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ABSTRACT OF THE DISSERTATION 

Functional, degradable polyester materials synthesized from  

poly(ε-caprolactone-co-2-oxepane-1,5-dione):  

An investigation into the derivatization, self assembly, and degradation behavior of 

poly(ε-caprolactone)-based materials 

by 

Rhiannon K. Iha 

Doctor of Philosophy in Chemistry 

Washington University in Saint Louis, 2010 

Professor Karen L. Wooley, Chairperson 

 

Biocompatible, degradable polymers possessing a high degree of complexity are an 

extremely desirable target for many applications.  In order to further develop the range 

and utility of materials made from aliphatic polyesters, poly(ε-caprolactone-co-2-

oxepane-1,5-dione) (P(CL-co-OPD)) was used as a polymeric precursor for the 

construction of a series of functional polyester-based materials.  By taking advantage of 

the electrophilic ketone moieties characteristic of the OPD repeat unit, small molecule 

and polymer grafts were attached to the PCL backbone through the formation of both 

hydrazone and ketoxime ether linkages.  This work has focused on both the synthesis and 

characterization of functional, degradable polyesters, including amphiphilic block graft 

copolymers, that possess significant potential for future use in diagnostic and therapeutic 

applications.   
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A dansyl-functionalized poly( -caprolactone) was synthesized by reacting (P(CL-co-

OPD) with dansyl hydrazine.  The resulting dansylated-PCL displayed interesting 

fluorescence behavior and showed solvent polarity dependance as the fluorescence 

emission maxima ( em) shifted from 494 nm in toluene to 526 nm in dimethyl sulfoxide 

(DMSO).  Analysis of the em of the dansyl-grafted polymer and a dansyl-functionalized 

small molecule analog with respect to three different solvent polarity parameters 

indicated that the fluorescence emission spectra of the dansylated polymer was 

influenced by solvent polarity, but that the dansyl fluorophore was overall less sensitive 

to the surrounding medium when grafted onto the polyester backbone. 

Degradable, amphiphilic graft copolymers of poly(ε-caprolactone)-graft-

poly(ethylene oxide), PCL-g-PEO, were synthesized via a ―grafting onto‖ strategy taking 

advantage of the ketones presented along the backbone of the statistical copolymer (PCL-

co-OPD).  Through the formation of stable ketoxime ether linkages, 3 kDa poly(ethylene 

oxide) (PEO) grafts and p-methoxybenzyl (pMeOBn) side chains were incorporated onto 

the polyester backbone with a high degree of fidelity and efficiency, as verified by NMR 

spectroscopy and GPC analysis (90% grafting efficiency in some cases).  The resulting 

block graft copolymers displayed significant thermal differences, specifically a 

depression in the observed melting transition temperature, Tm, in comparison to the 

parent PCL and PEO polymers.  These amphiphilic block graft copolymers underwent 

self assembly in aqueous solution with the P(CL-co-OPD-co-(OPD-g-PEO)) polymer 

forming globular micelles and a P(CL-co-OPD-co-(OPD-g-PEO)-co-(OPD-g-pMeOBn)) 

forming cylindrical or rod-like micelles, as observed by transmission electron microscopy 

(TEM) and atomic force microscopy (AFM). 
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PCL-g-PEO copolymers synthesized from PCL-co-OPD that still contained free OPD 

units were found to undergo an early and rapid degradation upon being dispersed in 

aqueous solution.  P(CL92-co-OPD5-co-(OPD-g-PEO)9) showed immediate signs of 

degradation upon being dispersed in aqueous solution based upon both 
1
H NMR 

spectroscopy and gel permeation chromatography (GPC) analysis.  The solution state 

aggregates showed a minimal increase in aggregate size moving from a number-averaged 

hydrodynamic diameter (Dh) of 13  3 nm at 0 h to 17  3 nm at 24 h based upon analysis 

by dynamic light scattering (DLS).  An increase in diameter upon degradation was 

corroborated by transmission electron microscopy (TEM) images showing circular 

particles that had a Dav of 15  4 nm and 22  5 nm at 0 and 24 h respectively.  P(CL92-

co-(OPD-g-PEO)8-co-(OPD-g-pMeOBn)6), a polyester having no free OPD units, 

showed no signs of rapid degradation over 24 h by 
1
H NMR or GPC analysis.  

Characterization of the solution state aggregates by DLS and TEM indicated that the 

circular particles formed by the PCL-g-PEO copolymer maintained both their size and 

morphology while being dispersed in aqueous solution for 24 h.  P(CL327-co-OPD22-co-

(OPD-g-PEO)15-co-(OPD-g-pMeOBn)8), a significantly larger PCL-PEO ketoxime ether 

conjugate possessing free OPD units, also showed signs of backbone degradation by 
1
H 

NMR and GPC upon being transitioned into aqueous solution.  DLS analysis, of the 

solution state aggregates formed by this amphiphilic block graft copolymer showed no 

substantial changes in the hydrodynamic diameter over time.  However, characterization 

by TEM showed a transition from circular to rod-like or cylindrical aggregates as 

hydrolysis occurred.  
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Chapter One 

 

Introduction 

 

 

In 1967 at the beginning of the landmark movie, The Graduate, someone giving 

career advice to the main character, the recently graduated Benjamin Braddock, declared, 

―I want to say one word to you. Just one word… Plastics…There's a great future in 

plastics.‖
1
  The last fifty years has demonstrated both the wisdom and accuracy of this 

quotation to the point that the modern era has frequently been labeled ―The Plastic Age.‖  

Plastics play such an enormous role in everyday existence that it would be next to 

impossible to imagine life without them.   Currently the chemical industry consumes 12% 

of the fossil feed stocks generated per year; of that 12% almost half is used as raw 

materials for synthesis, most of which is used to manufacture polymeric materials.
2, 3

  As 

of 2007, in a given year, the worldwide production of plastics exceeded 150 million 

tons.
4
  The success of plastics can in part be attributed to the low cost of manufacturing, 

processability, utility in numerous applications, and thermal and chemical stability.
2, 4

  It 

is this last quality, however, that also makes commodity plastics somewhat problematic.  

Many synthetic polymers are resistant to aging and decomposition making them useful 

for long term applications, but this resistance to degradation also inhibits their breakdown 

by natural mechanisms once the plastic product is no longer in use.  This attribute is a 

problem in applications where the materials are either by choice or by need used for a 

short amount of time before becoming waste or becoming unnecessary.  Issues regarding 

the long term disposal of plastics combined with mounting concerns regarding the 

environmental footprint caused by using fossil fuels as a resource for the generation of 
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polymeric materials have promoted an exploration into polymeric materials that are 

biologically compatible, biodegradable, and renewable. 

In the investigations into substitutes for traditional plastics, aliphatic polyesters have 

been a major focus in the search for renewable materials and seem to provide a promising 

sustainable alternative.  Commercially, the greatest interest thus far has focused on using 

the aliphatic polyester, poly(lactide) (PLA), due to its mechanical and physical properties, 

its processability, and naturally its hydrolytic degradability.
2, 3, 5

  Currently, PLA is 

manufactured on a large scale in the United States, Europe and Japan.
4
  In the United 

States, Cargill in conjunction with Dow has started operation of a PLA plant under the 

name NatureWorks® which uses corn, starch, and plant wasted as a raw material for PLA 

production, and this particular plant has the capacity to produce 140,000 tons of PLA per 

year.
2, 4

  At present, Natureworks® has developed its Ingeo
TM 

biopolymer and fibers—all 

PLA-based—which have been used to manufacture goods ranging from plastic packaging 

and bottles to shirts.
6
  

Degradable polyesters are clearly applicable from a commercial and manufacturing 

standpoint, and there is an obvious environmental motivation for using degradable 

polymers as alternative materials for commodity applications.  However, the medical and 

biomedical fields were amongst the first to actively pursue the use of aliphatic polyesters 

as synthetic alternatives to commonly used materials.
7
  Surgical implants and sutures 

were meant to be temporary medical solutions, and as such degradability of the materials 

used for these applications was a highly desirable characteristic.  Consequently, synthetic 

polymers with the ability to degrade and be eliminated from a biological system were 

ideal for applications of this nature. In the 1960s, studies on aliphatic polyester 
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homopolymers and copolymers were researched for use in surgical and biomedical 

applications.
5, 7, 8

  Poly(glycolic acid) (PGA), an aliphatic polyester which does not 

require an enzyme to degrade in the human body, became the first degradable polymer 

used as a suturing material in the 1962, which was eventually manufactured under the 

name Dexon®.
9
 Another suture, developed shortly thereafter was Vicryl®, a suture made 

from a copolymer of PGA and PLA.
10

  Aliphatic polyesters have also found use in many 

areas requiring resorbable polymeric materials
11

 and have been employed as prosthetic 

devices;
5, 12

 as scaffolds for soft and hard tissue engineering;
13-15

 and as bone screws, 

pins, and plates.
16-18

 

Macroscopic employment of devices produced from degradable copolymers and 

homopolymers are still being employed in the medical field with Dexon® and Vicryl® 

still being two of the most commonly used sutures,
5
 and polyester-based materials are 

still under investigation to further optimize their characteristics for use in biomedical 

applications.  These polyesters are well known to be biocompatible and upon degradation 

produce benign, resorbable degradation products,
19

 and because of their prior use in 

surgical applications, using polyesters for in vivo drug delivery applications was also 

considered.
7, 8

  Despite the wide variety of aliphatic polyesters available, PGA and PLA 

are the most universally used because their degradation rate is both rapid and tunable.
5
  

Both of these polymers have been explored as potential systems for drug delivery and 

have been investigated for the long term sustained release of anti-malarials
20

 and as 

narcotic antagonist delivery systems.
21

  There have also been commercially successful 

ventures using aliphatic polyesters as drug delivery systems:  Lupron Depot, which 

employs a PLA-PGA polymer for endometriosis and prostate cancer treatments,
22, 23

 and 
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Capronor, a 1-year implantable contraceptive device that uses poly(caprolactone) 

(PCL).
5, 24

  

However, as investigations into the creation of significantly more complex materials 

progressed, there has been a focus on the preparation of well-defined and highly 

functional biocompatible and degradable polymers.  Synthetic polyesters of a specific 

molecular weight possessing a narrow molecular weight distribution can be produced via 

ring opening polymerization (ROP) of cyclic monomers (i.e. lactides and lactones), and is 

typically initiated and mediated by metal-containing catalysts.
25

  Tin-
26-29

 and aluminum-

based
30-37

 catalysts are amongst the most common catalysts employed for ROP, but 

catalysts employing other metals
38-41

 have also been developed for use in the ROP of 

cyclic monomers to produce polyesters.  If these materials were designed for use in 

biomedical applications, the residual metals remaining in the polyester material after 

synthesis could pose a risk.  This concern about residual heavy metal contamination has 

encouraged the development of methods for removing excess metal remaining in the 

polymer samples from the mediation of the polymerization process.  One method 

employing thiols was developed to reduce and remove excess tin from polyester materials 

designed for biomedical applications, and proved successful in reducing the amount of tin 

present in PCL samples to levels acceptable for in vivo applications.
42

  This method does 

not, however, remove all of the residual metal and also introduces an extra step in 

production.   

There, are also alternative approaches for synthesizing polyesters by ROP that avoid 

metal contamination altogether.  One method that is receiving considerable attention is 

the synthesis of polyesters via organocatalytic ROP.
43

  This method provides many of the 



6 
 

same advantages as metal-mediated ROP by producing well-defined polymers of a 

specified molecular weight combined with the ability to polymerize a diversity of 

monomers.  Another method that circumvents the use of metals and has been promoted as 

a greener polymerization technique is the use of enzymatic polymerization, and 

specifically the use lipases for the synthesis of polyesters.
44-46

  This method, while 

promising, does have limitations compared to more traditional synthetic methods when it 

comes to efficiency, monomer selection, and polymerization control.
45

  

The numerous synthetic methods available for preparing a variety of well-defined 

polyesters, is amongst the key reasons that aliphatic homopolyesters and copolyesters 

comprise an area receiving considerable scientific emphasis in terms of further synthetic 

development and exploration into the integration of polyesters into significantly more 

complex materials.  Synthetic polyesters—despite their successful employment in early 

biomedical devices and drug delivery systems—are still limited in application due to two 

major draw backs: an inherent hydrophobicity and a deficiency of chemical functionality 

beyond the ester groups present in the backbone.  In order to broaden the utility of 

synthetic aliphatic polyesters, it is necessary to develop strategies for the incorporation of 

functional ligands and hydrophilic components to construct polyester-based systems that 

are better suited for in vivo applications including targeted nanoscale delivery agents for 

therapeutic and diagnostic agents
47, 48

 and more intricate tissue engineering scaffolds that 

can induce migration and regeneration or be used as a matrix to support and organize cell 

growth.
49, 50

   

One possibility for incorporation of functionality into polyesters is the inclusion of 

reactive groups at the chain ends.  This strategy has been employed for the incorporation 
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of vitamins and hormones,
51

 saccharides,
52

 polysaccharides,
53

 cholesterol,
54

 and 

chromophores
55

.  However, this method only allows for a limited degree of 

functionalization, and with linear polymers is restricted to the incorporation of two 

functional moieties—one at each chain end.  The addition of reactive groups along the 

polyester back bone for the incorporation of functional side chains provides a strategy 

that overcomes this limitation.  Functional groups presented at multiple locations along 

the backbone allows for the incorporation of numerous ligands of the same type, but also 

provides a polymeric precursor for the attachment of a variety of different molecules to a 

single polyester backbone.  

The preparation of aliphatic polyesters with the ability to support multiple pendant 

functional groups has been an area of extensive research, and initially two major 

strategies were proposed for achieving derivatization of the polyester backbone (scheme 

1-1).
56, 57

  The first method is based on the polymerization of lactone monomers bearing 

functionalities,
58

  while the second strategy involves post-polymerization modification 

using a ―grafting onto‖ approach for the attachment of pendant groups and ligands.
59

 

The employment of functional lactide and lactone monomers provides a controlled 

route for the synthesis of functional, degradable polyesters, and from there can be 

Scheme 1-1.  Major strategies for the functionalization of aliphatic polyesters.
82
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extended to the preparation of multifunctional nanoscale particles and materials.
60

  Much 

research has focused on the preparation of cyclic diester monomers that can be directly 

polymerized or copolymerized to yield polylactides and polyglycolides presenting unique 

pendant groups along the polyester backbone.
61, 62

  Some of the most exploited diester 

monomers possessed alkene
63

and alkyne
64

 functionalities. There has also been 

considerable work investigating the synthesis and polymerization of substituted -

caprolactone monomers, which upon ROP afford PCL-based polymers with functional 

groups incorporated along the backbone.
56, 57

  Using these substituted lactone monomers, 

polyesters possessing bromides,
65, 66

 chlorides,
67, 68

 acrylates,
69

 olefins,
70

 protected 

hydroxyl groups,
71

 protected carboxyl groups,
72

 and even poly(ethyene oxide) (PEO) side 

chains
73

 have been produced.  

The direct functionalization of pre-formed polyesters is attractive because it avoids 

the synthesis of complex monomers, and a single polyester can provide for the creation of 

a variety of functionalized materials.  Additionally, using this strategy there is the ability 

for multiple derivatives to be incorporated in a single step.  An illustrative example is the 

functionalization of PCL or PLA backbones in the α-position via enolate generation with 

an alkyl lithium base.
59

  These enolates are highly reactive towards electrophiles, 

including CO2, benzaldehyde, and iodine, which eventually generate polyester backbones 

presenting carboxylic acids,
74

 hydroxyl,
75

 and iodo moieities
76

 respectively.  This 

chemical strategy has also been employed for the direct grafting of hydrophilic polymer 

chains like PEO
77

 and poly-(L-lysine)
78

 onto a polyester back bone to generate 

amphiphilic block graft copolymers.  While enolate formation clearly provides an elegant 

method using polyesters as a platform for the preparation of a diversity of materials, this 
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strategy is limited because chain scission is unavoidable under the reaction conditions 

necessary for enolate generation.  

These two strategies provide a strong foundation for polyester derivatization, but a 

combination of the two methods into a two-step process has proven to be the most 

powerful tool for the synthesis of complex polyester-based materials.  The 

polymerization of a monomer possessing a pendant group with latent functionality allows 

the resulting polyester to be used as a modular system for the generation of a series of 

multifunctional materials (Scheme 1-2).  This strategy is most effective when the 

substituted monomer can be synthesized easily, undergo controlled polymerization, and 

the latent functionality is reactive enough to ensure sufficient incorporation of the desired 

moieties.  The derivatization of polymers can be a challenging process for many reasons, 

and reactions designed for the attachment of molecules on onto a polyester is an even 

more sensitive endeavor as the chemistries used must avoid harsh conditions to avoid 

premature degradation of the polyester backbone.  In order to achieve polyester 

functionalization while minimizing backbone degradation, robust, efficient, and 

Scheme 1-2.  ROP of a substituted caprolactone followed by its chemical derivatization to generate 

various functional polyesters.
56 
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orthogonal chemistries are often used as they are quantitative, chemoselective, and 

proceed under mild reaction conditions.
79-81

  

One of the most prevalent chemistries currently employed for the modification of 

aliphatic polyesters, is the copper-catalyzed alkyne-azide cycloaddtion (CuAAC) ―click‖ 

reaction.  While the topic of polyester modification by ―click‖ chemistry has been 

extensively reviewed in the literature,
79, 82, 83

  There are some seminal and unique studies 

that illustrate the versatility of this chemistry and its utility in transforming aliphatic 

polyesters into complex, multifaceted materials.  For example, α-azido derivatives have 

been prepared by reaction of poly(α-chloro- -caprolactone-co- -caprolactone) with 

sodium azide, and these polymers can subsequently be reacted with alkynes to afford 

functionalized PCL via triazole formation.
67, 68

 This synthetic strategy has been used to 

prepare PCL-based glycolpolymers
84

 and amphiphilic PEO-grafted PCL.
67, 68

  Another 

strategy employed for the creation of tailor-made polyester-based materials was the 

incorporation of acetylene groups onto the polyester back bone, after which the alkyne 

moities could be reacted with azide-bearing molecules.  This approach was used to 

generate PEO- and peptide-grafted aliphatic polyesters
85

 and was also found to be 

effective in the conjugation of azido-camptothecin to a polyester backbone for the 

preparation of a hydrolytically degradable polymer-drug conjugate.
86

   

While the CuAAC has become the prevailing reaction for use in polyester 

functionalization, other robust, efficient,and orthogonal (REO) chemistries have also 

proven to be practical methods for the creation of a variety of distinct polymeric materials 

from polyesters.  Some of the more common REO reactions that have been recently 
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employed include Michael additions
87-89

 and thiolene reactions,
90

 both of which take 

advantage of polyesters possessing pendant alkene moieties.  

Another functional group that has been incorporated into polyesters and has been 

generally exploited for the creation of derivatized materials is the ketone moiety.  

Ketones presented along a polyester backbone provide a site for the integration of 

numerous small molecules, and are known to undergo selective and efficient reaction 

with O-substituted hydroxylamines, or aminooxy compounds, to form stable ketoxime 

ether linkages.  Poly(epsilon-caprolactone-co-2-oxepane-1,5-dione) (P(CL-co-OPD) is a 

PCL-based polymer with electrophilic ketone groups.
91-93

  Previous work investigating 

the chemistry of this polyester system has produced grafted materials,
94, 95

 crosslinked 

networks,
95

 and amphiphilic graft copolymers.
96, 97

   

This system has been generally studied for its utility in generating degradable 

materials based upon PCL, though the chemistry for incorporating functional small 

molecules and polymeric grafts deserves further study and optimization.  Additionally, 

the polyester-based materials generated from P(CL-co-OPD), require additional 

characterization to understand their physical characteristics and degradation profile to 

advance the quality of the materials prepared and make them relevant for applications.  

The purpose of this dissertation work is to further investigate the use of P(CL-co-OPD) as 

a modular platform system, and to analyze the characteristics of the resultant polyester-

based materials.  

Initial work, which is discussed in Chapter 2, focused on the functionalization of the 

PCL-co-OPD system with the chromophore, 5’-dimethyaminonapthylene-1-

sulfohydrazide, commonly known as dansyl hydrazine.  While hydrazone formation has 
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been previously shown to be a less efficient conjugation strategy in comparison to using 

aminooxy compounds,
94

 the commercial availability of dansyl hydrazine and its well 

documented use as a chromophore and fluorophore make it an ideal system for the 

investigation of a PCL-dye conjugate.  In order to obtain a better understanding of the 

spectral behavior of polyester-dye conjugates, the covalent integration of multiple 

fluorescent probes along a PCL-based copolymer was investigated through the 

attachment of dansyl hydrazine to multiple sites along the P(CL-co-OPD) backbone via 

acid-catalyzed hydrazone formation.  The resulting solvatochromic behavior of the 

dansylated-polymer in a series of organic solvents is described, and was compared to the 

solution state fluorescence of a dansyl-bearing small molecule analog.   

