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Abstract 
This dissertation focuses on synthesis and characterization of graft and block copolymers 

containing carboxylate or phosphonate anions that are potential candidates for biomedical 

applications such as drug delivery and dental adhesives.  

Ammonium bisdiethylphosphonate (meth)acrylate and acrylamide phosphonate 

monomers were synthesized based on aza-Michael addition reactions. Free radical 

copolymerizations of these monomers with an acrylate-functional poly(ethylene oxide) (PEO) 

macromonomer produced graft copolymers. Quantitative deprotection of the alkylphosphonate 

groups afforded graft copolymers with zwitterionic ammonium bisphosphonate or anionic 

phosphonate backbones and PEO grafts. The zwitterionic copolymers spontaneously assembled 

into aggregates in aqueous media. The anionic copolymers formed aggregates in DMF and 

DMSO, while only small amounts of aggregates were present in copolymer/methanol or 

copolymer/water solutions. Binding capabilities of the acrylamide phosphonic acids were 

investigated through interactions with hydroxyapatite.  

Previously our group has prepared poly(ethylene oxide)-b-poly(acrylic acid) (PEO-b-

PAA) copolymers and used these polymers as carriers for both MRI imaging agents and cationic 

drugs. To enhance the capabilities of those carriers in tracking and crosslinking, we have 

designed, synthesized and characterized amine functionalized PEO-b-PAA copolymers. First, 

heterobifunctional poly(ethylene oxide) (PEO) with three different molecular weights were 



 
 

iii 

synthesized. Modification on one of these afforded a PEO macroinitiator with a bromide on one 

end and a protected amine on the other end. ATRP polymerization of tert-butyl acrylate (tBuA) 

in the presence of this initiator and a copper (I) bromide (CuBr) catalyst yielded a diblock 

copolymer. The copolymer was deprotected by reaction with trifluoroacetic acid (TFA) and 

formed an amine terminated H2N-PEO-b-PAA.  

 Recently our group has utilized the novel ammonium bisdiethylphosphonate 

(meth)acrylate and acrylamide phosphonate copolymers to incorporate Carboplatin. The 

resulting complexes exhibited excellent anticancer activity against MCF-7 breast cancer cells 

which might be related to ligand exchange of the dicarboxylate group of Carboplatin with the 

phosphonic acid moieties in the copolymer. Hence, complexation of small-molecule phosphonic 

acids with Carboplatin was investigated. Three compounds, vinylphosphonic acid, 3-

hydroxypropyl ammonium bisphosphonic acid and 2-hydroxyethyl ammonium phosphonic acid 

were complexed with Carboplatin under acidic and neutral conditions. Covalent bonding of these 

acids to carboplatin was only observed under acidic pH. The covalently bonded percentage was 

17%, 37% and 34%, respectively. More in-depth investigation was of great importance to further 

understand this complexation behavior. 
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CHAPTER 1 - Introduction 

Efforts to control drug delivery can be traced back to the late 1940s when the first 

sustained release drug using waxes was introduced.1 In the past three decades, researchers have 

focused tremendously on developing novel drug delivery systems.2-4 Major drawbacks for small-

molecule drugs involve poor membrane permeability, short drug retention time and instabilities 

which lower the efficiency of drug delivery. The necessity of investigating polymeric carriers 

lies in the need for biocompatibility, enhancement of membrane permeability, enhanced stability, 

and sensitivity to pH and temperature, etc.5 

Among different polymeric carriers, block copolymers have attracted significant attention 

due to their ability to form core-shell nanostructures in which drugs can be incorporated via 

covalent or non-covalent bonds.6 Additionally, polymeric vesicles can be designed to facilitate 

site-specific drug delivery. Amphiphilic block copolymers are usually of interest since they 

contain both hydrophobic and hydrophilic parts that can load hydrophobic drugs and at the same 

time tune the solubility of the complexes.7 Polyion complexes are of great importance in this 

field as well.8 Polyion complexes consist of a block copolymer bearing a neutral hydrophilic 

block and an ionic block. In water, when substrates that bear complementary charges to the 

polyion block are introduced, the ionic species form a core of a nanostructure while the non-ionic 

water-soluble block will form a shell. In most cases, the counterions are biopharmaceuticals such 

as DNA, RNA, proteins or drugs. Due to electrostatic interactions between the ionic block and 

the counterions, charges are neutralized in these segments and they become hydrophobic, thus 

inducing micelle formation.9  
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In our initial work, we prepared poly(ethylene oxide) (PEO) and poly(acrylic acid) (PAA) 

block copolymers as polyion complexes for drug delivery.10 The goal of this dissertation is to (1) 

design, synthesize and characterize graft copolymers containing phosphonate anions to enhance 

binding to inorganic cations; (2) understand relationships between phosphonic acid structure and 

binding to an antitumor drug, Carboplatin; (3) Functionalize the end group of poly(ethylene 

oxide)-b-poly(acrylic acid) copolymer to enable tracking and  crosslinking capabilities. 

Chapter 2 outlines a literature review on chemistry, properties and synthesis of 

(meth)acrylic phosphonates and PEO. It also covers synthesis and applications of a few 

representative PEO-containing polyion complexes for drug delivery systems.  

Chapter 3 presents the synthesis of ammonium bisdiethylphosphonate acrylate and 

methacrylate monomers through a double aza-Michael addition of aminoalkyl alcohols in water 

followed by esterification. Conventional free radical copolymerizations of these monomers with 

acrylate-functional PEO macromonomers were carried out. It was found that copolymerizations 

with the methacrylate-functional ammonium phosphonate monomers incorporated both 

monomers efficiently while use of the acrylate-functional phosphonates produced heterogeneous 

blends of graft copolymers and homopolymers. These zwitterionic copolymers formed 

aggregates in water, likely due to electrostatic interchain attractions. Due to the biocompatibility, 

biodegradability and excellent binding capacities of the ammonium bisphosphonate methacrylate 

moieties, these graft copolymers might be employed as polymeric carriers for inorganic cations 

or metal-containing drugs and imaging agents for sustained drug release and real time tracking of 

drug distributions.  
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Chapter 4 describes synthesis and characterization of novel alkyl acrylamide phosphonate 

monomers. The amide linker between the vinyl bond and the phosphonate group possesses 

excellent hydrolytic stability which allows potential applications in dental adhesives. Again, 

conventional radical polymerization of the n-butylacrylamide phosphonate with acrylate-PEO 

yielded a statistical graft copolymer. The subsequent deprotection of the phosphonate ester 

groups was achieved leading to the poly(n-butylacrylamide phosphonic acid)-g-PEO copolymer. 

These phosphonic acid-containing copolymers are soluble in DMF, DMSO, methanol and water 

with adjusted pH. Further investigation on the self-assembly of the copolymer showed that it 

formed aggregates in DMF and DMSO, while only a small amount of aggregates were present in 

the copolymer/methanol or water solution. Binding properties of the n-butylacrylamide 

phosphonic acid to hydroxyapatite, the primary mineral on enamel, was investigated using a 13C 

NMR approach. The novel phosphonic acid exhibited higher binding capacity to hydroxyapatite 

than acrylic acid which indicates promising potential of utilizing the n-butylacrylamide 

phosphonic acid in dental adhesives. 

Chapter 5 describes the synthesis and characterization of amine functionalized PEO-b-

PAA. A series of vinyl-PEO-OH with different molecular weights and low PDI’s were 

synthesized using a double-metal cyanide catalyst. Post-functionalization of the hydroxyl group 

of the vinyl-PEO-OH led to a macroinitiator for ATRP. Utilization of the initiator for 

polymerization of t-butyl acrylate, then post-functionalization to form the amine and subsequent 

hydrolysis of the t-butyl esters yielded well-defined diblock copolymers, H2N-PEO-b-PAA. The 

amine end-capped PEO-b-PAA can be employed for post-functionalization to achieve tracking 

and crosslinking purposes. 
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Our previous work11 on encapsulating Carboplatin, an anticancer drug, into 

bisphosphonate copolymers showed remarkable anticancer efficacy against breast cancer cells. 

We hypothesized that this excellent property might be due to the replacement of ligand on 

Carboplatin by the phosphonate. Therefore, chapter 6 introduces the complexation of three 

model phosphonic acids with Carboplatin to understand the interaction between them. All of the 

three complexes showed some extent of covalent bonding to carboplatin, but only under acidic 

conditions. Further investigation might be conducted on characterization of the complexation 

products using UV-visible spectrometry and platinum NMR to obtain a more in-depth 

understanding of this complexation. 

Chapter 7 concludes the work from the previous chapters and provides recommendations 

associated with this research. 
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CHAPTER 2 - Literature Review 

2.1 Overview 

The aim of our laboratory is to design core-shell nanostructures to carry both diagnostic 

and therapeutic agents. To achieve this goal, it is necessary to synthesize graft or block 

copolymers possessing biocompatibility and functional architectures to incorporate drugs and 

imaging agents. This literature review is focused on discussion directly related to these research 

topics and is divided into two sections. The first section covers an overview of phosphonate 

chemistry, synthesis and applications of methacrylic phosphonate monomers and polymers. The 

second section discusses properties and synthesis of PEO and PEO-containing polyions.  

2.2 Chemistry, Synthesis and Applications of Phosphonate or Phosphonic acid-containing 
Monomers and Polymers 

2.2.1 Phosphonate and Phosphonic acid   

Interest in phosphorus-containing substrates has continued to expand in recent years. 

Phosphonates and phosphonic acids (Figure 2.1) represent a significant class of pentavalent 

organophosphorus compounds. They are well-known to be more hydrolytically stable than the 

phosphate derivatives due to the C-P bond compared to the C-O-P bond. Therefore, 

phosphonates and phosphonic acids have found their wide applications as flame retardants, 

adhesives, proton exchange membranes and in biomedicines.1-4 
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Figure 2.1 Structures of phosphonate and phosphonic acid 

Phosphonic acids can be obtained by deprotection of phosphonates under various 

conditions.5-8 However, the use of trimethylsilyl bromide9 (TMS-Br) has dominated because of 

its high efficiency of deprotection without cleavage of hydrolytically-sensitive bonds, such as 

esters. This specific deprotection proceeds through a mechanism with silyl intermediates (Figure 

2.2). Similar to phosphonates, the phosphorus in the phosphonic acid is sp3 hybridized and thus 

the geometry of the molecule is close to tetrahedral. Phosphonic acids are diprotic as the pKa1 

ranges from 0.5 to 3 and pKa2 is between 5 and 9.10 The second dissociation constant lies in the 

physiological range. This might lead to pH-dependent drug release for phosphonic acid-

containing drug carriers. In comparison with carboxylic acids, phosphonic acids share a number 

of similarities but also exhibit some differences from the carboxylic analogues.  

a) Phosphorus is less electronegative than carbon which makes the P-O bond more 

polar than the C-O bond.  

b) Phosphonic acids possess three oxygen atoms available for coordination while 

carboxylic acids only have two oxygen atoms. This increases possibilities of 

preparing more structurally varied compounds. 
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c) Phosphonic acids can be fully protonated, or single or doubly deprotonated while 

carboxylic acids can only be in the fully protonated or deprotonated form. This also 

allows phosphonic acids to have varied structures depending on pH.  

 

Figure 2.2 Deprotection and reaction mechanism of diethylphosphonate treated with TMS-Br 

Due to their multidentate nature, phosphonic acids are able to bind to metal or metal 

oxide surfaces in different ways. Mutin et al. have proposed some possible binding modes 

(Figure 2.3) for interactions between phosphonic acids and titania (TiO2) surfaces.11 Phosphonic 

acids usually bind to the titanium oxide surface via a Ti-O-P bond which results from a 

condensation reaction of P-OH and Ti-OH groups and from coordination of phosphoryl oxygen 

to the titanium surface. This leads to a variety of bonding types including monodentate, bidentate 

and tridentate. The multidentate modes can be further divided into bridging and chelating. 

Bridging corresponds to oxygen atoms from one phosphonic acid group binding to different 

titanium atoms while chelating is oxygen atoms coordinating to the same titanium atom. 
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Additionally, phosphonic acid can interact with an adjacent phosphonic acid group, a hydroxyl 

group and an oxygen atom on the titania surface through hydrogen bonding. Some of these 

binding modes can possibly be extended to other phosphonic acid and metal or metal oxide 

systems.  

 

Figure 2.3 Schematic representation of some possible binding modes of phosphonic acid to a 

titania surface: (a) monodentate, (b,c) bridging bidentate, (d) bridging tridentate, (e) chelating 

bidentate, (f-h) additional hydrogen bonding interactions. Adapted from Mutin et al.11 with 

modification 

Geminal bisphosphonic acids (Figure 2.4) are among the most intensively studied 

phosphonic acids during the last four decades.12-15 Their stability against acidic hydrolysis and 

their ability to chelate cations in solution enables these compounds to be employed in various 

biomedical applications. Geminal bisphosphonic acids are structural analogues of naturally 

occurred pyrophosphates (Figure 2.4) with a carbon replacing the oxygen in pyrophosphates. 

Inorganic pyrophosphate can be released from the hydrolysis of ATP to AMP in the body.16 It 
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prevents calcification and regulates bone mineralization by inhibiting hydroxyapatite (HAP) 

deposition.17, 18 Due to the P-O-P bond, pyrophosphate hydrolyzes under acidic conditions, thus 

limiting its application in oral medications. The more stable geminal phosphonic acids with a P-

C-P bond were thus synthesized and investigated. Besides being alternatives for pyrophosphate, 

geminal phosphonic acids also act as inhibitors of bone resorption. Many bisphosphonic acids 

have been applied clinically to treat bone-related diseases, especially osteoporosis.19 The first 

generation for this type of drugs included etidronate and clodronate (Figure 2.5). The second 

generation featured nitrogen-containing bisphosphonic acids (N-BPs) in which there is at least 

one nitrogen atom. Examples of these N-BPs are neridronate, alendronate, ibandronate, 

risedronate, zoledronate and minodronate (Figure 2.5).  The second generation N-BPs have 

replaced the first generation in the market since the N-BPs exhibited higher anti-resorptive 

potency.20 The N-BPs can inhibit farnesylpyrophosphate synthase, a key enzyme within 

osteoclast cells responsible for bone resorption. The phosphonate chelates the aspartate-rich part 

of the enzyme through a magnesium ion, while the nitrogen orients to hydrogen-bond with active 

hydroxyl and carbonyl groups of the enzyme.21 A complete understanding of the inhibition 

behavior of the N-BPs remains under investigation, but it has been shown that the nitrogen on 

the side chain of the bisphosphonic acids is critical for this process.22  

 

Figure 2.4 Structures of pyrophosphate and geminal bisphosphonic acids 
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Figure 2.5 Clinically used bisphosphonic acids 

Aminophosphonic acids (Figure 2.6) are phosphorus analogues of amino acids (Figure 

2.6) which have also attracted tremendous attention. Horiguchi and Kandatsu first discovered 

and isolated 2-aminoethylphosphonic acid from living organisms in 1959.23 Investigations of the 

synthesis and modifications of aminophosphonic acids accelerated greatly in the last 40 years 

due to their diverse potential for therapeutic and diagnostic applications.24 Like the geminal 

bisphosphonic acids, aminophosphonic acids are also utilized as enzyme inhibitors. Various 

inhibition mechanisms have been proposed including direct coordination to the active sites of 

enzymes, mimicking the tetrahedral transition state of the substrate for enzymes, binding to the 

enzyme-substrate complex and other mechanisms.25 Characterized by their inhibition properties, 

aminophosphonic acids exert their biological activities in antibiotics, antithrombotics, 

neuroactive agents and HIV protease inhibitors.26 
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Figure 2.6 Structures of amino acids and aminophosphonic acid 

2.2.2 Synthesis and Applications of Phosphonate Monomers and Polymers 

Numerous investigations have been conducted on phosphonate monomers suitable for 

radical (co)polymerization including allyl-, styrenic-, vinyl- and (meth)acrylic-based 

phosphonates.27-34 (Meth)acrylic phosphonates are of special interest due to their relatively high 

reactivity toward free radical polymerization. In this section, different synthetic approaches are 

reviewed regarding the preparation of (meth)acrylate and (meth)acrylamide phosphonate 

monomers (Figure 2.7) and their radical (co)polymerizations. The (meth)acrylate phosphonate 

monomers can be further categorized into phosphonate linked to the vinyl bond and phosphonate 

linked to the ester.  

 

Figure 2.7 Structures of (meth)acrylate and (meth)acrylamide phosphonates 
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2.2.2.1 Synthesis of (Meth)acrylate Phosphonate Monomers and Polymers 

2.2.2.1.1 (Meth)acrylates with Phosphonate Linked to the Vinyl Bond 

Only a few papers have been published on this type of monomer.35, 36 These monomers 

and the corresponding polymers are considered to be hydrolytically stable since the phosphonate 

is connected to the vinyl bond by an alkyl spacer. In case of hydrolysis, only the ester bond of 

the methacrylate would cleave while the phosphonic acid would remain linked to the vinyl bond 

or the backbone of the polymer.  Moszner and coworkers36 synthesized three methacrylate 

monomers with phosphonate linked to the vinyl bond through etherification of ethyl α-

chloromethyl acrylate with hydroxyl bearing phosphonates (Figure 2.8). The phosphonates were 

then deprotected using TMS-Br to yield phosphonic acid monomers. Free radical 

polymerizations of these monomers were initiated by AIBN at 65°C in THF. Polymerization of 

the diacrylate phosphonates yielded crosslinked networks. These networks were found to be 

insoluble in solvents including methanol, THF and water/ethanol mixtures.  
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Figure 2.8 Synthesis of methacrylate monomers with phosphonate linked to the vinyl bond by 

etherification 

Avci’s group contributed more in-depth studies on the methacrylate monomers with 

phosphonates linked to the vinyl bond. They synthesized both alkyl and aromatic phosphonates 

through esterification and similar etherification reactions35, 37, 38 (Figure 2.9) as in Moszner et al36. 

For the aromatic monomers, after deprotection of the phosphonates with TMS-Br, trifluoroacetic 

acid (TFA) was added to hydrolyze the t-butyl ester bond which resulted in methacrylate 

monomers with both phosphonic and carboxylic acid functionalities (Figure 2.9). All of the alkyl 

and aromatic phosphonate monomers were polymerized by thermal or photo-initiation. The 

aromatic monomers exhibited chain transfer behavior which was explained by abstraction of the 

α-methylene hydrogens. Due to the chain transfer, copolymers formed with the aromatic 

monomers and acrylamide had lower molecular weights than the acrylamide homopolymer. Avci 

and coworkers also developed a series of aminophosphonate-containing dimethacrylates by 

reaction of diethyl aminophosphonates with α-bromomethylacrylates (Figure 2.10).39 

Interestingly, these monomers were able to produce soluble cyclic polymers or insoluble 

crosslinked polymers depending on the monomer structures and polymerization conditions. 

Formation of cyclic units was attributed to the special 2,6-disubstituted 1,6-heptadiene structure 

which could undergo intramolecular cyclization in competition with intermolecular addition.40 

When the monomers were bulk polymerized, those with the longer alkyl spacers between the 

nitrogen and the phosphonate group cyclopolymerized more effectively.  
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Figure 2.9 Synthesis of alkyl and aromatic phosphonates linked to the vinyl bond by 

esterification and etherification 

 

Figure 2.10 Synthesis and cyclopolymerization of aminophosphonate dimethacrylates 

More recently, Avci et al. have prepared geminal bisphosphonate methacrylates41, 42 

using the same esterification and etherification approach (Figure 2.11). They conducted both 

homo- and copolymerizations with methacrylate-PEO. It was shown that conversion of the 

homopolymerization ranged from 22 to 34% in 3.5-5.0 h. The low conversion was attributed to 

the labile hydrogen on the carbon connecting the geminal bisphosphonates which might have 

undergone chain transfer. Copolymerizations of the monomers with methacrylate-PEO (Mn = 

950 g mol-1) was carried out in the presence of AIBN at 65°C in methanol. In all of those 
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copolymerizations, the methacrylate-PEO macromonomer incorporated into the copolymers 

quickly and approximately a 12 to 23 % higher PEO content was in the copolymers compared to 

the feed ratios. This indicated the methacrylate-PEO had a higher reactivity relative to the 

bisphosphonate methacrylates.   

 

Figure 2.11 Synthesis of geminal bisphosphonate bearing methacrylates 

2.2.2.1.2 (Meth)acrylates with Phosphonate Linked to the Ester 

This class of (meth)acrylic phosphonate monomers has been extensively investigated. 

The early studies on these monomers date back to the 1970s.43 Different reactions have been 

employed to synthesize this group of monomers including four major types: Michaelis-Arbuzov 

reaction,44 free radical telomerization,45  Kabachnik-Field reaction46 and Michael addition.47 
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Most of the synthetic routes introduced in the following section utilize at least one of these 

reactions.  

Boutevin and coworkers have played an important role in this field during the last two 

decades. Boutevin first synthesized two (meth)acrylate phosphonates with a thioether linker by a 

three-step procedure.48, 49 The first step is a Michaelis-Arbuzov reaction using triethylphosphite 

and allyl bromide followed by a thiol-ene reaction and (meth)acrylation (Figure 2.12). To 

determine the reactivities, kinetic studies on copolymerization of the two phosphonate monomers 

with 2,3-epoxypropyl methacrylates were performed. Slight reactivity differences were observed 

between the epoxide methacrylate (r1=1.1) and the methacrylate phosphonate monomer (r2=0.9). 

However, the reactivity of epoxide methacrylate (r1=2.4) was much higher than the acrylate 

phosphonate (r2=0.9) probably because of the more reactive methacrylate moiety.  

 

Figure 2.12 Synthesis of (meth)acrylate phosphonates with a thioether linker 

Free radical telomerization was also conducted by Boutevin and coworkers followed by 

methacrylation to prepare methacrylate phosphonates with long alkyl spacers50, 51 (Figure 2.13). 

The mechanism of telomerization includes generation of a phosphonyl radical by di-tert-butyl 

peroxide, propagation of the phosphonyl radical with vinyl alcohols and abstraction of a proton 

from the hydrogenphosphonate to the vinyl radical (Figure 2.13). Francová et al.52, 53 employed a 



 
 

18 

similar method by changing the peroxide initiator to AIBN for synthesizing methacrylate 

phosphonates with two different alkyl spacers (C3 and C11).  

