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ABSTRACT 

DESIGN AND SYNTHESIS OF POLYBETAINES FOR NONFOULING 

APPLICATIONS 

MAY 2015 

KATHERINE A. GIBNEY, B.S.c, UNIVERSITY OF MICHIGAN ANN ARBOR 

M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 

Directed by: Professor Gregory N. Tew 

  

 Polybetaines represent a unique class of charged polymers.  These polymers 

contain both a positive and negative charge on each repeat unit so that the polymer itself 

is charge-neutral.  The highly polar nature of the betaine gives rise to biocompatibility 

and strong hydration, making polybetaines attractive biomaterials.  Ring-opening 

metathesis polymerization’s utility in polymerizing charged monomers opened up a new 

avenue to obtain polybetaines.  Dual-functional polybetaines obtained by ring-opening 

the imide group of cationic oxanorbornene-based polymers were previously described.  

Here, that chemistry is expanded upon to create a broad library of new betaines.  First, 

the ring-opening reaction in oxanorbornene imides is explored in-depth so that it can be 

developed into an efficient set of post-polymerization functionalization reactions.  New 

betaines based on the oxanorbornene scaffold are then synthesized, taking advantage of 

this dual-functional chemistry.  A range of well-defined, amphiphilic betaines that 

contain alkyl, benzyl and fluorinated moieties are obtained in this way.  Additionally, the 

more traditional linear carboxybetaine and sulfobetaine structures are incorporated into 

the oxanorbornene imide backbone as well.  These materials then allow us to study the 
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structure-property relationships between the diverse betaine chemistries and their surface 

and nonfouling properties.   
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CHAPTER 1 

 

AN OVERVIEW OF POLYBETAINES  

1.1 Introduction 

Charged molecules are seen throughout the natural world and are often vital 

components of biological systems, such as the cellular membrane.1  Nature itself creates 

well-defined charged macromolecules and biopolymers such as proteins and 

polypeptides.  Synthetic charged molecules and polymers are of great interest both for 

biological applications, and industrial and materials applications.2-5  Polyzwitterions are a 

unique class of charged polymers that contain both positive and negative charges, but are 

overall net neutral.2,3  These polymers are largely biocompatible and water-soluble, thus 

their use in biological applications.  With the advent of more advanced and facile 

polymerization techniques, zwitterionic chemistries can be expanded to widen their 

applicability and gain access to new material properties.       

1.2 Properties of Charged Polymers 

Charged polymers can be divided into two general groups: polyelectrolytes and 

polyzwitterions.2,3  Polyelectrolytes (Figure 1.1a) contain one type of charged moiety, 

either cationic or anionic.  These polymers have an overall net charge, determined by 

their chemical structure.  In contrast, polyzwitterions (Figure 1.1b) contain both cationic 

and anionic groups, and can be further differentiated based on the configuration of the 

charges.  In polyampholytes, the opposite charges are sequestered on separate repeat units 

(Figure 1.1c), whereas in polybetaines each repeat unit contains a positive and negative 
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charge (Figure 1.1d).  While polybetaines are intrinsically charge-neutral, 

polyampholytes may have an overall net charge or a localized net charge based on the 

sequence of the repeat units.  Depending on the nature of the charged functional groups, a 

polymer may transition between an electrolyte and neutral or between an electrolyte and 

a zwitterion based on the environment.    

 

Figure 1.1:  General structures of charged polymers: (a) polyelectrolyte; (b) 

polyzwitterion; (c) polyampholyte; (d) polybetaine. 

  

Charged polymers possess unique solution properties due to their polar functional 

groups and connectivity.2,3  While the polymer chemistry and architecture dictates the 

precise behavior of a given polymer in solution, the polyelectrolyte effect (Figure 1.2a) 

and antipolyelectrolyte effect (Figure 1.2b) describe most charged polymers’ behavior in 

aqueous solutions.  As might be expected, polyelectrolytes are freely soluble in deionized 

water.  The charged moieties are highly hydrated in aqueous solutions, and intra- and 

intermolecular Coulombic repulsions between the charged groups drive the polymer to 

take on an extended chain conformation.  Certain polyzwitterions, such as those 

containing phosphatidylcholine betaines, behave similarly as well.6  Small molecule 

electrolytes in solution, however, shield the electrostatic interactions between charged 
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groups.  Without the additional repulsive forces, the polymer chains take on a collapsed 

conformation and at high enough salt concentrations can precipitate out of solution.  This 

phenomenon is dubbed the polyelectrolyte effect. Many polyzwitterions, on the other 

hand, exhibit the antipolyelectrolyte effect.  In this case, the strong intra- and 

intermolecular interactions between the betaine groups cause the polymer chains to 

aggregate.  In an electrolyte solution, the polymers’ charged groups are shielded from one 

another and the chains swell (Figure 1.2c).         