In Chapter 3, the electrophilic ketone moiety present in the OPD units of P(CL-co-

OPD) was used as a reactive chemical handle for the incorporation of hydrophilic 

polymer grafts and small molecule ligands to generate functional amphiphilic block graft 

copolymers.  Aminooxy-PEO chains were incorporated along the PCL backbone by acid-

catalyzed oxime condensation to afford PCL-PEO ketoxime ether conjugates with a high 

degree of grafting efficiency.  To further demonstrate the modularity of the P(CL-co-

OPD) system, aminooxy-PEO and a small molecule ligand, p-methoxy-O-

benzylhydroxylamine (pMeOBn) were simultaneously grafted onto the polymer 

backbone in a in a one-pot reaction with a demonstrated grafting efficiency of greater 

than 75%.  The resulting amphiphilic block graft copolymers were characterized by 

differential scanning calorimetry (DSC) and were found to have unique thermal 

transitions relative to the parent P(CL-co-OPD) and PEO polymers.  Incorporation of 

hydrophilic grafts onto the otherwise hydrophobic PCL backbone allowed for dispersion 
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of these polymers in aqueous solution.  Upon dissolution the block graft copolymers self-

assembled to produce distinctive solution state morphologies. 

Chapter 4 serves as an extension of the work discussed in Chapter 3 and 

characterizes the unique hydrolytic degradation behavior associated with PCL-PEO 

ketoxime ether conjugates prepared from P(CL-co-OPD).  This chapter focuses on the 

early and rapid degradation associated with PCL-g-PEO copolymers still possessing 

unfunctionalized OPD repeat units, and seeks to document this degradation process to 

obtain a better understanding of the mechanism of hydrolysis.  Additionally, to 

thoroughly characterize the amphiphilic block graft copolymers and their resultant 

hydrolytic degradation, changes in the size and shape of solution state aggregates were 

tracked while the polymer was dispersed in aqueous solution.  Analysis of the self-

assembled structures revealed changes in size and alterations in morphology as a function 

of polyester backbone hydrolysis.   
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CHAPTER TWO 

Study of solvent effects on the fluorescence of dansyl-derivatized  

poly( -caprolactone)  

 

Abstract 

A dansyl-functionalized poly( -caprolactone) was synthesized by reacting poly( -

caprolactone-co-2-oxepane-1,5 dione) (P(CL-co-OPD)) with dansyl hydrazine.  The 

resulting dansylated-PCL displayed interesting fluorescence behavior and showed solvent 

polarity dependance as the fluorescence emission maxima ( em) shifted from 494 nm in 

toluene to 526 nm in dimethyl sulfoxide (DMSO).  Analysis of the em of the dansyl-

grafted polymer and a dansyl-functionalized small molecule analog with respect to three 

different solvent polarity parameters indicated that while the fluorescence emission 

spectra of the dansylated polymer was influenced by solvent polarity the dansyl 

fluorophore was overall less sensitive to the surrounding medium when grafted onto the 

polyester backbone. 

 

Introduction 

The covalent labeling of polymers with chromophores and fluorophores is a 

technique that has been applied for probing both the physical characteristics of polymers 

and the way in which they interact with their surroundings.
1
  Polymer-

2-4
, biomolecule-

5-8
, 

and nanoparticle-dye
9-11

 conjugates are useful for tracing the location of nanoscale 

objects and for probing the chemical and physical environment in both intra- and extra-

cellular settings.  Non-covalently incorporated dyes, due to their low molecular weight 

and mobility, may provide misleading information regarding the location of the labeled 
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species; consequently, polymeric materials bearing covalently bonded chromophores and 

fluorophores that do not suffer from dye leaching or dye-coupling are amongst some of 

the most promising materials for use in biomedical and imaging applications
12, 13

 

Among the variety of potential fluorescent molecules that can be covalently 

incorporated into macromolecules, the 5-dimethylaminonaphtylsulfonamide group, or 

dansyl moiety, is one of the most attractive due to the accessibility of numerous 

commercially available derivatives that can be used for the chemoselective conjugation 

of the dansyl chromophore onto a variety of synthetic and biological substrates.  As the 

dansyl fluorophore exhibits strong solvatochromic behavior, it has a rich history of being 

employed in the study of polymer surfaces and films,
14-17

 exploring the behavior of 

polymeric materials in solution,
18-20

 and examining the penetration of solvents into 

polymer networks.
21, 22

  

While the development of well-defined nanoscale materials bearing chromophores 

and fluorophores is an active area of research, there are very few examples investigating 

polyester dye conjugates.  Work in this area has typically focused on attaching only one 

or two chromophores per polymer chain to the chain ends,
23-26

 or the dye is incorporated 

as part of a multi-functional core.
27

  In order to further extend the utility of polyester-dye 

conjugates, the covalent integration of multiple fluorescent probes along a poly( -

caprolactone)-based copolymer was explored.  The direct attachment of 5’-

dimethyaminonapthylene-1-sulfohydrazide, commonly known as dansyl hydrazine to 

poly( -caprolactone-co-2-oxepane-1,5-dione) (P(CL-co-OPD) through hydrazone 

formation and the resulting solvatochromic behavior of the dansylated-polymer in a 

series of organic solvents is described.  
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Results and discussion  

Synthesis of a dansylated polyester and small molecule dansyl adduct 

A dansylated polyester, P(CL148-co-OPD8-co-(OPD-g-dansyl)14), 1, was obtained by 

reaction of P(CL148-co-OPD22) with excess dansyl hydrazine to afford a copolymer 

partially derivatized with dansyl moieties via a hydrazone formation using a procedure 

previously described in the literature (Scheme 2-1).
28

  The reaction afforded a 72% yield 

of the dansylated polymer, but the coupling efficiency of the danysl hydrazine was, at 

58%, not as efficient as other coupling methods employing aminooxy derivatives.
28

  

 The derivatized polymer, 1, was analyzed by both 
1
H NMR and 

13
C NMR 

spectroscopies (Figure 2-1 (a)).  The 
1
H NMR spectrum exhibited resonances 

characteristic of the dansyl group in the aromatic region of the spectrum and a singlet at 

2.90 ppm corresponding to the dimethylamino protons.  The spectrum also showed a 

decrease in the intensity of signals associated with unfunctionalized OPD units at 4.35 

ppm corresponding to the CH2OCO protons in the OPD subunit, and the appearance of a 

multiplet at 4.00 ppm representative of the CH2OCO protons in the dansyl-grafted OPD 

unit, thus demonstrating that the dansyl functionality was incorporated at the ketone units 

along the polyester backbone.  
13

C NMR spectroscopy of the resulting fluorescent 

polymer, 2, also supported incorporation of the dansyl hydrazine through hydrazone 

Scheme 2-1.   Synthesis of P(CL148-co-OPD8-co-(OPD-g-dansyl)14), 1. 
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formation.  Signals corresponding to the two hydrazone isomers formed were observed at 

155 and 154 ppm, and signals associated with the carbons in the functionalized OPD unit 

could also be observed (Figure 2-1 (b)) Resonances diagnostic of the dansyl group itself 

were also present, with the aromatic carbon signals occurring from 115-135 ppm, and the 

peak indicative of the dimethylamino carbons visible at 44.5 ppm (Figure 2-1 (b)). 

In addition to NMR spectroscopy, the dye-polymer conjugate, 1, was analyzed by gel 

permeation chromatography (GPC).  The GPC traces showed a slight increase in the peak 

molecular weight, which supported the addition of small molecule grafts onto the 

polymer backbone and produced a symmetric chromatogram with a molecular weight 

distribution of 1.5 that was similar to that of the starting P(CL-co-OPD) polymer 

indicating that little to no degradation of the backbone occurred.   

 

Figure 2-1(a) 
1
H NMR spectrum and (b) 

13
C NMR spectrum of P(CL148-co-OPD8-co-(OPD-g-

dansyl)14), 1, in CDCl3. 
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To further verify the conjugation of dansyl chromophores onto the PCL backbone, 

P(CL148-co-OPD8-co-(OPD-g-dansyl)14), 1, was characterized by GPC instrumentation 

equipped with an inline UV-vis photodiode array detector (UV-PDA).  The absorption 

maximum observed at 29 min—the retention time associated with the polymer—was 339 

nm, a reasonable absorption for the dansyl moiety (Figure 2-2 (a) and (b)).  The RI 

response from the polymer and the detected UV-vis absorption due to the dansyl 

chromophore can be clearly associated.  Figure 2-2(c) depicts a three dimensional plot 

showing detector response as a function of UV-vis absorbance and retention time.  This 

graphic representation confirmed that that the significant UV-vis absorption occurs in 

conjunction with the elution of the polymer, substantiating the covalent attachment of the 

chromophore to the PCL backbone (Figure 2-2 (c)). 

A small molecule analog to the dansylated copolymer, 1, 4-(5’-

dimethylaminonapthylsulfonyl)-methyl-pentanoate, 2, was produced by the reaction of 

dansyl hydrazine with methyl levulinate (Scheme 2-2).  The reaction went to completion 

 

 

Figure 2-2.  GPC UV-PDA characterization of P(CL148-co-OPD8-co-(OPD-g-dansyl)14), 1, showing (a) 

the RI detector response, (b) the UV absorption spectrum at a retention time of 29 min that 

corresponded to the peak retention time of the polyester, and (c) three dimensional plot of detector 

response as a function of wavelength and retention time. 
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over a 48 h period at room temperature and produced the desired dansyl-conjugated small 

molecule analog, 2, in high yield. 

1
H NMR characterization of 4-(5’-dimethylaminonapthylsulfonyl)-methyl-

pentanoate, 2, confirmed that attachment of the dansyl through hydrazone formation was 

successful.  Figure 2-3 (a) shows the anticipated aromatic signals associated with the 

protons of the dansyl moiety from 8.60-7.15 ppm and diplayed resonances corresponding 

the dimethylamino groups at 2.90 ppm (Figure 2-3 (a)).  Hydrazone formation was 

confirmed by the absence of a signal at 2.1 ppm corresponding to the terminal methyl 

group α to the ketone in methyl levulinate, which upon hydrazone formation shifted 

upfield to 1.76 ppm.  This compound forms cis and  trans isomers of the hydrazone 

which can be observed by the dual signals for the methyl ester protons at 3.58 and 3.52 

ppm and the proton signals for the methyl group alpha to the ketone at 1.79 and 1.76 

ppm.  The 
13

C NMR spectrum also supports complete functionalization of the ketone 

based upon signals at 115-135 ppm indicative of the aromatic carbons of the dansyl 

chromophore, the presence of resonances at 156.9 and 154.9 ppm representative of the 

newly formed hydrazone, and the absence of a peak at 205 ppm corresponding to 

unreacted ketone group (Figure 2-3 (b)).  The formation of cis and  trans isomers is 

made very clear in 
13

C spectrum, as there are dual signals present for each carbon in the 

molecule.  

Scheme 2-2.  Synthesis 4-(5’-dimethylaminonapthylsulfonyl)-methyl-pentanoate, 2. 
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Absorption and Emission Spectra 

The chromophore-bearing polymer, 1, and small molecule analog, 2, were analyzed 

by UV-vis and fluorescence emission spectroscopy in a series of six organic solvents to 

assess the solvatochromic behavior of the dansyl moiety when it has freedom to interact 

freely with the solvent vs. when it is covalently tethered to a polyester chain (Table 2-1) 

The absorption band maxima, abs, of both the dansylated polymer, 1, and small 

molecule-dye conjugate, 2, were nearly constant in all six solvents, and in all cases the 

abs was a single band with a wavelength close to 345 nm.  The absorption observed for 

the dansyl hydrazone is also significantly different than the 330 nm abs reported for 

dansyl hydrazine
29

 and closely matches the abs that have been previously reported in the 

literature for an assortment of small molecule dansyl hydrazones.
30

 

The fluorescence emission spectra of polymer, 1, and the small molecule, 2, showed 

the anticipated stokes shift of approximately 150 nm traditionally associated with the 

dansyl fluorophore (Figure 2-4). 
29, 30

  Dansyl groups are known to exhibit dual 

 

Figure 2-1(a) 
1
H NMR spectrum and (b) 

13
C NMR spectrum of 4-(5’-dimethylaminonapthylsulfonyl)-

methyl-pentanoate, 2, in CDCl3 
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Table 2-1.  Summary of the refractive index (n), dielectric constant ( ), Dimroth’s ET(30), π*, and the abs and em of 

the dansylated polymer, 1, and small molecule analog, 2, in tested solvents at room temperature. 

     Small Molecule Analog, 

1 

Functionalized Polymer, 

2 

Solvent n
a a ET(30)

b,c  
π*

b 
abs (nm) em (nm) abs (nm) em (nm) 

Toluene 1.49 2.4 34 -- 346 488 346 494 

Ethyl acetate 1.37 6.0 38 0.55 342 503 344 512 

Tetrahydrofuran 1.40 7.6 37 0.58 342 501 344 502 

Dichloromethane 1.42 9.1 41 0.82 348 513 348 514 

N,N-dimethylformamide 1.43 36.7 44 1.0 346 522 346 527 

Dimethyl sulfoxide 1.48 46.6 45 1.0 346 530 342 526 

 

a 
From The Handbook of Organic Solvent Properties

31
 

b 
From Modern Physical Organic Chemistry

32
 

c
 From Solvent Effects in Organic chemistry

33
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fluorescence with one band occurring at high energy that corresponds to the non-charge 

transfer state (b* band) and the other being a lower energyband representative of the 

intramolecular charge transfer state (a* band), which is the band known to be responsive 

to the polarity or polarizability of the surrounding medium.  For the fluorophore-

derivatized polymer, 1, and the fluorescent small molecule, 2, the fluorescence observed 

was typically a singular fluorescence corresponding to emission from the intramolecular 

charge transfer state (Figure2-4 (a) and (b)).  

The dansylated small molecule, 1, shows the anticipated solvatochromic trend where 

the emission maximum ( em) increases in wavelength with increasing solvent polarity 

with the greatest red shift occurring when the emission spectrum is taken in dimethyl 

sulfoxide (DMSO) (Figure 2-4 (a)).  While the em is similar for both the polymer and 

the small molecule analog in many solvents, there are distinct differences in the em, for 

ethyl acetate (EtOAc).  In EtOAc, em occurs at 512 nm and 503 nm for the functionalized 

PCL and small molecule fluorophore respectively.  Additionally, the dansyl-bearing 

polymer, 1, does not clearly exhibit the traditionally observed increase in em with solvent 

 

Figure 2-4. Fluorescence emission spectra for (a)  the small-molecule dansyl conjugate, 2 and (b) 

P(CL148-co-OPD8-co-(OPD-g-dansyl)14), 1, in toluene (orange), ethyl acetate (blue), tetrahydrofuran 

(red), dichloromethane (green), N,N-dimethylformamide (black), and dimethyl sulfoxide (pink).  
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polarity observed in the emission spectra of the dansylated methyl levulinate.  The series 

of emission spectra show one major deviation for the dansylated polymer: the em for the 

polyester-dye conjugate, 2, in EtOAc is significantly greater than the em in 

tetrahydrofuran (THF) despite the fact that THF is generally considered to be the more 

polar solvent based upon the dielectric constant and should provide greater stabilization 

for the excited state of the dansyl fluorophore, (Table 2-1, Figure 2-4 (b) (blue)).  

Another unique characteristic of the dansylated polymer is observed in the emission 

spectrum taken in DMSO, where the dansyl fluorophore appears to be exhibiting dual 

fluorescence showing emission bands associated with both the non-charge transfer state 

and intramolecular charge transfer state (Figure 2-4 (b) (pink)).  The em, was, as in the 

other spectra obtained, still representative of the a* band or the fluorescence emission 

from the charge transfer state.  

 

Scale of solvent polarity 

In order to better understand how solvent polarity affected the dansyl fluorophore for 

the functionalized polymer, 1, and small molecule, 2, the em observed in each solvent 

  

Figure 2-5. em for the small-molecule dansyl conjugate, 2 (black) and P(CL148-co-OPD8-co-(OPD-g-

dansyl)14), 1 (red), plotted against (a) solvent dielectric constant, (b) π* and (c) Dimroth’s ET(30). 
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series was correlated with three different solvent polarity parameters.  The first was a 

comparison of the dielectric constant of the solvents used with the em (Figure 2-5 (a)).  

The polymeric and small molecule hydrazone conjugates, 1 and 2 respectively, show a 

linear relationship between em and the dielectric constant.  However, the slope observed 

in the plot for the polymer is less than the slope observed in the plot for the small 

molecule.  This would suggest that the excited state of the dansyl fluorophore when 

attached to the polyester backbone is not affected as greatly by the polarity of the 

medium in which it is dissolved.  Alternatively, the excited state of the small molecule 

dansyl hydrazone, 2, with its greater slope appeared to be more sensitive to its 

surroundings, suggesting that the solvent playe a more pronounced role in with respect to 

stabilizing the excited state of the dansyl moiety in the less sterically hindered small 

molecule analog. 

This same trend was also observed when em was correlated with two empirical 

solvent polarity scales:  π*, which is based upon observed transition energies from 

several different dyes, 
34, 35

 and Dimroth’s ET(30), a scale based upon the transition 

energy for pyridinium-N-phenol betaine.
33

  Kowsower’s Z, though a commonly used 

empirical solvent parameter was not employed in this analysis due to the lack of Z values 

available for the solvents used in this study.
36

  When em was plotted against π* (Figure 

2-5 (b)) and ET(30) (Figure 2-5 (c)), the fluorophore-bearing polymer, 1, showed a red 

shift that correlated with solvent polarity, but again both solvent parameters demonstrated 

that the fluorescence behavior of the dansyl groups covalently associated with the PCL 

backbone were not affected as dramatically by solvent polarity or polarizability as the 

dansylated methyl levulinate (Figure 2-5).  Ultimately, the fluorescence behavior of 
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P(CL148-co-OPD8-co-(OPD-g-dansyl)14), 1, correlates best with Dimroth’s ET(30), in 

which the empirically determined polarity of EtOAc is slightly greater than that of THF, 

which may partially explain what previously appeared to be an anomaly associated with 

the em  in that solvent (Table 2-1, Figure 2-5 (b)) 

 

Experimental 

Materials 

The synthesis of 1,4,8-trioxaspiro-9-undecanone (TOSUO)
37-40

 and P(CL-co-OPD) has 

been described previously.
41, 42

  ε-Caprolactone c(CL) (Aldrich Chemical Company) was 

distilled from CaH2 and stored under argon.  Toluene and tetrahydrofuran (Aldrich 

Chemical Company) were dried by heating at reflux over sodium and distilled under 

argon prior to use.  Aluminum triisopropoxide Al(OiPr)3 (Aldrich Chemical Company) 

was purified by sublimation and dissolved in dry toluene prior to use.  The dimethyl 

sulfoxide and N, N,-dimethyl formamide used in spectral experiments were distilled 

under vacuum from molecular sieves.  All other reagents (solvents, p-toluenesulfonic 

acid (p-TsOH), dansyl hydrazine, methyl levulinate, etc.) were purchased from Aldrich 

and used as received. 

 

Instrumentation 

1
H NMR (300 MHz) and 

13
C NMR (75 MHz) spectra were acquired in CDCl3 unless 

otherwise noted on a Varian Mercury 300 spectrometer using the residual solvent 

signal as the internal reference.  Infrared spectra were recorded on a Perkin-Elmer 

Spectrum RX FT-IR system by film deposition onto NaCl salt plates.  Differential 
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scanning calorimetry was performed under nitrogen atmosphere using 40 L 

aluminum pans on a Mettler Toledo DSC822 with heating and cooling at 10 °C/min 

from –100 °C to 100 °C.  Tm values were obtained from the third heating scan as the 

peak values from the thermogram.  Gel permeation chromatography was performed 

on a Waters Chromatography, Inc., 1515 isocratic HPLC pump equipped with an 

inline degasser, a model PD2020 dual-angle (15° and 90°) light scattering detector 

(Precision Detectors, Inc.), a model 2414 differential refractometer (Waters, Inc.), and 

four PLgel polystyrene-co-divinylbenzene gel columns (Polymer Laboratories, Inc.) 

connected in series: 5 m Guard (50  7.5 mm), 5 m Mixed C (300  7.5 mm), 5 m 

10
4
 (300  7.5 mm), and 5 m 500 Å (300  7.5 mm) using the Breeze (version 3.30, 

Waters, Inc.) software.  The instrument was operated at 35 °C with THF as eluent.  