 

Figure 2.13 Synthesis of methacrylate phosphonate by telomerization 

Despite the frequently used esterification reaction, Boutevin and coworkers also applied 

urethane chemistry to prepare (meth)acrylate phosphonate monomers.54 The urethane-containing 

monomers can be obtained through the direct reaction of 2-isocyanatoethyl methacrylate with 

dimethyl hydroxy alkylphosphonate (Figure 2.14). To prevent formation of urea, the reactants 

were completely dried prior to reaction. Subsequent treatment with TMS-Br and methanol 

yielded phosphonic acid derivatives.  
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Figure 2.14 Synthesis of urethane-containing methacrylate phosphonate monomers 

Another important reaction Boutevin and coworkers28, 55, 56 utilized was the Kabachnik-

Fields reaction. This approach requires a primary amine, a hydrogen phosphonate and an 

aldehyde. The aldehyde reacts with the amine by condensation and releases water leading to the 

formation of a C=N bond.57 The hydrogen phosphonate adds to the C=N bond to generate a 

monophosphonate. The secondary amine can further react with excess aldehyde and hydrogen 

phosphonate to obtain an aminobisphosphonate with a hydroxyl end. Subsequent methacrylation 

leads to the aminobisphosphonate methacrylate monomers (Figure 2.15).  The authors 

copolymerized the aminobisphosphonates with MMA initiated by AIBN in chloroform under 

reflux. The reactivity ratios calculated for the aminobisphosphonates (r1) and the MMA (r2) were 

1.1-1.3 and 0.8, respectively. These values indicated that MAA only slightly tends to 

homopolymerize instead of copolymerize with the aminobisphosphonates. Therefore, statistical 

copolymers were formed during copolymerization but with a higher content of MMA. 
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Figure 2.15 Synthesis of methacrylate aminobisphosphonates by the Kabachnik-Fields reaction 

A methacrylate phosphonate synthesized through epoxide bearing compounds has been 

prepared (Figure 2.16) by Boutevin’s group as well.58 The first step included synthesis of an 

epoxide-phosphonate precursor. The second step was ring opening of the epoxide with 

methacrylic acid catalyzed by tetrabutylammonium bromide (TBAB). Copolymerization of 

MMA with this epoxide-based methacrylate phosphonate monomer was conducted in the 

presence of AIBN at 80°C in acetonitrile. The reactivity ratios of the phosphonate (r1) and MMA 

(r2) were determined as 1.19 and 0.80, respectively revealing the formation of statistical 

copolymers. Terpolymerization of the phosphonate (10 mol%), MMA (40 mol%) and tBuMA 

(50 mol%) was carried out in the presence of benzene thiol, a chain transfer agent. The molar 

ratio in the terpolymer was 8 mol%, 46 mol% and 46 mol% for the three monomers which was 
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in close agreement to that targeted. The terpolymer was then deprotected to yield a phosphonic 

acid-containing polymer as a component for anti-corrosive coatings.  

 

Figure 2.16 Synthesis of methacrylate phosphonate through epoxide 

Avci’s group has made contributions in this area as well. They synthesized aromatic 

phosphonates59, 60 using the same hydroxyphenyl phosphonate precursor as for the ether linked 

methacrylate phosphonate.38 The hydroxyl group was reacted with methacryloyl chloride to 

produce methacrylate phosphonates (Figure 2.17). Photocopolymerization of the two 

phosphonate monomers were carried out with 2,2-bis[4-(2-hydroxy-3-methacryloyloxy 

propyloxy) phenyl] propane (bis-GMA), a diacrylate used in dental applications. Conversion of 

the bis-GMA was increased in copolymerization with the phosphonate monomer compared to its 

homopolymerization.  



 
 

22 

 

Figure 2.17 Synthesis of methacrylate phosphonates by hydroxylphenyl phosphonate 

Employing similar chemistry as Boutevin58 but using different compounds, Avci et al. 

prepared three methacrylate phosphonates synthesized from epoxides. The synthesis relied on 

either carboxylic phosphonate or hydroxyl phosphonate reacting with glycidyl methacrylate or 

bisphenol A diglycidylether catalyzed by a base (Figure 2.18). These monomers were 

copolymerized with glycerol dimethacrylate (GDMA), triethylene glycol dimethacrylate 

(TEGDMA) and bis-GMA through photopolymerization.  
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Figure 2.18 Synthesis of methacrylate and dimethacrylate phosphonate monomers by reaction of 

alcohols or carboxylic acids with epoxides. 

Michael addition has also been employed by Avci and coworkers39 to prepare two 

aminophosphonates. Diethyl aminophosphonate or diethyl 2-aminophosphonate was added to the 

vinyl bond of 3-(acryloyloxy)-2-hydroxypropyl methacrylate (AHM) (Figure 2.19).  A second 

addition of the amine to another vinyl bond was not successful which was explained by the steric 

hindrance or electron withdrawing effect of the phosphonate group. Homopolymerization of 

these phosphonate monomers initiated by AIBN at 60 °C yielded cross-linked networks. This 

was attributed to possible hydrogen abstraction around the amine group inducing chain transfer. 
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The reactivity of these phosphonates was higher than the AHM precursor in photopolymerization 

which might be again due to the hydrogen-bonding capability of the amine group. 

Preorganization of monomers bearing amide, urethane and urea functionalities via hydrogen-

bonding could make the double bonds closer to each other, thus accelerating the polymerization 

rate.61  

 

Figure 2.19 Synthesis of aminophosphonate monomers via Michael addition   

Urea-containing methacrylate phosphonates were recently synthesized by Avci et al.62 

Two urea-bearing phosphonates were synthesized from aminophosphonates reacting with 2-

isocyanatoethyl methacrylate (Figure 2.20). The aminophosphonates were obtained from two 

approaches. The first was aminolysis of diethyl phthalimidomethylphosphonate using hydrazine 

monohydrate in ethanol. The second included reaction of benzylaldehyde, ammonium carbonate 

and hydrogen phosphonate catalyzed by aluminum triflate. Copolymerization of the two 

phosphonates with HEMA and bis-GMA was conducted by photoinitiation. The enhancement by 

phosphonates of the polymerization rate of HEMA was probably due to the same hydrogen-

bonding effect61 stated in the last paragraph.   
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Figure 2.20 Synthesis of urea-containing methacrylate phosphonates 

Ikemura’s team63-65 is another group who have designed syntheses of phosphonic acid 

monomers. They prepared phosphonic acid monomers with carboxylic acid functionalities in a 

two-step procedure (Figure 2.21). The first step was comprised of ring opening of β-

propiolactone with triethylphosphite to produce 2-carboxyethylphosphonic acid. This compound 

was then reacted with hydroxyalkyl(meth)acrylates by esterification. The monomers were 

polymerized using initiators including benzoyl peroxide, N,N-di(hydroxyethyl)-p-toluidine and 

1-benzyl-5-phenyl barbituric acid.  
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Figure 2.21 Synthesis of phosphonic acid monomers with carboxylic acid functionalities based 

on ring-opening reactions 

2.2.2.2 Synthesis of (Meth)acrylamide Phosphonate Monomers and Polymers 

(Meth)acrylamide phosphonate monomers and polymers are gaining more attention since 

they exhibit improved hydrolytic stability under acidic conditions compared to the methacrylate 

analogues.66 Synthesis of (meth)acrylamide phosphonates usually includes preparation of amino 

alkylphosphonate and (meth)acrylation of the amine.  

Xu et al. synthesized two methacrylamide phosphonic acid monomers (Figure 2.22).67 

The alkyl monomer was prepared by direct reaction of commercially available 2-

aminoethylphosphonic acid with methacryloyl chloride. The aromatic monomer was obtained 

through a four-step procedure. After ring-opening of bisphenol A diglycidyl ether with ammonia, 

the amines were reacted with diethyl(2-bromoethyl)-phosphonate, followed by methacrylation 

and hydrolysis of the phosphonate group to yield the aromatic methacrylamide phosphonate 

monomer. The methacrylamidoethyl phosphonic acid was shown to be more hydrolytically 

stable than a reference compound, 2-methacryloyloxyethyl phosphoric acid by electrospray mass 

spectrometry.  
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Figure 2.22 Synthesis of an alkyl and an aromatic acrylamide phosphonate monomer 

Le Pluart and coworkers contributed in-depth investigations of synthesis and 

characterization of acrylamide phosphonates and phosphonic acids. They developed a four-step 

procedure (Figure 2.23) based on the Michaelis-Arbuzov reaction to prepare acrylamido 

phosphonic acid monomers with alkyl or ether spacers.29, 68 Homopolymerizations of these 

monomers were carried out in water/ethanol mixtures due to the polar nature of the phosphonic 
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acid. This group also studied polymerization kinetics of the alkyl acrylamide phosphonate and 

phosphonic acid.69, 70 The phosphonic acid monomers showed significant acceleration of 

polymerization rates while no significant rate increase was found for the phosphonate ester 

derivatives. This was explained by the increase of medium polarity in the presence of 

phosphonic acid.  

 

Figure 2.23 Synthesis of acrylamido phosphonic acids based on the Michaelis-Arbuzov reaction 

Le Pluart’s team also synthesized acrylamido geminal bisphosphonic acids (Figure 2.24) 

by two approaches.68, 71 The first phosphonate functionality was introduced via the Michaelis-

Arbuzov reaction. The second phosphonate were added using diethyl chlorophosphate catalyzed 

by a strong base, lithium diisopropylamine (LDA). The ether terminated geminal 

bisphosphonates were either converted to an aldehyde or an alcohol followed by treatment with 

amines to yield aminoalkyl bisphosphonates. Methacrylation and deprotection was carried out to 

yield the acrylamido bisphosphonic acid. All of these monomers were photopolymerized with a 

difunctional monomer N,N’-diethyl-1,3-bis(acrylamido)propane (DEBAAP).  
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Figure 2.24 Synthesis of acrylamido geminal bisphosphonic acids based on the Michaelis-

Arbuzov reaction 

Klee and Lehmann72 synthesized a series of acrylamido phosphonic acids via Michael-

addition. The three-step procedure (Figure 2.25) included addition of amines to vinyl 

phosphonate, (meth)acrylation and hydrolysis of phosphonates. The addition reaction was 

achieved by two methods. The first was by reacting vinyl phosphonate with amines under reflux 

followed by (meth)acrylation. The second was by directly adding the vinyl phosphonate to 

(meth)acrylamides catalyzed by sodium hydride. The authors compared the hydrolytic stability 
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of the acrylamide, methacrylamide and methacrylate phosphonic acids. The stabilities were 

tested on phosphonic acid solutions stored at 50°C with detection of the degradation products, 

acrylic or methacrylic acids, using HPLC. The acrylamido phosphonate exhibited higher stability 

than the methacrylamide and methacrylate analogues. The hydrolysis percentage of the 

acrylamide, methacrylamide and methacrylate phosphonates in 42 days were 10%, 40% and 80%, 

respectively.  

 

Figure 2.25 Synthesis of acrylamido phosphonic acids via Michael-addition 

Avci and coworkers expanded exploration of acrylamido phosphonic acids as well. They 

prepared aminophosphonate precursors by applying similar methodology to that used for 

synthesizing the urea-containing methacrylate.62 The aminophosphonates were then converted to 

(meth)acrylamido phosphonate monomers via esterification and this was followed by hydrolysis 

of the phosphonates (Figure 2.26).73 The monomers were either thermally polymerized at 65 °C 

or photopolymerized. The group synthesized methacrylamide and diacrylamide geminal 

bisphosphonates (Figure 2.27).74 The methacrylamido geminal bisphosphonate was prepared by 

reacting methacryloyl chloride with tetraethyl aminomethyl-bisphosphonate. The difunctional 

monomer was obtained in a four-step procedure. t-Butyl acrylate was reacted with an aldehyde to 
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produce a diacrylate precursor, then this was followed by hydrolysis and acylation. A diacryloyl 

chloride was reacted with tetraethyl aminomethyl-bisphosphonate to afford the 

dimethacrylamido geminal bisphosphonate.  

 

Figure 2.26 Synthesis of acrylamido phosphonates with aromatic and alkyl linkers 
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Figure 2.27 Synthesis of methacrylamido and diacrylamido geminal bisphosphonates 

Robin et al. employed two approaches for synthesizing two (meth)acrylamido 

phosphonates which were polymerized by reversible addition-fragmentation transfer (RAFT) 

polymerization (Figure 2.28).75, 76 The first step for synthesizing the acrylamide phosphonate 

monomer was via a Michaelis-Arbuzov reaction. The product bromide-functionalized 

phthalimide was deprotected with hydrazine monohydrate to afford 2-aminoethyl phosphonate. 

This compound was then reacted with acryloyl chloride to yield the acrylamide phosphonate. 

The methacrylamide was synthesized by a three-step procedure. Dimethylhydrogenphosphonate 

was added to undecylenic acid in the presence of tert-butyl peroxypivalate (TBPPI). The 
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carboxylic terminated phosphonate was then treated with sodium azide to give the 

aminophosphonate. The methacrylamido phosphonate was obtained by methacrylation of the 

aminophosphonate. Both the acrylamide phosphonate and the methacrylamide phosphonate 

monomers were polymerized in the presence of 2-cyano-2-propyl benzodithioate or 2-

(dodecylthiocarbonothioylthio)-2-methylpropionic acid as chain transfer agents, respectively. 

The molecular weights that were obtained were in the range of 2,200 to 10,000 g mol-1 and the 

PDI values were 1.15 to 1.35. The acrylamide phosphonate was also polymerized using poly(N-

n-propylacrylamide) (NnPAAm) as a macro chain transfer agent which afforded block 

copolymers. The phosphonate block copolymers showed about the same low critical solution 

temperatures (LCST’s) as the homopolymer of NnPAAm while the deprotected phosphonic acid 

copolymer exhibited a higher LCST which was considered reasonable due to its increased 

hydrophilicity. 
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Figure 2.28 Synthesis of (meth)acrylamido phosphonate monomers and their RAFT 

polymerization 

2.2.2.3 Applications of (Meth)acrylate and (Meth)acrylamide Phosphonate Monomers and 
Polymers 

(Meth)acrylic phosphonate monomers and polymers have found applications in dental 

materials,36, 37, 64, 68, 77, 78 as flame retardants79, 80 and as anticorrosive coatings.55, 58 Among these 
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applications, (meth)acrylic phosphonates have been largely considered as primers for self-

etching dental adhesives. In general, these adhesives bond resinous composites onto enamel or 

dentin by demineralization of a weak “smear” layer on the dentin, and create an etched pattern 

on the enamel.81 Then the photopolymerizable primers (carboxylic acid, phosphate or 

phosphonic acid monomers) infiltrate the demineralized areas.68 These adhesives become 

mechanically interlocked within the pores of the enamel through polymerization of the primers.82 

The reason that the primers (acids) are able to etch the dentin or the enamel is that these acids 

chemically bind to the calcium ions from HAP, a component of the tooth surface.83 The binding 

stability depends on the structures of the acids. (Meth)acrylic phosphonic acids have attracted 

more attention in applications as dental adhesives due to their biocompatibility, excellent 

capability for binding HAP, high reactivity in free radical polymerization and improved stability 

against hydrolysis as compared to phosphates.81, 83  

2.3 Properties, Synthesis and PEO-containing Ionomers for Biomedical Applications 

2.3.1 Properties of PEO 

PEO is a clear, colorless liquid or white low-melting point solid depending on its 

molecular weight. It is inert to many chemicals and stable against hydrolysis. Biocompatibility, 

lack of toxicity and absence of immunogenicity84, 85 makes PEO the most frequently selected 

component for biomedical applications. PEO has excellent solubility in water86 as well as in 

many organic solvents. It is soluble in water at all compositions and molecular weights. PEO 

chains extend very well in water due to their remarkable solubility. Because of the hydrogen 

bonding between PEO and water, the chains are surrounded by a large amount of water 

molecules resulting in a large excluded volume.87, 88 Owing to this characteristic, PEO excludes 

other macromolecules and nanoparticles in water. This is especially important for obtaining 
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resistance against protein adsorption.89 According to thermodynamic theory, conjugation of PEO 

with proteins would lead to a decrease of freedom of the chains.86 When a protein approaches a 

PEO chain in solution, it causes packing of the long polymer chain, thus decreasing the entropy 

(Figure 2.29).  

 

Figure 2.29 Prevention of protein absorption by PEO. Adapted from Lee et al.86 

2.3.2 Synthesis of PEO 

Most commercially available PEO is terminated with hydroxyl groups at both ends (HO-

PEO-OH) or with one methoxy end group and the other a hydroxyl group (mPEO) (Figure 2.30). 

PEO can be prepared by anionic ring opening polymerization (ROP) of ethylene oxide (EO) with 

narrow molecular weight distributions. Ring opening polymerization is a widely used technique 

to produce well-defined structures with variable molecular weights.90 Anionic ring opening 

polymerization of EO usually involves a hydroxide or alkoxide initiator attacking the methylene 

carbon of EO which leads to opening of the ring and subsequent propagating chains (Figure 

2.31).91 
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Figure 2.30 Structures of HO-PEO-OH and mPEO 

 

Figure 2.31 Anionic ring opening polymerization of EO initiated by hydroxide or alkoxide 

Anionic ring-opening polymerization can be carried out in the presence of metal-based 

catalysts as well. Double metal cyanide (DMC) catalysts are commonly used in homo- and 

copolymerization of propylene oxide (PO) and EO. One example of a DMC is Zn3[Co(CN)6]2 

which has been employed in the copolymerization of EO and PO by Qi et al. 92, 93 The resulting 

copolymers with different compositions of EO and PO exhibited unimodal molecular weight 

distributions in the range of 1.21 to 1.55. 

2.3.2.1 Synthesis and Applications of mPEO-(meth)acrylate  

mPEO is one of the most commonly used forms of PEO. Numerous functionalities such 

as (meth)acrylate,94, 95 azide,96, 97 maleimide98, 99 and thiol100, 101 can be introduced by modifying 

the hydroxyl end group of mPEO. Functionalized mPEO can be utilized in protein- or peptide-

conjugation, surfactants and surface modification.102-106  

mPEO-(meth)acrylates are well-known as macromonomers for free radical polymers due 

to the relative high reactivity of the (meth)acrylate moieties. mPEO-(meth)acrylate can be 

prepared by simply reacting (meth)acryloyl chloride with mPEO in the presence of triethylamine 

or pyridine (Figure 2.32). Various small-molecule monomers including styrene, acrylamide, 
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NIPAM, methacrylic acid and ester have been copolymerized with mPEO-(meth)acrylates.107-111 

The reactivity of the mPEO-(meth)acrylate is lower than that of conventional small-molecule 

monomers which is might be attributed to the PEO polymer chain reducing the reactivity of its 

end groups. The detailed mechanism for this reduction is not yet clear, but it might be due to 

inductive or steric effects together with the solution properties of the PEO chain.112 

 

Figure 2.32 Synthesis of mPEO-(meth)acrylate 

2.3.2.2 Synthesis and Applications of NH2-PEO-OH  

Heterobifunctional PEO’s have the general structure of X-PEO-Y and have been well 

studied in the last two decades.91, 113-116 Heterobifunctional PEO’s usually bear two different 

reactive end groups that allow further modification to control and tune the properties of resulting 

materials. For example, one end group can be utilized to bind targeting groups whereas the other 

group serves as a coupling moiety or precursor for building copolymers.113, 117 Two broad 

approaches have been used to synthesize heterobifunctional PEO’s (Figure 2.33). The first 

method is using a heterobifunctional reagent to initiate anionic polymerization of EO followed 

by termination of the polymerization with another functional reagent. The second approach 

involves functionalization of PEO diols and isolation of the targeted heterobifunctional PEO’s 

from the reaction mixture.91     
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Figure 2.33 Two approaches for synthesis of heterobifunctional PEO’s. Adapted from Riffle et 

al.91 with modification 

Primary amine terminated PEO oligomers are of great interest since amines exhibit 

higher reactivity in many organic reactions compared to hydroxyl groups. One example of a 

heterobifunctional PEO bearing a primary amine with a structure of NH2-PEO-OH has been 

synthesized through different strategies. Some of these methods are reviewed in the following 

sections.  

2.3.2.2.1 Synthesis of NH2-PEO-OH via a Schiff Base-containing Initiator 

To avoid reaction between amines and EO, amino groups in the initiators for EO 

polymerization are always protected. The protecting groups are removed after completion of 

polymerization. Amine groups can be protected by reaction with an aldehyde which coverts them 

to Schiff bases.118, 119 Huang et al. prepared a Schiff base by reacting ethanolamine with 

benzaldehyde in the presence of sodium (Figure 2.34).120 Polymerization of EO was initiated by 

this Schiff base and hydrochloric acid was added at the end of polymerization to terminate the 

propagating chain and at the same time to deprotect the Schiff base (Figure 2.34). These NH2-

PEO-OH oligomers were used as stabilizers for poly(vinyl benzyl chloride) latexes.   
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Figure 2.34 Synthesis of NH2-PEO-OH via a Schiff base-containing initiator 

2.3.2.2.2 Synthesis of NH2-PEO-OH via Silyl or Sila Protected Amino Initiators 

Yokoyama and coworkers synthesized NH2-PEO-OH with different molecular weights 

via a potassium bis(trimethylsilyl)amide protected amino initiator (Figure 2.35).121 Utilizing 

similar methodology, Kim et al. also prepared a heterobifunctional PEO by replacing the silyl 

initiator with a sila-based reagent, N-2-(2,2,5,5-tetramethyl-1-aza-2,5-disilacyclopentyl)-

ethylmethylamine (Figure 2.35).122 Polymerization of EO was initiated by these protected amino 

compounds in THF and terminated by addition of hydrochloric acid. Polymers were obtained 

from each method in quantitative yields and the molecular weights determined from SEC agreed 

well with the targeted values. Jia et al. employed the approach developed by Yokoyama and 

modified the resulting NH2-PEO-OH to give PEO with sulfadiazine and chlorambucil end groups 

which are antitumor drugs as small molecules.123 These polymer drugs with both sulfadiazine 

and chlorambucil showed higher antitumor activity against Lewis lung cancer than the polymer 

without sulfadiazine. Tessmar and coworkers also utilized the same method for preparing NH2-

PEO-OH which served as an initiator to polymerize lactide.124 The amino-ended PEO-b-PLA 

showed potential to bind to bioactive molecules.  
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 Figure 2.35 Synthesis of NH2-PEO-OH via silyl or sila-based initiators 

2.3.2.2.3 Synthesis of NH2-PEO-OH via an Allyl Initiator 

Cammas et al. developed a facile method to synthesize NH2-PEO-OH with an allyl 

initiator (Figure 2.36).85 This initiator was prepared through a two-step procedure. Potassium 

was reacted with naphthalene in THF to afford potassium naphthalide solution followed by 

adding this solution to allyl alcohol which led to formation of the initiator, allyl alcoholate. 