 

Figure 1.2: Solution properties of charged polymers: (a) cationic polymer exhibiting the 

polyelectrolyte effect; (b) zwitterionic polymer exhibiting the antipolyelectrolyte effect; 

(c) schematic representation of polyzwitterions’ charge shielding in an aqueous electrolyte 

solution. 

  

Polyelectrolytes and polyzwitterions are further differentiated from one another, 

and from non-charged polymers, by their solubility in organic solvents as well.  Many 

polyelectrolytes are largely soluble in both protic and aprotic polar organic solvents, 

including: methanol, ethanol, DMSO and DMF.  This solubility in organics, especially 

volatile organics, has important implications for synthesis and applications, as discussed 

later.  Most polyzwitterions, however, are largely insoluble in organic solvents especially 
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at higher molecular weights.  An important exception is 2,2,2-trifluoroethanol (TFE).  

TFE is a good solvent for polyzwitterions, even better than high ionic strength aqueous 

solutions.2   

 

Figure 1.3: Zwitterionic structures: (a) phosphorylcholine, (b) carboxybetaine, and (c) 

sulfobetaine. 

 

Common zwitterionic structures are given in Figure 1.3.2,4  While these linearly 

configured betaines are often utilized in synthetic systems, they are direct analogues of 

naturally occurring charged groups found in peptides and amino acids.2  In these betaines, 

the cationic group is a quaternary amine and the anionic group varies.  Other quaternary 

amines can be used as well, including pyridine- and imidazole-derived cations.  These 

subtle structural differences, however, can have important ramifications.  The 

phosphorylcholine (PC) group (Figure 1.3a) is unique among these betaines in that its 

polymers typically exhibit the polyelectrolyte effect as opposed to the antipolyelectrolyte 

effect.6  The carboxybetaine moiety (Figure 1.3b) is pH-sensitive: by protonating and 

deprotonating the carboxylic acid, the structure can transition between cationic and 

zwitterionic.  In fact, this property can be utilized in responsive systems.  The 

sulfobetaine group (Figure 1.3c) is zwitterionic regardless of the environmental 

conditions.     
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1.3 Polybetaine Synthesis 

Zwitterionic functional groups have been incorporated into synthetic polymers in 

a variety of ways.2-4  Methacrylic phosphorylcholine (PC)-based polymers, for example, 

are among the most thoroughly studied polybetaines.6-8  This group of polymers has been 

expanded to include a variety of backbone chemistries such as PC-polyolefins and 

polyesters,9-11 demonstrating the versatility of this biomimetic functionality.  More 

recently, a large body of research has been devoted to the synthesis and applications of 

acrylate- and acrylamide-based carboxybetaines and sulfobetaines.4  Free radical 

polymerization is very tolerant of zwitterionic monomers.2-4  Controlled radical 

polymerization techniques such as ATRP and RAFT have been used as well, with good 

results.12-19  Solubility was sometimes an issue in these systems, but conditions could 

usually be optimized to obtain polymers in aqueous or organic solutions.  In fact, surface-

initiated ATRP, both aqueous and organic, has been used extensively to synthesize 

polycarboxybetaine and polysulfobetaine brushes for nonfouling applications.16-19   

Due to their highly polar functional groups, zwitterionic monomers can interfere 

with certain polymerization techniques, such as anionic polymerization.2-4  This issue can 

be overcome by post-polymerization functionalization reactions.  Group transfer 

polymerization (GTP) was used to polymerize the 2-(dimethylamino)ethyl methacrylate, 

which was then reacted with 1,3-butane sultone to give the betaine.20  This 

functionalization reaction was incomplete however, and the resulting polymer contained 

some residual cationic groups.  Alternatively, a polyester with a pendant alkyne group 

was synthesized by ring-opening polymerization from a lactone.11  Using click chemistry, 

the polymer was then quantitatively functionalized with PC groups.  Likewise, 
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zwitterionic poly(oxazolines) were recently synthesized by polymerizing oxazolines with 

pendant alkene groups, which were then functionalized with sulfobetaine moieties by 

thiol-ene chemistry.21  In both these examples, well-defined polybetaines were obtained 

by polymerization methods that are incompatible with zwitterionic groups by choosing 

efficient, high-yielding post-polymerization functionalization reactions.  Ideally, 

however, the polymerization technique should be fully compatible with the zwitterionic 

moieites to avoid an extra synthetic step. 