Data collection was performed with Precision Acquire 32 Acquisition program 

(Precision Detectors, Inc.) and analyses were carried out using Discovery32 software 

(Precision Detectors, Inc.) with a system calibration curve generated from plotting 

molecular weight as a function of retention time for a series of broad polydispersity 

poly(styrene) standards.  UV-vis spectroscopy data were collected on a Varian Cary 

1E UV-vis spectrophotometer.  Fluorescence spectroscopy was performed using a 

Varian Cary Eclipse fluorescence spectrophotometer.  Solutions used for UV-vis and 

fluorescence emission experiments for the small molecule were approximately 1.8 x 

10
-4 

M.  Solutions used for UV-vis and fluorescence emission experiments for the 

polymer had a concentration of approximately 0.30 mg/mL, corresponding to a 2.0 x 

10
-4

 M concetration of dansyl functionalities in solution.  
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Synthesis 

P(CL-co-OPD) Copolymer Synthesis  

Random copolymers of ε-caprolactone (CL) and 2-oxepane-1,5-dione (OPD) were 

prepared by ring opening polymerization of CL and the synthetic monomer TOSUO 

by initiation with Al(OiPr)3, and the resulting P(CL-co-TOSUO) was subsequently 

deprotected using triphenylcarbenium tetrafluoroborate as previously reported.
41, 42

  

P(CL148–co-OPD22) GPC: Mn= 31400 Da, Mw= 45200 Da, PDI = 1.4. Mn
 
(
1
H NMR) = 

19800 Da. 
1
H NMR (300 MHz, CDCl3) δ 5.0 (septet, J = 6.3 Hz, 1 H of initiated chain 

end, (CH3)CH2O), 4.25 (t, J = 7.2 Hz, 2 H of OPD units, CH2OCO), 4.05 (t, J = 6.6 Hz, 

2H of CL units, CH2OCO), 3.65(t, J = 6.3 Hz, 2H of terminated chain end, CH2OH), 2.82 

(t, J = 7.2 Hz, 2 H OPD units, C(O)CH2CH2COO), 2.75 (t, J = 7.2 Hz, 2 H OPD units 2H 

OPD units, C(O)CH2CH2COO), 2.62 (t, J = 7.5 Hz, 2 H OPD units, CH2CH2OCO) 2.3 (t, 

J = 7.5 Hz, 2 H of CL units, CH2COOCH2), 1.65 (m, 4 H of CL units, OCH2CH2and 

CH2CH2COO), 1.45 (m, 2 H of CL units, CH2CH2CH2COO), 1.25 ppm (d, J = 6.3 Hz, 6 

H of initiated chain end, (CH3)2CHO).  
13

C NMR (75 MHz, CDCl
3
) δ 205.9, 173.4, 

172.7, 64.6, 64.2, 59.2, 41.6, 37.5, 34.2, 34.0, 28.4, 27.9, 25.6, 24.7, 24.5 ppm. IR (cm
-1

) 

3600-3000, 2946, 2866, 1727 (str, multiple modes), 1471, 1419, 1397, 1366, 1239, 1296, 

1242, 1191, 1108, 1061, 1046, 962, 934, 842, 806, 771, 733, 707. 

 

P(CL148-co-OPD8-co-(OPD-g-dansyl)14) (1). A solution of dansyl hydrazine (67.1 mg, 

0. 253 mmol) in THF (0.5 g) was added to a vial containing a solution of P(CL148-co-

OPD22) (131.6 mg, 0.00665 mmoles)in THF (0.5 g).  The solution was stirred at RT for 
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ten minutes to ensure complete mixing of the two chemicals, after which 2 drops of a 

solution of p-toluenesulfonic acid (75 mg in 2.0 mL of THF) was added to the reaction. 

The reaction was allowed to proceed at RT for 6 h and reaction progress was monitored 

by 
1
H NMR spectroscopy.  The product was isolated by precipitation into cold hexanes, 

was collected by vacuum filtration, and was dried in vacuo for 24 h to yield a lightly 

yellow (120.1 mg, 72 %. Yield) GPC: Mn, PS = 27600 Da, Mw, PS = 40100 Da, PDIPS = 

1.5. Mn (
1
H NMR) = 21700 Da.  

1
H NMR (300 MHz, CDCl) δ 8.6-7.15 (four m, 6 H, 

aromatic of dansyl), 4.35 (t, J = 7.2 Hz, 2 H of OPD units,CH2OCO), 4.05 (t, J = 6.6 Hz, 

2 H of CL units, CH2OCO), 4.00 (m, J = 7.2 Hz, 2 H of OPD-g-dansyl, CH2OCO), 2.90 

(broad singlet, 6 H of dansyl units, N(CH3)2), 2.82 (t, J = 7.2 Hz, 2 H of OPD units, 

C(O)CH2CH2COO), 2.75 (t, J = 7.2 Hz, 2 H of OPD units, C(O)CH2CH2), 2.70-2.4 (t, J 

= 7.5 Hz, 2 H of OPD units; 4 H of OPD-g-dansyl), 2.3 (t, J = 7.5 Hz, 2 H of CL units, 

CH2COOCH2), 1.65 (m, 4 H of CL units, OCH2CH2and CH2CH2COO), 1.45 (m, 2 H of 

CL units, CH2CH2CH2COO), 1.25 ppm (d, J = 6.3 Hz, 6 H of initiated chain end, 

(CH3)2CHO). 
13

C NMR (75 MHz, CDCl
3
) δ 205.9, 173.8, 173.7, 173.4, 173.3, 172.8, 

172.7, 155.3, 154.0, 151.8, 134-128, 123.5, 120.2, 119.8, 115.4, 115.2, 77.5, 65.6, 65.2, 

64.6, 61.0, 60.6, 59.2, 45.6, 42.6, 37.6, 36.0, 34.6, 34.0, 33.8, 32.0, 30.2, 29.8, 28.2, 28.0, 

25.7, 24.7, 24.4, 22.0 ppm. 

 

4-(5’-dimethylaminonapthylsulfonyl)-methyl-pentanoate (2).  Dansyl Hydrazine (110 

mg, 0.377 mmol, 1.0 eq) was dissolved in THF (0.5 mL), and a solution of methyl 

levulinate (72.9 mg, 0.56 mmol, 1.5 eq) in THF (2.5 mL) was added to the reaction 

mixture.  The reaction was stirred at room temperature for 5 min. to ensure complete 
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dissolution, after which 5 drops of a solution of p-toluenesulfonic acid (75 mg in 20 mL 

of THF) was added to the reaction.   The reaction was allowed to proceed at RT, and was 

monitored by 
1
H NMR spectroscopy to determine completion.

  
After stirring for 48 h, 

solvent was removed by rotary evaporation, and the sample was dried in vacuo for 12 h.  

100% conversion of the dansyl hydrazine to the equivalent hydrazone was observed 

based upon 
1
H NMR analysis. Resulting samples were subsequently used for UV-vis and 

fluorescence experiments. (138 mg, 0.365 mmol, 96% yield). 
1
H NMR (300 MHz, CDCl) 

δ 8.56 (d, J = 8.5 Hz, 1H, aromatic of dansyl), 8.56 (d, J = 8.5 Hz, 1H, aromatic of 

dansyl), 8.54 (d, J = 8.8 Hz, 1H, aromatic of dansyl), 8.35 (d, J = 7.7 Hz, 1H, aromatic of 

dansyl), 7.57 (t, J = 7.9 Hz, 2 H, aromatic of dansyl), 7.19 (d, J = 7.4 Hz, 1H, aromatic of 

dansyl), 3.58 and 3.52 (s, 3 H, isomers of CH3OCO), 2.89 (s, 6H, (CH3)2N), 2.55-2.35 

(two m, isomers of CH2CH2C(O)CH3 and OCOCH2CH2), 1.79 and 1.76 (s, 3H, 

C(O)CH3).  
13

C NMR (75 MHz, CDCl
3
) δ 174.2, 173.1, 156.9, 154.9, 151.8, 151.5, 

133.9, 133.4, 131.2, 130.9, 130.5, 129.9, 129.7, 128.3, 127.8, 123.3, 119.9, 119.0, 115.1, 

114.9, 52.4, 51.5, 45.4, 33.0, 29.9, 29.4, 25.4, 22.6, 16.1 ppm.  

 

Conclusions 

Conjugation of multiple dansyl chromophores to the backbone of P(CL-co-OPD) was 

completed via acid-catalyzed hydrazone formation.  Derivatization of the polyester 

backbone with the dansyl moiety was established by the appearance of aromatic 

resonances in the 
1
H NMR spectrum combined with a shift in the resonances associated 

with the OPD subunits; the appearance of aromatic resonances and new signals 

corresponding to the newly formed hydrazone functionalities in the 
13

C NMR spectrum 
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of the polyester further substantiated the covalent attachment of the chromophore.  

Analysis of the resulting polymer by GPC UV-PDA verified that the resulting 

fluorescence of the polyester sample was caused by covalently bound dansyl groups 

conjugates.   

The dansylated polyester, 1, was characterized by UV-vis and fluorescence emission 

spectroscopy in a series of solvents.  The dansylated-PCL showed solvatochromic 

behavior and exhibited an increase in the em with increasing solvent polarity.  The em of 

the dansylated- P(CL-co-OPD), 1, and the  em of a dansyl-derivatized small molecule 

analog, 2, were plotted against the dielectric constant as well as two empirical solvent 

polarity parameters—Dimroth’s ET(30) and π*.  From these analyses it was observed that 

the em of the dansyl fluorophore, when covalently bound to the P(CL-co-OPD) 

backbone, was not as sensitive to the polarity of the surrounding solvent, and that 

Dimroth’s ET(30) appeared to be the empirical polarity scale that best correlated with the 

spectral behavior of the polymer-bound fluorophore.  This work demonstrated that 

attachment to a macromolecule can appreciably change the behavior of a fluorophore or 

chromophore.  Consequently, spectroscopic analysis of polymer-dye conjugates should 

be performed as a essential part of characterization process, because analysis of a 

monomer or small molecule analog may not provide a complete picture of the 

solvatochromic behavior of polymeric materials carrying covalently bound dyes.   
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CHAPTER THREE 

 

Complex, degradable polyester materials via ketoxime ether-based 

functionalization:  Amphiphilic, multifunctional graft copolymers and their 

resulting solution-state aggregates  

 

 

[This work has been submitted and accepted for publication as Iha, R.; Van Horn, B. A.; 

Wooley, K. L. Complex, degradable polyester materials via ketoxime ether-based 

functionalization:  Amphiphilic, multifunctional graft copolymers and their resulting 

solution-state aggregates, Journal of PolymerScience Part A: Polymer Chemistry, 2010, 

accepted] 

 

Abstract 

Degradable, amphiphilic graft copolymers of poly(ε-caprolactone)-graft-poly(ethylene 

oxide), PCL-g-PEO, were synthesized via a grafting onto strategy taking advantage of the 

ketones presented along the backbone of the statistical copolymer poly(ε-caprolactone)-

co-(2-oxepane-1,5-dione), (PCL-co-OPD).  Through the formation of stable ketoxime 

ether linkages, 3 kDa PEO grafts and p-methoxybenzyl side chains were incorporated 

onto the polyester backbone with a high degree of fidelity and efficiency, as verified by 

NMR spectroscopies and GPC analysis (90% grafting efficiency in some cases).  The 

resulting block graft copolymers displayed significant thermal differences, specifically a 

depression in the observed melting transition temperature, Tm, in comparison to the 

parent PCL and PEO polymers.  These amphiphilic block graft copolymers undergo self 

assembly in aqueous solution with the P(CL-co-OPD-co-(OPD-g-PEO)) polymer forming 

spherical micelles and a P(CL-co-OPD-co-(OPD-g-PEO)-co-(OPD-g-pMeOBn)) forming 
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cylindrical or rod-like micelles, as observed by transmission electron microscopy (TEM) 

and atomic force microscopy (AFM). 

 

Introduction 

 When investigating chemistries for the functionalization of polymeric 

materials, it is critical to consider reactions that are quantitat ive, chemoselective, and 

functional group tolerant, especially when performing chemistry in the presence of 

biological molecules or macromolecules that may contain sensitive or reactive groups.  

Consequently, synthetic strategies used in the creation or modification of well-defined 

structurally- and compositionally-complex materials must, by necessity, employ 

reactions that exhibit a high degree of fidelity and that proceed under mild reaction 

conditions.
1-3

  In terms of transformations that are efficient yet orthogonal to a 

multiplicity of chemical centers, those involving carbonyls demonstrate great breadth, 

due to the uniqueness and high reactivity of aldehydes and ketones.  Hydrazide, 

(thio)semicarbizide, and aminooxy compounds are all nitrogen-containing 

nucleophiles that are capable of specific reaction with ketones and aldehydes, and 

have been used in the construction of complex bioconjugates.
4, 5

  Recent literature 

indicates that this same set of nucleophiles and their utility in polymer synthesis and 

post-polymerization modification are being investigated for the preparation of 

functional materials,
6-9

 with special attention being given to their effectiveness in the 

modification and fabrication of biocompatible polymer systems.
10-12

  

 Aliphatic polyesters are one class of polymers that offer an attractive platform 

for biomedical, drug delivery, and tissue engineering applications, due to the ability 
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to synthesize well-defined polymers
13

 and oligomers
14

 as well as a variety of 

architectures
15-17

 that produce benign degradation products.
18-20

   Despite this 

advantageous attribute, their lack of chemical handles for further derivatization and 

inherent hydrophobicity necessitate the development of strategies for the 

incorporation of functional ligands and hydrophilic segments in order to construct 

polyester systems that are better suited for in vivo applications. Recent literature 

documents the incorporation of functional molecules including folic acid,
21

 RGD 

peptide
22

, and sugars
23

 into aliphatic polyester systems to make the polymers more 

effective as therapeutic or diagnostic agents.  In addition to ligands and targeting 

moieties, amino groups have been grafted onto the backbone to generate cationic, 

water-soluble polyesters.
24

  Another strategy for making aliphatic polyesters water-

dispersible involves the synthesis of polyesters bearing hydophilic polymer grafts to 

generate amphipilic block graft copolymers. Poly(L-lysine)
25, 26

 and PEO grafts have 

been the primary polymer systems for study as hydrophilic grafts.  A variety of 

chemistries including anionic modification,
27

 atom transfer radical addition,
28

 and 

―click‖ cycloaddition
29-31

 have been used for attachment of the grafts onto polyester 

backbones with varying degrees of grafting efficiency. 

 Our strategy for the transformation of degradable aliphatic polyesters into 

functional materials for biomedical applications centers upon their outfitting with 

multiple moieties, including hydrophilic polymer grafts, to afford amphiphilic block 

graft copolymers that are capable of assembly into well-defined, multi-functional 

nanostructures.  Our efforts in this area focus on poly(ε-caprolactone-co-2-oxepane-

1,5-dione) (P(CL-co-OPD)),
32

 an aliphatic polyester with reactive ketones presented 
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along the polyester backbone.  The chemical approach exploits the inherent 

electrophilicity of the ketone carbonyls to achieve economical and orthogonal 

incorporation of multiple functionalities through ketoxime ether formation, while 

minimizing exposure to reaction conditions that could lead to premature degradation.  

Aminooxy chemistry affords a convenient and efficient method for the construction of 

functional and crosslinked polyester materials using P(CL-co-OPD).
33, 34

  

Analogously, using a ―grafting onto‖ approach, hydrophilic polymers with an 

aminooxy-terminus can be employed as nucleophiles to obtain amphiphilic graft 

copolymers via reaction with the ketones on the hydrophobic P(CL-co-OPD) 

backbone.  Mayes and co-workers employed ketoxime ether formation for the 

chemoselective incorporation of PEO grafts ranging from 150 Da to 2 kDa,
35

 and 

have used these graft copolymers to create functional biocompatible surfaces.
36

  

While the approach yielded the desired graft copolymers, the method of conjugation 

employed required long reaction times (days), high stoichiometry (up to 25 

equivalents of hydroxylamine to ketone) and heat to maximize the number of PEO 

grafts.  

 Due to the versatility of the ketone moiety and the potential indicated by 

previous research, we are interested in further developing and optimizing the P(CL-

co-OPD) system for use in the creation of functional, water-soluble, nanoscale 

particles through the combined incorporation of various chemical handles and 

hydrophilic PEO grafts. Herein, we report a highly efficient method for the addition 

of 3 kDa PEO-grafts and small molecule probes onto the P(CL-co-OPD) backbone via 

acid-catalyzed ketoxime ether formation at room temperature using low 
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stoichiometric equivalents of PEO.  The resulting amphiphilic graft block copolymers 

display unique thermal characteristcs relative to their parent copolymers, and were 

found to self assemble in aqueous solution yielding aggregates of varying 

morphology.   

 

Results and discussion  

To create multi-functional amphiphilic copolymers, having a high degree of 

versatility in their structure and composition, and involving the coupling of small 

molecules to hydrolytically-degradable macromolecules and/or of macromolecules to 

each other (i.e. grafting of poly(ethylene oxide) (PEO) and a PCL backbone), a few 

criteria must be met regarding the types of chemistries employed and reaction 

conditions utilized.  For example, the reaction environment should be sufficiently 

mild to avoid premature degradation of the polymer, while still allowing for the 

economical incorporation of numerous polymer and small molecule ligands onto the 

polymer backbone.  It is often difficult to remove free polymer remaining in the 

desired graft polymeric material; the choice of a highly-efficient grafting chemistry 

would improve the consumption of the polymer reagents and would produce a more 

pure product.  Additionally, when working with a hydrolytically degradable polymer 

system, the ability to incorporate both hydrophilic polymer grafts and other units in a 

single step to afford a functional amphiphilic copolymer is beneficial, as i t minimizes 

the premature degradation of the polyester backbone that may result from sequential 

functionalization reactions.  Consequently, the modification of P(CL-co-OPD) with 

aminooxy-functionalized PEO was studied independently and with a small molecule 
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ligand, p-methoxy-O-benzylhydroxylamine, in order to obtain a high degree of 

grafting density and multi-functionality efficiently, under mild reaction conditions.  

 

Synthesis of PCL-g-PEO ketoxime ether conjugates 

A α-methoxy-ω-aminooxy-poly(ethylene oxide), 1, was synthesized by a two-step 

process, adapting a procedure reported by Gajewiak and co-workers (Scheme 3-1).
37

  

The first step involved a Mitsunobu displacement of the hydroxyl chain end on a 3 

kDA α-methoxy-poly(ethylene oxide) to give the ω-phthalimido compound, 2.  

Removal of the phthalimide group was accomplished through hydrazinolysis to yield 

the desired aminooxy-terminated poly(ethylene oxide), 1.   

1
H nuclear magnetic resonance (NMR) spectra were collected for 2 and 1, in both 

CDCl3 and acetone-d6 (Figure 3-1), to confirm their structures, spectroscopically and 

chemically.  As expected, there was almost no difference for the spectra of 2 in the 

two solvents, whereas 1 underwent reaction with acetone to afford a ketoxime product 

that allowed for further differentiation of the proton signals adjacent to the ω-terminal 

functional group.  The 
1
H NMR spectrum of 2, taken in CDCl3, had signals at 7.80 

ppm and 4.38 ppm, corresponding to the aromatic protons on the phthalimide (Phth) 

Scheme3- 3.  Synthesis of α-methoxy-ω-aminooxy-poly(ethylene oxide), 1. 

. 
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group and the methylene protons of the –CH2-O-Phth group, respectively; the proton 

signal arising from the methoxy chain end was observed as a singlet at 3.38 ppm 

(Figure 3-1(a)).  Integration of the resonances belonging to the methoxy terminus and 

the multiplet corresponding to the –CH2-O-Phth methylene protons indicated 

quantitative conversion of the hydroxyl group to the phthalimide.  Upon 

transformation to the aminooxy group of 1, the signal for the methylene protons at 

4.38 ppm disappeared, however, direct confirmation of their resonance frequency 

could not be made.  As it was difficult to discern the signal corresponding to the chain 

end -CH2-O-NH2 protons, a 
1
H NMR spectrum of 1 was obtained in acetone-d6 

(Figure 3-1(b)).  In this case, the acetone-d6 acted not only as the NMR solvent, but 

also as a derivatizing agent, used to produce the corresponding ketoxime ether 

conjugate.  Through the formation of the oxime, the methylene protons shifted upfield 

from 4.35 ppm when adjacent to the phthalimide of 2 to 4.10 ppm when adjacent to 

the ketoxime of 1’, well resolved from the broad -OCH2CH2- signal of the PEO chain.  

 

Figure 3-7  (a) 
1
H NMR (300 MHz) spectra of α-methoxy-ω-phthalimido-PEO, 2, and α-methoxy-ω-

aminooxy-PEO, 1, in CDCl3, and (b) 
1
H NMR (300 MHz) spectra in acetone-d6 of α-methoxy-ω-

phthalimido-PEO, 2, and a ketoxime ether derivative, 1’, of α-methoxy-ω-aminooxy-PEO, 1, formed 

through a reaction between the aminooxy chain end and acetone-d6. 
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Examination of the 
1
H NMR spectrum of the aminooxy compound in acetone-d6 

indicated complete removal of the phthalimide through comparison of the integration 

of the singlet corresponding to the methoxy end group at 3.29 ppm to the multiplet at 

4.10 ppm, which is the resonance attributed to the –CH2-O-N=C(CD3)2 methylene 

protons (Figure 3-1(b)).  In addition to providing better resolution of the chain end 

protons, the reaction of 1 with acetone-d6 chemically confirmed the presence of the 

terminal aminooxy functionality.  

 A P(CL-co-OPD) polymer, 3, containing an average of 45 reactive OPD repeat 

units per polymer chain was used as the parent polymer substrate for the conjugation 

of α-methoxy-ω-aminooxy-PEO, 1, to yield the PCL-g-PEO block graft copolymer , 4 

(Scheme 3-2).  Additionally, as part of a strategy to work towards the synthesis of 

multi-functional, water-dispersible PCL materials, the α-methoxy-ω-aminooxy-PEO, 

1, and p-methoxy-O-benzylhydroxylamine, a small molecule designed to act as an 

analog for a chromophore or other imaging agent, were allowed to undergo reaction in 

a single-step, one-pot reaction with P(CL-co-OPD) to produce the graft block 

copolymer, 5, containing both hydrophilic PEO grafts and functional small molecule 

Scheme 3-4.  Synthesis of PCL-g-PEO graft block copolymers, 4 and 5. 
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side chains (Scheme 3-2).  In both cases, the reactions were conducted in THF for 24 

h using a catalytic amount of p-toluenesulfonic acid; the resulting grafting efficiencies 

of the aminooxy-terminated PEO and the p-methoxy-O-benzylhydroxylamine were 

found to be remarkably high.   