Polymerization of EO was terminated by acetic acid. The resulting polymer was treated with 

cysteamine hydrochloride through a radical reaction using AIBN as the radical initiator to yield 

the NH2-PEO-OH. The non-modified and post-functionalized polymers both had controllable 

molecular weights and low PDI’s (<1.08). This synthetic strategy can be extended by replacing 

cysteamine hydrochloride with other reagents (i.e. mercaptocarboxylic acids) to introduce 

various functionalities.  
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Figure 2.36 Synthesis of NH2-PEO-OH via an allyl initiator 

2.3.2.2.4 Synthesis of NH2-PEO-OH via Cyano-based Initiators 

Cyano groups can be converted to primary amines through reduction. Utilizing this 

reaction, Nagasaki et al. synthesized NH2-PEO-OH via a cyano-based initiator (Figure 2.37).125 

Cyanomethyl potassium (CMP), the initiator, was prepared by a metalation reaction between 

acetonitrile and potassium naphthalide in THF. Polymerization of EO was initiated by CMP in 

the presence of 18-crown-6 to prevent formation of a dianion of acetonitrile. Deng et al. adapted 

a similar procedure to prepare PEO with a cyano group at one end and a potassium alkoxide on 

the other. This alkoxide initiated polymerization of ε-caprolactone (ε-CL). The resulting CN-

PEO-PCL was converted to a primary amine end-capped PEO-PCL by reduction catalyzed with 

palladium on carbon or Raney nickel to avoid reduction of the labile ester bond in PCL. ROP of 

(γ-benzyl-L-glutamic acid) (BLG) was carried out with NH2-PEO-PCL as a macroinitiator to 

obtain a triblock copolymer, PBLG-PEO-PCL.  

 

Figure 2.37 Synthesis of NH2-PEO-OH via CMP 

Schlaad and coworkers replaced the potassium alkoxide initiator with a phosphazene-

containing compound, α-methylbenzyl cyanide/tBuP4 (Figure 2.38), to initiate metal-free anionic 

polymerization of EO (Figure 2.39).126 The use of [tBuP4]+
 instead of a potassium cation led to a 

higher polymerization rate of EO. The bulky structure of [tBuP4]+ formed looser ion pairs with 
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the cyanide resulting in an accelerated polymerization rate.127 The measured molecular weights 

of the heterobifunctional NH2-PEO-OH were close to the expected ones and the polymers had 

low PDI values (<1.10) 

 

Figure 2.38 Structure of phosphazene tBuP4 and its conjugate acid [tBuP4]+ 
  

 

Figure 2.39 Synthesis of NH2-PEO-OH via α-methylbenzyl cyanide/tBuP4 

2.3.3 Block and Graft Polyion Complexes 

Polyion complex (PIC) micelles developed by Kataoka128 and Kabanov129 represent a 

frontier technology in the drug delivery field. PIC’s are usually comprised of a block copolymer 

containing a neutral hydrophilic block and an ionic block loaded with counter-charged substrates 

containing the complementary charge. In most cases, the counter ions are biopharmaceuticals 

such as DNA, RNA, proteins or drugs. Due to electrostatic interactions between the ionic block 

and the counterions, charges are neutralized in these segments, they become hydrophobic and 

this induces micelle formation (Figure 2.40).130, 131 The ionic block of the copolymer complexed 

with the cargo with complementary charge forms the core of the polyion micelle and the neutral 
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hydrophilic block forms the corona. The corona should be biocompatible and stable since it 

directly interacts with the outside biological environment. Both the ionic and the neutral blocks 

can be sensitive to biosignals (e.g., pH, ionic strength, temperature and electric field) which 

might trigger release of the cargo. 

 

Figure 2.40 PIC micelle formation. Adapted from Kataoka et al.131 

The ionic block can be either cationic or anionic depending on the biopharmaceutical 

counter ions. Anionic blocks such as poly(acrylic acid) (PAA)/poly(methacrylic acid) (PMAA) 

and poly(aspartate) (PAsp) (Figure 2.41) are able to encapsulate cationic drugs132 and cationic 

proteins while cationic blocks of PIC including poly(L-lysine) (PLL), poly(amino aspartamide) 

and poly(amino methacrylate) can interact with DNA,133 siRNA134 and anionic drugs.135 Various 

types of polymers have been used as the neutral hydrophilic segment including PEO, 

poly(acrylamide) (PAAm),136 poly(isopropylacrylamide) (PNIPAM),137 poly(N-2-

(hydroxypropyl) methacrylamide) (PHPMA),138 poly(hydroxylethylacrylate) (PHEA)139 and 

poly(glyceryl methacrylate) (PGMA) (Figure 2.30).140 Among these polymers, PEO is frequently 

selected as the neutral hydrophilic shell for its extraordinary properties discussed in section 2.3.1. 
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Figure 2.41 Polymers used for PIC 

Graft copolymers have also been employed to prepare PIC’s.141-143 Different from block 

copolymers with two or more distinct segments, graft copolymers usually consist of a linear 

backbone with one composition and another one or more compositions as side chains randomly 

distributed along the backbone (Figure 2.42). The terms “grafting-through”, “grafting-from” and 

“grafting-to” have been coined to describe three related synthetic approaches (Figure 2.43).144 

“Grafting-through” involves copolymerization of macromonomers carrying polymerizable end 

groups with small-molecule monomers. “Grafting-from” refers to growing side chains from 

monomers from a polymer backbone containing initiating moieties. “Grafting-to” is meant to 

describe a coupling approach between a polymer backbone and another oligomer or polymer. 

Random graft copolymers are easier to synthesize than the corresponding block copolymers 

while the major drawback is less control over the molecular structures. Well-defined graft 
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copolymers with controlled side chain length and grafting density can also be constructed 

through living polymerization techniques such as ROP, ROMP, ATRP and RAFT.144 

 

Figure 2.42 Structures of block and graft copolymer PIC’s (shown as anionic copolymers) 

 

Figure 2.43 Three approaches for synthesis of graft copolymers 
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2.3.4 PEO-containing Ionomers as Therapeutic Agent Carriers 

2.3.4.1 PEO-PAA or PEO-PMAA copolymers 

Poly(acrylic acid) (PAA) is one of the most commonly used polyanions in drug delivery. 

The carboxylic acid can be either in protonated or deprotonated forms depending on the pH of 

the medium, and changes in pH can in some cases induce drug release.145 PEO-PAA block 

copolymers have been prepared by ATRP.146-148 Polymerization of an alkyl acrylate (e.g. tBuA) 

is initiated by bromo-2-methyl-propionate end-capped mPEO in the presence of a ligand and 

copper bromide in a solvent, then this is followed by deprotection (removal) of the ester alkyl 

groups using trifluoroacetic acid (TFA) (Figure 2.44). Alternatively, the block copolymer can be 

synthesized by RAFT.149 Acrylic acids have been directly polymerized by RAFT using mPEO as 

a macromolecular chain transfer agent and AIBN as the initiator (Figure 2.44). Copolymers 

obtained from both ATRP and RAFT techniques exhibit well-controlled molecular weights and 

low PDI’s. 

 

Figure 2.44 Synthesis of PEO-b-PAA by ATRP or RAFT. Adapted from Krieg et al.149  

Employing the anionic nature of poly(methacrylic acid) (PMAA), Khanal et al. 

successfully incorporated cationic chitosan or methylglycolchitosan into PEO-b-PMAA 

copolymers. Chitosan, a derivative of the natural product chitin, was found to have antimicrobial 

and wound healing properties.150 Partial neutralization of the PMAA block led to insolubilization 
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of PMAA that induced formation of core-shell “nanoaggregates” of the copolymer with PMAA 

in the core and PEO as the corona. The sizes of those aggregates in water ranged from 100 to 160 

nm.  

PIC networks can form hydrogels with charges confined inside. The encapsulated 

oppositely charged bioactive agents are thus protected from hostile media such as enzymes and 

low pH.151 Oh et al. explored crosslinked PAA and PEO (PEO-cl-PAA) through 

copolymerization of acrylic acid and a crosslinker, PEO diacrylate (Figure 2.45).152 Long PEO 

chains separated PAA chains and increased the space between adjacent PAA chains. This 

contributed to a higher loading capacity of drugs compared with linear copolymer analogues. A 

cationic protein, cytochrome C, was entrapped in the PEO-cl-PAA networks. Release of 

cytochrome C was triggered by exchange of competitive cations including calcium chloride, 

sodium chloride, or a polymeric cation, poly(N-ethyl-4-vinylpyridinium bromide) (PEVP). 

Comparisons of effects on release of adding different competitive cations with cross-linked PAA 

(cl-PAA) homopolymers and PEO-cl-PAA copolymers are shown in (Figure 2.46). In most cases, 

release of cytochrome C from PEO-cl-PAA was faster than from cl-PAA. Release behavior was 

studied in four media including NaCl, PBS, CaCl2 and PEVP solutions. In NaCl solution (Figure 

2.46a), release efficiency was lower compared to the other three systems indicating that addition 

of Na+ alone did not promote release. In CaCl2 solution (Figure 2.46c), calcium cations migrated 

through the network and enhanced release rate. Interestingly, for the PEVP system (Figure 

2.46d), adding NaCl into the PEVP solution greatly accelerated the release rate for cl-PAA and 

PEO-cl-PAA (320). This is consistent with a polyion exchange mechanism.153 Release of 

cytochrome C from PEO-cl-PAA (80) was not improved by PEVP. This probably resulted from 
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the increased ratio of PEO in the copolymer impeding the polyion exchange and inhibiting 

migration of PEVP inside the network. 

 

Figure 2.45 Formation of cl-PAA homopolymer and PEO-cl-PAA copolymer networks. Adapted 

from Oh et al.152 
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Figure 2.46 Release of cytochrome C in (●) cl-PAA; (■) PEO-cl-PAA (320); (▲)PEO-cl-PAA 

(80). 320 and 80 refer to the mole ratio of AA to bisacrylate PEO in PEO-cl-PAA (320) and 

PEO-cl-PAA (80), respectively. (a) 2mM NaCl; (b) PBS; (c) 1mM CaCl2; (d) 0.2 mM PEVP. In 

(d), the vertical arrows indicate the points of addition of NaCl, and each data point between the 

arrows represents concentrations of NaCl of 2, 4, 6, 10 and 15 mM, increasing from left to right 

arrows, respectively. Adapted from Oh et al.152 

2.3.4.2 PEO-PAsp copolymers 

PEO-PAsp (PEO-polyaspartic acid) copolymers are among the earliest studied anionic 

copolymers for drug delivery systems.154-156 In preparation of the copolymer, PEO-b-poly(β-
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benzyl L-aspartate) (PBLA) was synthesized as a precursor using a primary amine end-capped 

PEO as a macroinitiator to initiate ring-opening of a benzyl-protected N-carboxyanhydride 

monomer (Figure 2.47). The PEO-b-PBLA copolymer was deprotected under basic conditions to 

yield PEO-b-PAsp. It was reported that the selection of solvents significantly affected these 

polymerizations, and this was attributed to activities of the amino groups at the chain ends in 

solution. For instance, PBLA can exist in different conformations including an α-helix, β-sheet 

and random coil.157, 158 These conformations restrict the mobility of the amino end groups in the 

chains during polymerization, and this can lead to different molecular weights and broader PDI’s. 

It has been demonstrated that well-defined PEO-b-PBLA with 50 repeating units of PBLA can 

be prepared in organic solvents such as DMSO and DMF.157  

 

Figure 2.47 Synthesis of PEO-b-PAsp 

Chemical modifications of the PAsp groups on such copolymers has also been 

demonstrated. For example, the amino end group of PBLA has been reacted with a carboxylic 

group from PAsp to form a grafted nanostructure. Networks were also obtained by using a 

diamine to crosslink the carboxylic acid groups.159 

Deprotonation of carboxylic acid groups on PAsp can induce electrostatic interactions 

with cationic substrates. Bae and coworkers entrapped doxorubicin (DOX), an anthracyline 
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anticancer drug with an ionizable amine group, into an ionic PEO-b-PAsp copolymer (“Na-

micelle”), a protonated PEO-b-PAsp (“H-micelle”) and a hydrophobic PEO-b-PBLA copolymer 

(“Bz-micelle”).160 Both the “Na-micelles” and the “H-micelles” showed higher stability in 

solution for at least six months as opposed to the “Bz-micelles”. Slower drug release rates were 

observed at pH 7.4 and 5.0 for the “Na-micelles” (Figure 2.48). These results indicated the 

potency of the ionic form of PEO-b-PAsp as a drug carrier. Besides positively-charged drugs, 

inorganic cations have also been encapsulated into PEO-b-PAsp copolymers. For instance, 

Kakizawa et al. designed calcium phosphate (CaP)/PEO-b-PAsp nanoparticles loaded with 

plasmid DNA (pDNA), oligodeoxynucleotide (ODN) or siRNA.161, 162 CaP has an adsorptive 

capacity for nucleic acids which has been attributed to interactions between the calcium ion of 

CaP and phosphates from the backbone of the nucleic acids.163 Therefore, CaP has been widely 

investigated in gene delivery vehicles.164 However, a problem with CaP-based delivery systems 

is the fast growth of CaP crystals that induces precipitation of the complexes. The aspartic acid 

from PEO-b-PAsp can coat the CaP surface, thus preventing the growth of crystals. The resulting 

hybrid nanoparticles had good colloidal stability  in 1.5 or 3.0 mM phosphate buffer with particle 

sizes in the range of 100 to 300 nm. The complexes also had high pDNA, ODN or siRNA 

encapsulation efficiencies. Specifically, enhanced cellular uptake was observed with the ODN 

loaded complexes.  
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Figure 2.48 Drug release patterns of Bz/Na/H micelles at pHs 7.4 and 5.0 (37°C). Free DOX was 

used as a control to determine the dialysis efficiency and data normalization. Adapted from Bae 

et al.160 

2.3.4.3 PEO-Poly(amino aspartamide) copolymers 

Poly(amino aspartamide)s are derivatives of PBLA, the precursor for PAsp. PBLA can 

undergo aminolysis by treating the polymer with amino compounds such as diethylenetriamine 

(DET) under mild conditions (Figure 2.49).165 The resulting polymer is cationic poly(amino 

aspartamide) with a low degree of crosslinking and some inter- or intramolecular isomerization 

to form β-aspartamide.165 Specifically, the ethylenediamine unit is able to undergo protonation-

deprotonation as a function of pH and this induced conformational changes (Figure 2.50). Due to 

this feature, these polymers that contained ethylenediamine such as polyethyleneimine (PEI) had 

buffering properties. The degree of protonation of PEI increases from about 20 to 45% as pH 

drops from 7 to 5.166 The increased amount of protons together with chloride ions entering an 

endosome causes a rise of osmotic pressure and thus results in disruption of the endosome. This 

leads to transfection of the cationic polymers into the cytoplasm. This phenomenon is termed a 

“proton sponge” effect.167-169 The underlying concept for designing PEO-poly(amino 



 
 

54 

aspartamide) is to employ this special characteristic of ethylenediamine for in vivo drug or gene 

delivery.   

  

Figure 2.49 Synthesis of PEO-b-P[Asp(DET)] by aminolysis 

 

Figure 2.50 Protonation-deprotonation process of ethylenediamine at different pH’s inducing 

conformational changes 

Kataoka and coworkers investigated the properties, cytotoxicity and potential gene 

delivery potential of PEO-b-P[Asp(DET)] copolymers.133, 165, 170-173 They primarily incorporated 

pDNA into the copolymer. They revealed the importance of possessing ethylenediamine moieties 

to enable high transfection efficiency and low gene toxicity of the PEO-b-P[Asp(DET)] 

copolymers.171, 172 The copolymer loaded with pDNA was investigated in bone regeneration 

applications as well.170 It showed good gene delivery efficiency which led to an enhancement of 

bone regeneration in a bone defect model in vivo. In addition, the researchers introduced a 
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disulfide linker between the PEO and the P[Asp(DET)] segments so that the PEO could be 

detached from the micelles through cleavage of the disulfide bond.133 This carrier with the 

disulfide linker exhibited 1-3 orders of magnitude higher gene delivery efficiency than the 

regular PEO-b-P[Asp(DET)] due to release of the PEO in the endosomes.  

Poly(amino aspartamide) with PEO grafts has been introduced to encapsulate drugs. Hu 

et al. synthesized PEO-g-poly(aspartamide-co-N,N-dimethylethylenediamino aspartamide) 

(PEO-g-P[Asp(DMEDA)]) by a two-step ring-opening polymerization of poly(succinimide) (PSI) 

(Figure 2.51).174 An aminofunctional mPEO was reacted with some of the succinimide rings in 

the PSI to form PEO-g-PSI. The remaining succinimide units were ring opened by DMEDA 

leading to the PEO-g-P[Asp(DMEDA)] copolymer. Ammonium glycyrrhizinate (AMG), a drug 

with three carboxylate anions for treating chronic hepatitis C and inflammatory diseases,175-177 

was encapsulated into the graft copolymers. High loading capacity and sustained release of AMG 

from the polymeric micelles were observed through in vitro studies.  

 

Figure 2.51 Synthesis of PEO-g-P[Asp(DMEDA)] 
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2.3.4.4 PEO-PLL copolymers 

PEO-poly(L-lysine) (PLL) is another important member in the family of cationic PIC’s. 

Similar to the synthesis of PAsp, PLL is prepared by ring opening of an N-carboxyanhydride of 

ε-(benzyloxycarbonyl)-L-lysine using amine functionalized mPEO as a macroinitiator (Figure 

2.52). This was followed by deprotection of the ε-(benzyloxycarbonyl) group.128  

 

Figure 2.52 Synthesis of PEO-b-PLL 

Kataoka et al. attempted to load negatively charged antisense-oligodeoxynucleotides 

(antisense-ODN) into PEO-b-PLL copolymers.178 Antisense-ODN’s can inhibit expression of 

special genes in cells by binding to a complementary mRNA sequence and thus blocking their 

translation.179 Such biological activities can lead to treatment approaches for certain human 

diseases.180 Problems with antisense-ODN’s arise from their instabilities and poor capabilities for 

entering cells.181 Therefore, cationic polymeric carriers for antisense-ODN’s are desirable to 

improve their stability and cell permeability. Kataoka and coworkers encapsulated antisense-

ODN’s with different lengths into the PEO-b-PLL copolymers. The complexes that formed had 
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low PDI’s (0.03 to 0.04) as measured by dynamic light scattering and well-defined sizes (23 to 

37 nm). They also showed improved resistance to degradation by nucleases compared to free 

antisense ODN’s. The same research group designed cross-linked PEO-b-PLL micelles as 

carriers for therapeutic siRNA as well.134 The cross-linked complex had a 100-fold higher siRNA 

transfection efficiency than the linear polymer. This was attributed to the improved stability of 

the cross-linked network under physiological conditions.  

Graft copolymers of PEO and PLL have also been designed to serve as gene delivery 

vehicles. The approach was to couple a functionalized mPEO with some of the amine groups on 

the side chains of PLL to afford grafted architectures.182, 183 Kim et al. utilized an acyl chloride 

end-capped mPEO as the coupling agent to react with PEO-g-PLL (Figure 2.53).182 They 

entrapped an anionic pDNA (pSV-β-gal), a reporter gene for monitoring gene expression, to the 

graft PEO-g-PLL copolymer. The complexes exhibited 5- to 30-fold higher transfection 

efficiencies compared to the drug loaded PLL carriers with Hep G2 cells, a human carcinoma 

cell line. Maruyama et al. also employed a PEO-g-PLL copolymer to incorporate Photofrin® 

(porfimer sodium), a photosensitizer with anionic carboxylates used in photodynamic therapy 

(PDT).184 PDT is a treatment for cancer that utilizes photosensitizers with laser radiation to 

generate reactive oxygen species that can react with surrounding tumor cells or tissues.185 A 

major side effect of Photofrin® is skin photosensitivity due to systemic delivery. The Photofrin® 

with PEO-g-PLL enhanced tumor localization about 2-fold compared to the free Photofrin® and 

this suppressed the side effect of skin photosensitivity.  
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Figure 2.53 Synthesis of PEO-g-PLL via acyl chloride mPEO.  
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CHAPTER 3 - Synthesis of Ammonium Bisphosphonate Monomers and 
Polymers 

Reprinted from Polymer, 54, N. Hu, L. M. Johnson, Nikorn Pothayee, Nipon Pothayee, Y. Lin, R. 

M. Davis and J. S. Riffle, Synthesis of Ammonium Bisphosphonate Monomers and Polymers, 

3188-3197, Copyright (2013), with permission from Elsevier. 
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3.1 Abstract 

Ammonium bisdiethylphosphonate acrylate and methacrylate monomers were 

synthesized by an aza-Michael addition of 3-aminopropanol across the double bond of 

bisdiethylphosphonate, followed by acylation with (meth)acryloyl chloride. Free radical 

copolymerizations of the monomers with an acrylate-functional poly(ethylene oxide) (PEO) 

macromonomer produced graft copolymers. Quantitative deprotection of the alkylphosphonate 

groups, then adjustment of the pH to 7.74 ± 0.03, yielded graft copolymers with zwitterionic 

ammonium bisphosphonate backbones and PEO grafts. Copolymerization kinetic studies showed 

that the ammonium bisdiethylphosphonate methacrylate incorporated into the copolymers with 

PEO acrylate well, but that the corresponding acrylate monomer reacted too slowly. The 

zwitterionic copolymers spontaneously assembled into aggregates in aqueous media.  
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3.2 Introduction 

Phosphorus-containing polymers have been widely investigated as flame retardants, 

adhesion promoters, components of dental resins, and as substrates for binding calcium or 

calcium phosphates.1-4 Polymers containing phosphate and phosphonate pendent groups are of 

interest for potential orthopedic and dental applications. Stancu and coworkers5 investigated 

copolymers of methacryloyloxyethyl phosphate with (2-diethylamino)ethyl methacrylate and 

found enhanced calcium binding capacity with increasing amounts of the phosphate-containing 

monomer. Mineralization of such substrates with calcium phosphates, however, was complicated 

and did not correlate well with calcium binding. Phosphoric and phosphonic acid bearing 

polymers have been studied as potential components of dental adhesives and resins, where their 

acidity can etch tooth enamel to increase adhesion of filler materials.6, 7 Chougrani et al.8, 9 

reported a series of N,N-bis(methylene diphosphonate) methacrylate monomers as precursors for 

polymers that promote adhesion. Moszner et al.6, 10 synthesized phosphonic acid-containing 

(meth)acrylamides and novel acrylic ether phosphonic acids for potential self-etching dental 

adhesives with increased hydrolytic stability over phosphorus-containing methacrylates. 