Ring-opening metathesis polymerization is a facile method for obtaining well-

defined polymers under generally mild conditions, with the correct choice of catalyst and 

monomer.22  Ruthenium-based catalysts particularly are stable and easy to handle, and 

frequently enable controlled polymerizations.23  It was shown that cationic norbornene 

and oxanorbornene imide monomers could be polymerized in a controlled manner by 

Grubbs’ 1st generation catalyst in a TFE/CH2Cl2 mixture.24-27  Interestingly, the 

counterion had an appreciable effect on the polymerization kinetics.26  In the case of 

iodide, the reaction was impeded completely.  Subsequently, sulfobetaine and 

carboxybetaine monomers were polymerized by ROMP with good control.25,27  ROMP-

based polybetaines with cyclooctene backbones that gave different material properties 

have since been synthesized as well.9-10   

Although Grubbs’ catalysts were mostly compatible with tertiary and quaternary 

amine groups,22,24-27 amines and carboxylic acids complexed with the catalyst and 

interfered with the polymerization.27-32  To obtain charged polymers containing those 

groups, the amine needed to be protected and the carboxylate group needed to be fully 

protonated or protected.27,32  Despite these drawbacks, ROMP was still an attractive 
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method for polybetaines because of its speed (certain polymerization reactions could take 

as little as a few minutes), wide variety of available monomer chemistries and ease of 

use.         

1.4 Biofouling 

 Among many biologically relevant applications, polyzwitterions have shown 

especially high efficacy as nonfouling materials.33  Biofouling is the accumulation of 

organic and biological material on a foreign surface submerged in an aqueous 

environment.33-44  The fouling process is often modelled as hierarchical, with less 

complex foulants giving rise to more complex organisms until the surface has been 

colonized.34,38,42  As with many biologically oriented systems, this model is an 

oversimplification of the true natural phenomenon, however it is useful to visualize the 

process.   

In the first step, solute (water) molecules interact with the surface. 34,38  

Hydrophilic surfaces, or those that contain highly hydrated functional groups, can induce 

long-range ordering in the water molecules extending from the surface.5  It is thought that 

this ordered water layer is more difficult to disturb or displace than the loosely correlated 

water layer that forms around more hydrophobic surfaces.5,33-38,43  As such, this stage is 

dictated by surface chemistry, as well as the nature of the aqueous environment.  Next, 

macromolecules such as proteins and lipopolysaccharides form a conditioning layer on 

the surface.34-38,43  Irreversible protein adsorption arises from electrostatic and 

hydrophobic interactions.  Attraction to the surface causes the protein to denature and 

expose its hydrophobic domains to the underlying substrate, where adhesion occurs. 
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Figure 1.4: Stepwise colonization process of a marine foulant.  (Reproduced from Bixler 

et al, Phil. Trans. R. Soc. A, 2012.) 

 

Protein adsorption in and of itself can be detrimental, especially in biomedical 

devices.42  In many cases, however, the adsorbed protein layer acts as a so-called 

conditioning layer.33,38  After the protein has been deposited, larger organisms such as 

bacteria or spores begin to settle on and colonize the surface.  This process can occur 

quickly, within minutes of the surface’s exposure to the aqueous environment.  Figure 1.4 

shows this process stage-by-stage, from the initial attachment stage through colonization 

and dispersion.  Once the organisms have attached to the surface, they are extremely 

difficult to displace, which highlights the need to arrest the process in its earliest stages.   

 

Figure 1.5: Examples of foulants: (a) adsorbed protein on an explanted device (reproduced 

from Mosquera et al, Rev Esp Cardiol., 2011); (b) bacterial biofilm (reproduced from 

http://dujs.dartmouth.edu/fall-2009/biofilms-bacteria); and (c) adult barnacles (reproduced 

from Callow et al, Nat. Commun., 2011). 

(a) (b) (c)
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 Biofouling, especially marine biofouling, is an extremely difficult problem to 

combat.37,38,44  For one, foulants encompass a range of length scales, from 

macromolecules and proteins (Figure 1.5a) to single-celled organisms like bacteria 

(Figure 1.5b) to multicellular organisms like barnacles (Figure 1.5c) and other marine 

animals.38  The nature of the foulants can vary from location to location.  Foulants, 

especially macrofoulants, employ a range of adhesion mechanisms as well.38  Finding a 

material that can deal with all these issues in an effective manner is an overwhelming 

challenge.  Compounding these difficulties is the poorly understood nature of many 

organisms’ adhesion mechanisms as well as the biofouling process in general.   

 In many cases, foulants have a detrimental effect on the underlying material.  

Devices such as sensors or implants can become coated in proteinaceous material and 

lose efficacy or integrity.34,46  Bacterial and fungal biofilms have been shown to cause 

infection and, in extreme cases, death.39-41  It has been estimated that billions of dollars 

are spent annually in the health care and military fields to combat problems directly 

related to biofouling, including extended hospital stays and increased fual costs from drag 

on naval ships.38,39  Whether for biomedical, environmental, or industrial uses, 

nonfouling materials must be highly efficient over long time scales and robust enough to 

stand up to harsh environments such as extreme pH or high salinity, while also being 

non-toxic or minimally toxic.37,38,44  The nonfouling efficiency is especially significant as 

only 0.1 ng/mm2 of adsorbed protein was found to trigger the adhesion of more 

substantial foulants such as platelets on a substrate.42  
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1.5 Nonfouling Strategies 

 Many strategies have been developed to combat biofouling.  Biocidal methods, 

while effective, have been largely phased out due to their adverse effects.38  Engineered 

topographies such as the Sharklet and artificial lotus leaf topographies have also shown 

great promise as nonfouling or foul-release materials.38,44  These materials are outside the 

scope of this section, however, so only chemical approaches will be discussed below. 