 1
H NMR spectra were collected for 4 and 5 in CDCl3 to confirm their 

structures and to determine the number of grafts incorporated onto the P(CL-co-OPD) 

backbone (Figure 3-2).  The 
1
H NMR spectrum of the PCL-g-PEO graft block 

copolymer, 4, had proton signals indicating the conversion of a portion of the ketones 

to ketoxime ethers (blue spectrum in Figure 3-2(a)).  The resonance at 4.25 ppm 

corresponds to protons on the methylene adjacent to the oxygens of the ester groups 

in functionalized OPD repeat units (blue f’ in Figure 3-2(a)).  In addition, an intense 

signal from the PEO chain at 3.6-3.7 ppm, the protons on the methoxy end group at 

3.39 ppm, and the appearance of a quartet at 4.15 ppm corresponding to the –CH2-

ON=C methylene (blue g’ in Figure 3-2(a)), each supported the covalent attachment 

of PEO chains onto the PCL backbone.  The 
1
H NMR spectrum of the bi-

 

Figure 3-8  (a) 
1
H NMR spectra (300 MHz, CDCl3) of the parent P(CL-co-OPD) polymer, 3 (red), 

P(CL-co-OPD-co-(OPD-g-PEO)), 4 (blue), a fully functionalized P(CL-co-OPD-co-(ODP-g-pMeOBn)) 

(purple), and P(CL-co-OPD-co-(OPD-g-PEO)-co-(OPD-g-pMeOBn)), 5 (green). (b) An overlay of 

GPC RI traces of the parent P(CL-co-OPD) polymer, 3 (red), P(CL-co-OPD-co-(OPD-g-PEO)), 4 

(blue), P(CL-co-OPD-co-(OPD-g-PEO)-co-(OPD-g-pMeOBn)), 5 (green), and 3 kDa PEO (black). 
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functionalized graft block copolymer, 5, had diagnostic signals associated with the 

conversion of ketones to ketoxime ether linkages at 4.25 ppm (purple f‖ Figure 3-

2(a)); the presence of PEO-grafts was confirmed by the strong signal for the PEO 

chain at 3.6-3.7 ppm and a multiplet corresponding to –CH2-ON=C protons at 4.15 

ppm (green spectrum, Figure 3-2(a)).  The incorporation of p-methoxybenzyl (p-

MeOBn) grafts was confirmed by the appearance of aromatic resonances at 6.85 ppm, 

two signals indicative of the benzylic protons at 4.96 ppm, and a singlet 

corresponding to the methoxy protons at 3.75 ppm (purple and green spectra, Figure 

3-2(a)).  To assist with the confirmation of the assignments of the proton signals 

responsible for the p-MeOBn functionalities, a sample that resulted from reaction 

only between P(CL-co-OPD) and p-methoxy-O-benzylhydroxylamine was prepared 

and analyzed (purple spectrum of Figure 3-2(a)). 

 The reaction between P(CL-co-OPD), 3, and 20 equivalents of α-methoxy-ω-

aminooxy-PEO, 1, resulted in the grafting of 18 PEO chains, giving a grafting 

efficiency of 90%, based upon the integration of signals representing the remaining 

OPD repeat units relative to those signals associated with the CL repeat units.  It is 

important to note that the equivalents used here are relative to the P(CL-co-OPD) (20 

mol:1 mol, 1:3), not relative to the ketone stoichiometry (0.4 mol:1 mol, 1:ketones on 

3).  The grafting efficiency for the conjugation of α-methoxy-ω-aminooxy-PEO, 1, 

and p-methoxy-O-benzylhydroxylamine to the PCL backbone in a single step, though 

slightly lower, was also highly efficient at 75% and 80% grafting efficiency for the 

PEO and the p-methoxybenzyl compounds, respectively.  

 GPC analysis of the resulting PCL-g-PEO block graft copolymers 4 and 5, 
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showed a marked increase in the molecular weight of the graft copolymer relative to 

the parent P(CL-co-OPD) polymer.  There was not a substantial increase in the 

polydispersity of the graft copolymer products, suggesting that little to no degradation 

of the polyester backbone occurred during the coupling reaction (Figure 3-2(b)).  

Interestingly, in the case of both graft copolymers, a small amount of free PEO 

remained present in the isolated precipitate, as observed in the GPC traces.  This free 

PEO could not be removed with subsequent precipitations or fractional precipitation 

techniques, and dialysis was found to be an unsuitable method for removal of excess 

PEO due to the resulting degradation of the graft copolymer backbone.  

 

Thermal characterization of PCL-g-PEO ketoxime ether conjugates 

Differential scanning calorimetry (DSC) experiments were performed to compare 

the thermal characteristics of the PCL-g-PEO ketoxime ether conjugates to the parent 

P(CL-co-OPD) and PEO polymers.  Substantial differences in the melting transition 

temperatures of 4 and 5 relative to the peak melting temperature transition of the 

P(CL-co-OPD) parent copolymer and the 3 kDA PEO were observed, and are 

illustrated in Figure 3-3(a) as DSC traces of the third heating cycle so that each 

sample had undergone similar thermal annealing.  The grafting of 3 kDa α-methoxy-

ω-aminooxy-PEO onto the PCL backbone via ketoxime ether formation resulted in a 

polymeric material diplaying a single melting transition—rather than two transitions 

corresponding to the melting temperatures of the PEO and the P(CL-co-OPD)—with a 

peak melting temperature of 48 °C for the P(CL-co-OPD-co-(OPD-g-PEO)) 

copolymer, 4 (Figure 3-3 (a), blue).  In the case of the multifunctional, amphiphilic 
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graft copolymer, 5, the incorporation of 3 kDa PEO and p-methoxy-benzyl ketoxime 

ether grafts also yielded a material with a single transition having a peak melting 

point of 49 °C (Figure 3-3 (a), green).  In both cases, the addition of grafts onto the 

polymer backbone resulted in a melting transition that was significantly lower than 

the temperature observed for the parent PCL copolymer and the PEO composing the 

grafts.  This result is consistent with previously reported melting transitions observed 

in PCL materials with small molecule ketoxime ether grafts that disrupted the 

crystallinity.
38

  To demonstrate that the depression in melting temperature was caused 

by both compositional and structural changes resulting from the covalent attachment 

of PEO to the PCL backbone, the melting transition temperatures, Tm’s, of the PCL-g-

PEO ketoxime ether conjugates were compared to a physical mixture, 1:1 by mass of 

the parent P(CL-co-OPD) polymer, 3, and 3 kDA PEO, which is a comparable mass 

ratio to that found in both graft copolymers.  The resulting Tm for the physical blend 

 

Figure 9-3 (a) DSC thermograms from the third heating cycle of the melting transition region of the 

parent P(CL-co-OPD) polymer, 3 (red); 3 kDA PEO (black); a physical mixture of the parent P(CL-co-

OPD) polymer, 3, and 3 kDA PEO (orange); P(CL-co-OPD-co-(OPD-g-PEO)), 4 (blue); and P(CL-co-

OPD-co-(OPD-g-PEO)-co-(OPD-g-pMeOBn)), 5 (green), and (b) DSC thermograms from the first 

heating cycle of the melting transition region of the parent P(CL-co-OPD) polymer, 3 (red); 3 kDA PEO 

(black); a physical mixture of the parent P(CL-co-OPD) polymer, 3, and 3 kDA PEO (orange); P(CL-co-

OPD-co-(OPD-g-PEO)), 4 (blue); and P(CL-co-OPD-co-(OPD-g-PEO)-co-(OPD-g-pMeOBn)), 5 

(green).  
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was a single peak at 59 C (Figure 3-3 (a), orange).  This temperature is 

approximately ten degrees higher than the melting transitions observed for 4 and 5, 

and is comparable to the peak melting transition temperatures of 61 and 60 C 

obtained for P(CL-co-OPD) and 3 kDA PEO, respectively (Figure 3-3 (a), red and 

black).  

 While all of the melting transitions observed in the third heating cycle display 

a single peak, suggesting a single melting transition for each of the polymer samples 

characterized, thermograms from the first heating cycles provide additional insight 

into the unique behavior of the PCL-g-PEO ketoxime ether conjugates relative to their 

parent polymers (Figure 3-3 (b)).  In both cases, neat P(CL-co-OPD) and 3 kDA PEO 

present a well defined transition, with the peak Tm of the PEO appearing at 61 °C and 

the peak Tm of the parent polyester, 3, occuring at 66 °C (Figure 3-3 (b), red and 

black).  In the first heating cycle, a two stage melt was observed for the physical 

mixture of the P(CL-co-OPD) copolymer, 3, and 3 kDA PEO (Figure 3-3(b), orange), 

with one stage having a peak Tm at 60 °C, which matches the Tm for PEO, and a 

second less intense transition appearing at 64 °C, corresponding to a slightly 

depressed Tm for P(CL-co-OPD).  Observation of two melting transitions for physical 

mixtures containing two crystalline polymers is not uncommon, and has been 

previously observed in investigations studying the melting transitions of PCL and 

PEO blends.
39

  Similarly, the thermogram from the first heating cycle for the P(CL-

co-OPD-co-(OPD-g-PEO)) copolymer, 4 (Figure 3-3(b), blue), exhibits a peak Tm at 

52 °C associated with the melting transition of the PEO grafts and a slight shoulder at 

55 °C, likely corresponding to the Tm of the P(CL-co-OPD) backbone.  The 
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multifunctional, amphiphilic graft copolymer, 5, (Figure 3-3(b), green) has a peak Tm 

at 55 °C, but does not clearly display two obvious stages or a shoulder that would 

suggest two unique melting points.  

 The differences observed in the first and third heating cycles are due to the 

different thermal histories of the polymer samples; the first heating cycle was heated 

from room temperature with no annealing, but in the case of the third heating cycle 

the polymer samples had been crystallized nonisothermally twice at a rate of 10 

°C/min.  Despite the differences in thermal history, in both the first and third heating 

cycles, the PCL-g-PEO ketoxime ether conjugates, 4 and 5, exhibited significantly 

lower melting temperatures than the parent polymers and the mixture of P(CL-co-

OPD) with 3 kDA PEO.  These results suggest that the covalent attachment of PEO 

grafts onto the polyester backbone disrupts the crystallinity present in both polymer 

species, and that the thermal profiles of the of the PCL-g-PEO ketoxime ether 

conjugates can be correlated to chemical and structural changes in the polymer 

architecture.  

 

Self assembly of PCL-g-PEO ketoxime ether conjugates in aqueous solution 

The amphiphilic block graft copolymers, when transitioned from organic solvent 

(tetrahydrofuran, THF) to water, undergo multi-molecular aggregation to afford 

nanostructures having interesting morphologies.  The P(CL-co-OPD-co-(OPD-g-

PEO)) copolymer, 4, having a 55 wt % of PEO was allowed to undergo assembly in 

an aqueous solution.  This particular block graft copolymer formed micellar 

aggregates with an intensity-averaged hydrodynamic diameter, Dh, of 225 ± 21 nm, a 
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volume-averaged Dh of 29 ± 4 nm, and a number-averaged Dh of 16 ± 1 nm, as 

measured by dynamic light scattering (DLS).  DLS analysis reveals that the 

aggregates exhibited a bimodal distribution with population size maxima at 

approximately 19 nm and 285 nm, which can both be observed in the intensity-

averaged DLS histogram of Figure 3-4.  Such bimodal distributions of aggregates 

have been observed previously for block graft copolymers where PEO has been 

grafted onto PCL backbones via other chemical coupling methods.
28

 

 AFM and TEM were used to analyze the size and also the shape of the 

aggregates formed by P(CL-co-OPD-co-(OPD-g-PEO)) copolymer 4, with the heights 

being determined by AFM and the diameters by TEM, each after deposition of the 

aqueous solutions onto solid substrates.  The aggregates visualized by tapping-mode 

AFM appear globular in shape with a fairly broad height distribution (Figure 3-5(a)).  

Calculation of the particle sizes over a 5 x 5 μm area gave an average height of 2 ± 1 

 

Figure 3-10  (a) Intensity-averaged DLS histogram showing the bimodal size distribution of the 

aggregates (b) volume-averaged DLS histogram (c) and the number-averaged DLS histogram of the 

aggregates present in a 0.3 mg/mL solution of P(CL-co-OPD-co-(OPD-g-PEO)), 4, a block graft 

copolymer containing 55 wt % PEO. 
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nm, with the height of the observed aggregates ranging from 1 to 7 nm.  The TEM 

image obtained from a 0.2 mg/mL solution of 4 in 9:1 water/THF (v/v) showed 

circular, particle-like aggregates with an average diameter of 116 ± 35 nm (Figure 3-

5(b)).  There is clearly a broad distribution of particle diameters in the micrograph, 

which is comparable to the broad size distributions observed by DLS and AFM.  The 

low height value observed through AFM, relative to the large diameter, suggests a 

reorganization of the aggregates to cause flattening upon adsorption onto the solid 

substrates (mica (AFM) or carbon-coated copper grid (TEM)).  Furthermore, the 

large, unusual aggregates observed in the TEM image suggest significant 

reorganization events.  As opposed to our past experience with hydrophilic 

nanoparticles, these new materials presented difficulties in the preparation of samples 

for AFM and TEM imaging.  In many cases, cooling was necessary and deposition 

conditions required optimization (see Experimental details).  Each of these results 

illustrates the unique characteristics of these amphiphilic and crystalline block graft 

copolymers in water as well as the challenges in working with these systems. 

 

 

Figure 3-11  (a) Height image of tapping mode AFM image of P(CL-co-OPD-co-(OPD-g-PEO)), 4 

(concentration 0.1 mg/mL) (b) TEM image of the micellar aggregates formed by  P(CL-co-OPD-co-

(OPD-g-PEO)), 4 (0.3 mg/mL solution). 
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 The PCL-PEO graft block copolymer with pendant p-methoxybenzyl groups, 

5, having 49 wt % PEO, showed unique self assembly behavior upon being dispersed 

in aqueous solution.  Unlike the graft copolymer 4, which has only PEO grafts, TEM 

images obtained after drop deposition of a solution of 5 onto a carbon-coated copper 

grid, indicated that the copolymer having both PEO grafts and dangling pMeOBn side 

chains forms cylindrical or rod-like aggregates having an average diameter of 12  2 

nm and an average length of 190 ± 37 nm when dispersed in aqueous solution at the 

same block graft copolymer concentrations as used for 4 (Figure 3-6).   

The reason for the observed differences in the solution-state aggregates formed by 

4 and 5 is not obvious at this time and warrants additional study.  One potential 

characteristic that may generate differences in the observed aggregates is the change 

in the overall weight percent of PEO present in the block graft copolymer samples; 

specifically the reduced number of PEO grafts present on 5 relative to 4, may be 

influencing the morphology of the solution state aggregates.  Previous research on 

PCL-b-PEO copolymer systems indicates that these block copolymer systems form 

cylindrical and wire-like aggregates with certain ratios of PCL to PEO and block 

 

Figure3-12  TEM image of the cylindrical aggregates formed by P(CL-co-OPD-co-(OPD-g-PEO)-co-

(OPD-g-pMeOBn)), 5, at 50000x magnification (0.3 mg/mL solution). 
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copolymer concentrations.
40, 41

  A preference for cylindrical or worm-like micelles 

was noted to occur when the hydrophobic PCL block was longer, while a preference 

for spherical aggregates was observed when the amount of PEO was increased,
41

 or if 

the block length of PEO was held constant while the PCL block length was reduced.
40, 

42, 43
  At this time, it is unclear whether the formation of the cylindrical aggregates in 

this graft copolymer system results from a diminished density of PEO grafts in 5 

relative to 4, or if the self assembly process and the rod-like aggregates are a 

consequence of having pMeOBn side chains covalently attached to the PCL 

backbone.  In order to better understand this system and the self assembly of PCL-g-

PEO copolymers in general, further investigation pertaining to the self assembly of 

these rod-like aggregates and the characteristics that influence aggregate shape is 

ongoing. 

 

Experimental 

Materials 

The synthesis of 1,4,8-trioxaspiro-9-undecanone (TOSUO) has been described 

elsewhere.
32, 44-48

  ε-Caprolactone (CL) (Aldrich Chemical Company) was distilled 

from CaH2 and stored under argon.  Toluene (Aldrich Chemical Company) was dried 

by heating at reflux over sodium and distilled under argon prior to use.  Aluminum 

triisopropoxide Al(OiPr)3 (Aldrich Chemical Company) was purified by sublimation 

and dissolved in dry toluene prior to use.  Polyethylene oxide (3 kDA PEO) was 

purchased from Nektar and was dried by azeotropic distillation of toluene (3 x) to 

dryness to remove residual water.  All other reagents (solvents, p-toluenesulfonic acid 
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(p-TsOH), diethyl azodicarboxylate (DEAD), triphenylphosphene, etc.) were 

purchased from Aldrich and used as received. 

 

Instrumentation 

1
H NMR (300 MHz) and 

13
C NMR (75 MHz) spectra were acquired in CDCl3 

unless otherwise noted on a Varian Mercury 300 spectrometer using the residual 

solvent signal as the internal reference.  Infrared spectra were recorded on a Perkin-

Elmer Spectrum RX FT-IR system by film deposition onto NaCl salt plates.  

Differential scanning calorimetry was performed under nitrogen atmosphere using 40 

L aluminum pans on a Mettler Toledo DSC822 with heating and cooling at 10 

°C/min from –100 °C to 100 °C.  Tm values were obtained from the third heating scan 

as the peak values from the thermogram.  Gel permeation chromatography was 

performed on a Waters Chromatography, Inc., 1515 isocratic HPLC pump equipped 

with an inline degasser, a model PD2020 dual-angle (15° and 90°) light scattering 

detector (Precision Detectors, Inc.), a model 2414 differential refractometer (Waters, 

Inc.), and four PLgel polystyrene-co-divinylbenzene gel columns (Polymer 

Laboratories, Inc.) connected in series: 5 m Guard (50  7.5 mm), 5 m Mixed C 

(300  7.5 mm), 5 m 10
4
 (300  7.5 mm), and 5 m 500 Å (300  7.5 mm) using the 

Breeze (version 3.30, Waters, Inc.) software.  The instrument was operated at 35 °C 

with THF as eluent.  Data collection was performed with Precision Acquire 32 

Acquisition program (Precision Detectors, Inc.) and analyses were carried out using 

Discovery32 software (Precision Detectors, Inc.) with a system calibration curve 

generated from plotting molecular weight as a function of retention time for a series 
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of broad polydispersity poly(styrene) standards.  The height measurements (Hav) for 

the aggregates formed by the PCL-g-PEO ketoxime ether conjugates were determined 

by tapping-mode atomic force microscopy (AFM) under ambient conditions in air.  

The AFM instrumentation consisted of a Nanoscope III BioScope system (Digital 

Instruments, Veeco Metrology Group; Santa Barbara, CA) and standard silicon tips 

(type, OTESPA-70; L, 160 µm; normal spring constant, 50 N/m; resonance 

frequency, 246-282 kHz).  The sample solutions were drop cast (50-100 µL) onto 

freshly-cleaved mica and allowed to settle freely for 60 seconds, after which the 

excess solution was removed by wicking with filter paper and the mica surface was 

allowed to dry in air.  Hydrodynamic diameters (Dh) and distributions for the PCL-g-

PEO ketoxime ether aggregates in aqueous solution were determined by dynamic light 

scattering (DLS).  The DLS instrumentation consisted of a Brookhaven Instruments 

Limited (Worcestershire, U.K.) system, including a model BI-200SM goniometer, a 

model BI-9000AT digital correlator, a model EMI-9865 photomultiplier, and a model 

95-2 Ar ion laser (Lexel, Corp.; Farmindale, NY) operated at 514.5 nm.  

Measurements were made at 25 ± 1 °C.  Scattered light was collected at a fixed angle 

of 90°.  The digital correlator was operated with 522 ratio spaced channels and initial 

delay of 2.4 µs, a final delay of 250 ms, and a duration of 2 min.  A photomulitplier 

aperture of 400 µm was used, and the incident laser intensity was adjusted to obtain a 

photon counting greater than 75 kcps.  Only measurements in which the measured and 

calculated baselines of the intensity autocorrelation function agreed to within 0.3% 

were used to calculate particle size.  Particle size distributions were performed with 

the ISDA software package (Brookhaven Instruments Company), which employed 
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single-exponential fitting, cumulant analysis, and nonnegatively constrained least-

squares particle size distribution analysis routines.   Samples for transmission electron 

microscopy (TEM)) measurements were pre-cooled (ca. 5 °C) and drop deposited 

onto pre-chilled (ca. 0 °C) carbon coated-copper grids, were diluted with with a 1 % 

phosphotungstic acid (PTA) stain (v/v, 1:1), and then the excess solution was 

removed by wicking with filter paper.  The samples were allowed to dry under 

ambient conditions and then were imaged on a Hitachi H-600 TEM instrument.  The 

number average particle diameters (Dav) and standard deviations were generated from 

the analysis of 40 particles.  