Only a few investigations of block copolymers containing phosphonic acids and PEO 

have been carried out. Penczek et al. prepared PEO-polyglycidol diblock copolymers that were 

post-modified with phosphonates and carboxylates on the same pendent carbon.11 This group 

also modified PEO-polyglycidol block copolymers with phosphate groups and showed that they 

could mediate crystallization of calcium carbonate.12 Hollow spheres with hybrid calcium 

carbonate-polymer compositions comprised of layers of smaller spheres were formed with these 

materials.  
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Self-assembly of phosphonate and phosphate-containing monomers and polymers has 

been reported.13-15 Francová et al.16, 17 synthesized methacrylate-functional amphiphiles with 

alkyl spacers terminated with phosphonate and phosphate groups that formed micelles in water, 

then crosslinked the micelles in UV- or thermally initiated free radical polymerizations. Dynamic 

light scattering (DLS) measurements showed a distribution of spheres ranging from 30 to 400 nm 

in diameter. Tew et al.18 prepared polyoxanorbornene copolymers where one block had pendent 

phosphonic acids and the other was relatively hydrophobic. A series of these materials had mean 

hydrodynamic radii ranging from 123 to 301 nm as measured by DLS.  

This paper focuses on synthesis of ammonium bisdiethylphosphonate acrylates and 

methacrylates and their copolymerization with acrylate-functional PEO macromonomers to yield 

poly(ammonium bisdiethylphosphonate (meth)acrylate)-g-PEO copolymers. Subsequent removal 

of the ethyl groups on the phosphonates produced zwitterionic poly(ammonium bisphosphonate 

(meth)acrylate)-g-PEO copolymers. The properties of these copolymers in aqueous media are of 

interest because of their potential utility as components of drug delivery and bioimaging vehicles.  

3.3 Experimental 

3.3.1 Materials 

Diethyl vinylphosphonate (Epsilon-Chimie, >98%) and dichloromethane (EMD Chemicals, 

anhydrous, 99.8%) were used as received. Methanol (99.9%), hexane (99.9%), dichloromethane 

(99.9%), chloroform (99.9%), magnesium sulfate (anhydrous, 98%), diethyl ether (anhydrous, 

99.8%) and dialysis tubing (Spectra/Por, 3,500 MWCO), all from Fisher Scientific, were used as 

received. N,N-Dimethylformamide (DMF, anhydrous, 99.8%), methanol (anhydrous, 99.8%), 

sodium sulfate (anhydrous, 99%), 3-ammonium-1-propanol (>99%), triethylamine (>99.5%), 

sodium hydroxide (97%), poly(ethylene oxide) methyl ether (Mn= 5,085 and 2,100 g mol-1), 
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2,2’-azobisisobutyronitrile (AIBN, 98%), sodium chloride (>99.5%) and benzoylated cellulose 

dialysis tubing (2,100 MWCO) were purchased from Sigma-Aldrich and used as received. 

Acryloyl chloride (97%), methacryloyl chloride (97%) and bromotrimethylsilane (TMSBr, 

97.0%) were fractionally distilled before use. 

3.3.2 Synthesis 

3.3.2.1 Synthesis of Hydroxypropyl Ammonium Bisdiethylphosphonate 

3-Aminopropanol (8.0 g, 0.11 mol), diethyl vinylphosphonate (36.0 g, 0.22 mol) and 200 

mL of deionized water were charged to a 500-mL round-bottom flask with a magnetic stir bar 

and sealed with a septum. The reaction was placed in an oil bath and maintained at 60 °C for 24 

h. The reaction mixture was extracted with dichloromethane (5 x 80 mL) at room temperature.  

The combined organic phase was washed with deionized water (2 x 25 mL), dried over 

anhydrous magnesium sulfate, then the solvent was evaporated to afford 3-

hydroxypropylammonium bisdiethylphosphonate (1, 41 g, 95%). 

3.3.2.2 Synthesis of an Ammonium Bisdiethylphosphonate Acrylate Monomer 

1 (15 g, 37 mmol), triethylamine (4.1 g, 41 mmol), and 70 mL of anhydrous 

dichloromethane were charged to a flame-dried, 250-mL round-bottom flask equipped with a 

septum-sealed dropping funnel and placed in an ice bath. Acryloyl chloride (3.7 g, 41 mmol) was 

added drop-wise.  The flask was removed from the ice bath and the reaction was stirred for 4 h at 

room temperature. The reaction mixture was washed with aq 0.1 N sodium hydroxide (3 x 150 

mL) and the organic phase was dried over anhydrous sodium sulfate. The solvent was evaporated 

and the product (2, 11.4 g, 65%) was dried under vacuum at room temperature overnight.  
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3.3.2.3 Synthesis of an Ammonium Bisdiethylphosphonate Methacrylate Monomer 

The ammonium bisdiethylphosphonate methacrylate monomer 3 (9.1 g, 78%) was 

synthesized in a similar manner to the analogous acrylate monomer using 1 (10.0 g, 25 mmol), 

triethylamine (2.9 g, 29 mmol), methacryloyl chloride (2.6 g, 29 mmol) and 50 mL of anhydrous 

dichloromethane. The monomer was dissolved in dichloromethane (18.2 mL) and stored in the 

refrigerator. 

3.3.2.4 Synthesis of Acrylate-functional PEO  

Poly(ethylene oxide) methyl ether (25 g, Mn = 5,085 g mol-1, 4.9 mmol) was dried under 

vacuum at 50 °C overnight in a flame-dried 250-mL round bottom flask. Triethylamine (2.53 g, 

25 mmol) and 70 mL of anhydrous dichloromethane were charged to the flask via syringe. 

Acryloyl chloride (2.3 g, 25 mmol) was added dropwise to the flask via syringe. The reaction 

mixture was stirred at room temperature overnight. The mixture was diluted with chloroform and 

washed 3 x 150 mL with an aqueous solution of sodium hydroxide (0.1 N). The organic phase 

was washed with water (2 x 100 mL), dried over anhydrous magnesium sulfate and concentrated 

by evaporation. The concentrated mixture was precipitated in hexane, filtered and dried under 

vacuum at room temperature to afford a pale yellow PEO-acrylate powder.  

3.3.2.5 Synthesis of a 67:33 wt:wt Poly(ammonium bisdiethylphosphonate methacrylate)-g-

PEO Copolymer 

Dichloromethane in the ammonium bisdiethylphosphonate methacrylate monomer 

solution was removed by rotary evaporation. The monomer 3 (4.3 g, 9.1 mmol) was transferred   

to a flame-dried, 25-mL Schlenk flask equipped with a stir bar.  An acrylate-PEO (2.15 g, 0.42 

mmol) solution in degassed DMF (7 mL) was prepared in a 20-mL vial. AIBN (0.15 g, 0.9 mmol) 
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was dissolved in degassed DMF (5 mL) in a separate 20-mL vial. The acrylate-PEO solution and 

1 mL of the freshly prepared AIBN solution in DMF were added to the Schlenk flask via syringe. 

After three freeze-pump-thaw cycles, the reaction mixture was heated at 70 °C for 7 h.  The 

copolymer was precipitated in a cold mixture of 1:1 v:v anhydrous diethyl ether:hexane (2 x 400 

mL). The resulting copolymer (4) was vacuum dried at room temperature overnight.  

3.3.2.6 Deprotection of the 67:33 poly(ammonium bisdiethylphosphonate methacrylate)-g-

PEO Copolymer 

A flame-dried, round-bottom flask equipped with a stir bar was charged with dry 

poly(ammonium bisdiethylphosphonate methacrylate)-g-PEO (1.53 g, 8 meq of phosphonate), 

TMSBr (1.87 g, 12 mmol) and 10 mL of anhydrous dichloromethane. The reaction was stirred at 

room temperature for 15 h.  Dichloromethane and the excess TMSBr were removed by rotary 

evaporation at 75 °C and the copolymer was dried under vacuum at room temperature for 1.5 h. 

Anhydrous methanol (10 mL) was added to the flask via syringe. After 12 h the reaction mixture 

was precipitated in cold ether (200 mL) and filtered. The copolymer was dissolved in 20 mL of 

methanol, transferred into 2,100 MWCO benzoylated cellulose dialysis tubing and dialyzed 

against 2 L methanol for 48 h.  The solution was freeze-dried to obtain the poly(ammonium 

bisphosphonic acid)-g-PEO (6). 

3.3.3 Kinetic Studies of Copolymerization 

A poly(ammonium bisdiethylphosphonate acrylate)-g-PEO copolymer was synthesized 

as described above and aliquots were removed at known time intervals during the reaction. The 

copolymer samples were precipitated in a cold mixture of 1:1 v:v anhydrous diethyl ether:hexane 

(2 x 100 mL) to remove the unreacted ammonium bisdiethylphosphonate acrylate monomer. The 
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yellow solid was dissolved in THF, transferred to 3,500 MWCO dialysis tubing and dialyzed 

against 4 L of DI water for 48 h to remove unreacted acrylate-PEO. 

Copolymers comprised of the ammonium bisdiethylphosphonate methacrylate monomer 

with the acrylate-PEO were prepared. Samples were taken at known time intervals during the 

reaction. Monomer conversions and copolymer compositions were measured by 1H NMR. 

3.3.4 Characterization 

1H NMR spectral analyses were performed on a Varian Unity 400 NMR, a JEOL Eclipse 

Plus 500 NMR or a Bruker Advance II-500 NMR operating at 399.95 MHz, 500 MHz or 500 

MHz, respectively. 31P NMR spectral analyses were obtained on a Varian Inova 400 NMR 

operating at 161.91 MHz. Parameters utilized for the 31P NMR were a 45° pulse and 1 s 

relaxation delay with 128 scans. All spectra of the monomers and phosphonate polymers were 

obtained in CDCl3. Spectra of the phosphonic acid polymers were obtained in D2O by adjusting 

the pH to 7.74 with NaOD.  

Thermogravimetric analysis (TGA) was conducted on a TGA Q500 (TA Instruments). 

All samples were held at 100 °C for 30 min prior to measurements to drive off excess moisture.  

Each sample was ramped from 50 to 600 °C at 10 °C /min in a nitrogen atmosphere. The mass 

remaining was recorded throughout the experiment. 

Dynamic light scattering (DLS) measurements on the 67:33 wt:wt poly(ammonium 

bisphosphonic acid acrylate)-g-PEO copolymer and 67:33 poly(ammonium bisphosphonic acid 

methacrylate) copolymer were performed with a Zetasizer NanoZS particle analyzer (Malvern 

Instruments Ltd.) equipped with a solid-state He-Ne laser (λ= 633 nm) at a scattering angle of 

173°. Intensity and volume average diameters were calculated with the Zetasizer Nano 4.2 
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software using an algorithm based on Mie theory that converts time-varying intensities to 

diameters. For DLS analysis, polymers were dissolved in DI water at concentrations of 0.5, 1.0, 

1.5 and 2.0 mg mL-1. The pH of the solution was adjusted to 7.74 ± 0.03 with addition of sodium 

hydroxide solution using a S47 SevenMulti pH meter (Mettler-Toledo International, Inc.) and the 

solution was sonicated for 1 min in a 75T VWR bath-type Ultrasonicator at 120 volts, then 

filtered through a 1.0 µm TeflonTM filter directly into a polystyrene cuvette for analysis.  

3.4 Results and Discussion 

3.4.1 Synthesis of Ammonium Bisdiethylphosphonate (Meth)acrylate Monomers  

We have previously reported the formation of ammonium bisdiethylphosphonate end 

groups from primary amine-functional polymers via a double aza-Michael reaction of the 

terminal amine with diethyl vinylphosphonate in water.19 Water promotes reaction of the 

unsaturated compound with the amine through hydrogen bonding.20 Double addition of the 

amine onto diethyl vinylphosphonate was efficient with yields higher than 95%. Several 

researchers have synthesized ammonium bisphosphonates in organic solvents from 

aminoalcohols, formaldehyde, and dimethyl hydrogenphosphonate,8 or by reacting aldehydes 

with amines and phosphites in the presence of a catalyst.21, 22 In the present study, an 

aminoalcohol was simply reacted with diethyl vinylphosphonate in water to afford 3-

hydroxypropyl ammonium bisdiethylphosphonate without the need for a catalyst. Subsequently, 

ammonium bisdiethylphosphonate-containing monomers were obtained by esterification of the 

hydroxypropyl ammonium bisdiethylphosphonate with acryloyl or methacryloyl chloride (Figure 

3.1). The chemical structures of the new monomers were confirmed by 1H NMR (Figure 3.2).  
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Figure 3.1 Synthesis of ammonium bisdiethylphosphonate (meth)acrylate monomers 
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Figure 3.2 1H NMR spectrum of the ammonium bisdiethylphosphonate methacrylate monomer 

(3) 

3.4.2 Synthesis of Poly(ammonium bisdiethylphosphonate (meth)acrylate)-g-PEO 

Copolymers 

Free radical copolymerizations of methacrylate- or acrylate-functional PEO 

macromonomers with different methacrylate or acrylate derivatives have been carried out by 

several groups. Chougrani et al.8 investigated kinetics of copolymerizations of related 

ammonium bisphosphonate methacrylate monomers with methyl methacrylate (MMA). The 

reactivity ratios (r1’s for the ammonium bisphosphonate monomers and r2’s for MMA) were 

approximately 1.1-1.3 and 0.8 respectively which indicated that the bisphosphonate groups could 

be incorporated into the methacrylate backbone in a statistical fashion. Neugebauer et al.23 

copolymerized PEO methyl ether methacrylate (MW = 1,100 g mol-1) with PEO phenyl ether 

acrylate (MW = 324 g mol-1). As expected, the methacrylate-PEO incorporated into the 

copolymer at a faster rate than the acrylate-PEO. Bencherif and coworkers24, 25 synthesized star 

polymers using a PEO methyl ether methacrylate macromonomer, a heterobifunctional peptide 

end-capped acrylate-PEO and ethylene glycol dimethacrylate via ATRP. Anseth and coworkers26 

have prepared phosphate-containing PEO hydrogels by photocrosslinking ethylene glycol 

methacrylate phosphate with PEO diacrylates. These hydrogels were found to sequester the 

negatively charged cell adhesion protein osteopontin to promote adhesion and spreading of 

human mesenchymal stem cells. To our knowledge, few investigations have been conducted on 

copolymerization of acrylate-functional PEO with phosphonate-containing monomers. Herein 

we copolymerized acrylate-PEO macromonomers with ammonium bisdiethylphosphonate 
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acrylate (2) or ammonium bisdiethylphosphonate methacrylate monomers (3) to yield graft 

copolymers with (meth)acrylate-phosphonate backbones and PEO grafts (Figure 3.3). By varying 

the ratio of the ammonium bisdiethylphosphonate monomers relative to the acrylate-PEO, 

copolymers with the expected compositions were obtained. For targeted 67:33 and 50:50 wt:wt 

poly(ammonium bisdiethylphosphonate acrylate)-g-PEO copolymers, the experimental 

compositions after isolation of the materials were 64:36 and 49:51, respectively, as measured by 

1H NMR.  
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Figure 3.3 Synthesis of poly(ammonium bisdiethylphosphonate methacrylate)-g-PEO (4) and 

poly(ammonium bisphosphonate methacrylate)-g-PEO (7) copolymers  

The relative rates of incorporation of the acrylate- and methacrylate-functional 

phosphonate monomers with the acrylate-PEO macromonomer into the copolymers were 

investigated to determine whether statistical graft copolymers formed. The molar feed ratio of 
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the phosphonate monomers relative to the acrylate-PEO macromonomer in these studies was 28 

to 1. For cases where acrylate and methacrylate monomers were copolymerized, conversions of 

each monomer were directly measured by 1H NMR of the reaction solutions by monitoring the 

vinyl peaks.  For copolymerization of the ammonium bisdiethylphosphonate acrylate with 

acrylate-PEO, the overall conversions of both monomers were calculated by 1H NMR, but 

measurement of individual conversions of each monomer by NMR was not possible due to 

overlap of the vinyl peaks. Thus, copolymers from aliquots of these reaction mixtures were 

isolated by precipitation and dialysis at early conversions so that the copolymer compositions 

could be analyzed.  

Figure 3.4 shows a representative 1H NMR spectrum of an ammonium 

bisdiethylphosphonate acrylate and acrylate-PEO copolymer that was isolated at 16% overall 

conversion. Only very small amounts of vinyl bonds resonating at 5.5-6.5 ppm from unreacted 

monomers remained. Integrals of the resonance at 3.6 ppm, assigned to the protons in the repeat 

units of PEO (Mn= 2,100 g mol-1), were compared to the resonance at 4.1 ppm corresponding to 

the ammonium bisdiethylphosphonate acrylate in the copolymer. The resonance integral at 4.1 

ppm was 31.33 (representing 10 protons per unit) relative to 198 for the PEO macromonomer at 

3.6 ppm (representing one PEO unit of 2,100 g mol-1 Mn), and this corresponded to about three 

units of the ammonium bisdiethylphosphonate acrylate per PEO graft. This indicated that even 

though the functional group on both monomers was an acrylate, the acrylate-PEO 

macromonomer reacted much faster than the ammonium bisdiethylphosphonate acrylate. This, 

combined with the fact that only a small relative molar amount of the PEO was desirable, 

signified that the compositions of these copolymers were quite heterogeneous. Copolymers that 

formed early in these free radical reactions had high amounts of PEO, but the polymers formed 
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in the latter stages of this reaction were almost exclusively homopolymers of the ammonium 

bisdiethylphosphonate. Therefore, it was reasoned that these materials were actually blends of 

graft copolymers with poly(ammonium bisdiethylphosphonate acrylate) homopolymers. The 

reasons for the slow rate of polymerization of the phosphonate-containing monomers relative to 

the PEO remain unclear. 

 

Figure 3.4 1H NMR of poly(ammonium bisdiethylphosphonate acrylate)-g-PEO separated at 16% 

total conversion of both ammonium bisdiethylphosphonate acrylate and acrylate-PEO monomers 

Copolymerizations of ammonium bisdiethylphosphonate methacrylate with acrylate-PEO 

were investigated under similar conditions to the acrylate analogues. Figure 3.5 shows a 

representative 1H NMR spectrum of a monomer mixture. The vinyl peaks of ammonium 

bisdiethylphosphonate methacrylate resonated at 5.5 and 6.0 ppm while the vinyl peaks on the 

acrylate-PEO were at 5.8, 6.1 and 6.4, and decreases in the peaks’ intensities as the 

copolymerization proceeded were compared. Monomer conversions monitored early in a 

reaction showed much more efficient incorporation of the methacrylate-functional phosphonate 

monomer as compared to the acrylate-phosphonate (Figure 3.6). The ammonium 
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bisdiethylphosphonate methacrylate incorporated into the copolymer slightly faster than the 

acrylate-PEO macromonomer due to the higher reactivity of methacrylate relative to acrylate. At 

7% and 4% individual conversion, the molar ratio of the ammonium bisdiethylphosphonate 

methacrylate to the acrylate-PEO in the copolymer was 49:1, about twice the feed molar ratio 

(28:1). Thus, while the compositions of the copolymers as the reaction progressed were 

somewhat heterogeneous, since the acrylate-PEO macromonomer that was present in a minor 

molar concentration was the slower to incorporate, graft copolymers formed continuously 

throughout these copolymerizations.  

 

Figure 3.5 1H NMR of a monomer mixture comprised of ammonium bisdiethylphosphonate 

methacrylate and acrylate-PEO 
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Figure 3.6 Monomer conversions during copolymerization of ammonium bisdiethylphosphonate 

methacrylate with acrylate-PEO 

3.4.3 Deprotection of Poly(ammonium bisdiethylphosphonate (meth)acrylate)-g-PEO 

Copolymers 

Different approaches have been utilized for deprotecting alkyl phosphonate esters to 

obtain phosphonic acid derivatives.27 Several authors have hydrolyzed phosphonates under 

acidic conditions at elevated temperatures.28, 29 Basic hydrolysis carried out at 20-50 °C in 

aqueous media has also been reported by Aksnes et al.30 However, such acidic or basic 

conditions were not amenable to the present investigation since the ester groups connecting the 

polymer backbone with the pendent groups were sensitive to hydrolytic conditions.10 Rabinowitz 

and coworkers31 reported that reaction of diethyl β-cyanovinylphosphonate with 

trimethylchlorosilane and methanol led to phosphonic acid products but with limited conversion 

(<30%). McKenna et al.32 replaced the trimethylchlorosilane with the more reactive 

trimethylbromosilane and the reactions with this reagent proceeded smoothly with quantitative 
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conversion of the phosphonate ester to the corresponding phosphonic acid. It was recently 

demonstrated by our group19 and others9, 16, 33 that deprotection of phosphonates can be achieved 

without cleavage of ester bonds utilizing the method developed by McKenna. Thus, the diethyl 

phosphonate pendent groups on the copolymers in the present study were removed by using an 

excess of TMSBr in anhydrous dichloromethane to form trimethylsilyl phosphonates (5), then 

the trimethylsilyl groups were reacted with methanol to form poly(ammonium bisphosphonic 

acid methacrylate)-g-PEO copolymers (6) (Figure 3.3). To avoid any side reactions with water, 

the precursor copolymers with bis(diethylphosphonate) pendent esters were dried under vacuum 

at 70 °C for 12 hours prior to the deprotection reaction. Residual TMSBr was also removed 

under vacuum before adding the methanol to avoid formation of significant HBr that might affect 

the (meth)acrylate ester bonds. 1H NMR confirmed quantitative removal of the ethyl groups 

without cleavage of the esters between the polymer backbone and the pendent groups (Figure 

3.7). The resonances at 1.2 and 4.1 ppm characterized the methyl and methylene groups in the 

bisdiethylphosphonates (Figure 3.7, top). The decrease of these resonances (Figure 3.7, bottom) 

compared to the PEO repeat unit protons at 3.6 ppm indicated complete removal of the ethyl 

groups without loss of the pendent ammonium bisphosphonates. The PEO oligomer depicted in 

the spectra in Figure 7 had an average degree of polymerization of 114.8 and at four protons per 

repeat unit, this totaled approximately 459 protons per graft. The integrations at 4.1 ppm were 

used to quantify the ester bonds in the polymers. Before deprotection the integration at 4.1 ppm 

was 187 relative to one PEO, and this resonance represented 10 protons per repeat unit including 

one methylene group adjacent to the ester bond and four methylene groups in the 

bisdiethylphosphonate (Figure 3.7, top). Thus, the integration of 187 corresponded to 

approximately 19 bisphosphonate units relative to one PEO graft. In the deprotected copolymer, 
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the integration at 4.1 ppm reduced to 36, corresponding to two protons remaining in each 

bisphosphonate repeat unit, so this ratio represented 18 units to one PEO (Figure 3.7, bottom). 