1.5.1 Hydrophilic Materials 

Biological fouling is thought to occur mainly due to hydrophobic and electrostatic 

interactions between proteinaceous materials and surfaces.33-38,43,45  Strongly hydrophilic 

surfaces support a highly structured, tightly bound water layer that shields the underlying 

surface from interacting with proteins and other macromolecules, preventing denaturation 

and irreversible adhesion.  Hydrophilic surfaces with a net charge, however, can promote 

fouling through electrostatic interactions.  With those parameters in mind, it was found 

that hydrophilic oligo(ethylene oxide) self-assembled monolayers (OEG SAMs) were 

highly efficient at resisting nonspecific protein adsorption.47,48  OEG-based materials 

were not only highly hydrophilic but also environmentally benign.  Their efficiency was 

dependent on the OEG segments’ conformations: when the chains crystallized, the 

surface dehydrated and protein adsorption increased.48 

The high surface coverage of the SAMs created impressive nonfouling surfaces, 

however they were impractical for large surface areas and real-life applications.  Polymer 

brushes were then explored as alternatives.  It was found that densely grafted, surface-

inititated PEG brushes resisted protein adsorption as well as, if not better than, the OEG 

SAMs.49  The high graft density ensured that the surface was appropriately shielded from 
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hydrophobic interactions with proteinaceous material.  The importance of surface 

coverage has been corroborated with many different polymers, including zwitterions and 

polyols.50-52  While PEG has long been a standard nonfouling treatment, it suffers from a 

lack of intrinsic functional groups for surface modification.  More importantly, PEG is 

subject to degradation in biologically relevant environments, which limits its use to short-

term applications.  Other hydrophilic uncharged polymers such as glycerol-based 

polyols50 and polysaccharides,53 which are more stable and more conducive to surface 

functionalization than PEG, have been successfully explored as nonfouling materials as 

well.        

As polymerization methods were developed that were better equipped to handle 

charged monomers in a controlled manner, zwitterionic materials emerged as promising 

nonfouling candidates due to their strong surface hydration (hydrophilicity) coupled with 

charge neutrality.33,38,43,44  Additionally, many polybetaines exhibited increased resistance 

to degradation when compared to ethylene oxide-based materials.43  Zwitterions have been 

employed in a variety of ways to create nonfouling materials, such as self-assembled 

monolayers, monolayers, gels, bulk coatings, and polymer brushes.16-1933,37,43,54-64  With the 

advent of controlled radical polymerization techniques, surface-initiated polymerization 

could be used to create zwitterionic brushes with a higher degree of surface coverage as 

compared to grafting-to techniques. Using various polymerization techniques, 

(meth)acrylate- or acrylamide-based PC, carboxybetaine, and sulfobetaine bulk or brush 

surfaces could be made and then studied as nonfouling coatings.  

Many of these surfaces exhibited low degrees of protein adsorption (< 0.1 ng/mm2), 

as well as resistance against bacteria, macrophage, and platelet fouling. 16-1933,37,43,54-64  In 
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fact, polycarboxybetaine brushes were found to resist fouling from blood plasma.64  Highly 

dense zwitterionic brushes out-performed PEG- and monolayer-based coatings, 

demonstrating the advantage of a polyzwitterion approach.33  As with the PEG- and polyol-

based materials, graft density or surface coverage was paramount to achieving superlow-

fouling capabilities.51  Betaines were also preferred over ampholytes or mixed-charge 

surface because they ensured charged neutrality throughout the material.33  As many 

betaines are biomimetic, these polymers are also typically biocompatible.    

1.5.2 Amphiphilic materials 

 Based on our current understanding of biofouling, it seems counterintuitive that 

amphiphilic materials containing both hydrophilic and hydrophobic components could be 

used for nonfouling applications.  And yet, a number of novel amphiphilic chemistries have 

shown great promise as robust, efficient nonfouling materials.33,38,44  Figure 1.6 shows a 

schematic representation of a bulk amphiphilic, or ‘ambiguous’, material, where the colors 

represent the phase-separated hydrophilic and hydrophobic domains.        
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Figure 1.6: Schematic representation of an ambiguous nonfouling amphiphilic surface 

where the green domains represent hydrophobic segments and the blue domains represent 

hydrophilic segments.  (Reproduced from Callow et al, Nat. Commun., 2011.) 

 

 Some of the earliest amphiphilic nonfouling materials embraced the ambiguous 

character of these surfaces.38,65-67  Hyperbranched fluoropolymer-PEG composite 

coatings were created by condensation polymerization of 3,5-

bis[(pentafluorobenzyl)oxy]-benzyl alcohols or similar molecules and oligo(ethylene 

oxide) diols.  The hyperbranched structure prevented the components from completely 

separating but allowed them to rearrange and restructure in different environments.  