 

Synthesis 

O-(p-methoxybenzyl)-N-hydroxyphthalimide.  

N-hydroxyphthalimide (5.71 g, 35.0 mmol, 1.41 eq) was dissolved in 100 mL of dry 

THF followed by addition of triethylamine (5.0 mL, 36 mmol, 1.4 eq) to yield a deep 

red solution.  p-Methoxybenzylbromide (5.00 g, 24.9 mmol, 1.0 eq Br) was added to 

the reaction mixture drop wise.  The reaction was allowed to proceed at reflux for 18 

h and monitored by TLC and 
1
H NMR spectroscopy.  CH2Cl2 was added and the 

solution was washed with H2O (3×), dried over Na2SO4, and concentrated in vacuo to 

afford the crude product (91% conversion by 
1
H NMR spectroscopy).  Flash column 

chromatography of the crude product yielded O-(p-methoxybenzyl)-N-

hydroxyphthalimide as white crystals.  Yield: 6.11 g, 87 %.  IR (NaCl) 3037, 2960-

2840, 2037, 2962, 2839, 1783, 1726, 1612, 1516, 1463, 1387, 1253, 1174, 1142, 

1027, 972, 877, 822, 697 cm
-1

.  
1
H NMR (300 MHz, CDCl3) δ 7.7-7.9 (two m, 4H, 
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aromatic of phthalimide), 7.45 (dt, J = 9, 2 Hz, 2H, aromatic of p-MeO-Bn), 6.9 (dt, J 

= 9, 2 Hz, 2H, aromatic of p-MeO-Bn), 5.15 (s, 2H, -OCH2-), 3.8 (s, 3H, -OCH3) 

ppm.  
13

C NMR (75 MHz, CDCl3) δ 163.7, 160.6, 134.6, 131.8, 129.1, 126.0, 114.1, 

79.7, 55.4 ppm.  

 

O-(p-methoxybenzyl)hydroxylamine.  

O-(p-methoxybenzyl)-N-hydroxyphthalimide (0.985 g, 3.48 mmol, 1.0 eq) was 

dissolved in 35 mL of dry THF.  Hydrazine monohydrate (0.5 mL, 10 mmol, 3 eq) 

was added and the reaction was allowed to proceed at room temperature for 18 h, 

monitored by 
1
H NMR spectroscopy.  The reaction mixture; a clear solution 

containing a white solid, was dissolved into 100 mL CH2Cl2, extracted with 1.0 M 

KOH (2 × 50 mL) and H2O (2 × 50 mL), dried over Na2SO4, and concentrated in 

vacuo to afford the product, O-(p-methoxybenzyl)hydroxylamine, as a clear, colorless 

oil.  Yield: 0.55 g, >98 %.  IR (NaCl) 3314, 3235, 3100-3000, 2950-2840, 1611, 

1585, 1512, 1464, 1362, 1301, 1247, 1174, 1032, 814 cm
-1

.  
1
H NMR (300 MHz, 

CDCl3) δ 7.3 (dt, J = 9, 2 Hz, 2H, aromatic of p-MeO-Bn), 6.9 (dt, J = 9, 2 Hz, 2H, 

aromatic of p-MeO-Bn), 5.3 (s, 2H -CH2-ONH2), 4.6 (s, 2H, -CH2-ONH2) ppm, 3.8 

(s, 3H, -OCH3) ppm.  
13

C NMR (75 MHz, CDCl3) δ 159.5, 130.5, 130.1, 129.5, 113.9, 

77.6, 71.5, 55.3 ppm.  

 

P(CL-co-OPD) Copolymer Synthesis 
32, 44, 45

 

Random copolymers of ε-caprolactone (CL) and 2-oxepane-1,5-dione (OPD) were 

prepared by ring opening polymerization of CL and the synthetic monomer TOSUO 
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by initiation with Al(OiPr)3, and the resulting P(CL-co-TOSUO) was subsequently 

deprotected using triphenylcarbenium tetrafluoroborate as previously reported.  

P(CL327–co-OPD49) (3).  GPC: Mn, PS = 38700 Da, Mw, PS = 50400 Da, PDIPS = 1.3. 

Mn (
1
H NMR) = 43600 Da.  Tm = 61 °C.  IR (NaCl) 3600-3000, 2940-2860, 1732 (str, 

multiple modes), 1595, 1470, 1437, 1420, 1397, 1367, 1295, 1244, 1191, 1108, 1065, 

1046, 962, 933, 903, 841 cm
-1

.  
1
H NMR (300 MHz, CDCl3) δ 5.0 (septet, J = 6.3 Hz, 

1 H of initiated chain end, (CH3)CHO), 4.25 (t, J = 7.2 Hz, 2 H of OPD units, 

CH2OCO), 4.05 (t, J = 6.6 Hz, 2 H of CL units, CH2OCO), 3.65 (t, J = 6.3 Hz, 2 H of 

terminated chain end, CH2OH), 2.82 (t, J = 7.2 Hz, 2 H of OPD units, 

C(O)CH2CH2CO), 2.75 (t, J = 7.2 Hz, 2 H of OPD units, C(O)CH2CH2), 2.62 (t, J = 

7.5 Hz, 2 H of OPD units, , C(O)CH2CH2OCO), 2.30(t, J = 7.5 Hz, 2 H of CL units, 

CH2COOCH2), 1.65 (m, 4 H of CL units, OCH2CH2 and CH2CH2COO), 1.45 (m, 2 H 

of CL units, CH2CH2CH2COO), 1.25 (d, J = 6.3 Hz, 6 H of initiated chain end, 

(CH3)2CHO) ppm.  
13

C NMR (75 MHz, CDCl3) δ 205.9, 173.4, 172.7, 64.6, 64.2, 

59.2, 41.6, 37.5, 34.2, 34.0, 28.4, 27.9, 25.6, 24.7, 24.5 ppm. 

 

α-methoxy-ω-phthalimidoxy-poly(ethylene oxide), 2.   

A solution of triphenyl phosphine (4.4 g, 17 mmol) in THF (70 mL) was cooled to -78 

°C under argon.  A 40 wt. % solution of diethyl azodicarboxylate in toluene (7.5 mL, 

17 mmol) was added to the reaction dropwise via syringe, and the reaction was stirred 

under argon and allowed to warm to room temperature over 1 h.  The reaction mixture 

was again cooled to -78 °C under argon, a solution of 3 kDa α-methoxy-poly(ethylene 

oxide) (5.0 g, 1.7 mmol) in THF (50 mL) was added dropwise by syringe, and the 
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reaction was allowed to warm to room temperature over 30 min.  A solution of 

N-hydroxy phthalimide (2.8 g, 17 mmol) in THF (50 mL) was added to the reaction 

by syringe over a 30 min period, and the reaction was allowed to stir at room 

temperature under argon for 18 h.  The resulting phthalimidoxy-terminated PEO was 

isolated and purified by two precipitations into diethyl ether (3.9 g, 75 % yield).  IR 

(NaCl) 2950-2690, 1789, 1734, 1466, 1359, 1342, 1280, 1241, 1147, 1113, 1060, 962, 

842 cm
-1

.  
1
H NMR (300 MHz, CDCl3) δ 7.7-7.9 (m, 4H of phthalimido chain end), 

4.39 (dd, J = 4, 5 Hz, 2H, CH2-O-Phth chain end), 3.65 (bs, 4H of PEO repeat unit), 

3.39 (s, 3H of –OCH3 chain end).  
13

C NMR (75 MHz, CDCl3) δ 163.5, 134.5, 129.1, 

123.6, 70.7, 59.1 ppm. 

 

α-methoxy-ω-aminooxy-poly(ethylene oxide), 1.   

Hydrazine monohydrate (1.0 mL, 20 mmol) was added in a single portion to a 

solution of α-methoxy-ω-phthalimidoxy-poly(ethylene oxide) (2.1 g, 0.67 mmol) in 

THF (50 mL).  The reaction was capped and stirred at room temperature for 96 h.  

The resulting polymer was isolated by precipitation into diethyl ether (1.55 g, 76 % 

yield).  Tm = 60 °C.  IR (NaCl) 2950-2800, 1466, 1359, 1342, 1280, 1240, 1148, 

1109, 1060, 962, 842 cm
-1

.  
1
H NMR (300 MHz, CDCl3) δ 3.85 (m, 2H of -CH2-

ONH2 chain end), 3.65 (bs, 4H of PEO repeat unit), 3.39 (s, 3H of –OCH3 chain end).  

13
C NMR (75 MHz, CDCl3)  δ 74.7, 70.5, 59.0 ppm. 

 

P(CL327-co-OPD27-co-(OPD-g-PEO)18), 4.   

A solution of α-methoxy-ω-aminooxy(poly(ethylene oxide)), 1, (118 mg, 0.39 mmol) 
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in THF (1.0 g) was added to a solution of P(CL327-co-OPD45), 3, (73 mg, 0.0015 

mmol) in THF (0.5 g).  The reaction mixture was allowed to stir at RT for 1 min, after 

which four drops of a solution of p-TsOH (7.5 mg) in THF (20 mL) was added.  The 

reaction was stirred at RT for 24 h.  The polymer was purified by precipitation into 

hexanes, the stringy white solid was isolated via vacuum filtration with a coarse glass 

frit, and was dried in vacuo for 12 h (166 mg, 91% yield).  GPC: Mn, PS = 60000 Da, 

Mw, PS = 78500 Da, PDIPS = 1.3. Mn (
1
H NMR) = 97800 Da.  Tm = 48 °C.  IR (NaCl) 

2950-2800, 1733, 1726, 1465, 1456, 1384, 1357, 1342, 1278, 1239, 1193, 1145, 1109, 

1064, 961, 842 cm
-1

.  
1
H NMR (300 MHz, CDCl3) δ 4.33 (t, J = 6.2 Hz, 2H of OPD 

units, CH2OCO), 4.3-4.1 (pair of multiplets, 2H of ketoxime ether isomers of OPD-g-

PEO units, CH2OCO), 4.05 (t, J = 6.7 Hz, 2H of CL units, CH2OCO), 3.64 (bs, 4H of 

PEO repeat unit), 3.37 (s, 3H of OCH3 PEO end group), 2.79 (t, J = 6.6 Hz, 2H of 

OPD units, C(O)CH2 CH2COO), 2.74 (t, J = 6.6 Hz, 2H of OPD units, 

C(O)CH2CH2OCO), 2.62-2.50 (2H OPD, CH2COOCH2; m, 6H of OPD-g-PEO), 2.30 

(t, J = 7.4 Hz, 2H of CL units, CH2COOCH2), 1.64 (m, 4H of CL units, OCH2CH2 

and CH2CH2COO), 1.37 (m, 2H of CL units, CH2 CH2 CH2COO), 1.22 (d, J = 6.3 Hz, 

6H of initiated chain end (CH3)CHO) ppm.  
13

C NMR (75 MHz, CDCl3)  δ 205.9, 

173.7, 173.4, 172.8, 156.4, 155.7, 77.4, 72.1, 70.7, 69.7, 64.7, 64.3, 59.2, 41.6, 37.7, 

34.3, 34.2, 33.9, 30.4, 30.3, 30.2, 28.5, 28.0, 25.7, 24.7, 24.5, 24.4 ppm. 

 

P(CL327-co-OPD27-co-(OPD-g-PEO)15-co-(OPD-g-MeOBn)8), 5.   

A solution of α-methoxy-ω-aminooxy(poly(ethylene oxide)), 1, (128 mg, 0.042 

mmol) in THF (1.2 g) was added to a solution of P(CL327-co-OPD45) (66 mg, 0.0017 
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mmol) in THF(0.5 g).  The reaction mixture was stirred at RT for 1 min. to ensure the 

dissolution of both polymer species.  A solution of O-(4-

methoxybenzyl)hydroxylamine (2.6 mg, 0.017 mmol) in THF (0.5 g) was added to the 

reaction mixture, and then four drops of a solution of p-TsOH (7.5 mg) in THF (20 

mL) was added.  The reaction was stirred at RT for 24 h and the polymer was purified 

by precipitation into hexanes.  The stringy white solid was isolated via vacuum 

filtration with a coarse glass frit, and was dried in vacuo for 12 h (180 mg, 89% 

yield).  GPC: Mn, PS = 74900 Da, Mw, PS = 97600 Da, PDIPS = 1.3. Mn (
1
H NMR) = 

89700 Da.  Tm = 49 °C.  IR (NaCl) 2950-2800, 1733, 1466, 1456, 1360, 1342, 1280, 

1240, 1149, 1110, 1061, 963, 842 cm
-1

.  
1
H NMR (300 MHz, CDCl3) δ 6.86 (d, J = 

8.8 Hz, 4H, aromatic), 4.94-4.96 (two singlets, 2H, Ph-CH2), 4.33 (t, J = 6.2 Hz, 2H 

of OPD units, CH2OCO), 4.3-4.1(pair of multiplets, 2H of ketoxime ether isomers of 

OPD-g-PEO units, CH2OCO, and pair of multiplets, 2H of ketoxime ether isomers of 

OPD-g-pMeOBn units), 4.05 (t, J = 6.7 Hz, 2H of CL units, CH2OCO), 3.80 (s, 3H, 

CH3O-Ph) 3.64 (bs, 4H of PEO repeat unit), 3.37 (s, 3H of OCH3 PEO end group), 

2.79 (t, J = 6.3 Hz, 2H of OPD units, C(O)CH2 CH2COO), 2.74 (t, J = 6.6 Hz, 2H of 

OPD units, C(O)CH2CH2OCO), 2.62-2.50 (t, J = 6.6 Hz, 2H OPD, CH2COOCH2; m, 

6H of OPD-g-PEO; m, 6H of OPD-g-pMeOBn), 2.30 (t, J = 7.5 Hz, 2H of CL units, 

CH2COOCH2), 1.64 (m, 4H of CL units, OCH2CH2 and CH2CH2COO), 1.37 (m, 2H 

of CL units, CH2 CH2 CH2COO), 1.22 (d, J = 6.3 Hz, 6H of initiated chain end 

(CH3)CHO) ppm.  
13

C NMR (75 MHz, CDCl3)  δ 205.9, 173.7, 173.4, 172.8, 157.8, 

156.2, 129.5, 113.8, 77.4, 72.2, 71.0, 70.7, 69.5, 64.7, 64.5, 64.3, 59.1, 41.6,  37.6, 

34.3, 34.1, 28.5, 27.9, 25.7, 24.6, 24.5 ppm. 
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Self Assembly Procedure 

Approximately 15 mg of polymer was massed into a 5 mL volumetric flask, and 

tetrahydrofuran was added to the flask until a final volume of 5 mL was achieved.  A 1 

mL aliquot of the polymer solution was transferred to a small vial, and nanopure water 

(pH 6, 18 MΩ·cm) was added to the polymer solution at a rate of 10 mL/h until a total 

volume of 10 mL was obtained.  The resulting solutions were used subsequently in DLS, 

TEM, and AFM studies without further purification, as dialysis against nanopure water 

was found to result in degradation of the graft copolymers. 

 

Conclusions 

An efficient strategy for the functionalization of a ketone-containing polyester, 

taking advantage of stable ketoxime ethers with enhanced reaction conditions for their 

formation, was employed to yield a functional amphiphilic graft copolymer system, 

with up to 90% grafting efficiencies.  Specifically, this methodology was used for the 

incorporation of both hydrophilic poly(ethylene oxide) grafts and p-methoxybenzyl 

side chains onto the backbone of poly((ε-caprolactone)-co-(2-oxepane-1,5-dione)) 

allowing for the creation of functional PCL-g-PEO ketoxime ether conjugates that 

were shown to be capable of undergoing self assembly in aqueous solution.  The graft 

block copolymer system containing only PEO grafts formed spherical aggregates in 

aqueous solution, whereas the copolymer system with both PEO and p-MeOBn grafts 

was found to form rod-like aggregates. 

The ability to form a variety of self-assembled architectures based upon the degree 
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of PEO grafting or the incorporation of small molecule side chains onto a PCL 

backbone is a powerful tool for the efficient synthesis of well-defined multifunctional 

degradable materials.  Consequently, it is of great importance to continue to explore 

the chemistries involving the grafting of polymer chains and small molecule l igands 

onto P(CL-co-OPD) copolymers since this system provides a modular platform for the 

creation of a variety of complex hydrolytically-degradable nanostructures.  Efforts to 

better understand the way in which the density of PEO grafts and the incorporat ion of 

small, hydrophobic side chains affects the self-assembly process are also currently 

under investigation.  Due to the potential of this copolymer system, we continue to 

extend this work through the incorporation of other functional grafts—including 

chromophores for imaging and ligands for tissue-selective targeting—for the creation 

of more complex polyester nanoobjects.  
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CHAPTER FOUR 

 

An investigation into the unique short-term hydrolytic degradation 

behavior of PCL-PEO ketoxime ether conjugates  
 

[This work was conducted in collaboration with Ritu Shrestha] 

 

Abstract 

Poly( -caprolactone)-g-poly(ethylene oxide) (PCL-g-PEO) copolymers synthesized from 

poly(ε-caprolactone)-co-(2-oxepane-1,5-dione), (PCL-co-OPD), that still contained free 

OPD units were found to undergo an early and rapid degradation upon being dispersed in 

aqueous solution.  P(CL92-co-OPD5-co-(OPD-g-PEO)9), 1, showed immediate signs of 

degradation upon being dispersed in aqueous solution based upon both 
1
H NMR 

spectroscopy and gel permeation chromatography (GPC) analysis.  Additional GPC 

analysis of the polymer as it remained in aqueous solution over 24 h revealed unique 

behavior indicating changes not only in molecular weight but possibly in polymer 

architecture.  The solution state aggregates showed a minimal increase in aggregate size 

moving from a number-averaged hydrodynamic diameter (Dh) of 13  3 nm at 0 h to 17  

3 nm at 24 h based upon analysis by dynamic light scattering (DLS).  An increase in 

diameter upon degradation was corroborated by transmission electron microscopy (TEM) 

images showing circular particles that had a Dav of 15  4 nm and 22  5 nm at 0 and 24 h 

respectively.  P(CL92-co-(OPD-g-PEO)8-co-(OPD-g-pMeOBn)6), 2, a polyester 

analogous to P(CL92-co-OPD5-co-(OPD-g-PEO)9), 1, but having no free OPD units, 

showed no similar signs of rapid degradation over 24 h by 
1
H NMR or GPC analysis.  

Characterization of the solution state aggregates by DLS and TEM indicated that the 
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circular particles formed by the PCL-g-PEO copolymer, 2, maintained both their size and 

morphology while being dispersed in aqueous solution for 24 h.  P(CL327-co-OPD22-co-

(OPD-g-PEO)15-co-(OPD-g-pMeOBn)8), 3, a significantly larger PCL-PEO ketoxime 

ether conjugate possessing free OPD units, also showed signs of backbone degradation 

by 
1
H NMR and GPC upon being transitioned into aqueous solution.  DLS analysis, of 

the solution state aggregates formed by the graft copolymer, 3, in solution showed no 

significant changes in the hydrodynamic diameter of the aggregates over time.  However, 

characterization by TEM showed a transition from circular to rod-like or cylindrical 

aggregates as the polyester backbone was hydrolyzed. 

 

Introduction 

Degradable polymers have become a fundamental polymer component used in 

numerous fields, and have potential applications ranging from the production of 

environmentally friendly materials to employment in nanoscale biomedical devices.
1
  

Aliphatic polyesters like polyglycolide (PGA), polylactide (PLA), and polycaprolactone 

(PCL) that can be precisely synthesized by ring opening polymerization methods
2
 

comprise one class of degradable polymers that have received significant attention for use 

as biomaterials
3
 due to their promising mechanical properties

4
, known biocompatibility,

5
 

and production of benign products upon hydrolytic degradation.
6
  The effectiveness of 

synthetic materials in biological settings for use as drug delivery, imaging, and tissue 

engineering applications is often determined by the timely or controlled break down of 

the material, a characteristic that is intrinsic to aliphatic polyesters.  However, the utility 

of these polyesters is limited due to their lack of chemical handles and inherent 
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hydrophobicity, which respectively restricts their direct use as functional materials and 

retards both hydrolytic degradation and biodegradation. 