The close agreement of the numbers of acrylate repeat units confirmed that the ester bonds were 

retained after the deprotection reaction. Consistent with this data, only a single peak in the 31P 

NMR spectra was observed for each of the protected (Figure 3.8, top) and deprotected (Figure 

3.8, bottom) copolymers. The single 31P resonance shifted from 31 to 16 ppm after deprotection 

which was similar to data obtained in our previous study with polymer end groups.19  
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Figure 3.7 1H NMR spectra of a poly(ammonium bisdiethylphosphonate methacrylate)-g-PEO (4) 

and poly(ammonium bisphosphonate methacrylate)-g-PEO (7) copolymers at pH 7.74. The PEO 

oligomer in the acrylate-PEO macromonomer had Mn = 5085 g mol-1 

 

Figure 3.8 31P NMR spectra of a poly(ammonium bisdiethylphosphonate methacrylate)-g-PEO 

(4) and poly(ammonium bisphosphonate)-g-PEO (7) copolymers at pH 7.74 

3.4.4 Thermal Properties of the Copolymers 

TGA thermograms (Figure 3.9) of a poly(ammonium bisdiethylphosphonate acrylate) and 

poly(ammonium bisphosphonic acid acrylate) under nitrogen showed that weight loss of the two 
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homopolymers began at ~220 and ~190 °C, respectively, close to previously reported data for 

phosphonate- and phosphonic acid-containing polymers.34, 35 In the present work, 

thermogravimetric analyses of the ammonium bisdiethylphosphonate and the ammonium 

bisphosphonic acid forms of the polymers corresponded to their compositions as determined by 

1H NMR. For example, the poly(ammonium bisdiethylphosphonate acrylate) homopolymer lost 

~66% of its weight by 425 °C (Figure 3.9A, solid line), while the acrylate-functional PEO 

macromonomer completely degraded (Figure 3.9A, dotted line). The 50:50 wt:wt 

poly(ammonium bisdiethylphosphonate acrylate):PEO copolymer (Figure 3.9A, dash-dot line) 

lost ~83% of its weight by 425 °C. If one assumes that the backbone poly(ammonium 

bisdiethylphosphonate acrylate) portion would lose 66% of its weight and the PEO portion 

would completely decompose by this temperature, then the copolymer would be predicted to lose 

33% plus 50% (total of 83%) of its weight. Thus, the weight loss of the copolymer was 

consistent with the copolymer composition. The 67:33 wt:wt backbone:graft copolymer (Figure 

3.9A, dashed line) lost ~77% of its weight by 425 °C, again very close to the predicted amount 

that would be comprised of 33 wt% loss from the PEO plus 66% of the ammonium 

bisdiethylphosphonate backbone (i.e., 33% from PEO plus 44% from the backbone). The weight 

loss curves with temperature of the copolymers in the ammonium bisphosphonic acid form 

(Figure 3.9B) also corresponded well with the compositions. However, the poly(ammonium 

bisphosphonic acid acrylate) backbone (Figure 3.9B) lost significantly less weight than the 

corresponding polymers in their ammonium bisdiethylphosphonate forms (Figure 3.9A). This 

may be due to more efficient crosslinking at high temperatures through condensation of a –P-OH 

with another –P-OH on an adjacent chain when the materials are in their acid forms.  
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Figure 3.9 . TGA thermograms of (A) (a) poly(ammonium bisdiethylphosphonate acrylate) 

homopolymer, (b) PEO, (c) 67:33 wt:wt poly(ammonium bisdiethylphosphonate acrylate)-g-

PEO, (d) 50:50 wt:wt poly(ammonium bisdiethylphosphonate acrylate)-g-PEO; (B) (a) 

poly(ammonium bisphosphonic acid acrylate) homopolymer, (b) PEO, (c) 67:33 wt:wt 

poly(ammonium bisphosphonic acid acrylate)-g-PEO, (d) 50:50 wt:wt poly(ammonium 

bisphosphonic acid acrylate)-g-PEO 

3.4.5 Solution Properties of the Graft Copolymers 

One objective of the present research is to develop complexes of these new polymers 

with drugs or nanoparticles that associate principally through electrostatic attractions, and that 

remain stable in physiological media long enough to enable sustained drug release. Thus, the 

solution properties of the copolymers in aqueous solutions were characterized. The 

poly(ammonium bisphosphonic acid acrylate)-g-PEO copolymer that was comprised of 57 wt% 

of the backbone and 43 wt% of the PEO grafts and the poly(ammonium bisphosphonic acid 

methacrylate)-g-PEO copolymer with 53% of the backbone and 47% of the PEO grafts was 



 
 

94 

dispersed in water, the pH was adjusted to 7.74 ± 0.03, and particle sizes were measured by DLS. 

This pH was close to the second proton dissociation constant (pK2) for most ammonium-

containing phosphonic acids which lie between 6.6 to 7.7.36, 37 Thus, at the selected pH, it was 

reasoned that most of the bisphosphonic acid groups would be in their deprotonated ionic form. 

Figure 3.10(A-B) (open triangles) show that the intensity of scattered light as measured by DLS 

(in kilocounts per second) increased almost linearly with polymer concentration from 0.5 to 2.0 

mg mL-1. The linear increase of scattered light intensity with concentration is consistent with the 

premise that, over the concentration range probed, the copolymer formed aggregates with an 

almost constant size.38 The poly(ammonium bisphosphonate acrylate)-g-PEO copolymer had 

intensity-average diameters of 156-161 nm with typical PDI values of 0.26. For the 

poly(ammonium bisphosphonate methacrylate)-g-PEO, the intensity-average diameters ranged 

from 212-242 nm with PDI values higher than 0.30. The reasons for these aggregates are not yet 

clear since both the backbone and the grafts are largely hydrophilic, but this is likely at least 

partially attributable to the zwitterionic nature of these polymers. It was reasoned that the 

zwitterions might cause interchain association through electrostatic interactions among 

complementary charges. Consistent with this result, Niu and coworkers also found that a 

zwitterionic polymer, poly(N,N-dimethyl(methacrylamido)propyl ammonium propiolactone) 

(Figure 3.11), formed aggregates in deionized water and they also attributed the aggregates to 

interchain zwitterionic interactions.39 Other previously reported aggregates of phosphonic acid-

based amphiphilic copolymers17, 18 differed from the present materials in that they consisted of a 

hydrophobic segment as the core and the acid or charged groups as the shell and they were not 

zwitterions. Thus the formation of aggregates in those materials was attributed to the 

hydrophobic nature of the core segment. Another possible explanation for the aggregates 
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observed in the present work is that the combined nonpolar effect of the three methylene groups 

connecting the esters to the nitrogen plus the methylene groups connecting the nitrogen to the 

two phosphorus atoms made the backbone sufficiently hydrophobic to assemble into a micelle 

core in water.   

 

Figure 3.10 (A) Count rates and intensity-average diameters from DLS of (A) a poly(ammonium 

bisphosphonate acrylate)-g-PEO copolymer, and (B) a poly(ammonium bisphosphonate 

methacrylate)-g-PEO copolymer 

 

Figure 3.11 Poly(N,N-dimethyl(methacrylamido)propyl)ammonium propiolactone) 

To determine whether the aggregates dissolved in the presence of added salt due to 

screening of electrostatic interchain interactions, solutions of sodium chloride and the 

copolymers in water at pH 7.74 were investigated. Figures 3.12(A-D) show the intensity (solid 

line) and volume (dashed line) size distributions of the copolymers in DI water with and without 

added salt. The volume-average diameters and the relative volumes of the aggregates versus 
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single chains with and without sodium chloride are summarized in Table 3.1. Only a single peak 

representing the aggregates was observed in both the intensity and volume size distributions of 

the copolymer solutions without salt. By contrast, the volume size distributions of the 

copolymers in 0.17 N sodium chloride were centered primarily at 5 and 19 nm, with only slight 

amounts of the aggregates remaining. This is likely indicative of aggregate dissociation as a 

result of screening of electrostatic attractions between phosphonate and ammonium groups on 

neighboring chains. It was reasoned that if hydrophobic interactions were driving the aggregate 

formation, addition of salt would have likely resulted in increased aggregate size. The areas 

under the DLS peaks in the intensity size distributions are proportional to the scattering intensity 

of each particle fraction, which is proportional to the sixth power of the radii. As a result, a small 

portion of large aggregates in the solution dominates the intensity size distribution.40 Therefore, 

the intensity size distributions were transformed to the volume size distributions based on Mie 

theory for compositional analysis. It is not yet clear why small amounts of aggregates remain in 

the solutions with added salt. 
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Figure 3.12 Intensity and volume size distributions measured by DLS at a concentration of 2 mg 

mL-1: (A) Poly(ammonium bisphosphonate acrylate)-g-PEO copolymer in water; (B) 

Poly(ammonium bisphosphonate methacrylate)-g-PEO copolymer in water; (C) Poly(ammonium 

bisphosphonate acrylate)-g-PEO copolymer in water containing 0.17 N sodium chloride; (D) 

Poly(ammonium bisphosphonate methacrylate)-g-PEO copolymer in water containing 0.17 N 

sodium chloride 
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Table 3.1 Volume-average diameters of poly(ammonium bisphosphonate acrylate)-g-5K PEO 

and poly(ammonium bisphosphonate methacrylate)-g-5K PEO solutions with and without 

sodium chloride 

DLS 
from 
Figu
re 
12 

Polymer 
solution 

Na
Cl 
co
nc.  

Peak 1 
Volum
e ave. 
diamet
er (nm) 

Peak
  1 
Volu
me 

Peak 2 
Volume 

ave. 
diamete
r (nm) 

Peak  2 
Volume 

A 
Poly(ammonium 
bisphosphonate 
acrylate)-g-PEO 

- 141 100
% - - 

B 
Poly(ammonium 
bisphosphonate 
methacrylate)-g-

PEO 
- 245 100

% - - 

C 
Poly(ammonium 
bisphosphonate 
acrylate)-g-PEO 

0.1
7 
N 

113 0.8% 5 99.2% 

D 
Poly(ammonium 
bisphosphonate 
methacrylate)-g-

PEO 

0.1
7 
N 

165 3.5% 19 96.5% 

3.5 Conclusions 

This investigation developed a facile and mild method for synthesizing ammonium 

bisdiethylphosphonate acrylate and methacrylate monomers through a double aza-Michael 

addition of aminoalkyl alcohols in water followed by esterification. It is reasoned that similar 

methodology can be extended to a range of aminoalkyl alcohols with varying hydrophobicity. 

Conventional free radical copolymerizations of the new monomers with acrylate-functional PEO 

macromonomers were conducted. It was found that copolymerizations with the methacrylate-

functional ammonium phosphonate monomers incorporated both monomers efficiently while use 

of the acrylate-functional phosphonates produced heterogeneous blends of graft copolymers and 
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homopolymers. These zwitterionic copolymers formed aggregates in water, likely due to 

electrostatic interchain attractions. As a continuing effort in our group on developing core-shell 

nanoparticles as drug carriers and owing to the excellent binding property of bisphosphonates, 

we envision that the zwitterionic poly(ammonium bisphosphonate methacrylate)-g-PEO 

copolymers can be utilized to design drug-polymer complexes with sustained drug release. 
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CHAPTER 4 - Synthesis of Acrylamide Phosphonate Monomers and 
Polymers 

Nan Hu, A. Peralta, S. Roy Choudrury, R. M. Davis and J. S. Riffle* 

 Macromolecules and Interfaces Institute, Virginia Tech, Blacksburg, VA 24061 

Modified Chapter will be submitted to Polymer 

4.1 Abstract 

Three alkylacrylamide phosphonate monomers were synthesized through a two-step 

procedure. The first step involved an aza-Michael addition of an alkylamine onto the double 

bond of diethyl vinylphosphonate to afford a phosphonate ended secondary amine. This was 

subsequently reacted with acryloyl chloride to produce the alkyl acrylamide phosphonate. Free 

radical copolymerization of n-butylacrylamide phosphonate with an acrylate-functional PEO 

macromonomer yielded statistical graft copolymers. Removal of the ethyl groups from the 

phosphonate moieties led to poly(n-butylacrylamide phosphonic acid)-g-PEO copolymers. The 

poly(n-butylacrylamide phosphonic acid)-g-PEO copolymer comprising 56 wt% of the backbone 

and 44 wt% of the PEO grafts was soluble in DMF, DMSO, methanol and water at pH 7.4. This 

copolymer formed aggregates in DMF and DMSO while no significant amount of aggregates 

was observed in methanol or water at pH 7.4. Interaction of the phosphonic acid derivative of n-

butylacrylamide phosphonate with hydroxyapatite (15 and 30 mg) showed 79.9% and 94.8% 

interacted amounts whereas those values of acrylic acid were 47.4% and 64.1%. The relatively 

hydrolytically stable acrylamide linker together with the excellent binding properties of the 

acrylamide phosphonic acid monomers and polymers might be potential candidates for 

applications in dental adhesives. 



 
 

104 

4.2 Introduction 

Phosphonic acid-containing compounds have elicited great interest in the biomedical 

field. Geminal bis(phophonic acid)s, especially those containing nitrogen atoms, are well-known 

to be effective inhibitors of bone resorption due to their capability in binding calcium cation to 

target bone minerals and inhibit enzymes responsible for bone resorption.1, 2 Polymerizable 

phosphonic acid monomers have been investigated as self-etching enamel-dentin adhesives.3, 4 

Phosphonic acid bearing polymers have also been reported to be potential substrates for 

applications in drug delivery5-8 and tissue engineering.9, 10 Recently, there has been growing 

interest in (meth)acrylamide phosphonate monomers and polymers since amides are more stable 

against hydrolysis than the corresponding esters.11 Klee et al.12 prepared N-alkyl-N-

(phosphonoethyl) substituted mono-, bis- and tris-(meth)acrylamides by two different three-step 

reactions. The acrylamide phosphonic acids exhibited better hydrolytic stability than the acrylate 

and methacrylamide analogues. Le Pluart and coworkers synthesized a series of acrylamide 

phosphonic acid monomers that had ether or alkyl spacers. These monomers were homo- or 

copolymerized with N,N’-diethyl-1,3-bis(acrylamide)propane by photoinitiation.13, 14 This group 

also investigated the polymerization kinetics of acrylamide containing phosphonic acids and 

esters.15, 16 Rates of copolymerization of the acrylamide phosphonic acid monomers with N,N’-

diethyl-1,3-bis(acrylamide)propane was significantly faster than homopolymerization of N,N’-

diethyl-1,3-bis(acrylamide)propane, while no significant rate increase was found for the 

phosphonate ester derivatives. Reversible addition-fragmentation transfer (RAFT) 

polymerization of a diethyl-2-(acrylamide)ethyl phosphonate monomer was carried out by 

Monge et al.17 Block copolymers consisting of this monomer and N-n-propylacrylamide 

maintained approximately the same lower critical solution temperature (LCST) as poly(N-n-
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propylacrylamide) homopolymer. However, the LCST of the deprotected diblock copolymer 

containing the phosphonic acid and N-n-propylacrylamide was higher than for the homopolymer, 

and this was attributed to an increase in hydrophilicity.  

Only a few investigations have been reported on the self-assembly behavior of monomers 

and polymers bearing phosphonic acids. Etemad-Moghadam and coworkers18, 19 synthesized and 

studied the self-organization and phase behavior of a series of (α-hydroxyalkyl)phosphonic acids 

with long hydrocarbon substituents (C8-C18). The cetyltrimethylammonium salts of these 

compounds aggregated at low concentrations in water with different morphologies (vesicles, 

ribbons, tubules). Francová and Kickelbick20, 21 prepared phosphonate- and phosphate-bearing 

methacrylates with alkyl spacers. These monomers formed micelles in water with the 

hydrophobic alkyl spacer in the core and the phosphonates or the phosphates as the shell. 

Subsequent crosslinking of the micelles by UV- or thermally-initiated free radical 

polymerizations led to formation of spheres ranging from 30 to 400 nm in diameter as measured 

by dynamic light scattering (DLS). Robin et al. described the synthesis of amphiphilic 

phosphonic acid methacrylamide homopolymers, poly((methacrylamido)decylphosphonic acid)  

by RAFT polymerization.22 These homopolymers self-aggregated in water and acetonitrile. The 

hydrodynamic diameters were determined to be 2550 and 480 nm as measured by DLS in water 

and acetonitrile, respectively. This was attributed to their hydrophobic nature (74% hydrophobic 

groups). Tew and Eren23 prepared diblock copolymers by ring-opening metathesis 

polymerization with one block containing phosphonic acid pendent groups and the other 

consisting of relatively hydrophobic polyoxanorbornene. Some of those compositions formed 

micelles in a THF:water 1:1 v:v mixed solvent with hydrodynamic radii ranging from 123 to 301 

nm by DLS. Previously our group24 investigated the solution properties of (meth)acrylate graft 
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polymers bearing phosphonic acids and poly(ethylene oxide) (PEO). These graft copolymers 

spontaneously formed aggregates in water due to complementary charges.  

Herein we describe the synthesis of acrylamide monomers containing phosphonates and 

their copolymerization with acrylate-functional PEO macromonomers to yield poly(acrylamide 

phosphonate)-g-PEO copolymers. Subsequent removal of the ethyl groups on the phosphonates 

produced poly(acrylamide phosphonic acid)-g-PEO copolymers. The properties of these 

copolymers in organic solvents and aqueous media are discussed. Interaction of acrylamide 

phosphonic acids with hydroxyapatite, the primary mineral of tooth enamel, was also 

investigated to characterize the binding capacities of the phosphonic acid to calcium cations.  

4.3 Experimental 

4.3.1 Materials 

Diethyl vinylphosphonate (Epsilon-Chimie, >98%), dimethyl sulfoxide (DMSO) and 

dichloromethane (EMD Chemicals, anhydrous, 99.8%) were used as received. Methanol 

(anhydrous, 99.9%), hexane (99.9%), dichloromethane (99.9%), chloroform (99.9%) and diethyl 

ether (anhydrous, 99.8%), all from Fisher Scientific, were used as received. N,N-

Dimethylformamide (DMF, 99.9%), sodium sulfate (anhydrous, 99%), n-butylamine (>99%), 

triethylamine (>99.5%), sodium hydroxide (97%), poly(ethylene oxide) methyl ether (Mn=5,085), 

2,2’-azobisisobutyronitrile (AIBN, 98%), sodium chloride (>99.5%), acrylic acid (99%) and 

hydroxyapatite (HAP, >97%) were purchased from Sigma-Aldrich and used as received. 

Acryloyl chloride (97%) and bromotrimethylsilane (TMSBr, 97.0%) were fractionally distilled 

before use. Acrylate-functional PEO was prepared according to a known procedure.24 
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4.3.2 Characterization 

4.3.2.1 NMR analysis 

1H NMR spectral analyses were performed on a Bruker Advance II-500 NMR operating 

at 500 MHz. 13C NMR spectral analyses were conducted on a Varian Unity Plus spectrometer 

operating at 100.56 MHz. 31P NMR spectral analyses were obtained on a Varian Inova 400 NMR 

operating at 161.91 MHz. Parameters utilized for the 31P NMR were a 45° pulse and 1 s 

relaxation delay with 128 scans. All 1H, 13C and 31P NMR spectra of the protected and 

deprotected monomers and phosphonic acid polymers were obtained in D2O. Spectra of the 

phosphonate polymers were obtained in CDCl3.  

4.3.2.2 Elemental analysis 

Elemental analysis on the acrylamide phosphonate monomer was performed at Midwest 

Microlab, LLC (Indianapolis, IN). Four elements were tested including carbon, nitrogen 

hydrogen and phosphorus. Analysis on oxygen was not applicable due to the presence of 

phosphorus. Determination on carbon, nitrogen and hydrogen was carried out on a CE440 

elemental analyzer. Phosphorus was analyzed manually by digesting the monomer into a micro 

bomb with appropriate reagents. The apparatus was sealed and heated in a flame for 60 s. The 

reaction mixture was purified and treated with appropriate reagents to afford acetone 

molybdiphosphate in which the phosphorus weight ratio was determined.  

4.3.2.3 Dynamic light scattering (DLS) 

DLS measurements on the poly(acrylamide phosphonic acid)-g-PEO copolymer were 

performed with a Zetasizer NanoZS particle analyzer (Malvern Instruments Ltd) equipped with a 

solid-state He-Ne laser (λ= 633 nm) at a scattering angle of 173°. Intensity and volume average 
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diameters were calculated with the Zetasizer Nano 4.2 software using an algorithm based on Mie 

theory that converts time-varying intensities to diameters. For DLS analysis, the polymers were 

dissolved in organic solvents (DMF, DMSO or methanol) or DI water at a concentration of 2.0 

mg mL-1. The polymer/organic solution was filtered through a 1.0 µm TeflonTM filter directly 

into a glass cuvette for analysis. The pH of the polymer/water solution was adjusted to 7.4 with 

addition of sodium hydroxide solution using a S47 SevenMulti pH meter (Mettler-Toledo 

International, Inc.) and the solution was sonicated for 1 min in a 75T VWR bath-type 

Ultrasonicator at 120 volts, then filtered and transferred into a polystyrene cuvette for analysis.  

4.3.3 Synthesis 

4.3.3.1 Synthesis of n-butylaminoethyl phosphonate 

n-Butylamine (1.5 g, 20 mmol) and 0.3 mL of deionized water were charged to a 100-mL 

round-bottom flask with a magnetic stir bar and sealed with a septum. The flask was placed in an 

oil bath and heated to 70 °C. Diethyl vinylphosphonate (2.8 g, 17 mmol) was added dropwise to 

the flask. After 18 h the reaction mixture was cooled to room temperature and diluted with 

dichloromethane (20 mL). The diluted solution was dried over anhydrous sodium sulfate, filtered 

and the solvent was evaporated. The clear solution was then vacuum dried at 50 °C to afford a 

light yellow and viscous liquid, n-butylaminoethyl phosphonate (3.5 g, 88%). 