These surfaces were difficult to characterize, however it was found that they had low 

surface energy, dynamic surfaces, and resisted protein adsorption, lipopolysaccharide 

adsorption and fouling from marine organisms.    
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Figure 1.7: Representative amphiphilic polymer and surfaces for nonfouling applications: 

(a) Styrenic block copolymer containing a PEGylated/fluorinated side chain (reproduced 

from Krishnan et al, Langmuir, 2006); (b) AFM images of a surface-active block 

copolymer (i) in air and (ii) in water, undergoing characteristic rearrangement (reproduced 

from Martinelli et al, Langmuir, 2008).  

 

 Dynamic surface features tended to be a general characteristic of these 

amphiphilic materials, regardless of their specific chemistry.38,44  Surface-active block 

copolymers (SABCs) were another class of amphiphilic materials that were studied in-

depth as nonfouling materials.  Figure 1.7a shows a representative SABC, where the 

hydrophobic styrene block was used to adhere the polymer to a surface while the 

methacrylate block imparted the surface-active properties.68  It was observed that the 

PEG/fluorinated side chain reoriented itself based on the environment.  In water, the PEG 

section was present at the interface while the fluorinated tail retreated to the bulk; in air, 

the fluorinated tail extended out from the surface.  The orientation of the hydrophilic and 

hydrophobic components in different environments has been confirmed by surface-

sensitive analytical techniques such as NEXAFS.69  Surface properties like roughness 

(Figure 1.7b and c) as determined by AFM70 and water contact angle hysteresis are also 

indicators of dynamic surfaces. 

(a) (b)
(i) (ii)
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 A variety of SABCs have been synthesized that vary the backbone and 

incorporate the hydrophilic and hydrophobic side chains into the backbone through 

different functionalities.44,68,69  The use controlled polymerization techniques like anionic 

polymerization and efficient post-polymerization functionalization chemistries like thiol-

ene addition created well-defined polymers to better understand the surface properties of 

these amphiphilic materials.  Other notable amphiphilic materials include co-cured 

diacrylate perfluoroether/PEG networks.71  The polymer precursors were miscible prior 

to crosslinking, which allowed a macroscopically homogeneous network to form.  Again 

it was found that these networks underwent dynamic rearrangement when placed in 

water.  By varying the network components and the curing conditions, materials were 

obtained that resisted Ulva spore settlement to an appreciable degree.  It was interesting 

to note that the amphiphilic materials for nonfouling applications contained a wide 

variety of chemistries and creative uses of materials, however the hydrophilic component 

was almost exclusively PEG.  Based on the amphiphilic materials’ success at reducing 

biofouling, introducing new hydrophilic components seemed like an interesting avenue to 

pursue.          
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1.6 Oxanorbornene-based Betaines 

 

Figure 1.8: Structures of dual-functional (right image) and linear (left image) 

oxanorbornene-based polybetaines.  (Reproduced from Colak et al, Langmuir, 2012.) 

 

ROMP had been known to tolerate quaternary amines and sulfobetaines, making 

it an attractive method to synthesize certain polyelectrolytes and polybetaines.24-27  The 

oxanorbornene imide, specifically, polymerized in a controlled manner.  Originally, 

ROMP-based betaines were pursued as nonfouling materials to determine if 

antibiofouling performance could still be achieved with an oxanorbornene backbone.  

Subsequently, the fortuitous discovery was made that the N-substituted imide ring-

opened under basic conditions to form two side chains: a carboxylic acid and an amide 

containing the N substituent.27,72,73  When the side chain contained a cationic group, this 

ring-opening reaction resulted in a betaine with the charge sequestered on separate arms 

within the repeat unit.  This reaction allowed for the facile incorporation of anionic 

carboxylate groups into ROMP polymers, where the carboxylic acid was known to 
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interact with the catalyst.  More importantly, a new class of dual-functional betaines 

could be obtained by this reaction.   

As shown in Figure 1.8, the quaternary amine could contain a multitude of 

chemically diverse side chains, including hydrophilic oligo(ethylene oxide) and 

hydrophobic hydrocarbon chains, so that the polymers’ overall hydrophilicity or 

hydrophobicity could be tuned.  In addition to the linear carboxybetaine and sulfobetaine 

chemistries, these polymers were used as nonfouling coatings.  Envisaged as foundational 

materials to study the effects of hydrophilicity and polymer backbone on nonfouling 

properties, these polymers actually performed reasonably well.  The Poly(NOEGZI) 

surface, for instance, was highly wettable (advancing water contact angle ≈ 30°) and 

resisted fibrinogen adsorption down to 0.04 ng/mm2.72     

 When the dual-functional betaines contained a lipophobic perfluoroalkane side 

chain, fibrinogen adsorption was reduced down to 0.03 ng/mm2.73  This result was in 

contrast to the similarly hydrophobic octyl side chain, where ΓFibrinogen ≈ 4 ng/mm2.  In 

this way it was shown that the oxanorbornene imide synthetic platform could 

accommodate diverse chemistries, which in turn resulted in tunable surface properties.    