The utility of aliphatic polyesters can be broadened upon incorporation of 

functionality and hydrophilicity.  Therefore, the development of strategies focusing on 

the incorporation of functional groups and efficient chemistries that can be used to impart 

hydrophilicity, attach imaging agents, and conjugate biologically relevant molecules is an 

important area of research.
7, 8

  One method that has been frequently employed to partially 

address the aforementioned shortcomings of aliphatic polyesters is to synthesize 

amphiphilic block copolymers consisting of a hydrophobic polyester block and a 

biocompatible hydrophilic block.  These block copolymers undergo self assembly in 

aqueous solution to form core-shell micelles, which are relevant for use in drug delivery 

applications as the hydrophilic, biocompatible shell provides stability in a biological 

setting while the hydrophobic core allows for encapsulation of a therapeutic payload.
9
  

Due to the interest in biodegradable and biocompatible nansoscale assemblies, there has 

been a considerable effort devoted to investigating the synthesis, self-assembly, and 

degradation of micelles composed of degradable block copolymers; one of the most 

studied block copolymer systems is poly( -caprolactone)-b-poly(ethylene oxide) (PCL-b-

PEO) due to the biocompatibility of PEO and the ability of PCL to undergo hydrolytic 

degradation.  This amphiphilic copolymer system has been extensively researched to 

obtain an understanding of how composition influences self-assembly and solution state 

morphologies,
10-14

 and there are numerous studies analyzing both the chemical
15-17

 and 

enzymatic
18-21

 degradation of PCL-b-PEO micelles.  The chemical changes in the PCL-b-

PEO copolymers, the effect of degradation on molecular weight, and the rate of 
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degradation have all been studied in depth.  Studies addressing the morphological 

changes associated with degradation are less prevalent, but no less important since the 

degradation of the hydrophobic regime of these solution state aggregates leads not only to 

changes in morphology and size,
22

 but also affects the uptake and release characteristics 

of the polymeric assemblies.
23, 24

   

While block copolymers composed of PCL and PEO have been the subject of 

extensive investigation, the self-assembly and degradation of amphiphilic block graft 

copolymers consisting of a PCL backbone with PEO grafts have not been explored as 

thoroughly.  PCL-g-PEO copolymers comprise a unique class of amphiphilic degradable 

copolymers with the potential to form a variety of self-assembled architectures.
25

  

Aggregates resulting from the self-assembly in aqueous solution of PCL-g-PEO made by 

atom transfer radical addition (ATRA),
26

 click cycloadditon,
27, 28

 and ketoxime ether 

formation
25

 have been documented, but changes in the nanoscale morphologies due to 

degradation induced reassembly and hydrolysis of the polyester backbone have not been 

examined.  As such, the early and rapid degradation of PCL-PEO ketoxime ether 

conjugates synthesized from a poly(ε-caprolactone)-co-(2-oxepane-1,5-dione) (P(CL-co-

OPD)) platform was investigated to obtain a better understanding of the mechanism 

behind this rapid backbone degradation.  Additionally, experiments were conducted to 

assess the effect of polyester backbone hydrolysis on the morphologies of the resulting 

solution-state aggregates. 
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Results and discussion  

Solution state behavior of capped vs. uncapped PCL-PEO ketoxime ether 

conjugates 

It has been previously reported that PCL-PEO graft copolymers containing 

unfunctionalized OPD repeat units were unable to be purified by dialysis due to rapid 

degradation of the polyester backbone under aqueous conditions.
25

  This behavior 

indicated that these block graft copolymers possessed unique short term degradation 

characteristics, as PCL—even in cases where it is incorporated into an amphiphilic block 

copolymer with PEO—degrades over a period of weeks and not hours.
17

  Studies 

focusing on the degradation of the statistical polyester, P(CL-co-OPD), in bulk indicated 

that the presence of OPD repeat units resulted in an increase in the rate of hydrolytic 

degradation relative to rate of degradation observed for bulk PCL samples of similar 

molecular weight, and it was determined that the greater hydrophilicity of the OPD unit 

played a key role in the enhancement of backbone hydrolysis.
29

  Since the presence of 

OPD was identified as being a critical factor affecting the rate and mechanism of 

Scheme 4-1.  Synthesis of P(CL92-co-OPD5-co-(OPD-g-PEO)9), 1. 
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degradation in the statistical copolymer in bulk, it is likely that the presence of the more 

hydrophilic OPD units contributes to the rapid hydrolysis observed in PCL-PEO 

ketoxime ether conjugates.   

To study the dependence of early degradation behavior on the presence of free OPD 

units, an amphiphilic graft copolymer P(CL92-co-OPD5-co-(OPD-g-PEO)9), 1, bearing 

only PEO grafts and containing free OPD units was synthesized by reacting P(CL-co-

OPD) with α-methoxy-ω-aminooxy-poly(ethylene oxide) using previously reported 

methods.
25, 30, 31

 A comparable graft copolymer bearing a similar number of PEO grafts 

but containing no free ketone units was prepared by reacting 1 with p-methoxy-O-

benzylhydroxylamine to produce P(CL92-co-(OPD-g-PEO)8-co-(OPD-g-pMeOBn)6), 2 

(Scheme 4-1).  
1
H NMR spectroscopy of 2 confirmed that all OPD units had been capped 

via ketoxime ether formation, indicated by the absence of a signal at 4.33 ppm 

corresponding to the CH2OCO methylene protons in the non-derivatized OPD subunit as 

well as the absence of the signals at 2.74 ppm corresponding to the C(O)CH2and 

CH2COO protons on the methylenes β to the unfunctionalized ketone (Figure 4-1 (b)).  

 

Figure 4-1.
  1

H NMR spectra of (a) P(CL92-co-OPD5-co-(OPD-g-PEO)9), 1, in CDCl3, and (b) P(CL92-

co-(OPD-g-PEO)8-co-(OPD-g-pMeOBn)6), 2, a PCL-PEO ketoxime ether conjugate with no free OPD 

units present along the backbone. 



94 
 

GPC analysis revealed a slight increase in the molecular weight of polymer 2 relative to 

polymer 1 with no marked change in the PDI after the free ketone units were completely 

derivatized.  

 

1
H NMR and GPC characterization of the capped and uncapped PCL-PEO graft 

copolymers in aqueous solution 

1
H NMR was used to investigate chemical changes in the structures of P(CL92-co-

(OPD-g-PEO)8-co-(OPD-g-pMeOBn)6), 2, and P(CL92-co-OPD5-co-(OPD-g-PEO)9), 1, 

after they were dispersed in aqueous solution.  Figure 4-2 (a) (red) shows the 
1
H NMR 

spectrum of the fully derivatized amphiphilic graft copolymer, 2, dispersed in D2O 

immediately after the self-assembly procedure had been completed (t = 0 h).  The 

 

Figure 4-2.  (a)
1
H NMR spectra of a 0.6 mg/mL solution of P(CL92-co-(OPD-g-PEO)8-co-(OPD-g-

pMeOBn)6), 2, in 9:1 D2O/d6-THF (v/v) at 0 h (red), 12 h (blue) and 24 h (green) and (b) GPC 

chromatograms of P(CL92-co-(OPD-g-PEO)8-co-(OPD-g-pMeOBn)6), 2 (black), and lyophilized 

aliquots of a 0.6 mg/mL solution of P(CL92-co-(OPD-g-PEO)8-co-(OPD-g-pMeOBn)6), 2, in 9:1 D2O/ 

d6-THF (v/v) taken at 0 h (red), 12 h (blue) and 24 h (green). 
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spectrum showed signals representative of the PCL-PEO graft copolymer similar in 

chemical shift to those observed in the 
1
H NMR spectrum taken in CDCl3 (Figure 4-1 

(b)).  
1
H NMR spectra of 2 in D2O were also obtained after the polymer had been 

dispersed in aqueous solution at 25 C for 12 and 24h, and the spectra at 0, 12, and 24 h 

incubation time do not show any significant differences in signals or signal intensities 

(Figure 4-2 (a)).  Additionally, the 
1
H NMR spectra of 2 are absent of resonances 

typically associated with backbone degradation.  For example, a signal corresponding to 

the methylene protons adjacent to a terminal alcohol group, which appear upfield of the 

CH2OCO resonances of the CL and OPD groups—a sign indicative of polyester 

backbone degradation—is absent.
15, 32

  The series of 
1
H NMR spectra also illustrated that 

the derivatized OPD backbone units remain functionalized over a 24 h time period, with 

signals at 4.4 to 4.1 ppm corresponding to the CH2OCO protons of the functionalized 

OPD unit, peaks at 2.5 to 2.7 ppm representative of the CH2CH2COO and CH2CH2COO 

protons in the functionalized OPD units being present in all spectra (Figure 4-1 (a)).  

Furthermore, over the duration of this study, of resonances representative of OPD repeat 

units bearing an unreacted ketone remained absent.  The lack of a signal at 2.7 ppm 

diagnostic of the CH2CH2COO protons in the OPD repeat unit demonstrated that the 

ketone moieties remained functionalized after self assembly and dispersion in aqueous 

solution.  As the ketoxime ether linkages were stable at room temperature under aqueous 

conditions over 24 h, previously observed degradation of PCL-PEO block graft 

copolymers was likely not occurring via hydrolysis of the ketoxime ether groups.  It is 

important to note, however, that due to polymer self assembly and the solvent 

environment used for the experiment, that some proton resonances may not be observable 
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by 
1
H NMR spectroscopy.  Consequently, an absence of signals diagnostic of backbone 

degradation cannot absolutely confirm a lack of polyester hydrolysis.  However, over a 

24 h duration, polyester degradation in this sample was not extensive or widespread 

enough to be observed by NMR spectroscopy; to further confirm the absence of 

backbone degradation, additional analyses were performed.  

In order to further evaluate the behavior of P(CL92-co-(OPD-g-PEO)8-co-(OPD-g-

pMeOBn)6), 2, in an aqueous solution, GPC analysis was performed on lyophilized 

aliquots of a 0.6 mg/mL solution of 2 in 9:1 D2O/d6-THF (v/v).  GPC chromatograms of 

the capped graft copolymer, 2, showed very little change over the 24 h period and 

showed no signs of significant degradation—changes in the polymer molecular weight—

over the 24 h period.  The p-methoxybenzyl-capped graft copolymer 2 displayed a peak 

molecular weight that was similar to that of the polymer prior to dispersion in aqueous 

solution.  The peak molecular weight of the lyophilized samples remained constant and 

the chromatograms of these samples presented narrow molecular weight distributions at 

0, 12 and 24 h (Figure 4-2 (b)).  Some low molecular weight tailing was observed in the 

24 h GPC trace suggesting that some degradation of the backbone from the alcohol chain 

terminus was occurring.  However, after being dispersed in aqueous solutions at 25 C 

for 24 h there were no signs by GPC analysis or 
1
H NMR spectroscopy of significant or 

rapid degradation taking place, and if degradation of the polyester backbone was 

occurring, it occurred at the polyester chain end, and not via random hydrolysis along the 

polyester backbone.
33

 

As the fully capped amphiphilic graft copolymer P(CL92-co-(OPD-g-PEO)8-co-

(OPD-g-pMeOBn)6), 2, showed no obvious chemical or molecular weight changes 
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signaling substantial polyester degradation, the PCL-PEO ketoxime ether conjugate, 1, 

bearing unfunctionalized OPD units along the polyester back bone was transitioned from 

d6-THF to D2O to afford a 0.6 mg/mL solution of 1 in 9:1 D2O/d6-THF (v/v).  The 

dispersion of 1 in aqueous solution was monitored by 
1
H NMR spectroscopy and 

analyzed by GPC over a 24 h period to respectively observe chemical and molecular 

weight changes occurring in the polymer system over time. 

The 
1
H NMR spectra obtained immediately after the addition of D2O was complete (t 

= 0 h) contains signals characteristic of the PEO-PCL graft copolymer, 1, but also 

showed peaks diagnostic of polyester backbone degradation (Figure 4-3 (a) (red)). The 

resonance at 3.90 ppm had a chemical shift consistent with that of methylene protons 

adjacent to an alcohol group, and there are shoulders or small peaks at 2.15, 1.55, and 

1.30 ppm, slightly upfield of signals associated with the -caprolactone (CL) repeat units 

at 2.30, 1.60, and 1.55 ppm  respectively (Figure 4-3 (a) (red)).  Subsequent 
1
H NMR 

spectra taken at t =12 and 24 h showed no appreciable changes over time, but each 

spectrum contained resonances characteristic of the graft copolymer and indicative of 

polyester backbone degradation (Figure 4-3 (a) (blue) and (green)).  The presence of 

peaks at 3.90, 2.15, 1.55, and 1.30 ppm is consistent with resonances observed by 
1
H 

NMR spectroscopy for the monomer unit 6-hydroxycaproic acid as well as terminal CL 

repeat units observed in other studies investigating PCL backbone degradation.
15, 32

 

While NMR resonances demonstrating backbone degradation were observed, the signals 

did not significantly increase in intensity between t = 0 h and t = 24 h indicating that 

chemical changes to the polymer structure caused by degradation was negligible or not 

quantifiable by NMR spectroscopy under these experimental conditions.  Resonances 
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indicative of degradation were present at t = 0 h, which established that the chemical 

mechanism contributing to backbone degradation occurred rapidly upon dispersion of the 

amphiphilic block graft copolymer in aqueous solution (Figure 4-3 (a) (red)).  Since PCL 

is known to take a considerable amount of time to degrade and produce monomers units 

(on the order of weeks and months in bulk or in micellar assemblies with PEO),
17, 34

 it is 

unlikely that the peaks in the 
1
H NMR spectra representative of polyester degradation are 

caused solely by the formation of 6-hydroxycaproic acid, and are instead the result of 

hydrolytic cleavage at OPD subunits in the backbone resulting in lower molecular weight 

amphiphilic graft copolymers with terminal CL repeat units possessing a hydroxyl end 

group. 

GPC analysis of the aqueous solution of polyester 1 over time further supports the 

 

Figure 4-3.  (a)
1
H NMR spectra of a 0.6 mg/mL solution of P(CL92-co-OPD5-co-(OPD-g-PEO)9), 1, in 

9:1 D2O/ d6-THF/ (v/v) at 0 h (red), 12 h (blue) and 24 h (green); (b) GPC chromatograms of P(CL92-

co-OPD5-co-(OPD-g-PEO)9), 1 (black), and lyophilized aliquots of a 0.6 mg/mL solution of P(CL92-co-

OPD5-co-(OPD-g-PEO)9), 1, in 9:1 D2O/d6-THF (v/v) taken at 0 h (red), 6h (purple), and 12 h (blue); 

and (c) GPC chromatograms of P(CL92-co-OPD5-co-(OPD-g-PEO)9), 1 (black), and lyophilized 

aliquots of a 0.6 mg/mL solution of P(CL92-co-OPD5-co-(OPD-g-PEO)9), 1, in 9:1 D2O/ d6-THF (v/v) 

taken at 12 h (blue), 18 h (orange), and 24 h (green). 
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hypothesis that that degradation occured predominately at the free OPD subunits along 

the backbone.  The hydrolysis of the amphiphilic graft copolymer, 1, was monitored by 

removing and lyophilizing aliquots from a 0.6 mg/mL solution of 1 in 9:1 D2O/d6-THF 

(v/v) followed by GPC characterization of the aliquots in THF.  The GPC chromatograms 

taken at 0, 6, and 12 h show a successive decrease in peak molecular weight relative to 

the GPC trace of P(CL92-co-OPD5-co-(OPD-g-PEO)9), 1, prior to dispersion in aqueous 

solution (Figure 4-3 (b)).  An observable increase in the PDI moving from 0 to 12 h was 

also observed, and a low molecular weight shoulder appeared causing the chromatogram 

to take on an asymmetric shape that suggested a bimodal molecular weight distribution.  

Chromatograms of polyesters possessing these characteristics is an analytical indicator 

signaling that degradation is occurring by hydrolysis at random locations along the 

polyester backbone (Figure 4-3 (b)).
33

  Since previous studies have shown that the rapid 

initial hydrolysis of bulk P(CL-co-OPD) was a result of the enhanced hydrophilicity of 

the OPD repeat unit relative to the CL repeat unit,
29

 this initial degradation in conjunction 

with 
1
H NMR analysis is consistent with hydrolysis occurring at the OPD units randomly 

dispersed throughout the polyester backbone.   

After being dispersed in water at 25 C for times greater than 12 h, the degradable 

block graft copolymer, 1, displayed a successive increase in the apparent peak molecular 

weight by GPC, and the low molecular weight shoulder observed at 12 h began to 

disappear giving way to a more symmetric chromatogram by 24 h incubation time 

(Figure 4-3 (c)).  The behavior observed in the GPC traces from 12 to 24 h is 

counterintuitive for polyesters undergoing hydrolytic degradation.  However, an apparent 

increase in molecular weight by GPC can be correlated to a change in the architecture of 
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the polymer transitioning from a morphology with a smaller hydrodynamic volume (like 

a grafted or highly branched polymer) to a morphology with a larger hydrodynamic 

volume (a linear or star-shaped polymer).
35, 36

 An example of this phenomenon has been 

demonstrated in the hydrolytic degradation of cyclic PCL where the initial hydrolysis of 

the PCL backbone resulted in a change in morphology from a cyclic to linear 

architecture; this morphological change was accompanied by an apparent increase in 

molecular weight by GPC analysis due to an increase in the hydrodynamic volume of the 

polyester upon transition to a linear polymer chain.
37

  It is plausible that hydrolysis of the 

polymer backbone in the PCL-PEO ketoxime ether conjugates resulted in the initial 

decrease in the peak molecular weight and increase in molecular weight distribution 

observed during the first 12 h, and was caused by the random breakage along the 

polyester backbone affording degradation products that strongly resemble the architecture 

of the original graft copolymer.  However, after being dispersed in water for times greater 

than 12 h, the polyester continued to hydrolyze at the remaining OPD units, and the 

resulting polymeric degradation products became amphiphilic copolymers that more 

closely resembled amphiphilic star or block copolymers, thus producing a chromatogram 

that exhibited an apparent increase in molecular weight due to a change in morphology 

accompanied by an increase in e hydrodynamic volume and not an increase in the actual 

molecular weight of the polymer.  

GPC analysis of the degradable polyester, 1, after 48 h incubation time (not shown) 

produced a trace with the same peak molecular weight and distribution as that observed at 

t = 24 h.  Since no clear change was observed in the GPC traces between 24 h and 48 h, 

no additional degradation resulting in an observable molecular weight occurred after 24 
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h, suggesting that the chemical process contributing to the short-term degradation was 

complete after approximately 24 h.  Since no further signs associated with degradation 

were observed and because the polymer solution contained amphiphilic polymer species 

of high molecular weight, it is unlikely that the degradation mechanism was a result of 

hydrolysis at purely random locations along the backbone as the polyester would have 

continued to undergo rapid degradation at times greater than 24 h.  Instead, the 

observations support rapid cleavage of the backbone at the free OPD subunits present in 

the polyester backbone, and, once hydrolysis had occurred at these sites, the rapid 

degradation observed by GPC over 24 was complete and no additional degradation by 

this mechanism occurred. 

 

DLS and TEM characterization of the solution state aggregates formed by the 

capped and uncapped PCL-PEO ketoxime ether conjugates 

Investigations analyzing PCL-b-PEO assemblies have shown that the aggregates 

formed in aqueous solution can undergo changes in size and morphology as a result of 

PCL degradation.
12, 15

  Additionally, previous reports have shown that amphiphilic block 

graft copolymers composed of PCL with PEO grafts undergo multi-molecular self-

assembly to afford nanoobjects with interesting and varied morphology when dispersed 

in water.
25

 

As such, the fully functionalized P(CL92-co-(OPD-g-PEO)8-co-(OPD-g-pMeOBn)6), 

2, was allowed to undergo self assembly in aqueous solution, by transitioning from THF 

to water.  Light scattering measurements performed immediately after the addition of 

water was complete (t = 0 h) showed that this polymer formed micellar aggregates with a 
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bimodal distribution observed in the intensity- and volume-averaged histograms (Figure 

4-4 (a)).  A bimodal distribution of this sort is not uncommon and has been previously 

observed in the DLS characterization of aggregates formed from PCL-g-PEO copolymers 

synthesized by various routes and techniques.
25, 26

  At t = 0 h, the smaller aggregates 

displayed an intensity-averaged Dh of 28  9 nm, a volume-averaged Dh of 22  6 nm, 

and a number-averaged Dh of 18  4 nm; the assemblies corresponding to the larger 

diameter distribution had an intensity-averaged Dh of 293  109 nm a volume-averaged 

Dh of 201  70 nm, but was not present in the number-averaged histogram (Table 4-1, 

Figure 4-4 (a)). 

 

Table 4-1.  Particle analysis of aggregates formed from 2 in aqueous solution. 

Time 

(h) 

Dh (intensity)
a
 

(nm) 

Dh (volume)
a 

(nm) 

Dh (number)
a 

(nm) 

Dav
b 

(nm) 

0 28  9 293  109 22  6 201  70 18  4 16  3 

12 27  9 380  194 20  6 200  88 17  4 15  3 

24 25  8 281  104 20  6 194  66 17  4 17  3 

a
 Hydrodynamic diameters of aggregates in aqueous solution as determined by DLS analysis. 

b
 Average diameters of particles measured by TEM from the values for 250 particles. 

 

 

This solution was analyzed after incubating for 12 and 24 h in aqueous solution at 25 

C.  DLS analysis at these time points revealed that there was essentially no change in the 

intensity averaged, volume-averaged, and number averaged Dh of the smaller aggregates 

over 24 hours. Though there were changes in the intensity- and volume-averaged Dh 

corresponding to larger solution state assemblies, these changes were not significant 

given the large standard deviation in aggregate size (Table 4-1 and Figure 4-4 (b) and 
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(c)).  The regularity of the hydrodynamic diameter over 24 h as measured by DLS 

combined with the consistency observed in the 
1
H NMR and GPC measurements 

performed on aqueous dispersions of the fully derivatized amphiphilic graft copolymer, 2, 

further confirmed that no rapid degradation of the polyester backbone was occurring. 

Transmission electron microscopy (TEM) was employed to analyze the size and 

shape of the aggregates formed by the PCL-PEO ketoxime ether conjugate, 2.  