4.3.3.2 Synthesis of an n-butylacrylamide phosphonate monomer 

n-Butylaminoethyl phosphonate (3.5 g, 15 mmol), triethylamine (1.9 g, 19 mmol), and 

anhydrous dichloromethane (24  mL) were charged to a flame-dried, 100-mL, round-bottom 

flask and placed in an ice bath. Acryloyl chloride (1.7 g, 19 mmol) was added dropwise. The 

flask was removed from the ice bath and the reaction was stirred for 18 h at room temperature. 
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The reaction mixture was diluted with 30 mL of dichloromethane. The diluted solution was 

washed with 0.1 N aq. sodium hydroxide (3 x 30 mL), 0.2 N aq. hydrochloric acid (2 x 30 mL), 

DI water (2 x 30 mL) and the organic phase was dried over anhydrous sodium sulfate. The 

solvent was evaporated and the product, a bright yellow and viscous liquid was dried under 

vacuum at room temperature (yield 2.6 g, 61%).  

4.3.3.3 Synthesis of a 67:33 wt:wt poly(n-butylacrylamide phosphonate)-g-PEO copolymer 

The n-butylacrylamide phosphonate monomer (1.0 g, 3.4 mmol) was charged into a 

flame-dried, 25-mL Schlenk flask equipped with a stir bar.  An acrylate-functional PEO (0.5 g, 

0.1 mmol) solution in degassed DMSO (2 mL) was prepared in a 10-mL round-bottom flask. 

AIBN (38 mg, 0.23 mmol) was dissolved in degassed DMSO (5 mL) in a separate 10-mL flask. 

The acrylate-PEO solution and 1 mL of the freshly prepared AIBN solution in DMSO were 

added to the Schlenk flask via syringe. After three freeze-pump-thaw cycles, the reaction mixture 

was heated at 70 °C for 14.5 h.  The reaction mixture was diluted with dichloromethane (20 mL) 

and washed with DI water (3 x 10 mL). The organic phase was dried over anhydrous sodium 

sulfate, filtered and the mixture was concentrated. The concentrated solution was then 

precipitated in a cold mixture of 50:50 v:v anhydrous diethyl ether:hexane (400 mL). The 

resulting yellow solid (1.13 g, 75%) was vacuum dried at room temperature overnight.  

4.3.3.4 Deprotection of the 67:33 poly(n-butylacrylamide phosphonate)-g-PEO copolymer  

A flame-dried round-bottom flask equipped with a stir bar was charged with dry poly(n-

butylacrylamide phosphonate)-g-PEO (0.78 g, 1.8 meq of phosphonate), TMSBr (1.87 g, 5.4 

mmol) and 7 mL of anhydrous dichloromethane. The reaction was stirred at room temperature 

for 24 h. Dichloromethane and the excess TMSBr were removed by rotary evaporation at 75 °C 
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and the copolymer was dried under vacuum at room temperature for 4 h. Anhydrous methanol 

(10 mL) was added to the flask via syringe. After 24 h the reaction mixture was precipitated in 

cold 50:50 v:v hexane and diethyl ether (300 mL). The copolymer was dissolved in 20 mL of 

methanol, transferred into dialysis tubing (1,000 g.mol-1 MWCO) and dialyzed against 4 L of DI 

water for 48 h.  The solution was freeze-dried to obtain the yellow solid, poly(n-butylacrylamide 

phosphonic acid)-g-PEO (0.53, 73%). 

4.3.3.5 Kinetic studies of copolymerization 

A poly(n-butylacrylamide phosphonate)-g-PEO copolymer was synthesized as described 

above and aliquots were removed at known time intervals during the reaction and dissolved 

directly in Chloroform-d for 1H NMR analysis. Monomer conversions and copolymer 

compositions were measured by 1H NMR according to the decrease of integrals of the vinyl 

bonds. 

4.3.3.6 Deprotection of the n-butylacrylamide phosphonate monomer 

Deprotection of the phosphonate monomer is similar to that of the copolymer. n-

Butylacrylamide phosphonate (2.2 g, 7.6 mmol), TMS-Br (3.47 g, 22.7 mmol) and anhydrous 

dichloromethane (20 mL) were charged to a flame-dried, 100-mL round-bottom flask. The 

reaction was stirred for 24 h at room temperature. Dichloromethane and the excess TMSBr were 

removed by rotary evaporation at 75 °C and the precursor was dried under vacuum at room 

temperature for 4 h. Anhydrous methanol (16 mL) was added to the flask via syringe. After 24 h 

the reaction mixture was concentrated by rotary evaporation and precipitated in cold diethyl 

ether (2 x 600 mL). The yellow solid was collected and dried under vacuum for 12 h. 
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4.3.4 Interaction of n-butylacrylamide phosphonic acid or acrylic acid with HAP  

4.3.4.1 Determination of the pKa values and ionization points of the n-butylacrylamide 
phosphonic acid or acrylic acid by 13C NMR 

pKa values and complete ionization points of phosphonic acid or acrylic acid were 

determined by 13C NMR according to the method developed by Nishiyama et al.25 For example, 

n-butylacrylamide phosphonic acid (28 mg, 0.11 mmol) was dissolved in 20 wt% deuterium 

oxide aqueous solution (1.0 g). Hydrochloric acid (5.0 N) or sodium hydroxide (1.0 N) solution 

was added to the phosphonic acid solution to adjust pH. The pH values were measured and 13C 

NMR spectra were obtained. The two pKa values and two ionization points of the phosphonic 

acid were determined from the pH-dependent chemical shift of the α-methylene carbon attached 

to the phosphorus atom of the phosphonic acid group. For acrylic acid, the pH-dependent 

chemical shift curve was obtained from the carbonyl carbon of the carboxylic acid. 

4.3.4.2 Interaction of the n-butylacrylamide phosphonic acid or acrylic acid with 
hydroxyapatite (HAP) determined by 13C NMR 

The extent of the n-butylacrylamide phosphonic acids or acrylic acids that interacted with 

HAP were determined by 13C NMR according to the method given by Nishiyama et al.25 A 

procedure for investigating the extent of interaction of the n-butylacrylamide phosphonic acid 

with HAP is provided as following. n-Butylacrylamide phosphonic acid (28 mg, 0.11 mmol) was 

dissolved in 20 wt% deuterium oxide aqueous solution (1.0 g). HAP (15 or 30 mg, 0.15 or 0.30 

mmol of calcium ions) was added to the phosphonic acid solution to form a white suspension. 

The suspension was stirred at room temperature for 24 h. The pH values and the 13C NMR 

spectra were obtained before and after addition of HAP. The percentage of the phosphonic acid 

that interacted with the calcium cations of HAP were determined by the chemical shift 

differences of the α-methylene carbon before and after mixing with HAP. Interaction of acrylic 
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acid (7.8 mg, 0.11mmol) with HAP (15 mg or 30 mg, 0.15 or 0.30 mmol of calcium ions) was 

studied using the same procedure. 

4.4 Results and Discussion 

4.4.1 Synthesis of acrylamide phosphonate monomers  

We have previously reported ammonium bisphosphonate (meth)acrylate monomers and 

ammonium bisphosphonate functionalized polymers24, 26 that were prepared via aza-Michael 

addition reactions in water. Water accelerates the addition rate of amines to α,β-unsaturated 

compounds through hydrogen bonding so that primary amine will react quantitatively with two 

moles of deithylvinylphosphonate under mild conditions.27 Alkylamino phosphonates have also 

been reported by several other researchers through different synthetic routes. Catel et al.14, 28 

reacted dibromoalkane with triethylphosphite at 160°C and the reaction mixture was distilled 

under high vacuum to yield bromoalkyl phosphonates (60% yield). These precursors were then 

modified with amines to afford the corresponding alkylamino phosphonates. Monge and 

coworkers17 followed a similar procedure for the first step by replacing the dibromoalkane with 

N-2-(bromoethyl)phthalimide to obtain the [2-(1,3-dioxo-1,3-dihydro-isoindol-2-

yl)ethyl]phospohnic acid diethyl ester (80% yield). Aminolysis of this compound was achieved 

utilizing hydrazine monohydrate in ethanol to obtain the alkylamino phosphonate. Klee and 

Lehmann12 synthesized N-alkyl-2-aminoethylphosphonates by refluxing alkyl amines with 

diethyl vinylphosphonate. In this paper, we simply reacted an aminoalkane with diethyl 

vinylphosphonate using water as a catalyst. Excess amine was used to ensure only one-fold 

addition to the vinyl bond. The unreacted residual amine was removed under reduced pressure 

with a yield of 88%. Subsequently, the acrylamide phosphonate monomers were obtained by 

reacting the alkylamino phosphonate with acryloyl chloride (Figure 4.1). The chemical structures 
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of the monomers were confirmed by 1H NMR (Figure 4.2).  Elemental analysis on the n-

butylacrylamide phosphonate monomer also showed good agreement between the theoretical and 

experimental weight percentages (within ± 0.12%) of the tested elements that indicated high 

purity of the monomer. Table 4.1 summarizes the elemental analysis on the monomer. 

 

Figure 4.1 Synthesis of acrylamide phosphonate monomers  
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Figure 4.2. 1H NMR spectrum of the n-butylacrylamide phosphonate monomer  

Table 4.1 Summary of elemental analysis on the n-butylacrylamide phosphonate monomer 

Element Theoretical wt% Found wt% 

C 53.59 53.66 

N 4.81 4.93 

H 9.00 9.05 

P 10.63 10.56 

 

4.4.2 Synthesis of poly(n-butylacrylamide phosphonate)-g-PEO copolymers 

A number of papers have been published on the free radical copolymerization of 

(meth)acrylate-functional PEO with other (meth)acrylates.29-32 A few studies have been reported 

on copolymerizations of PEO macromonomers with (meth)acrylamide derivatives. Pelton et al. 

prepared and carried out kinetic studies on copolymerization of acrylamide with (meth)acrylate-

functional PEO in aqueous solution.33 The reactivity of the PEO macromonomer decreased with 

increasing PEO chain length (from Mn ~ 230 to 2,000 g mol-1). Several research groups have 

investigated copolymerizations of N-isopropylacrylamide (NIPAM) with PEO macromonomers 

and the solution behavior of the PNIPAM-g-PEO graft copolymers.34-37 Different compositions 

of the copolymer (5.9 - 48 wt% PEO) were obtained based on the corresponding feed ratios.38, 39 

When the temperature was increased through the LCST in water, the PNIPAM-g-PEO 

copolymers exhibited a “coil-to-globule” transition with a hydrophobic PNIPAM core and a 

hydrophilic PEO shell. To our knowledge, few studies have focused on copolymerizations of 

acrylamide-bearing phosphonate moieties with PEO. In the current study, we describe the 

synthesis of graft copolymers comprised of acrylamide phosphonate backbones and PEO 
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pendant chains (Figure 4.3). For a targeted 67:33 wt:wt acrylamide phosphonate to PEO ratio, 

the actual composition in the copolymer was found to be 63:37 by 1H NMR after isolation. 

 

Figure 4.3 Synthesis of poly(n-butylacrylamide phosphonate)-g-PEO and poly(n-

butylacrylamide phosphonic acid)-g-PEO copolymers 
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4.4.3 Kinetic studies of copolymerization 

Kinetic studies on the copolymerization were carried out to estimate the microstructure of 

the graft copolymer. The feed molar ratio of the phosphonate monomer relative to the acrylate-

PEO macromonomer was 28 to 1. Conversions of each monomer were directly measured by 1H 

NMR of the reaction mixtures by monitoring the vinyl peaks. Figure 4.4 shows a representative 

1H NMR spectrum of a monomer mixture in deuterium oxide. The vinyl peaks of n-

butylacrylamide phosphonate resonated at 5.7, 6.2 and 6.6 ppm while the vinyl peaks from the 

acrylate-functional PEO were at 5.9, 6.2 and 6.4 ppm. The intensity decrease of these vinyl peaks 

was converted to the conversion of each monomer. Figure 4.5 shows the comparison of the 

reaction rate of the n-butylacrylamide phosphonate monomer and the acrylate-PEO 

macromonomer with time, suggesting strongly that at this feed molar ratio, statistical copolymers 

formed. For example, at 9.1% and 9.4% conversion of phosphonate and acrylate-PEO 

respectively, the molar ratio of the n-butylacrylamide phosphonate to the acrylate-PEO in the 

copolymer was 27:1, very close to the feed molar ratio (28:1).  
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Figure 4.4 1H NMR of a monomer mixture comprised of n-butylacrylamide phosphonate and 

acrylate-PEO 
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Figure 4.5 Monomer conversions during copolymerization of n-butylacrylamide phosphonate 

with acrylate-PEO at a feed molar ratio of 28 acrylamide phosphonates to 1 acrylate-PEO 

4.4.4 Deprotection of poly(n-butylacrylamide phosphonate)-g-PEO copolymers 

Deprotection of alkyl phosphonate esters lead to the corresponding phosphonic acids that 

can exhibit strong complexation properties with many substrates.40 Various methods have been 

used for the deprotection including reactions under acidic or basic conditions.41-44 Mild 

conditions have been employed by most researchers when unstable groups are present in the 

polymers.20, 45, 46 In the present study, although the acrylamide bond is known to be relatively 

stable against hydrolysis, we used the mild deprotection approach developed by McKenna et 

al.47 Dry poly(n-butylacrylamide phosphonate)-g-PEO copolymer was reacted with excess 

TMSBr in anhydrous dichloromethane. After 24 h, the solvent and the unreacted TMSBr were 

removed under reduced pressure to avoid any side reactions in the subsequent procedure. 

Methanol was added to convert the trimethylsilyl phosphonates into the corresponding 

phosphonic acids (Figure 4.3). 1H NMR confirmed removal of the ethyl groups from 

phosphonate esters (Figure 4.6). The resonances at 1.2 and 4.1 ppm characterized the methyl and 

methylene groups in the phosphonates (Figure 6, top). The decrease of these resonances (Figure 

6, bottom) compared to the PEO repeating unit protons at 3.6 ppm indicated complete removal of 

the ethyl groups. The single peak shifted from 31 to 20 ppm in the 31P NMR spectrum (Figure 

4.7) also suggested the successful deprotection of poly(n-butylacrylamide phosphonate)-g-PEO 

to the poly(n-butylacrylamide phosphonic acid)-g-PEO copolymer.  
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Figure 4.6 1H NMR spectra of a poly(n-butylacrylamide phosphonate)-g-PEO and poly(n-

butylacrylamide phosphonic acid)-g-PEO copolymers at pH 7.4. The PEO oligomer in the 

acrylate-PEO macromonomer had Mn = 5085 g mol-1 
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Figure 4.7 31P NMR spectra of a poly(n-butylacrylamide phosphonate)-g-PEO and poly(n-

butylacrylamide phosphonic acid)-g-PEO copolymers at pH 7.4. 

4.4.5 Solution properties of the graft copolymers 

One of the objectives of designing phosphonic acid-containing copolymers in our 

research is to complex them with cationic or metal-containing drugs and nanoparticles through 

coordination or electrostatic interactions. Hence it is of great importance to investigate the 

solution properties of these copolymers to provide guidelines for developing complexes. The 

poly(n-butylacrylamide phosphonic acid)-g-PEO copolymer comprised of 56 wt% of the 

backbone and 44 wt% of the PEO grafts was soluble in DMF, DMSO, methanol and water at pH 

7.4. It showed improved solubility in organic solvents compared to the previously synthesized 

poly(ammonium bisphosphonic acid (meth)acrylate)-g-PEO copolymers that could only be 
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dissolved in aqueous media (pH 7.74).24  This was attributed to the increased hydrophobicity 

contributed by the n-butyl group, the mono phosphonic acid nature of the acrylamide copolymer, 

and also to the fact that these new polymers were anionic as opposed to zwitterionic. 

To investigate the solution behavior of the poly(n-butylacrylamide phosphonic acid)-g-

PEO, a copolymer concentration of 2 mg mL-1 was prepared in all of the solvents for DLS 

measurements. Volume size distributions were transformed from intensity size distributions 

based on Mie theory for compositional analysis. Figure 4.8(A-E) shows the volume size 

distributions of the copolymer in DMF, DMSO, methanol and water with and without added salt. 

Table 4.2 summarizes the volume-average sizes and the relative volume ratios of the aggregates 

versus single polymer chains. Only one peak, indicating formation of aggregates, was observed 

in the size distributions for the copolymer solutions in DMF and DMSO (Figure 4.8(A) and 

4.8(B)). The volume-average diameters of these aggregates were 220 and 301 nm with PDI 

values (from DLS) lower than 0.29.  In contrast, the copolymer showed a bimodal size 

distribution in methanol (Figure 4.8(C)). The large peak centered at 19 nm is indicative of the 

single polymer chains, while the small peak is attributed to aggregates. The reasons for the 

aggregation in DMF and DMSO and dissociation of aggregates in methanol are not yet clear. 

Acrylamides are known to form strong hydrogen bonds.48 Pophristic and coworkers49 have 

investigated hydrogen bonding in several ortho-substituted arylamides. There were two types of 

hydrogen bonds in their study: R-O···H-N and C=O···H-N. These hydrogen bonds were 

conserved in an aprotic environment (chloroform) but were significantly disrupted in protic 

solvents (methanol and water). In our case, instead of N-H bonds phosphonic acid groups with 

H-O bonds were in the copolymer. Therefore, one possible explanation is that the interchain 

hydrogen-bonding of the phosphonic acid with the amide groups lead to the aggregation in 
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aprotic solvents i.e. DMF and DMSO (Figure 4.9, left). Most of the aggregates dissociated in 

protic solvents such as methanol due to the capability of the solvent itself to form hydrogen 

bonds with the amide and the phosphonic acids (Figure 4.9, right).  

Table 4.2 Volume-average diameters of poly(n-butylacrylamide phosphonate)-g-PEO and 

poly((n-butylacrylamide phosphonate)-g-PEO in DMF, DMSO, methanol and water solution. 

DLS 
from 
Figure 
4.8 

Solvent NaCl 
(conc.) 

Peak 1 
Volume ave. 

diameter  
Peak 1 
Volume 
(%) 

Peak 2 
Volume ave. 

diameter  

Peak 2 
Volume 
(%) 

A DMF - 220 100 - - 

B DMSO - 301 100 - - 

C MeOH - 19 89.2 171 10.8 

D H2O - 18 88.7 212 11.3 

E H2O 0.17 N 18 95.9 129 4.1 
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Figure 4.8 Volume size distributions measured by DLS of poly(n-butylacrylamide phosphonic 

acid)-g-PEO at a concentration of 2 mg mL-1 in: (A) DMF; (B) DMSO; (C) methanol; (D) water 

at pH 7.4; (E) water with 0.17 N sodium chloride at pH 7.4 
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Figure 4.9 Illustration of hydrogen bonding of the poly(n-butylacrylamide phosphonic acid)-g-

PEO copolymer in protic (methanol) and aprotic (DMF and DMSO) solvents 

Similar bimodal size distributions (Figure 4.8(D)) were also observed in aqueous media 

at pH 7.4. This pH was chosen since it is close to the physiological condition. There was a large 

peak centered at 18 nm and a small peak at 212 nm. To explain this phenomenon, besides the 

breaking of hydrogen bonds by water, there might be electrostatic repulsion as well. At the 

selected pH, the phosphonic acids were partially ionized and formed phosphonate anions. The 

negative charges might induce interchain repulsion. Figure 4.8(E) shows the size distribution in 

an aqueous solution containing sodium chloride (0.17 N). Approximately 7 % more aggregates 

dissociated and about 5 % of the aggregates were still present in the solution. Therefore, this 

indicated that the addition of salt disrupted the aggregates to some extent, but not completely.  

4.4.6 Interaction of the n-butylacrylamide phosphonic acid or acrylic acid monomers with 
hydroxyapatite (HAP) 

HAP, with a formula of Ca5(PO4)3(OH), is found in calcified hard tissues of teeth and 

bone.50 Adhesion of acid monomers to teeth is generally attributed to binding of the acid 
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functionalities to the calcium cation of HAP. Thus, several researchers have studied interactions 

of carboxylic or phosphonic acid-containing acrylic materials with HAP because of their 

potential applications in dental adhesives.51-55 Herein we investigated binding of the phosphonic 

acid-containing n-butylacrylamide monomer to HAP and compared this with binding of acrylic 

acid. Since in dental adhesives acid monomers are applied as primers on teeth followed by 

photo-curing, we deprotected n-butylacrylamide phosphonate using TMSBr to afford the 

phosphonic acid for the investigation (Figure 4.10). 

We employed a 13C NMR method developed by Nishiyama and coworkers25 to measure 

the ionization profiles of the acids and to evaluate their extents of interaction with HAP. This 

method was chosen since the chemical shift of the 13C NMR peak is more sensitive to changes of 

chemical environment compared with pH changes upon titration. The chemical shift of the α-

methylene carbon adjacent to the phosphorus atom in the phosphonic acid was pH-dependent. 

Figure 4.11 shows 13C NMR spectra of the n-butylacrylamide phosphonic acid at pH 1.072 and 

11.400, respectively. The chemical shift of the α-methylene carbon “e” moved downfield upon 

increasing the pH. By titrating each acid solution with aqueous sodium hydroxide (0.5 N), pH-

dependent chemical shift curves (Figure 4.12) were established that reflected ionization of the 

diprotic phosphonic acid and the monoprotic carboxylic acid. Figure 4.12(A) shows the lower (at 

28.71 ppm) and upper plateau (at 30.10 ppm) corresponding to the first and second dissociations 

of the acidic protons of the phosphonic acid. The chemical shift differences were 1.74 and 1.39 

ppm for the two dissociations. pKa values were determined to be 1.3 and 7.1 for the two acidic 

protons and it was noted that these were very close to those of methacryloyl-2-aminoethyl 

phosphonic acid (pKa1=1.8, pKa2=7.1).25 The pH-dependent chemical shift curve of the carbonyl 

carbon of acrylic acid showed a single plateau (at 175.41 ppm) corresponding to dissociation of 
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the proton from the carboxylic acid (Figure 4.12(B)). The chemical shift difference was 5.12 

ppm and the pKa was measured as 4.2. 