1.7 Scope of the Thesis          

     The following chapters of this thesis encompass the design and synthesis of 

oxanorbornene imide-based polybetaines.  This chemistry expands on the dual-functional 

structures that were previously synthesized and explored as nonfouling materials (Figure 

1.8).72,73  Structure-property relationships are then explored between this library of 

polymers and their nonfouling performance.   
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 Chapter 2 characterizes the imide ring-opening reaction that enables the dual-

functional betaine chemistry.  A variety of oxanorbornene imide molecules are screened 

to determine the limits of the ring-opening reaction.  Ring-opened polymers are also 

characterized. 

 Chapter 3 describes the synthesis of a large library of oxanorbornene-based 

betaines.  Linear as well as dual-functional polybetaines are synthesized.  Carboxybetaine 

and sulfobetaine moieties are included, where the intercharge distance is varied.  A set of 

dual-functional betaines where the intercharge distance is varied is synthesized as well 

for a direct comparison between the dual-functional and linear chemistries.  Finally, a set 

of amphiphilic betaines is synthesized, which include both hydrocarbon and fluorinated 

moieties.  The modular nature of the oxanorbornene imide backbone allows for a diverse 

set of novel betaines to be synthesized with the same backbone, so that they can be 

studied as model nonfouling materials.  

 The synthesis of polymers for surface functionalization is described in Chapter 4.  

Here, copolymers containing triethoxysilane repeat units are used to create robust 

coatings for nonfouling applications.  A sulfobetaine monomer is used as the model 

zwitterionic component.  The composition of the polymers is varied both to study the 

structure-property relationships between the polymer and the resulting coatings, as well 

as to optimize the coatings so that they can be used to study nonfouling properties in the 

subsequent chapters.      

 Chapters 5 and 6 deal with the nonfouling properties of the polybetaines outlined 

in Chapter 3.  In Chapter 5, the hydrophilic betaines (carboxybetaine, sulfobetaine and 

methyl dual-functional) are compared.  Their structures allow us to study the effects of 
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intercharge distance as well as zwitterionic chemistry on the nonfouling properties of 

these bulk coatings.  Chapter 6 describes the nonfouling properties of the amphiphilic 

dual-functional series.  In both chapters, the surface properties of the coatings are 

thoroughly characterized.  Nonfouling performance is measured by fibrinogen adsorption 

as measured by ellipsometry. 

 Finally, in Chapter 7, preliminary work on hydrogels that are obtained from 

oxanorbornene imide polymers is discussed.  Gelation occurs in the presence of 

poly(oxanorbornene imide)s and a multifunctional primary amine, in this case 

poly(allylamine).  These hydrogels represent a novel material application for these 

charged ROMP polymers and another unique application of the ring-opening reaction 

described in Chapter 2. 
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CHAPTER 2 

RING-OPENING IN NORBORNENE-BASED IMIDES 

2.1 Introduction 

 Chapter 2 details the ring-opening reaction of oxanorbornene imides in the 

presence of an aqueous base.  The use of both sodium hydroxide and n-butylamine as the 

base were explored.  Both types of bases induced ring-opening of the imide to form an 

amide side chain as well as a carboxylate group.  It was also discovered that when excess 

butylamine was used, the primary amine inserted itself into the imide to create two amide 

side chains.  This reaction potentially allowed for hydrophobic moieties to be 

incorporated into the polymer through an amide linkage.  Ring-opening of the imide 

group in a range of N-substituted oxanorbornene imide monomers and polymers was 

confirmed by both NMR and IR spectroscopy.  Two model poly(oxanorbornene imide)s, 

one with a hydrophilic cationic substituent and one with a hydrophobic benzyl 

substituent, were synthesized to fully characterize both the amide and diamide ring-

opening reactions in polymers.  These ring-opening reactions were both fast and 

quantitative, making them efficient post-polymerization functionalization methods.  