Immediately after addition of water was complete (t = 0 h), TEM samples were prepared 

by drop deposition of a 0.6 mg/mL solution of 2 in 9:1 water/THF (v/v) onto a glow 

treated carbon-coated copper grid.  The TEM images obtained at t = 0 h showed globular, 

particle-like aggregates with an average diameter of 16  3 nm posessing a narrow size 

distribution observable in both the micrograph and the histogram analysis (Table 4-1 and 

Figure 4-5 (a)).  The average diameter calculated from TEM measurements agreed with 

the number-averaged hydrodynamic diameter obtained at t = 0 h by DLS measurements.  

 

Figure 4-4.  Intensity averaged, volume averaged, an number averaged histograms from dynamic light 

scattering analysis of a 0.6 mg/mL solution of P(CL92-co-(OPD-g-PEO)8-co-(OPD-g-pMeOBn)6), 2, in 

9:1 water/THF (v/v) at (a) 0 h incubation time, (b) 12 h incubation time and (c) 24 h incubation time. 
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Similarly sized particle diameters and narrow distribution were observed in TEM 

micrographs prepared at t = 12 and 24 h, and showed aggregates with a Dav of 15  3 nm 

and 17  3 nm respectively.   While the size and shape of the aggregates remain relatively 

constant during the duration of this study, the aggregates present in the TEM images 

obtained at 24 h possess a more defined and distinctly circular shape when compared to 

the aggregates visualized at 0 and 12 h.The PCL-PEO graft copolymer with 

unfunctionalized ketone moieties, 1, was dispersed in water to afford a 0.6 mg/mL 

solution of 2 in 9:1 water/THF (v/v), and was immediately analyzed (t = 0 h) by DLS.  

DLS analysis of the self-assembled nanostructures at t = 0 h, revealed a bimodal 

distribution of aggregate sizes (Figure 4-6(a)).  The resulting nanostructures 

corresponding to the smaller diameter distribution had an intensity-averaged Dh of 25  8 

nm, a volume-averaged Dh of 17   6 nm, and a number-averaged Dh of 13  3 nm.  The 

assemblies possessing a larger diameter displayed an intensity-averaged Dh of 513  218 

nm, a volume-averaged Dh of 248  116 nm, and were not observable in the number-

averaged histogram (Table 4-2 and Figure 4-6 (a)). 

 

Table 4-2.  Particle analysis of aggregates formed from 1 in aqueous solution. 

Time 

(h) 

Dh (intensity)
a 

(nm) 

Dh (volume)
a 

(nm) 

Dh (number)
a 

(nm) 

Dav
b 

(nm) 

0 h 25  8 513  218 17   6 248  116 13  3 15  4 

12 h 26  9 574  376 19  6 226  115 16  6 18  7 

24 h 27  9 491  245 20  6 269  114 17  4 22  5 

a
 Hydrodynamic diameters of aggregates in aqueous solution as determined by DLS analysis. 

b
 Average diameters of particles measured by TEM from the values for 250 particles. 
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DLS analysis of the polymer solution after it had incubated at 25 C for 12 and 24 

h shows a small increase in the hydrodynamic diameter of the smaller micellar 

aggregates.  At 12 h the intensity- volume- and number-averaged diameters increased to 

16  6, 19  6, and 26  9 nm respectively (Table 4-1 and Figure 4-6 (b)).  The 

assemblies present at 24 h were larger still and displayed diameters of 27  9 nm for the 

intensity-averaged Dh, 20  6 nm for the volume-averaged Dh, and 17  4 nm for the 

number-averaged Dh (Table 4-1 and Figure 4-6 (c)).  The diameters of the larger 

aggregates do not appear to change significantly over the duration of analysis, but the 

standard deviation of the larger diameter aggregates by DLS were substantial, making it 

difficult to assess whether any changes in the average diameter corresponding to these 

larger aggregates is significant.  

 

Figure 4-5.  TEM images and corresponding histograms for solution state aggregates formed in a 0.6 

mg/mL solution of P(CL92-co-(OPD-g-PEO)8-co-(OPD-g-pMeOBn)6), 2, in 9:1 water/THF (v/v) at (a) 

0 h incubation time, (b) 12 h incubation time and (c) 24 h incubation time.  All samples were drop 

deposited onto glow treated TEM grids and were stained with a 2 % solution of uranyl acetate. 
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TEM images obtained after drop deposition of a 0.6 mg/mL solution of the 

degradable graft copolymer, 1, onto a carbon coated copper grid immediately after water 

addition was complete (t = 0 h) showed globular nanostructures with a Dav of 15  4 nm 

(Table 4-2 and Figure 4-6(a)).  TEM analysis of this sample over time showed a distinct 

and significant increase in the diameter of the aggregates, which increase from 15  4 

nm, to 18  7 nm, to 22  5 nm at 0, 12, and 24 h respectively (Table 4-2 and Figure 4-

7).  The histograms corresponding to particle diameters measured at each time point 

illustrated an increase in particle size over time; additionally, these histograms showed a 

transition from smaller aggregates to larger aggregates occurring over 24 h (Figure 4-7).  

The histogram and micrograph for the self-assembled nanostructures present in solution 

at 12 h incubation time displayed a broad distribution that appeared bimodal in nature 

(Figure 4-7 (b)).  Both the histogram and TEM image representing the nanostructures 

present in solution at 12 h showed two different sizes of particles where the smaller 

 

Figure 4-6.  Intensity averaged, volume averaged, an number averaged histograms from dynamic light 

scattering analysis of a 0.6 mg/mL solution of P(CL92-co-OPD5-co-(OPD-g-PEO)9), 1, in 9:1 

water/THF  (v/v) at (a) 0 h incubation time, (b) 12 h incubation time, and (c) 24 h incubation time. 
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aggregates were comparable in diameter to those observed at 0 h and the larger 

aggregates were similar in size to those observed at 24h, approximately 15 and 22 nm in 

diameter respectively (Figure 4-7). 

The diameter of the assemblies formed showed an increase in diameter over time by 

both TEM and DLS measurements when the degradable PCL-PEO graft copolymer, 1, 

was dispersed and stored in aqueous solution.  The Dav of the particles observed in the 

TEM at 0, 12, and 24 h were comparable to the number-averaged diameters measured by 

DLS analysis at the same time points.  However, at every time point, the Dav observed in 

the TEM micrograph was greater than those observed by DLS, which suggested that 

some deformation or flattening of the self-assembled structures occurred as a function of 

deposition and drying.  This difference in diameter is most clear at 24 h, as the number-

 

Figure 4-7.  TEM images and corresponding histograms for solution state aggregates formed in a 0.6 

mg/mL solution of P(CL92-co-OPD5-co-(OPD-g-PEO)9), 1, in 9:1 water/THF (v/v) at (a) 0 h incubation 

time, (b) 12 h incubation time and (c) 24 h incubation time.  All samples were drop deposited onto 

glow treated TEM grids and were stained with a 2% solution of uranyl acetate. 
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averaged Dh was 17  4 nm while the Dav by TEM was 22  5 nm.  This difference is not 

entirely unexpected since amphiphilic PCL-PEO graft copolymers have been observed to 

reorganize and deform when deposited and dried on a surface.
25

  As degradation of the 

hydrophobic core occurred over time, only minor changes in the hydrodynamic diameter 

were observed by DLS, which is most likely due to the fact that the PCL core was 

swollen by the THF present in solution.  However, after deposition and drying on the 

TEM grid, the aggregates deforedm to give a Dav greater than the number-averaged Dh 

observed while the particles were still dispersed in solution.  This increase in diameter 

has been observed in previous studies investigating PCL-PEO block copolymers, where 

an increase in particle size early in investigation was attributed to polyester degradation.
15

 

 

Degradation of a PCL-ketoxime ether conjugate known to form cylindrical 

assemblies 

While slight changes in the diameter of the globular aggregates formed by P(CL92-co-

OPD5-co-(OPD-g-PEO)9), 1, could be observed by DLS and TEM, the changes caused by 

degradation in these particles were almost undetectable by DLS, and only small changes 

(ca. 7 nm) in diameter could be ascertained by TEM measurements.  Additionally, these 

changes only appeared significant when compared to the solution state aggregates formed 

by the fully functionalized graft copolymer, 2, which effectively showed no changes in 

aggregate morphology or size over 24 h.  In this class of amphiphilic block graft 

copolymers, as is also the case with spherical micelles composed of PCL-b-PEO, 

degradation only caused subtle changes in particle size, which made it more difficult to 

assess degradation.
12, 38

  To further probe the degradation of amphiphilic block graft 
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copolymers prepared from a PCL-co-OPD platform, the degradation behavior of P(CL327-

co-OPD22-co-(OPD-g-PEO)15-co-(OPD-g-pMeOBn)8), 3—a polymer known to form 

cylindrical or rod-like aggregates in aqueous solution—was investigated. 

 

1
H NMR and GPC analysis  

1
H NMR was used to detect changes in the chemical structure of P(CL327-co-OPD22-

co-(OPD-g-PEO)15-co-(OPD-g-pMeOBn)8), 3, during degradation.  Figure 4-8 (a) shows 

the 
1
H NMR spectra of the amphiphilic degradable graft copolymer, 3, dispersed in D2O 

immediately after the self-assembly procedure was complete (t = 0 h), and after being 

dispersed in aqueous solution at 25 C for 12 and 24 h.  All of the 
1
H NMR spectra 

looked very similar, and contained resonances diagnostic of the graft copolymer as well 

as signals that can be attributed to polyester degradation (Figure 4-8 (a)).  
1
H NMR 

analysis indicated that the PCL-PEO graft copolymer 3, displayed degradation 

characteristics similar to that of P(CL92-co-OPD5-co-(OPD-g-PEO)9), 1, when dispersed 

in aqueous solution.  The 
1
H NMR spectra of 3 included signals indicative of polyester 

backbone degradation at 3.90 ppm, a resonance having a chemical shift consistent with 

that of a methylene adjacent to a hydroxyl group, and signals at 2.15, 2.55, and 1.30 ppm 

that match resonances for a terminal CL repeat unit.   The peaks indicative of backbone 

degradation were present in the 
1
H NMR spectrum of 3 at all time points and did not 

significantly increase or change in intensity between 0 and 24 h.  These results are 

consistent with a rapid hydrolysis mechanism that predominately occurs while the graft 

copolymer is being transitioned from organic to aqueous solution and is undergoing self 

assembly.  Changes due to degradation after t = 0 h, based on the absence of change over 
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time, were either negligible or undetectable by 
1
H NMR spectroscopy due to the 

conditions under which the experiment was performed. 

GPC analysis of the degradable graft copolymer, 3, further confirmed rapid 

degradation occurring at sites along the PCL backbone.  The GPC trace obtained from an 

aliquot removed and lyophilized immediately after completion of D2O addition (t = 0 h), 

displayed a peak molecular weight lower than that of the PCL-PEO conjugate, 3, prior to 

dispersion in aqueous solution; additionally, the chromatogram was asymmetric in shape, 

displayed a large molecular weight distribution, and possessed a low molecular weight 

shoulder (Figure 4-8 (b) (red)).  The characteristics observed in the t = 0 h GPC trace are 

all qualities indicative of PCL degradation by hydrolysis at random locations along the 

backbone, and since degradation was so significant t = 0 h, this trace also suggested that 

hydrolysis was very rapid.   

 

Figure 4-8.  (a)
1
H NMR spectra of a 0.4 mg/mL solution of P(CL327-co-OPD22-co-(OPD-g-PEO)15-co-

(OPD-g-pMeOBn)8), 3, in 9:1 D2O/d6-THF (v/v) at 0 h (red), 12 h (blue) and 24 h (green); (b) GPC 

chromatograms of P(CL327-co-OPD22-co-(OPD-g-PEO)15-co-(OPD-g-pMeOBn)8), 3, (black), and 

lyophilized aliquots of a 0.6 mg/mL solution of P(CL327-co-OPD22-co-(OPD-g-PEO)15-co-(OPD-g-

pMeOBn)8), 3 in 9:1 D2O/d6-THF (v/v) taken at 0 h (red), 12 h (blue); and 24 h (green). 
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Subsequent GPC analysis of aliquots removed from the solution at t = 12 and 24 h 

presented traces that exhibited a successive increase in the apparent peak molecular 

weight along with a transition to a more symmetric shape with a less pronounced low 

molecular weight shoulder (Figure 4-8 (b) (blue) and (green))..This same phenomenon 

was observed in the GPC analysis of P(CL92-co-OPD5-co-(OPD-g-PEO)9), 1, and was 

probably caused by highly branched or graft-like structures with possessing a smaller 

hydrodynamic volume present early in the degradation process transitioning to 

architectures that were less branched and more strongly resembled amphiphilic star or 

block copolymers with a larger hydrodynamic volume. 

The GPC trace obtained for the PCL-PEO graft copolymer, 3, after being dispersed in 

aqueous solution for 48 h, was identical in shape, peak molecular weight, and molecular 

weight distribution to the GPC analysis performed at 24h (not shown).  Consequently, it 

appeared that the rapid chemical process contributing to early degradation was completed 

at 24 h, and that no significant hydrolysis of the PCL backbone that affected molecular 

weight occurred between 24 and 48 h.  This initial degradation was rapid, and the 

chromatographic data supported degradation by random chain scission.  The results were 

very similar to be the behavior observed in the degradation of the shorter PEO-PCL 

ketoxime ether conjugate, 1.  These data in conjunction with previous literature 

implicating free OPD units in PCL-co-OPD polymers as a site of enhanced degradation, 

support a mechanism whereby the PCL backbone breaks apart rapidly at the OPD units, 

and, once hydrolysis has occurred at these sites, degradation of the remaining ester 

moieties along the PCL backbone proceeds at a significantly slower rate.  
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TEM and DLS analysis  

P(CL327-co-OPD22-co-(OPD-g-PEO)15-co-(OPD-g-pMeOBn)8), 3, was allowed to 

undergo assembly in aqueous solution, and immediately after the micellization process 

was complete, DLS measurements were performed.  A 0.4 mg/mL solution of 3 in 9:1 

water/THF (v/v) produced a bimodal distribution of nanoscale aggregates where the 

smaller structures had an intensity-averaged Dh of 29  10 nm, a volume-averaged Dh of 

21  7 nm, and a number-averaged Dh, of 17  4 nm, while the intensity- and volume-

averaged Dh for the larger aggregates were 429  186 nm and 260  103 nm respectively 

(Figure 4-9 (a)).  Over an 18 h period, the DLS measurements showed the same bimodal 

distribution and no obvious change in diameter (Figure 4-9).  While GPC and 
1
H NMR 

analysis clearly demonstrated that the amphiphilic graft copolymer, 3, was undergoing 

degradation, no noticeable changes in the hydrodynamic diameter of the smaller 

aggregates due to degradation were observed, and changes in the size of the larger self-

assembled structures were not conclusive due to the broad size distribution. 

  

Figure 4-9.  Intensity averaged, volume averaged, an number averaged histograms from dynamic light 

scattering analysis of a 0.4 mg/mL P(CL327-co-OPD22-co-(OPD-g-PEO)15-co-(OPD-g-pMeOBn)8), 3, in 

9:1 THF/H2O (v/v) at (a) 0 h incubation time, (b) 6 h incubation time, (c) 12 h incubation time, and (d) 

18 h incubation time. 
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As larger changes for the assemblies formed by P(CL92-co-OPD5-co-(OPD-g-PEO)9), 

1, were noted by TEM analysis, samples were prepared from a 0.4 mg/mL solution of 3 

in 9:1 water/THF (v/v) by drop deposition onto a carbon coated copper grid immediately 

after water addition was complete (t = 0 h).  The nanoscale aggregates visualized by TEM 

at t = 0 h were globular and possessed a Dav of 16  4 nm (Figure 4-10 (a)).  The aqueous 

solution of P(CL327-co-OPD22-co-(OPD-g-PEO)15-co-(OPD-g-pMeOBn)8), 3, in 9:1 

water/THF (v/v) was stored at 25 C, and subsequent TEM analysis showed a transition 

from spheres to rods over an 18 h period.  The solution state assemblies of polymer 3 at 6 

h were globular and possessed a Dav of 17  5 nm, the histogram of particle sizes at this 

 

Figure 4-10.  TEM images of  the solution state aggregates and corresponding histograms for the 

spherical particles present in a 0.4 mg/mL solution of  P(CL327-co-OPD22-co-(OPD-g-PEO)15-co-(OPD-

g-pMeOBn)8), 3  in 9:1 water/THF (v/v) (a) 0 h incubation time, (b) 6 h incubation time (c) 12 h 

incubation time, and (d) 18 h incubation time.  All samples were drop deposited onto glow treated TEM 

grids and were stained with a 2 % solution of uranyl acetate. 
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time point displayed a large population of particles with a diameter of approximately 15 

nm, but also indicated the apresenence of pareticle-like aggregates with a larger diameter 

(Figure 4-10 (b)).  At t = 12 h, the TEM images displayed circular aggregates of two 

different sizes; additionally, cylindrical aggregates that appear to be forming from the 

globular aggregates were also present at t = 12 h (Figure 4-10 (c)).  The circular 

aggregates at t =12 h displayed a larger Dav of 20  6 nm due to the presence of two 

different populations of globular aggregates, which is clearly illustrated in the histogram 

analysis, and the rod-like aggregates had a Dav of 15  2 nm—similar to the diameter of 

the smaller particle-like aggregates observed at 0 and 6 h—and an Lav of 184  88 nm 

(Figure 4-10 (c)).  After being dispersed in aqueous solution at room temperature for 18 

h, the TEM micrograph showed the both globular nanostructures with a Dav of 20  6 nm 

and cylindrical aggregates with a Dav of 14  2 nm and an Lav of 203  124 nm (Figure 4-

10 (d)).   

While the DLS measurements showed no changes in size over an 18 h period, TEM 

analysis showed that the self-assembled structures changed dramatically in both shape 

and size (Figure 4-10).  The Dav of the globular aggregates by TEM analysis were similar 

in diameter to the number-averaged Dh.  However, the Dav was greater than the diameter 

of the micellar aggregates observed in the solution state by DLS indicating that the 

assemblies deformed or reorganized upon deposition and drying.  The presence of both 

the cylindrical and circular aggregates in the TEM micrographs is consistent with the 

bimodal distributions present in the DLS analysis as the Lav and the distribution of 

lengths amongst the cylindrical aggregates by TEM corresponded to the volume-and 

intensity-averaged Dh of the larger assemblies present in solution.  



115 
 

Experimental 

Materials 

The synthesis of 1,4,8-trioxaspiro-9-undecanone (TOSUO)
39, 40

, and PCL-co-OPD
41-43

 

has been described elsewhere. ε-Caprolactone (CL) (Aldrich Chemical Company) was 

distilled from CaH2 and stored under argon.  Toluene (Aldrich Chemical Company) 

was dried by heating at reflux over sodium and distilled under argon prior to use.  

Aluminum triisopropoxide Al(OiPr)3 (Aldrich Chemical Company) was purified by 

sublimation and dissolved in dry toluene prior to use.  Polyethylene oxide (3 kDA 

PEO) was purchased from Nektar and was dried by azeotropic distillation of toluene 

(3 x) to dryness to remove residual water.  All other reagents (solvents, 

p-toluenesulfonic acid (p-TsOH), etc.) were purchased from Aldrich and used as 

received. 

 

Instrumentation 

1
H NMR (300 MHz) and 

13
C NMR (75 MHz) spectra for characterization of 

synthesized polymers were acquired in CDCl3 on a Varian Mercury 300 spectrometer 

using the residual solvent signal as the internal reference unless otherwise noted.  
1
H 

NMR (600 MHz) spectra to monitor polymer degradation were acquiree in 9:1 

D2O/d6-THF (v/v) on a Varian Unity-Inova 600 spectrometer using the residual water 

pead as the internal reference.  Infrared spectra were recorded on a Perkin-Elmer 

Spectrum RX FT-IR system by film deposition onto NaCl salt plates.  Differential 

scanning calorimetry was performed under nitrogen atmosphere using 40 L 

aluminum pans on a Mettler Toledo DSC822 with heating and cooling at 10 °C/min 
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from –100 °C to 100 °C.  Tm values were obtained from the third heating scan as the 

peak values from the thermogram.  Gel permeation chromatography was performed 

on a Waters Chromatography, Inc., 1515 isocratic HPLC pump equipped with an 

inline degasser, a model PD2020 dual-angle (15° and 90°) light scattering detector 

(Precision Detectors, Inc.), a model 2414 differential refractometer (Waters, Inc.), and 

four PLgel polystyrene-co-divinylbenzene gel columns (Polymer Laboratories, Inc.) 

connected in series: 5 m Guard (50  7.5 mm), 5 m Mixed C (300  7.5 mm), 5 m 

10
4
 (300  7.5 mm), and 5 m 500 Å (300  7.5 mm) using the Breeze (version 3.30, 

Waters, Inc.) software.  The instrument was operated at 35 °C with THF as eluent.  

Data collection was performed with Precision Acquire 32 Acquisition program 

(Precision Detectors, Inc.) and analyses were carried out using Discovery32 software 

(Precision Detectors, Inc.) with a system calibration curve generated from plotting 

molecular weight as a function of retention time for a series of broad polydispersity 

poly(styrene) standards.   