 

Figure 4.10 Deprotection of the n-butylacrylamide phosphonate monomer 

 

Figure 4.11 13C NMR of n-butylacrylamide phosphonic acid at pH 1.072 (top) and 11.400 

(bottom) 
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Figure 4.12 pH-dependent chemical shift curve of (A) α-methylene carbon “e” of n-butyl 

acrylamide phosphonic acid, and (B) carbonyl carbon of acrylic acid 
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To compare interactions of the phosphonic acid and acrylic acid with HAP, excess molar 

amounts of HAP (15 mg and 30 mg, 0.15 mmol and 0.30 mmol of calcium cations) were added 

to the acid solution. Figure 4.13(A-B) shows the 13C NMR spectra of n-butylacrylamide 

phosphonic acid and acrylic acid with and without added HAP. In both cases, the pH of the acid 

solution increased when HAP was added, thus indicating interactions of the phosphonate or 

carboxylate anions with the calcium cation. The percentage of each acid that reacted with HAP 

was calculated by dividing the chemical shift difference before and after the addition of HAP by 

the difference of complete dissociation of the first proton from the phosphonic acid or the acrylic 

acid proton.25, 51, 56, 57 For example, the chemical shift difference upon adding 15 mg HAP to the 

n-butylacrylamide phosphonic acid was 1.39 ppm and the difference for complete dissociation 

was 1.74 ppm. Thus the extent to which the phosphonic acid reacted with HAP was determined 

to be 79.9%. Table 4.3 summarizes the extents of interaction of the phosphonic acid-containing 

monomer and acrylic acid with HAP at two excess HAP concentrations. The n-butylacrylamide 

phosphonic acid exhibited 1.5-1.7 times higher binding capacity to HAP compared with that of 

the acrylic acid at both HAP concentrations (15 mg or 30 mg HAP). This is probably due to the 

lower pKa of the phosphonic acid (pKa=1.8) relative to acrylic acid (pKa=4.2) which allows the 

phosphonic acid to reach higher degree of dissociation under these relatively low pH conditions. 
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Figure 4.13 Expanded 13C NMR spectra of (A) n-butylacrylamide phosphonic acid with and 

without added HAP (B) acrylic acid with and without added HAP 

Table 4.3 Extent of binding of phosphonic acid and acrylic acid with HAP 

 HAP 
(mg) pH Chemical shift difference 

(ppm) 

% of acids 
associated 
with HAP 

Phosphonic acid 15 2.293 1.39 79.9 

Phosphonic acid 30 3.461 1.65 94.8 

Acrylic acid 15 4.056 2.43 47.4 
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Acrylic acid 30 4.358 3.28 64.1 

4.5 Conclusions 

Alkyl acrylamide phosphonate monomers were prepared in two steps through aza-

Michael addition followed by esterification. This simple methodology might be extended using 

other primary amines. Conventional radical polymerization of the n-butylacrylamide 

phosphonate with acrylate-functional PEO macromonomers yielded a statistical graft copolymer. 

Subsequent deprotection of the phosphonate ester groups was achieved leading to the poly(n-

butylacrylamide phosphonic acid)-g-PEO copolymer. This phosphonic acid-containing 

copolymer is soluble in DMF, DMSO, methanol and water with adjusted pH. Further 

investigation on the self-assembly of the copolymer showed that it formed aggregates in DMF 

and DMSO, while only small amounts of aggregates were observed in the copolymer/methanol 

or water solutions. With respect to the phosphonic acid interactions with HAP as compared to 

those of carboxylic acid, the n-butylacrylamide phosphonic acid had a higher extent of binding 

compared to that of acrylic acid. These findings indicate that the phosphonate monomers and 

polymers may be good potential candidates in various biomedical applications such as drug 

delivery and dental adhesives. 
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CHAPTER 5 - Synthesis of Amine End-capped Poly(ethylene oxide-b-acrylic 
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 aMacromolecules and Interfaces Institute, bDepartment of Chemistry, cDepartment of Chemical 

Engineering, Virginia Tech, Blacksburg, VA 24061 

5.1 Abstract 

Heterobifunctional poly(ethylene oxide) (PEO) polymers with three different molecular 

weights were synthesized. Modification of one of these PEO afforded a macroinitiator with a 

bromide on one end and a protected amine on the other end for atom transfer radical 

polymerization (ATRP). Polymerization of tert-butyl acrylate (tBuA) in the presence of this 

initiator and copper (I) bromide (CuBr) catalyst yielded a diblock copolymer. The copolymer 

was deprotected by trifluoroacetic acid (TFA) and formed an amine terminated PEO-b-PAA. 

5.2 Introduction 

Polyion complex micelles developed by Kataoka1 and Kabanov2 represent a frontier 

technology in the drug delivery field. Polyion complexes are usually comprised of a block 

copolymer containing a neutral hydrophilic block and an ionic block loaded with substrates 

containing the complementary charge. In most cases, the counterions are biopharmaceuticals 

such as DNA, RNA, proteins or drugs. Due to electrostatic interactions between the ionic block 

and the counterions, charges are neutralized in these segments. They become hydrophobic and 

this induces micelle formation.3, 4 Poly(ethylene oxide) and poly(acrylic acid) block copolymers 

(PEO-b-PAA) are an important class of anionic copolymers in the polyion complex family. PEO 

is extensively selected as the neutral hydrophilic block for polyion complexes because of its 
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biocompatibility, excellent solubility in water and organic solvents, and lack of toxicity and 

immunogenicity.5-7 PAA contains carboxylic acid units which can be converted to carboxylate 

anions to interact with drugs.  

Controlled radical polymerization provides possibilities for designing well-defined block 

copolymers with control of molecular weights and polydispersity. Normal controlled radical 

polymerization techniques involve nitroxide-mediated radical polymerization (NMRP),8 atom 

transfer radical polymerization (ATRP)9 and reversible addition-fragmentation transfer 

polymerization (RAFT).10 PEO-b-PAA block copolymers have been prepared exclusively by 

ATRP.11-15 An ester of acrylic acid (i.e. t-butyl acrylate) is polymerized by initiation of bromide-

functionalized methoxy-PEO (mPEO-Br) in the presence of CuBr to afford PEO-b-PtBuA. 

Subsequent removal of the tert-butyl group under acidic conditions leads to the formation of 

PEO-b-PAA.  

Heterobifunctional PEO oligomers (X-PEO-Y) are a special class of PEO that bear 

different moieties at each chain ends.16 Both of these moieties can be reactive (e.g. HOOC-PEO-

OH) or in some cases, only one of them is able to undergo modification (e.g. mPEO-OH). 

Heterobifunctional PEO oligomers that are end-capped with two reactive groups allow for tuning 

properties on both ends, thus leading to versatile applications of the resulting materials.17-20 For 

instance, Tessmar et al. synthesized a heterobifunctional PEO with an amino group and a 

hydroxyl group on the ends (H2N-PEO-OH).18 The amine group was reacted with acetic acid to 

form an ammonium salt, then the hydroxyl group initiated ring opening polymerization of D,L-

lactide with catalysis from stannous 2-ethylhexanoate to form a block copolymer of PEO and 

poly(D,L-lactic acid) (H2N-PEO-b-PLA-OH after neutralization). To establish that the amine was 
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present, it was derivatized with an amine-reactive fluorescent dye, then an increase in UV 

absorption was observed by SEC. It was reasoned that a variety of substrates, such as bioactive 

molecules, inorganic nanoparticles and cross-linkers could be reacted with the amine group and, 

thus, such diblock copolymers have promising potential for biomimic materials and drug 

delivery systems.  

To our knowledge, few investigations have been conducted on preparation of end-group 

functionalized PEO-b-PAA copolymers. Herein we describe the synthesis of amine end-capped 

H2N-PEO-b-PAA. This could undergo chemical modification for potential application in drug 

delivery systems with tracking and crosslinking capabilities.  

5.3 Experimental 

5.3.1 Materials 

Dichloromethane (EMD Chemicals, anhydrous, 99.8%), toluene (EMD Chemicals, 

anhydrous, 99.8%), 3-chloropropylchlorodimethylsilane (Gelest Inc.) and trifluoroacetic acid 

(Alfa Aesar, 99%) were used as received. Hexane (99.9%), dichloromethane (99.9%), 

chloroform (99.9%), toluene (99.9%), tetrahydrofuran (THF, 99.99%) magnesium sulfate 

(anhydrous, 98%), sodium bicarbonate (99%), diethyl ether (anhydrous, 99.8%) and dialysis 

tubing (Spectra/Por, 3,500 MWCO), all from Fisher Scientific, were used as received. N,N-

Dimethylformamide (DMF, anhydrous, 99.8%), 1,4-dioxane (99.8%), vinyl magnesium bromide 

(1.0 M in THF), acetone (99.99%), acetic acid (99.99%), sodium sulfate (anhydrous, 99%), 

ammonium chloride (99.99%),  triethylamine (TEA, >99.5%), sodium hydroxide (97%), 

cysteamine hydrochloride (>98%), di-tert-butyl dicarbonate (99%), D,L-dithiothreitol (>99%), 

N,N-diethylethanolamine (>99.5%) 2,2’-azobisisobutyronitrile (AIBN, 98%), 
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hexamethylphosphoramide (HMPA, 99%), sodium iodide (NaI, >99.5%), sodium chloride 

(>99.5%), 2-bromoisobutyryl bromide (98%), N,N,N',N",N"-pentamethyl-diethylenetriamine 

(PMDETA, 99%), CuBr (98%) and hydrochloric acid solution (1.0 N) were purchased from 

Sigma-Aldrich and used as received. THF was refluxed over sodium with benzophenone as an 

indicator until the solution turned deep purple, then it was fractionally distilled into a flame-dried 

round-bottom flask prior to polymerization. A double-metal cyanide catalyst, (Zn3[Co(CN)6]2), 

graciously donated by Bayer, was dried at room temperature for 24 h under vacuum and diluted 

with distilled THF to yield a dispersion. Ethylene oxide packaged in a lecture bottle (EO, Sigma 

Aldrich, 99.5%) was distilled directly into a Parr pressure reactor for polymerization. t-Butyl 

acrylate (99%, Alfa Aesar) was passed through a basic alumina column to remove the inhibitor 

and distilled under reduced pressure before polymerization. 

5.3.2 Synthesis 

5.3.2.1 Synthesis of PEO with a Vinylsilylpropoxy Group at One End and a Hydroxyl 
Group at the other End (vinyl-PEO-OH) 

PEO oligomers with controlled molecular weights were synthesized using 3-

hydroxypropyldimethylvinylsilane (3-HPMVS) as an initiator. The initiator was prepared 

according to a method developed by our group.21 A representative polymerization procedure is 

provided. EO (14.6 g, 0.332 mol) was distilled from a lecture bottle into a 300-mL high-pressure 

Parr reactor that was cooled in a dry ice bath. In a separate flame-dried, 50-mL round-bottom 

flask, 3-HPMVS (1.08 g, 7.5 mmol), THF (10 mL), and the double-metal cyanide catalyst (zinc 

hexcyanocobaltate, 13 mg, 500 ppm) were aged for 24 h. This solution was added to a stirring 

reaction mixture in the Parr reactor via syringe. The cooling bath was removed and the reaction 

mixture was heated to 90 °C. The reaction occurred after 15 min with an immediate increase of 
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temperature from 90 to 180 °C and the pressure increased from 110 psi to a maximum of 280 psi. 

After the sudden increase, the temperature and the pressure dropped to 95 °C and 60 psi, 

respectively. The reaction was maintained for 12 h. The reaction was allowed to cool to room 

temperature and was purged with N2 for 1 h to remove any residual monomer. The reaction 

mixture was diluted with dichloromethane (100 mL) and transferred to a 600-mL beaker. The 

diluted reaction mixture was filtered through Celite twice to remove the double-metal cyanide 

catalyst. The solvent was removed by rotary evaporation and the resulting white solid (vinyl-

PEO-OH) (14.5 g, 92%) was dried at 50 °C under vacuum overnight. 

5.3.2.2 Synthesis of PEO with a tBoc Protected Amine Group at One End and a Hydroxyl 
Group at the other End (tBocNH-PEO-OH) 

Vinyl-PEO-OH was reacted with N-(tert-butoxycarbonyl)-2-amino-ethanethiol via a 

thiol-ene reaction. N-(tert-Butoxycarbonyl)-2-amino-ethanethiol was prepared according to a 

procedure reported by Winger et al.22 Vacuum dried vinyl-PEO-OH (2 g, 0.8 mmol), N-(tert-

butoxycarbonyl)-2-amino-ethanethiol (0.43 g, 2.4 mmol) and AIBN (98.5 mg, 0.6 mmol) were 

dissolved in deoxygenated DMF (7 mL) in a 100-mL round bottom flask equipped with a stir bar. 

The round-bottom flask was placed in an oil bath and heated at 80 °C for 24 h. The reaction 

mixture was cooled to room temperature and diluted with dichloromethane (70 mL). The mixture 

was washed with DI water (4 x 50 mL) and precipitated in a hexane:ether (1:1 v:v) mixture (3 x 

500 mL). The precipitate was collected by redissolving in dichloromethane. The solvent was 

evaporated and the white solid, tBoc-PEO-OH (1.89 g, 88%) was dried at 50 °C under vacuum 

overnight.  
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5.3.2.3 Synthesis of PEO with a tBoc Protected Amine Group at One End and a Bromide 
Group at the other End (tBocNH-PEO-Br) 

Vacuum dried tBocNH-PEO-OH (1.93 g, 0.72 mmol) was charged in a 100-mL round 

bottom flask with a stir bar. THF (20 mL) and TEA (0.13 g, 1.3 mmol) was added to the flask. 

The flask was cooled in an ice bath. 2-Bromoisobutyryl bromide (0.3 g, 1.3 mmol) was slowly 

added to the flask via syringe. The ice bath was removed after 30 min and the reaction was 

conducted at room temperature. After 24 h, the reaction mixture was diluted with 

dichloromethane (70 mL) and washed with saturated sodium chloride solution (3 x 50 mL). The 

organic phase was dried over sodium sulfate and concentrated by rotary evaporation. The 

concentrated solution was precipitated in a hexane:ether (1:1 v:v) mixture (3 x 500 mL). The 

precipitates were collected by redissolving in dichloromethane. The solvent was evaporated and 

the white solid, tBocNH-PEO-Br (1.67 g, 81%) was dried at room temperature under vacuum 

overnight. 

5.3.2.4 Synthesis of tBocNH-PEO-b-PtBuA using tBocNH-PEO-Br as a Macroinitiator by 
ATRP 

tBocNH-PEO-Br (2.37 g, 0.84 mmol) and toluene (15 mL) were charged into a 100-mL 

round-bottom flask. The mixture was nitrogen purged for 15 min. In a 50-mL flask, tBuA (10.1 g, 

79 mmol), PMDETA (0.145 g, 0.84 mmol) and toluene (1 mL) were mixed and nitrogen purged 

for 15 min. CuBr (0.12 g, 0.84 mmol) was quickly added to a flame dried 100-mL Schlenk flask. 

The Schlenk flask was vacuum dried for 15 min. The tBuA/toluene solution with PMDETA and 

the tBocNH-PEO-Br/toluene solution was transferred to the Schlenk flask under nitrogen. The 

Schlenk flask was nitrogen purged for 30 min followed by three freeze-pump-thaw cycles. The 

Schlenk flask was then placed in an oil bath preheated to 75 °C. After 18 h, the reaction mixture 

was allowed to cool to room temperature, diluted with dichloromethane (80 mL), and filtered 
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through a neutral alumina column to remove the catalyst. The solvent was evaporated and the 

pale yellow solid, tBocNH-PEO-b-PtBuA (10.5 g, 73%) was dried under vacuum at 50 oC 

overnight. 

5.3.2.5 Synthesis of H2N-PEO-b-PAA copolymer 

The tBoc group on one terminus and the t-butyl ester groups of tBocNH-PEO-b-PtBuA 

were hydrolyzed simultaneously with trifluoroacetic acid (TFA). Briefly, tBocNH-PEO-b-PtBuA 

(0.9 g, 0.072 mmol) was dissolved in dichloromethane (6 mL) in a 50-mL round-bottom flask. 

TFA (3.2 g, 28 mmol) was slowly added to the flask and the reaction was maintained at room 

temperature for 24 h. The reaction mixture was then concentrated by evaporating the solvent, and 

the concentrated mixture was precipitated in cold hexane (2 x 200 mL). The precipitated H2N-

PEO-b-PAA was redissolved in THF and water mixture, transferred into 3,500 MWCO dialysis 

tubing and dialyzed against 2 L of DI water for 48 h, then lyophilized for 3 days. The yielded 

pale yellow solid (0.47 g, 81%) was stored in the refrigerator.  

5.3.3 Characterization 

1H NMR spectral analyses were performed on a Varian Unity 400 NMR or a JEOL 

Eclipse Plus 500 NMR operating at 399.95 or 500 MHz, respectively. All spectra of the small-

molecule compounds and heterobifunctional PEO and PEO-b-PtBuA copolymers were obtained 

in CDCl3. Spectra of the PEO-b-PAA copolymers were obtained in d6-DMSO. 

Molecular weights were analyzed by size exclusion chromatography (SEC). A Waters 

Alliance model 2690 chromotograph with a Viscotek T60A dual viscosity detector and laser 

refractometer equipped with four Waters Styragel HR columns (HR4 7.8 x 300 mm, HR3 7.8 x 
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300 mm, HR2 7.8 x 300 mm, and HR0.5 7.8 x 300 mm) was used to obtain the chromatograms. 

HPLC grade chloroform was employed as the mobile phase at 30°C and a flow rate of 1.0 

mL/min.  Polystyrene standards were used to construct a universal calibration to determine 

absolute molecular weights. Samples (15 – 25 mg) were dissolved in HPLC grade chloroform 

(10 mL) and passed through a 0.45-µm Teflon® syringe filter before each measurement. 

5.4 Results and Discussion 

5.4.1 Synthesis of vinyl-PEO-OH 

Previously our group developed a facile method for synthesizing vinylsilyl alcohols as 

initiators for polymerization of epoxide monomers.21 The initiators were prepared by a three-step 

procedure beginning with a Grignard reaction of vinylmagnesium chloride with 3-

chloropropyldimethylchlorosilane. This was followed by substitution reactions of the chloride 

group by iodide and then of a hydroxyl group for the iodide. Herein we replaced 

vinylmagnesium chloride with a more reactive bromide derivative (Figure 5.1).  

 

Figure 5.1 Synthesis of 3-HPMVS as an initiator for polymerization of EO 

Polymerization of EO was initiated by 3-HPMVS in the presence of a heterogeneous 

double-metal cyanide catalyst (Figure 5.2). It has been shown by our group and others that this 

catalyst can afford PEO with expected molecular weights and low PDI values.23-25 A series of 
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vinyl-PEO-OH oligomers with targeted molecular weights of ~1100, 2000, 3600 g mol-1 were 

synthesized and characterized by 1H NMR and SEC (Table 5.1). A representative 1H NMR 

spectrum of the polymer with a targeted molecular weight of 1100 g mol-1 is shown in Figure 5.3. 

The molecular weight was determined by normalizing the integration of the protons from the two 

methyl groups on the silicon as 6. The integration on the repeating unit of EO was then 113 and 

the calculated molecular weight was about 1200 g mol-1. The SEC result of the same vinyl-PEO-

OH (Figure 5.4) showed a molecular weight of 970 g mol-1 and a PDI value of 1.01. 

 

Figure 5.2 Synthesis of vinyl-PEO-OH by 3-HPMVS 

Table 5.1 Characterization of vinyl-PEO-OH 

Targeted Molecular Weight 
(g mol-1) 

Mn (g mol-1) P
DI 

1H 
NMR SEC 

1100 1200 970 1
.01 

2000 2500 2500 1
.05 

3600 4100 3300 1
.10 
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Figure 5.3 1H NMR of a vinyl-PEO-OH (targeted Mn=1100 g mol-1) 

 

Figure 5.4 SEC trace of a vinyl-PEO-OH (targeted Mn=1100 g mol-1) 
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5.4.2 Synthesis of tBocNH-PEO-OH 

The use of 3-HPMVS as the initiator produced PEO oligomers with a hydroxyl group on 

the terminal end and a vinylsilyl functionality on the initiator end. These two groups provide 

possibilities for versatile post-functionalization of PEO. The “click”-like thiol-ene reaction26 is 

one of the most commonly used modification methods for PEO.7, 27-30 Previously our group has 

employed this technique to introduce amine and carboxylic acid moieties.21, 25 Herein we 

converted the vinylsilyl end group to a protected amine to prevent the amine from reacting with 

reagents in subsequent modifications. The protecting group was removed in the last step to yield 

amine functionalized block copolymers. The reaction proceeded through a free radical 

mechanism in the presence of tBoc-cysteamine-SH and vinyl-PEO-OH initiated by AIBN 

(Figure 5.5). The vinyl-PEO-OH did not polymerize because of the low reactivity of vinylsilyl 

double bonds toward free radical polymerization.25 1H NMR (Figure 5.6) confirmed the addition 

of tBoc-cysteamine-SH to the vinyl bond of the PEO (Mn=2500 g mol-1). The disappearance of 

the vinyl bond from 5.5 to 6.1 ppm and the corresponding appearance of a peak at ~1.4 ppm 

representing the tert-butyl group indicated the formation of tBocNH-PEO-OH (Mn=2680 g mol-

1). 

 

Figure 5.5 Synthesis of tBocNH-PEO-OH 
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Figure 5.6 1H NMR of tBocNH-PEO-OH 

5.4.3 Synthesis of tBocNH-PEO-Br 

Numerous publications have covered the modification of mPEO-OH by 2-

bromoisobutyryl bromide to convert the PEO to an ATRP initiator.31-34 We adapted the same 

approach and it did not affect the protected amine group (Figure 5.7). 1H NMR indicated the 

successful functionalization of the tBocNH-PEO-OH (Mn=2680 g mol-1) with the acyl bromide 

to afford a bromoalkane end group (Figure 5.8). The peak at 1.95 ppm is due to the protons on 

the methyl groups from the isobutyryl moiety indicating the formation of tBocNH-PEO-Br 

(Mn=2830 g mol-1). The integral for the peak at around 1.4 ppm representing the tert-butyl group 

from tBoc remained ~ 9. This suggested that the tBoc group was almost intact after bromination. 
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Figure 5.7 Synthesis of tBocNH-PEO-Br 

 

Figure 5.8 1H NMR of tBocNH-PEO-Br 

5.4.4 Synthesis of the Block Copolymer and Deprotection of tBocNH-PEO-b-PtBuA 

We employed ATRP conditions to prepare the block copolymer. tBocNH-PEO-Br served 

as the initiator to polymerize t-butyl acrylate in the presence of cuprous bromide as the activator 

and pentamethyldiethylenetriamine as the ligand to complex and disperse the copper in toluene 
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(Figure 5.9). 1H NMR showed that the block copolymer, tBocNH-PEO-b-PtBuA polymerized as 

expected (Figure 5.10, top). The integral of the peak at around 0.0 ppm representing the protons 

from the methyl groups on silicon was again assigned as 6. A peak centered at about 2.2 ppm 

were the protons from the CH group in the backbone of the poly(t-butyl acrylate) block and the 

integration was 87 which indicated an average of 87 repeating units per chain. The calculated 

molecular weight for the poly(t-butyl acrylate) block from 1H NMR was then 11,100 g mol-1, and 

this was very close to the targeted molecular weight in this case of 12,000 g mol-1. The total 

molecular weight of the diblock copolymer was thus 14,800 g mol-1. A somewhat higher 

molecular weight (15,300 g mol-1) was measured from SEC analysis using a Universal 

Calibration curve (Figure 5.11). Narrow molecular weight distribution (PDI=1.27) confirmed a 

well-defined structure of the diblock copolymer. 