Furthermore, the well-defined molecular weights and low PDIs of the precursor polymers 

were maintained post-functionalization. These reactions constituted a new set of post-

polymerization reactions for poly(oxanorbornene imides) to obtain chemistries that have 

historically been problematic to achieve directly by ROMP, as well as a new synthetic 

platform for functionalizing ROMP-based materials.   
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2.2 Ring-opening Properties of Poly(oxanorbornene imide)s 

We previously reported on the synthesis and applications of oxanorbornene 

imide-based polybetaines1-4 – zwitterionic polymers where both a positive and negative 

charge are present on each repeat unit.5,6  ROMP was initially selected to synthesize a set 

of polybetaines due to its demonstrated compatibility with sulfobetaine and quaternary 

ammonium moieties.7-10  During a stability test, it was first observed that the imide group 

of N-substituted oxanorbornene imide monomers containing a quaternary amine appeared 

to ring-open in aqueous NaOH solutions.1  This phenomenon was then utilized to create a 

set of dual-functional polybetaines.3,4    

The ring-opening reaction of sterically hindered imide groups has been observed in 

aromatic and small molecule aliphatic systems.11,12  The phthalimide protecting group is 

labile under basic, nucleophilic conditions, but typically requires harsh basic conditions to 

ring-open.13  N-substituted succinimides are known to ring-open in the presence of 

nucleophiles,14 with a preference towards amines.  The dual carbonyl groups in a cyclic 

structure activate the imide group towards nucleophilic attack, and substitutions on the 

nitrogen and around the ring further influence reactivity.  To the best of our knowledge, 

the initial report from our lab was the first published reference of the phenomenon in 

aliphatic, polymeric systems.1,3,4  Regardless, imides are traditionally thought to be stable 

under a variety of conditions, and are frequently used because of their tolerance to pH 

changes.     

We subsequently discovered that this ring-opening reaction happened consistently 

with any imide-containing polymer under similar conditions (Figure 2.1).  Additionally, it 

was found that the imide ring-opened when a primary alkyl amine was used as a base in 
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the presence of water.  While this reaction was not altogether surprising, primary amines 

also ring-opened and inserted into the imide backbone to form an amide, similar to 

succinimide reactivity with amines.  As outlined in Figure 2.1, a second pendant group 

was added post-polymerization into each repeat unit by this aminolysis reaction. 

 

Figure 2.1: Schematic representation of poly(oxanorbornene imide) ring-opening in the 

presence of sodium hydroxide and primary amines. 

   

To determine if the reactions outlined in Figure 2.1 were general properties of this 

imide system, we studied a library of oxanorbornene imide-based monomers and 

polymers.  As shown in Table 1, a wide variety of oxanorbornene imide monomers and 

their corresponding polymers were screened under basic conditions to determine their 

ring-opening propensities.  The R-groups ranged from hydrophilic (1, 3-4) to 

hydrophobic (2, 5-7), and included charged and uncharged, as well as aliphatic and 

aromatic moieties.  Monomers were polymerized in the same manner as shown in Figure 

1, where a short degree of polymerization of 20 was used to aid solubility and 

characterization of the ring-opened products.  Whenever possible, NMR spectroscopy 

was used to confirm the ring-opening reactions.   

With the exception of the unsubstituted oxanorbornene imide 7 (discussed later in 

the chapter), all monomers and their resulting polymers ring-opened under basic 

conditions.  In the case of the polymers, slightly longer reaction times (an hour as 

opposed to minutes) and more dilute conditions were required to ensure near-quantitative 
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conversion.  The slight change in reactivity was most likely due to steric hindrance along 

the backbone and the reduced solubility of the polymers compared to their monomers.  

These reactions occurred in the presence of permanently charged groups (1, 3), implying 

that charge stabilization between the R group and the resulting anionic acid did not 

ultimately affect the ability of the imide to ring-open.  Hydrophobic monomers and 

polymers, and those that were partially soluble (4) also ring-opened.  In the case of 

hydrophobic monomers, their conversion to an electrolyte after ring-opening to form an 

acid was accompanied by increased solubility in aqueous solutions.  This effect was 

present in the hydrophobic polymers but to a more limited extent.  Ring-opening of the 

imide group, therefore, was determined to be a general property of this system.  

 

Table 2.1: Ring-opening reactions for a selection of functionalized oxanorbornene imides 

with sodium hydroxide and n-butylamine.  

 

(+) = ring-opening; (-) = no ring-opening; a as determined by 1H and 13C NMR 

spectroscopy in 0.1 M NaOD unless otherwise specified;  b as determined by 1H and 13C 

NMR spectroscopy in 1:1 0.2 M NaOD:DMSO-d6; 
c N. D. = not determined; d as 

determined by FT-IR after purification unless otherwise specified; e as determined by 1H 

and 13C NMR spectroscopy in D2O.  

R
NaOH treatmenta n-butylamine treatmentd

monomer polymer monomer polymer

1 + + +e +

2 + +b + +

3 + + +e +e

4 + N. D.c +e N. D.c

5 + +b + +

6 + +b + +

7 H - +b - N. D.c
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 While water was necessary for the ring-opening reactions to occur, it was not 

always a good solvent for oxanorbornene imide-based monomers or polymers, especially 

those without charged side chains.  A variety of organic cosolvents were screened to 

determine if they could be used to solubilize the imide in an aqueous solution and not 

interfere with the ring-opening reactions, as shown in Table 2.2.  Methanol, TFE, THF, 

DMSO, and DMF were selected because of their miscibility with water as well as their 

demonstrated ability to solvate a range of oxanorbornene imide-based monomers and 

polymers.  Monomer 1 (m = 1) was used to test methanol and TFE while monomers 2 and 

6 was used to screen the remaining solvents.  It was found that the sodium hydroxide-

mediated ring-opening reactions proceeded as expected in 1:1 ratios of the listed organic 

solvents and water.  Ring-opening in the presence of butylamine proceeded as expected for 

all the organic solvents except DMF, which appeared to inhibit the reaction.  Even when 

the reaction solution was heated at 50 °C for up to 48 hours, there was no evidence of ring-

opening by either NMR or IR spectroscopy.      