 

DLS sample preparation and analysis 

Samples for light scattering analysis were performed without filtration and without 

centrifugation in order to maintain counts high enough for analysis.  Hydrodynamic 

diameters (Dh) and distributions for the PCL-g-PEO ketoxime ether aggregates in 

aqueous solution were determined using a Beckman Coulter Delsa Nano C particle sizer 

with a pinhole of 50 µm.  Measurements were made at 25 °C.  Scattered light was 

collected at a fixed angle of 165° and the digital correlator was operated with 440 ratio 

spaced channels.  Only measurements in which the measured and calculated baselines of 



117 
 

the intensity autocorrelation function agreed to within 0.5% were used to calculate 

particle size.  Particle size distributions were performed with the Delsa Nanoversion 2.31 

software package (Beckman Coulter, Inc.), which calculated size based upon the time 

domain method using cumulant analysis and the CONTIN method for determining 

particle size and distributions.  

 

TEM sample preparation and analysis 

Samples for transition electron microscopy (TEM) measurements were prepared under 

ambient conditions by drop depositing 5 μL of sample onto glow discharged carbon 

coated copper grids.  The sample was allowed to incubate for 3 min, excess sample was 

removed by wicking the liquid away with filter paper, and the grids were allowed to dry 

in air for 1 min.  Following that process, the grids were stained with 5 μL of 2% uranyl 

acetate for 15 sec.  Excess stain was wicked away using filter paper and the grids were 

allowed to dry in air in a desiccator.  Specimens were observed on a JEOL 1200EX 

transmission electron microscope operating at 100 kV and micrographs were recorded at 

calibrated magnifications using an SIA-15C CCD camera. The final pixel size was 0.42 

nm/pixel.  The number average particle diameters (Dav) and standard deviations for 

spherical aggregates were generated from the analysis of 250 particles.  The number 

average diameters (Dav), lengths (Lav) and standard deviations for cylindrical aggregates 

were generated from the analysis of 100 aggregates.  
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Polymer synthesis 

P(CL92-co-OPD5-co-(OPD-g-PEO)9) (1).  A solution of α-methoxy-ω-

aminooxy(poly(ethylene oxide)), (237 mg, 0.083 mmol) in THF (1.0 g) was added to 

a solution of P(CL92-co-OPD14), (104 mg, 0.0086 mmol) in THF (0.5 g).  The reaction 

mixture was allowed to stir at RT for 1 min, after which four drops of a solution of p-

TsOH (75 mg) in THF (20 mL) was added.  The reaction was stirred at RT for 24 h.  

The polymer was purified by precipitation into hexanes, the stringy white solid was 

isolated via vacuum filtration with a coarse glass frit, and was dried in vacuo for 12 h 

(275 mg, 77% yield).  GPC: Mn, PS = 45,200 Da, Mw, PS = 53,000 Da, PDIPS = 1.2. Mn 

(
1
H NMR) = 39700 Da.  Tm = 53 °C.  IR (NaCl) 2950-2800, 1733, 1726, 1465, 1456, 

1384, 1357, 1342, 1278, 1239, 1193, 1145, 1109, 1064, 961, 842 cm
-1

.  
1
H NMR (300 

MHz, CDCl3) δ 4.34 (t, J = 6.9 Hz, 2H of OPD units, CH2OCO), 4.3-4.1 (pair of 

multiplets, 2H of ketoxime ether isomers of OPD-g-PEO units, CH2OCO), 4.06 (t, J = 

6.6 Hz, 2H of CL units, CH2OCO), 3.64 (bs, 4H of PEO repeat unit), 3.38 (s, 3H of 

OCH3 PEO end group), 2.76 (t, J = 6.6 Hz, 2H of OPD units, C(O)CH2CH2COO), 

2.74 (t, J = 6.1 Hz, 2H of OPD units, C(O)CH2CH2OCO), 2.62-2.50 (m, 2H OPD, 

CH2COOCH2; m, 6H of OPD-g-PEO), 2.31 (t, J = 7.4 Hz, 2H of CL units, 

CH2COOCH2), 1.65 (m, 4H of CL units, OCH2CH2 and CH2CH2COO), 1.38 (m, 2H 

of CL units, CH2CH2CH2COO), 1.22 (d, J = 6.4 Hz, 6H of initiated chain end 

(CH3)CHO) ppm.  
13

C NMR (75 MHz, CDCl3)  δ 205.8, 173.5, 173.3, 172.6, 156.4, 

155.5, 77.2, 71.8, 70.5, 69.5, 64.7, 64.5, 59.0, 41.4, 37.4, 34.1, 33.8, 30.0, 28.9, 27.7, 

25.5, 24.5ppm. 
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P(CL92-co-(OPD-g-pMeOBn)6-co-(OPD-g-PEO)8) (2)  P(CL92-co-OPD5-co-(OPD-

g-PEO)9, 1 (63 mg, 0.0017 mmol), was dissolved in THF (0.50 mL).  The solution 

was stirred at RT for 10 minutes to ensure complete dissolution of the polymer.  A 

solution of O-(4-methoxybenzyl)hydroxylamine (3.3 mg,  0.022 mmol) in THF (1.0 

mL) was added to the reaction mixture, and then four drops of a solution of p-TsOH 

(75 mg) in THF (20 mL) was added.  The reaction progress was monitored by 
1
H 

NMR spectroscopy, and was stirred at RT for 10 h to ensure the complete 

functionalization of all free OPD repeat units.  The polymer was purified and isolated 

by precipitation into hexanes.  The white solid was collected via vacuum filtration 

with a medium porosity glass frit, and was dried in vacuo for 12 h (54 mg, 86% 

yield).  GPC: Mn, PS = 43,600 Da, Mw, PS = 52000 Da, PDIPS = 1.2. Mn (
1
H NMR) = 

37,3000 Da.  Tm = 52 °C. IR (NaCl) 2950-2800, 1726, 1466, 1456, 1360, 1342, 1280, 

1240, 1149, 1110, 1061, 963, 842 cm
-1

.  
1
H NMR (300 MHz, CDCl3) δ 6.86 (d, J = 

7.7 Hz, 4H, aromatic), 4.97-4.95 (two singlets, 2H, Ph-CH2), 4.3-4.1(pair of 

multiplets, 2H of ketoxime ether isomers of OPD-g-PEO units, CH2OCO, and pair of 

multiplets, 2H of ketoxime ether isomers of OPD-g-pMeOBn units), 4.06 (t, J = 6.5 

Hz, 2H of CL units, CH2OCO), 3.80 (s, 3H, CH3O-Ph) 3.65 (bs, 4H of PEO repeat 

unit), 3.38 (s, 3H of OCH3 PEO end group), 2.63-2.50 (m, 6H of OPD-g-PEO; m, 6H 

of OPD-g-pMeOBn), 2.31 (t, J = 7.5 Hz, 2H of CL units, CH2COOCH2), 1.65 (m, 4H 

of CL units, OCH2CH2 and CH2CH2COO), 1.40 (m, 2H of CL units, CH2 CH2 

CH2COO), 1.22 (d, J = 6.3 Hz, 6H of initiated chain end (CH3)CHO) ppm.  
13

C NMR 

(75 MHz, CDCl3)  δ 173.7, 173.4, 172.8, 159.4, 156.4, 156.3 155.7, 155.3, 130.1, 

130.0, 129.9, 128.7, 113.8, 77.4, 75.6, 74.2, 72.9, 72.1, 71.8, 70.5, 69.7, 64.6, 64.3, 
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61.1, 60.7, 59.2, 55.4, 59.0, 34.2, 33.9, 30.2, 30.0, 29.0, 28.5, 25.7, 24.7, 24.4 ppm. 

 

P(CL327-co-OPD27-co-(OPD-g-PEO)15-co-(OPD-g-MeOBn)8 (3).  A solution of α-

methoxy-ω-aminooxy(poly(ethylene oxide)), (128 mg, 0.042 mmol ) in THF (1.2 g) 

was added to a solution of P(CL327-co-OPD45) (66 mg, 0.0017 mmol) in THF(0.5 g).  

The reaction mixture was stirred at RT for 1 min. to ensure the dissolution of both 

polymer species.  A solution of O-(4-methoxybenzyl)hydroxylamine (2.6 mg, 0.017 

mmol) in THF (0.5 g) was added to the reaction mixture, and then four drops of a 

solution of p-TsOH (75 mg) in THF (20 mL) was added.  The reaction was stirred at 

RT for 24 h and the polymer was purified by precipitation into hexanes.  The stringy 

white solid was isolated via vacuum filtration with a coarse glass frit, and was dried 

in vacuo for 12 h (180 mg, 89% yield).  GPC: Mn, PS = 74900 Da, Mw, PS = 97600 Da, 

PDIPS = 1.3. Mn (
1
H NMR) = 89700 Da.  Tm = 49 °C.  IR (NaCl) 2950-2800, 1733, 

1466, 1456, 1360, 1342, 1280, 1240, 1149, 1110, 1061, 963, 842 cm
-1

.  
1
H NMR (300 

MHz, CDCl3) δ 6.86 (d, J = 8.8 Hz, 4H, aromatic), 4.94-4.96 (two singlets, 2H, Ph-

CH2), 4.33 (t, J = 6.2 Hz, 2H of OPD units, CH2OCO), 4.3-4.1(pair of multiplets, 2H 

of ketoxime ether isomers of OPD-g-PEO units, CH2OCO, and pair of multiplets, 2H 

of ketoxime ether isomers of OPD-g-pMeOBn units), 4.05 (t, J = 6.7 Hz, 2H of CL 

units, CH2OCO), 3.80 (s, 3H, CH3O-Ph) 3.64 (bs, 4H of PEO repeat unit), 3.37 (s, 3H 

of OCH3 PEO end group), 2.79 (t, J = 6.3 Hz, 2H of OPD units, C(O)CH2 CH2COO), 

2.74 (t, J = 6.6 Hz, 2H of OPD units, C(O)CH2CH2OCO), 2.62-2.50 (t, J = 6.6 Hz, 2H 

OPD, CH2COOCH2; m, 6H of OPD-g-PEO; m, 6H of OPD-g-pMeOBn), 2.30 (t, J = 

7.5 Hz, 2H of CL units, CH2COOCH2), 1.64 (m, 4H of CL units, OCH2CH2 and 



121 
 

CH2CH2COO), 1.37 (m, 2H of CL units, CH2 CH2 CH2COO), 1.22 (d, J = 6.3 Hz, 6H 

of initiated chain end (CH3)CHO) ppm.  
13

C NMR (75 MHz, CDCl3)  δ 205.9, 173.7, 

173.4, 172.8, 157.8, 156.2, 129.5, 113.8, 77.4, 72.2, 71.0, 70.7, 69.5, 64.7, 64.5, 64.3, 

59.1, 41.6, 37.6, 34.3, 34.1, 28.5, 27.9, 25.7, 24.6, 24.5 ppm. 

 

Self assembly procedures  

Preparation of solutions for 
1
H NMR and GPC studies 

Approximately 5 mg of the graft copolymer being analyzed was massed into a vial 

equipped with a magnetic stir bar.  Tetrahydrofuran-d6 (1.0g) was added to the flask, and 

the solution was stirred at RT for 10 min, after which, the reaction was cooled to 

approximately 0 °C in an ice/water bath.  Using a syringe pump, D2O was added to the 

polymer solution at a rate of 10 mL/h until a total volume of 10 mL was obtained.  The 

resulting solutions were used subsequently in GPC and 
1
H NMR studies without further 

purification.  Upon warming to RT for ten minutes, A 1 mL aliquot was removed an 

transferred to an NMR tube for analysis every 6 h (the NMR sample and solution were 

kept next to each other to maintain a consistent temperature for both samples.  Every 6 h, 

a 
1
H NMR spectrum of the solution was obtained.  Additionally, every 6 h, a 0.5 mL 

aliquot was removed, lyophilized for 3 h, dissolved in 0.60 mL of THF and analyzed by 

GPC.   

 

Preparation of solutions for DLS and TEM measurements 

 Approximately 5 mg of the graft copolymer being analyzed was massed into a vial 

equipped with a magnetic stir bar.  Unstabilized tetrahydrofuran (1.0 mL) was added to 
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the flask, and the solution was stirred at RT for 10 min, after which, the reaction was 

cooled to approximately 0 °C in an ice/water bath.  Using a syringe pump, nanopure 

water was added to the polymer solution at a rate of 10 mL/h until a total volume of 10 

mL was obtained.  The solution was allowed to warm to room temperature for 10 

minutes, and samples for the first analyses (t = 0 h)were prepared.   The resulting 

solutions were used to prepare TEM samples and were used in DLS analysis without 

further purification.  Every 6 h, the solutions were analyzed by DLS to obtain average 

hydrodynamic diameters in solution as a function of degradation, and every 6 h TEM 

samples were prepared to compare morphology and particle diameter as a function of 

degradation. 

 

Conclusions 

Rapid hydrolytic degradation of PCL-PEO ketoxime ether conjugates synthesized 

from a P(CL-co-OPD) platform was found to occur as a function of having OPD units 

along the polyester backbone.  Two different PCL-PEO graft copolymers of differing 

lengths, P(CL92-co-OPD5-co-(OPD-g-PEO)9), 1, and P(CL327-co-OPD22-co-(OPD-g-

PEO)15-co-(OPD-g-pMeOBn)8), 3, displayed degradation behavior that was consistent 

with rapid hydrolysis at various points along the polyester backbone.  GPC analysis of 

the degradable graft copolymers as they remained in aqueous solution over 24 h also 

revealed unique behavior (an initial decrease followed by an apparent increase in peak 

molecular weight) that indicated that the polyester back bone was not only undergoing 

hydrolytic degradation, but that changes associated with molecular architecture had also 

occurred. 
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By comparison, no degradation was observed over a 24 h period for, P(CL92-co-

(OPD-g-PEO)8-co-(OPD-g-pMeOBn)6), 2, a PCL-PEO graft copolymer where all of the 

OPD units had been derivatized.  This investigation in conjunction with prior studies that 

described OPD as a site of enhanced degradation strongly supports a mechanism whereby 

the PCL backbone of the graft copolymer undergoes a rapid and selective chain scission 

at the more hydrophilic OPD units statistically dispersed throughout the backbone.  

Morphological changes associated with degradation were also observed in the 

amphiphilic block graft copolymers possessing unfunctionalized OPD units.  P(CL92-co-

OPD5-co-(OPD-g-PEO)9), 1, formed spherical aggregates that increased in size as a result 

of hydrolytic degradation of the hydrophobic PCL-based core.  More interestingly, 

P(CL327-co-OPD22-co-(OPD-g-PEO)15-co-(OPD-g-pMeOBn)8), 3, displayed a change in 

morphology shape as a result of the degradation occurring at the OPD units.  This 

particular polyester exhibited a transition from spherical aggregates to self-assembled 

structures possessing rod-like or cylindrical morphology as hydrolysis of the PCL 

backbone progressed. 

The ability to control and manipulate both the degradation and the micellar 

morphology of polyester-based materials through the incorporation or derivatization of 

OPD units is a valuable tool for altering the physical and chemical characteristics of the 

resulting nanoobjects.   This unique degradability provides a compelling approach for the 

creation and application of unique hydrolytically degradable materials based upon PCL-

PEO ketoxime ether conjugates synthesized from a P(CL-co-OPD) platform.  Further 

exploration of PCL-g-PEO copolymers produced from this system and the specific 

mechanism of micellar degradation resulting in morphological changes should be 
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investigated further as these materials provide a modular method for the creation of a 

variety of complex functional nanostructures with the potential for tunable degradability.  
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Chapter 5 

Conclusions 

Using poly( -caprolactone-co-2-oxepane-1,5-dione) (P(CL-co-OPD)) as a platform 

polyester system, a series of functional, degradable polyester materials were synthesized 

and characterized.  Taking advantage of the electrophilic ketone moiety present in the 

OPD units, a ―grafting onto‖ approach using nitrogen-based nucleophiles was employed 

for the incorporation of chromophores, small molecules, and hydrophilic polymer grafts, 

and provided a versatile functionalization strategy for the creation of a diversity of 

materials.  The work in this dissertation took advantage of hydrazone and ketoxime ether 

formation to create and study functional, degradable poly( -caprolactone)-based 

materials with unique solvatochromic, thermal, and hydrolytic degradation 

characteristics.  

As a first step towards incorporating functionality onto a PCL backbone, multiple 

dansyl moieities were reacted with the electrophilic ketone units present along the 

backbone of P(CL-co-OPD) with a 58% grafting efficiency.  Derivatization of the 

polyester backbone was confirmed by the appearance of aromatic resonances in the 
1
H 

NMR and 
13

C NMR spectra, which displayed resonances indicative of hydrazone 

formation.  Analysis of the resulting fluorescent polymer by gel permeation 

chromatograpy equipped with an inline UV-visible detector, showed that chromophore 

absorption and the retention time of the polymer converged, thus verifying that 

covalently bound dansyl groups were the source of absorption and emission.  
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The dansyl-functionalized polymer was also characterized by fluorescence emission 

spectroscopy in a series of organic solvents, and displayed solvatochromic behavior with 

a general increase in the maximum emission wavelength ( em) with increasing solvent 

polarity.  The em of the dansylated P(CL-co-OPD) and the  em of a dansyl-derivatized 

small molecule analog were plotted against three solvent polarity parameters: the 

dielectric constant, Dimroth’s ET(30), and π*.  From these analyses it was determined 

that the em of the polymer-bound dansyl fluorophore did not display as marked a 

sensitivity to the polarity of the surrounding solvent as did the small molecule. 

While hydrazone formation was not a highly efficient method for the derivatization of 

the P(CL-co-OPD) backbone, a highly efficient strategy taking advantage of ketoxime 

ether formation, was employed to yield a functional amphiphilic graft copolymer system, 

with up to 90% grafting efficiency.  This methodology was used for the incorporation of 

both hydrophilic poly(ethylene oxide) (PEO) grafts and p-methoxybenzyl (pMeOBn) side 

chains onto the backbone of P(CL-co-OPD) allowing for the creation of functional PCL-

g-PEO ketoxime ether conjugates that self assembled in aqueous solution.  An 

amphiphilic block graft copolymer system bearing only PEO grafts formed spherical 

aggregates in aqueous solution, whereas a copolymer system derivatized with both PEO 

and pMeOBn grafts was found to form rod-like or cylindrical aggregates. 

These same amphiphilic PCL-PEO ketoxime ether conjugates were found to undergo 

rapid hydrolysis upon dispersion in aqueous solution.  The degradation of PCL-g-PEO 

polymer systems synthesized from a P(CL-co-OPD) platform was found to occur as a 

function of having uncapped OPD units present along the polyester backbone.  Two 

different PCL-PEO graft copolymers of differing lengths, P(CL92-co-OPD5-co-(OPD-g-
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PEO)9), and P(CL327-co-OPD22-co-(OPD-g-PEO)15-co-(OPD-g-pMeOBn)8), displayed 

degradation behavior that was consistent with rapid hydrolysis at various points along the 

polyester backbone.  GPC analysis of the degradable graft copolymers as they remained 

in aqueous solution at room temperature over 24 h also revealed unique behavior (an 

initial decrease followed by an apparent increase in peak molecular weight) that indicated 

that the polyester backbone was not only undergoing hydrolytic degradation, but that 

degradation resulted in an alteration in polymer architecture observable by GPC.  By 

comparison, no degradation was observed over a 24 h period for P(CL92-co-(OPD-g-

PEO)8-co-(OPD-g-pMeOBn)6, a polyester where all of the ketone moieties had been 

derivatized.  This investigation in conjunction with prior studies that described OPD as a 

site of enhanced degradation supports a mechanism whereby the PCL backbone of the 

graft copolymer undergoes a rapid and selective chain scission at the more hydrophilic 

OPD units statistically dispersed throughout the backbone.  

Morphological changes associated with degradation were also observed in the 

amphiphilic block graft copolymers possessing unfunctionalized OPD units.  P(CL92-co-

OPD5-co-(OPD-g-PEO)9) formed spherical aggregates that increased in size as a function 

of hydrolytic degradation of the hydrophobic PCL-based core.  More interestingly, the 

larger P(CL327-co-OPD22-co-(OPD-g-PEO)15-co-(OPD-g-pMeOBn)8) displayed a change 

in the shape of the solution state aggregates as a consequence of degradation.  A 

transition from spherical nanostructures to self-assembled aggregates possessing a rod-

like or cylindrical morphology was observed as hydrolysis of the PCL backbone 

progressed. 
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The ability to control and manipulate both the degradation and the micellar 

morphology of polyester-based materials through the incorporation or derivatization of 

OPD units is a valuable tool for altering the physical and chemical characteristics of the 

resulting nanoobjects.  This unique degradability provides a compelling approach for the 

creation and application of unique hydrolytically degradable materials based upon PCL-

PEO ketoxime ether conjugates synthesized from a P(CL-co-OPD) platform.  It is 

important to continue to explore the chemistries involving the grafting of polymer chains 

and small molecule ligands onto P(CL-co-OPD) copolymers, and efforts to better 

understand the way in which the density of PEO grafts and the incorporation of small 

hydrophobic side chains affect the self-assembly and degradation process should be 

pursued.  Further exploration of PCL-g-PEO copolymers produced from this system and 

the specific mechanism of micellar degradation resulting in morphological changes 

should be investigated in more depth as these materials provide a unique modular 

platform for the creation of a variety of complex functional nanostructures with the 

potential for tunable degradability.  
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