Removal of the tert-butyl groups from both the poly(t-butyl acrylate) block and the tBoc 

end group on the PEO under anhydrous acidic conditions, followed by dialysis and lyophilization 

afforded the NH2-PEO-b-PAA copolymer. The reduction of the NMR peak integral at about 1.4 

ppm attributed to the tert-butyl protons (Figure 10, bottom) clearly indicated complete removal. 

Moreover, the peak originally at ~3.25 ppm representing the methylene protons next to the 

nitrogen of the end group shifted upfield to ~3.00 ppm, and this provided evidence for the 

successful removal of the tBoc end group as well.   
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Figure 5.9 Synthesis and deprotection of tBocNH-PEO-b-PtBuA 
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Figure 5.10 1H NMR of tBocNH-PEO-b-PtBuA before and after deprotection 
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Figure 5.11 SEC trace of tBocNH-PEO-b-PtBuA 

5.5 Conclusions 

A series of vinyl-PEO-OH oligomers with different molecular weights and narrow 

molecular weight distributions were synthesized using a heterogeneous double-metal cyanide 

catalyst. Post-functionalization of the hydroxyl group on vinyl-PEO-OH with an acyl bromide 

functionalization of the vinylsilyl end with a protected cysteamine produced a macroinitiator for 

ATRP with a protected amine on the other end. Utilization of the initiator for polymerization of 

t-butyl acrylate and then subsequent hydrolysis to deprotect the initiator and remove the tert-

butyl groups yielded well-defined diblock copolymers, H2N-PEO-b-PAA. Due to the ionizable 

nature of the PAA block and the protein-resistant characteristic of PEO, this copolymer has 

potential to form a core-shell carrier for drugs and imaging agents. In addition, due to the high 

reactivity of the amine endgroup in various organic reactions, the amine functionality on the 
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surface of the shell can likely be further functionalized with tracking agents or it could serve as 

cross-linking sites. While introduction of all of these features requires several synthetic steps, 

such materials may become quite valuable for a large number of promising biomedical 

applications.  
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CHAPTER 6 - Complexation of Phosphonic Acids with Carboplatin 
Nan Hu,a,b and J. S. Rifflea,b 

 aMacromolecules and Interfaces Institute, bDepartment of Chemistry,  

Virginia Tech, Blacksburg, VA 24061 

6.1 Abstract 

Three compounds, vinylphosphonic acid, 3-hydroxypropyl ammonium bisphosphonic 

acid and 2-hydroxyethyl ammonium phosphonic acid were complexed with carboplatin under 

either acidic or neutral conditions. Covalent bonding of these acids to carboplatin was only 

observed under acidic pH. The covalently bonded percentage was 17%, 37% and 34%, 

respectively. A more in-depth investigation is necessary to understand this complexation 

behavior. 

6.2 Introduction 

Carboplatin, cis-diammine(cyclobutane-1,1-dicarboxylato)-platinum (II) or [Pt(CBDCA-

O,O)(NH3)2], is a second generation platinum-containing anticancer drug (Figure 6.1).1 It is a 

derivative of Cisplatin, cis-diamminedichloroplatinum (Figure 6.1). Cisplatin exerts itself as an 

important substrate in cancer chemotherapy.2 Cisplatin-based drugs have been employed to treat 

a variety of cancers such as lung, head-and-neck, bladder, and breast cancer.3-6 However, the 

clinical use of Cisplatin has been precluded by severe side effects including neurotoxicity, 

nephrotoxicity, ototoxicity and gastrointestinal toxicity.7 As an alternative to Cisplatin, 

Carboplatin exhibits reduced toxicity, especially toward the kidneys and nervous system, while it 

retains comparable antitumor activities.6  
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Figure 6.1 Structures of Carboplatin and Cisplatin 

With toxicity issues and side effects of Cisplatin, Carboplatin and other Pt-containing 

drugs, intrinsic and acquired drug resistance of tumors hinders the effectiveness of these drugs in 

cancer treatment as well. Hence, great effort has been made to improve efficacy of the platinum 

drugs. One extensively investigated area is complexation of platinum drugs with polymeric 

carriers.8-12  Polymeric nanoparticles are of particular interest since they are capable of passively 

targeting tumor cells through the enhanced permeation and retention (EPR) effect.13 With respect 

to the delivery of Carboplatin, various types of (co)polymers including polyanhydrides,14 

poly(methacrylic acid),15 poly(L-lactide) or poly(D, L-lactide-co-glycolide),16-20 polysaccharides,21 

and Pluronics22  have been employed to form drug-polymer nanoparticles. Previously our group 

has utilized novel phosphonic acid-containing copolymers to incorporate Carboplatin. The 

resulting complexes exhibited excellent anticancer activity against MCF-7 breast cancer cells.23 

We hypothesized that the remarkable efficacy of these polymer-drug complexes might be due to 

ligand exchange of the dicarboxylate group of Carboplatin with the phosphonic acid moieties in 

the copolymer. Therefore, this investigation is focused on understanding binding behavior of 

phosphonic acids to Carboplatin. Three small-molecule phosphonic acids including 

vinylphosphonic acid, 3-hydroxypropyl ammonium bisphosphonic acid and 2-hydroxyethyl 

ammonium phosphonic acid were used as model compounds to react with Carboplatin.  
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6.3 Experimental 

6.3.1 Materials 

Diethyl vinylphosphonate (Epsilon-Chimie, >98%), phosphate bufferred saline 

(Mediatech), methanol (Fisher Scientific, 99.9%), dichloromethane (Fisher Scientific, 99.9%), 

and diethyl ether (Fisher Scientific, anhydrous, 99.8%) were used as received. Methanol 

(anhydrous, 99.8%), sodium sulfate (anhydrous, 99%), 3-amino-1-propanol (>99%), 2-

(methylamino)ethanol (>98%), vinylphosphonic acid (97%) and Carboplatin were purchased 

from Sigma-Aldrich and used as received. Bromotrimethylsilane (Sigma-Aldrich, TMS-Br, 

97.0%) was fractionally distilled before use. 

6.3.2 Synthesis 

6.3.2.1 Synthesis of phosphonate compounds 

Synthesis of 3-hydroxypropyl ammonium bisdiethylphosphonate followed a procedure 

previously developed by our group.24 Briefly, 3-aminopropanol (8.0 g, 0.11 mol), diethyl 

vinylphosphonate (36.0 g, 0.22 mol) and 200 mL of DI water were charged to a 500-mL round-

bottom flask with a magnetic stir bar. The flask was placed in an oil bath and maintained at 

60 °C for 24 h. The reaction mixture was extracted with dichloromethane. The combined organic 

phase was washed with DI water, dried over anhydrous sodium sulfate and the solvent was 

evaporated to afford 3-hydroxypropylammonium bisdiethylphosphonate. 

Synthesis of 2-hydroxyethyl ammonium ethylphosphonate was similar to the method 

described above. 2-(Methylamino)ethanol (3.0 g, 0.04 mol) and diethyl vinylphosphonate (6.72 g, 

0.041 mol) was reacted in water at 60 °C. The clear liquid obtained after isolation was 2-

hydroxyethyl ammonium ethylphosphonate. 
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6.3.2.2 Synthesis of phosphonic acid derivatives  

Converting the phosphonate group to phosphonic acid was achieved under mild 

conditions using TMS-Br. The molar ratio of TMS-Br to each phosphonate group was 3.75:1. A 

representative procedure to deprotect 3-hydroxypropylammonium bisdiethylphosphonate is 

provided. 3-Hydroxypropylammonium bisdiethylphosphonate (3.77 g, 9.34 mmol) was charged 

into a 100-mL flask with a stir bar and vacuum dried overnight. Anhydrous dichloromethane (30 

mL) was added to dissolve the phosphonate. TMS-Br (10.72 g, 70 mmol) was slowly injected via 

syringe, then the reaction was conducted at room temperature for 24 h. Most of the solvent and 

TMS-Br were rotary evaporated. The reaction mixture was vacuum dried at room temperature 

for 4 h to remove any residual TMS-Br. Anhydrous methanol (20 mL) was added to the flask. 

After another 24 h the reaction mixture was precipitated in cold ether (500 mL). The precipitates 

were collected by redissolving into methanol and the solvent was removed by rotary evaporation. 

The viscous, pale yellow liquid was vacuum dried at 60 °C overnight.  

6.3.3 Complexation 

Complexation of vinylphosphonic acid, 3-hydroxypropyl ammonium bisphosphonic acid, 

2-hydroxyethyl ammonium phosphonic acid with Carboplatin were conducted using the same 

procedure. For each complexation, the molar ratio of phosphonic acid groups or the sodium salt 

derivatives relative to Carboplatin (3.43:1, same ratio to that of the phosphonate polymer-

Carboplatin complex)23 was kept the same. For example, 3-hydroxypropyl ammonium 

bisphosphonic acid (6.8 mg, 34.1 µmol), corresponding to 46.2 µmol phosphonic acid, in DI 

water (2 mL) was charged into a 5-mL vial. Carboplatin (5 mg, 13.4 µmol) was dissolved in DI 

water (0.6 mL) with stirring and sonication until a clear solution was obtained. The 

Carboplatin/water solution was added drop-wise to the phosphonic acid solution. The vial was 
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sealed, sonicated for 2 min and stirred at room temperature. After 24 h, the reaction was stopped 

and samples were taken from the reaction mixture for NMR analysis.  

6.3.4 Characterization 

1H NMR spectral analyses were performed on a Bruker Advance II-500 NMR operating 

at 500 MHz. Samples for the complexation study were prepared by removing 0.1 mL of the 

reaction mixture and adding this to 1.1 mL of D2O. The NMR integrals for either α and β or γ 

methylene protons from the cyclobutane ring of Carboplatin were normalized at 4 or 2, 

respectively, to serve as an internal chemical shift reference. 

6.4 Results and Discussion 

Cisplatin exhibits antitumor properties by undergoing hydrolysis and then releasing the 

active species (Figure 6.2) which binds to DNA. This leads to DNA bending out of the preferred 

conformation and inhibits DNA replication and transcription, thus resulting in prevention of 

cancer cell proliferation.6, 25 Carboplatin resembles the structure of Cisplatin but replaces the two 

chloride leaving ligands with a bidentate dicarboxylate group, and this significantly lowers the 

hydrolysis rate. The slow substitution rate of Carboplatin likely excludes the possibility of 

activating the drug by hydrolysis.26 Several researchers have suggested that carbonate ions that 

are relatively abundant in the blood plasma trigger the antitumor activities of Carboplatin.26-28 

Dabrowiak et al. have made significant contributions in this area. They investigated possible 

reactions of Carboplatin in carbonate buffer.28-32 Considering the similarities between carbonates 

and phosphonates, we wondered if complexation of phosphonic acid or phosphonate with 

Carboplatin might undergo similar reactions (Figure 6.3). The first step is the ring opening 

reaction of Carboplatin leading to the formation of intermediate 1. Once formed, 1 might 
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generate a series of platinum-based products (Figure 6.3) together with the ligand, CBCDA. 

According to findings of Dabrowiak and coworkers, if Carboplatin releases CBCDA or 

covalently complexes with phosphonate or phosphonic acid, the methylene protons (α, β, γ) from 

the four-membered ring of CBCDA will become α’ or α’’, β’ or β’’and γ’ or γ’’, respectively.30 

This leads to a chemical shift in the 1H NMR spectra since the chemical environment around 

those methylene groups are different from the original condition. Thus, we have employed 1H 

NMR as a means to probe the binding properties of phosphonic acid or phosphonate with 

Carboplatin.  

 

Figure 6.2 Hydrolysis reaction of Cisplatin releasing active species 
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Figure 6.3 Possible complexation reactions between 3-hydroxypropyl ammonium bisphosphonic 

acid and Carboplatin 
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The three compounds utilized here were vinylphosphonic acid, 3-hydroxypropyl 

ammonium bisphosphonic acid and 2-hydroxyethyl ammonium phosphonic acid (Figure 6.4) 

which corresponds to a monophosphonic acid, bisphosphonic acids with a nitrogen atom and 

monophosphonic acid with a nitrogen atom, respectively. Complexation reactions were 

conducted under either acidic (pH ~ 2.0) or neutral (pH ~ 7.4) conditions with a fixed molar ratio 

(3.43:1) of phosphonic acid to Carboplatin. 1H NMR spectra of the complexed products from 

vinylphosphonic acid and Carboplatin are shown in Figure 6.5. Peaks at 1.75 and 2.73 ppm 

correspond to the γ, then α and β methylene protons, respectively. Interestingly, no changes were 

observed at pH 7.4 while a new set of peaks appeared at about 1.85 and 2.41 ppm at pH 2.0. 

These peaks were related to the γ’ or γ’’, and the α’ or α’’and β’ or β’’ methylene protons of ring 

opened products of Carboplatin or CBCDA which in turn indicated the occurrence of covalent 

bonding between phosphonic acid and Carboplatin. Based on the integrals, there was about 17% 

of phosphonic acid covalently bonded to the Carboplatin when these were exposed to the acidic 

conditions. Similar binding behavior was observed from complexation of 3-hydroxypropyl 

ammonium bisphosphonic acid and Carboplatin (Figure 6.6). The percentage of covalently 

bound 3-hydroxypropyl ammonium bisphosphonic acid to the Carboplatin increased to 37%. The 

20% increase might be due to the structure differences between vinylphosphonic acid and 3-

hydroxypropyl ammonium bisphosphonic acid. Vinylphosphonic acid is a monophosphonic acid 

without nitrogen atoms while 3-hydroxypropyl ammonium bisphosphonic acid contains two 

phosphonic acid moieties and a nitrogen. To confirm this, complexation with a monophosphonic 

acid with a nitrogen atom was also carried out under acidic conditions. Again, similar 

complexation properties were observed from 1H NMR (Figure 6.7). The calculated percentage 

was 34% which was close to the 37% of the bisphosphonic acid. This suggested that the nitrogen 
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atom played an important role in covalent bonding of phosphonic acid with Carboplatin. A 

complete comparison of the compound and complexation properties were summarized in Table 

6.1. 

 

Figure 6.4 Structures of the three model phosphonic acids 

 



 
 

165 

Figure 6.5 1H NMR spectra of Carboplatin (top) and the complexed products from 

vinylphosphonic acid and Carboplatin under neutral (middle) and acidic (bottom) conditions 

 

Figure 6.6 1H NMR spectra of the complexed products from 3-hydroxypropyl ammonium 

bisphosphonic acid and Carboplatin under neutral (top) and acidic (bottom) conditions 
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Figure 6.7 1H NMR spectra of the complexed products from 2-hydroxyethyl ammonium 

phosphonic acid and Carboplatin under acidic conditions 

Table 6.1 Summary of compound and complexation properties 

Compounds Monophosphonic 
acid 

Bisphosphonic 
acid 

Nitrogen 
atom 

Covalent bond 
percentage (%) 

Vinylphosphonic acid Yes No No 17 
3-Hydroxypropyl 

ammonium bisphosphonic 
acid 

No Yes Yes 37 

2-Hydroxyethyl 
ammonium phosphonic 

acid 

Yes No Yes 34 

The reasons why covalent bonds between the phosphonic acids and Carboplatin are only 

present under acidic condition are not yet clear. In fact, our results are contrary to what others 

have reported on the complexation of Carboplatin with carbonate. A couple of investigations 

have indicated that covalent bonding usually occurs when most of the carboxylic acids are in 

their anionic form.30, 31 In our case, under acidic conditions the phosphonic acids are almost fully 

protonated while they are partially deprotonated under neutral conditions. However, the partially 

deprotonated phosphonic acids did not facilitate the covalent bonding to Carboplatin. This leads 
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to a hypothesis that the special structure of the phosphonic acid might be part of the reason in 

forming covalent bonds.  

6.5 Conclusions 

We complexed three different phosphonic acids with Carboplatin, and all of them showed 

some extent of covalent bonding to Carboplatin, but only under acidic conditions. The reason for 

this phenomenon remains unclear. Further investigation should be conducted to characterize the 

complexed products using UV-visible spectrometry and platinum NMR to obtain a more in-

depth understanding of this complexation. Theoretical calculation based on computational 

analysis of the phosphonic acid-platinum binding might be another powerful tool to study the 

complexation behavior as well.  
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CHAPTER 7 - Conclusions and Recommendations 

We have developed facile methods for synthesizing and characterizing block and graft 

copolymers that have potential to be used as carriers for drug delivery systems. First, ammonium 

bisphosphonate methacrylate1 and acrylamide phosphonate monomers and statistical graft 

copolymers with PEO grafts have been synthesized. Studies on the solution properties of these 

graft copolymers in different solvents provided guidelines for preparing complexes with drugs 

and MRI imaging agents.2 In collaboration with Dr. Nipon Pothayee in our research group, we 

have developed a series of manganese graft ionomer complexes containing poly(ammonium 

bisphosphonate methacrylate)-g-PEO copolymer and manganese ions as T1-weighted contrast 

agents for MRI.2 T1 relaxivities of those complexes were 2-10 times higher than that of a 

commercially available MRI contrast agent, manganese dipyridoxyl diphosphate (Teslascan®). 

Anticancer drugs including doxorubicin, cisplatin and carboplatin were encapsulated into the 

manganese ionomer complexes with high efficiency. Complexes loaded with carboplatin 

exhibited excellent antiproliferative efficacies against MCF-7 breast cancer cells. 

Secondly, a series of heterobifunctional PEO oligomers with different molecular weights 

and low PDI’s were synthesized and subsequently functionalized to yield PEO’s with one 

protected amine and one hydroxyl end group. The hydroxyl group was converted to an alkyl 

bromide and was utilized as a macroinitiator for ATRP of t-butyl acrylate.  The resultant diblock 

copolymers were then deprotected to afford amino functional poly(ethylene oxide-b-acrylic acid) 

(H2N-PEO-PAA-Br) diblock copolymers. In collaboration with Dr. Nipon Pothayee, these were 

utilized to form core-shell nanostructures with magnetite imaging agents bound to the anionic 

block in the core and with the non-ionic PEO extending outward into water or buffers to stabilize 
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dispersions of these complexes.3, 4 The amine groups on the outer termini of the PEO segments 

were subsequently reacted with a fluorescent dye, fluorescein isothiocyanate (FITC) for 

assessment of cell uptake.3 The FITC labeled polymer was complexed with magnetite and 

encapsulated with gentamicin, a cationic antibiotic. The cell uptake of those drug-loaded 

complexes were measured by the fluorescent intensity using flow cytometry. Significant cell 

uptake of the complexes at all concentrations were observed. Alternatively, the amine groups 

were also utilized to react with multi-functional acrylates to form larger aggregates.4 For cases 

where the cargo was comprised of magnetite nanoparticles, when the larger aggregates formed, 

they were found to have greatly enhanced T2-weighted NMR relaxivities, and this feature 

correlates directly with improved image contrast for MRI. 

Finally, small-molecule complexation of phosphonic acids with an anticancer drug, 

Carboplatin, was studied. Three different phosphonic acids were complexed with Carboplatin, 

and all of them showed some extent of covalent bonding to Carboplatin, but only under acidic 

conditions. 

Further investigation should be carried out on complexation of small-molecule 

phosphonic acids with Carboplatin at pH 5.5 to assess the complexation behavior through the 

physiological range (pH 5.5 to pH 7.4). Studies also can be extended to characterize 

complexation of phosphonic acid-containing model compounds with Carboplatin using UV-

visible spectroscopy and platinum NMR to obtain a more in-depth understanding. UV-visible 

spectroscopy can provide assessment of the progress of the complexation reaction. By analyzing 

the UV-visible spectra of samples taken at different time intervals, a qualitative estimate of the 

proceeding of the reaction can be obtained. Conducting platinum NMR on the complexation 

products might enable detailed understanding of the binding properties. The chemical shift of the 
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platinum atom in the platinum NMR changes upon replacement of ligands attached onto it. In the 

case of structure-property relationship of the phosphonic acids/Carboplatin complexes, especially 

for studying the effect of nitrogen-containing phosphonic acids on the complexation, theoretical 

calculation based on computational analysis of the phosphonic acid-platinum binding might be 

another powerful tool as well. Theoretical calculation might provide insight for the conformation 

and geometry of the binding between the phosphonic acids and Carboplatin. 

Another interesting recommendation would be to copolymerize the acrylamide 

phosphonate with N-isopropylacrylamide (NIPAM). Poly(NIPAM) is a well-known thermally 

responsive polymer.5 Aqueous solutions of poly(NIPAM) exhibit a lower critical solution 

temperature (LCST) around 33 °C that is close to body temperature. As the temperature is raised 

above the LCST, a coil to globule transition occurs, resulting in loss of water that might lead to 

expulsion of a drug from polymeric carriers in the case of drug delivery. Both the acrylamide 

phosphonate monomer and NIPAM bear the acrylamido functionality. If a small amount of the 

acrylamidophosphonate was copolymerized with NIPAM, followed by deprotection of the 

phosphonate, the resulting copolymer would be poly(NIPAM) with phosphonic anions 

statistically placed within the backbone (Figure 7.1). This copolymer could serve as a potential 

drug and imaging agent carrier with thermal sensitivity to trigger drug release. For example, the 

phosphonate could provide anions to chelate with magnetite and interact with drugs (Figure 7.2). 

The magnetite could serve as an MRI imaging. Such complexes could also be exposed to 

alternating current magnetic fields to induce a temperature rise caused by response of the 

magnetic magnetite nanoparticles.6 The poly(NIPAM) might also be thermally responsive to 

induce release of drugs.  
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Figure 7.1 Copolymerization of NIPAM with n-butylacrylamide phosphonate  

 

Figure 7.2 Illustration of possible poly(NIPAM)-g-poly(n-butylacrylamide phosphonate) carriers 

for drugs and magnetite 
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