C{1H} NMR spectrum of proline sample after CO2 desorption in D2O. 
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Figure A26. 13C{1H} NMR spectrum of lysine sample after CO2 absorption in D2O (aliphatic region only). 
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Figure A27. 13C{1H} NMR spectrum of lysine sample after CO2 absorption in D2O (carbonyl region only). 
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Figure A28. 13C{1H} NMR spectrum of lysine sample after CO2 desorption in D2O. 
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Figure A29. 13C{1H} NMR spectrum of GA sample after CO2 absorption in D2O (carbonyl region only). 
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Figure A30. 13C{1H} NMR spectrum of AP sample after CO2 absorption in D2O (carbonyl region only). 

 



 220 

 

Figure A31. 13C{1H} NMR spectrum of GP sample after CO2 absorption in D2O (carbonyl region only). 
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Figure A32. 13C{1H} NMR spectrum of GL sample after CO2 absorption in D2O (carbonyl region only). 
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Figure A33. 13C{1H} NMR spectrum of GL sample after CO2 absorption in D2O (carbonyl region only). 
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Figure A34. 13C{1H} NMR spectrum of AL sample after CO2 absorption in D2O (carbonyl region only). 
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Figure A35. 13C{1H} NMR spectrum of GAP sample after CO2 absorption in D2O (carbonyl region only). 

 



 225 

 

Figure A36. 13C{1H} NMR spectrum of GAL sample after CO2 absorption in D2O (carbonyl region only). 
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Figure A37. 13C{1H} NMR spectrum of PAL sample after CO2 absorption in D2O (carbonyl region only). 
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Figure A38. 13C{1H} NMR spectrum of GPL sample after CO2 absorption in D2O (carbonyl region only). 
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Figure A39. 13C{1H} NMR spectrum of GAPL sample after CO2 absorption in D2O (carbonyl region only).  

 

 

 



 229 

 

Figure A40. 1H NMR spectrum of Boc-Phe-OSu in CDCl3. 
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Figure A41. gCOSY of Boc-Phe-OSu in CDCl3. 
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Figure A42. 1H NMR spectrum of Boc-Leu-OSu in CDCl3. 
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Figure A43. 1H NMR spectrum of Boc-Ala-OSu in CDCl3.  
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Figure A44. Overlapped variable temperature 1H NMR spectrum of Boc-Phe-C2-Phe-Boc in CDCl3 at 25 °C (bottom), at 45 °C (middle), 

and 65 °C (top). 
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Figure A45. 1D NOESY spectrum of Boc-Phe-C2-Phe-Boc in CDCl3. 
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Figure A46. 1H NMR spectrum of Boc-Leu-C2-Leu-Boc in CDCl3. 
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Figure A47. 1H NMR spectrum of Boc-Leu-C12-Leu-Boc in CDCl3. 
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Figure A48. 1H NMR spectrum of Boc-Phe-C12-Phe-Boc in CDCl3. 
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Figure A49. 1H NMR spectrum of Boc-Ala-C12-Ala-Boc in CDCl3. 
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Figure A50. 1H NMR spectrum of NH-Phe-C2-Phe-NH in CDCl3. 
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Figure A51. 13C{1H} NMR spectrum of NH-Phe-C2-Phe-NH in CDCl3. 
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Figure A52. 1H NMR spectrum of NH-Leu-C2-Leu-NH in CDCl3. 
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Figure A53. 13C{1H} NMR spectrum of NH-Leu-C2-Leu-NH HCl salt in D2O. 
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Figure A54. 1H NMR spectrum of NH-Phe-C12-Phe-NH in CDCl3． 
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Figure A55. 13C{1H} NMR spectrum of NH-Phe-C12-Phe-NH in CDCl3. 
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Figure A56. 1H NMR spectrum of NH-Ala-C12-Ala-NH in CDCl3. 
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Figure A57. 13C{1H} NMR spectrum of NH-Ala-C12-Ala-NH in CDCl3. 
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Figure A58. 1H NMR spectrum of NH-Leu-C12-Leu-NH in CDCl3. 
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Figure A59. 13C{1H} NMR spectrum of NH-Leu-C12-Leu-NH in CDCl3. 



 249 

 

Figure A60. 1H NMR spectrum of polyurea-NH-Leu-C2-Leu-NH in DMSO-d6. 
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Figure A61. 1H NMR spectrum of polyurea-NH-Phe-C2-Phe-NH in DMSO-d6. 
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Figure A62. 1H NMR spectrum of polyurea-NH-Phe-C12-Phe-NH in DMSO-d6. 
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Figure A63. 1H NMR spectrum of polyurea-NH-Leu-C12-Leu-NH in DMSO-d6. 
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Figure A64. 1H NMR spectrum of polyurea-NH-Ala-C12-Ala-NH in DMSO-d6. 
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Figure A65. DSC data for polyurea-NH-Phe-C2-Phe-NH. 
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Figure A66. DSC data for polyurea-NH-Leu-C2-Leu-NH.  
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Figure A67. DSC data for polyurea-NH-Leu-C12-Leu-NH.  
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Figure A68. DSC data for polyurea-NH-Phe-C12-Phe-NH. 
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Figure A69. DSC data for polyurea-NH-Ala-C12-Ala-NH. 
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Figure A70. The thermogravimetric curve (green) and first derivative weight loss curve (blue) of polyurea-NH-Phe-C2-Phe-NH. 
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Figure A71. The thermogravimetric curve (green) and first derivative weight loss curve (blue) of polyurea-NH-Leu-C2-Leu-NH. 
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Figure A72. The thermogravimetric curve (green) and first derivative weight loss curve (blue) of polyurea-NH-Ala-C12-Ala-NH. 
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Figure A73. The thermogravimetric curve (green) and first derivative weight loss curve (blue) of polyurea-NH-Phe-C12-Phe-NH. 
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Figure A74. The thermogravimetric curve (green) and first derivative weight loss curve (blue) of polyurea-NH-Leu-C12-Leu-NH. 
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