Table 2.2: Ring-opening reactions in water-miscible organic solvents. 

Solvent NaOH treatment n-butylamine treatment 

Methanol + + 

2,2,2-trifluoroethanol (TFE) + + 

Tetrahydrofuran (THF) + + 

Dimethylsulfoxide (DMSO) + + 

N,N-dimethylformamide (DMF) + - 

 (+) = ring-opening; (-) = no ring-opening 
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Two model sets of molecules (Figure 2.2) were selected for more in-depth 

characterization.  The R-groups, a quaternary amine (1) and a benzyl group (2), were 

specifically chosen to span the range from hydrophilic to hydrophobic, as well as to 

incorporate charged and aromatic moieties, which are not only beneficial to a number of 

applications but also demonstrate the range of these reactions.  As shown in Figure 2.2, 

both 1 and 2 were polymerized using Grubbs’ 3rd generation catalyst, where the degree 

of polymerization was determined by the ratio of monomer to catalyst.  The isolated 

polymer was then treated with aqueous solutions of either sodium hydroxide 

(Poly1(Am)) or n-butylamine (Poly2(dAm)).  In the case of hydrophobic monomers and 

polymers, THF was used as a co-solvent with water to ensure full solubility.  These 

general conditions were used for the polymerization and ring-opening of all other 

monomers and polymers discussed in this chapter.  In the nomenclature for this chapter, 

monomers are referred to by their number as denoted in Table 2.1; polymers are given the 

prefix Poly; molecules in the ring-opened form are given the suffix (Am) (single amide); 

and molecules with two amide side chains are given the suffix (dAm) (diamide).  
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Figure 2.2: General conditions for the synthesis and ring-opening of poly(oxanorbornene 

imide)s to create carboxylate- and diamide-containing polymers: (i) Grubbs’ 3rd generation 

catalyst, solvent, 20 minutes, room temperature; (ii) ethyl vinyl ether, 1 hour;  (iii) 0.1 M 

NaOH, 1 hour;  (iv) n-butylamine (excess), THF/H2O, 1 hour, room temperature. 

2.3 1H NMR Spectroscopy Characterization of Ring-opened Oxanorbornene imides 

It was found that the imide and ring-opened amide or diamide forms of the 

oxanorbornene imide monomers exhibited unique, well-defined shifts in their NMR 

spectra that facilitated characterizing the resulting ring-opened product for this class of 

molecules.  Representative spectra for 2 are given in Figure 2.3, where the monomer 

alone is shown for clarity.  Of particular interest were the alkene and methine bridgehead-

adjacent protons of the oxanorbornene segment, as they exhibited the most obvious shifts 

between the imide and ring-opened forms.  The imide starting material had well-defined 

singlets in the proton NMR spectrum at 6.57, 5.18, and 3.00 ppm, which corresponded to 

protons A, B, and C as labelled in Figure 2.3a.  Notably, these peaks do not exhibit 

appreciable splitting (see inset), due to the weak coupling constants of the adjacent 
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protons.  When 2 was placed in a basic solution of NaOD for several hours to allow for 

quantitative ring-opening (Figure 2.3b), a new set of peaks appeared in the spectrum that 

were indicative of a loss of symmetry.  The A and B protons from the alkene and methine 

groups in the imide monomer both shifted upfield and become two doublets 

corresponding to the A’ and A” (6.38 and 6.31 ppm) and B’ and B” (5.04 and 4.93 ppm) 

protons in 2(Am) (see inset).  The spectrum in Figure 2.3b was obtained in D2O/NaOD as 

opposed to DMSO-d6 to observe the ring-opening reaction in situ.   

 

Figure 2.3: NMR spectra of the model oxanorbornene imide monomer 2 demonstrating 

hydroxide and amine reactivity:  (a) monomer as synthesized (in DMSO-d6); (b) ring-

opened monomer containing both carboxylate and amide functional groups (in 0.1 M 

NaOD); (c) purified diamide monomer after reaction with n-butylamine (in DMSO-d6); 

and (d) corresponding carbon spectra of (b) and (c) showing the characteristic (i) 

carboxylate and amide peaks and (ii) unequivalent amide peaks. 
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To more easily confirm the formation of the diamide after the addition of n-

butylamine to 2, the imide monomer was reacted with butylamine in the presence of 

water and purified prior to obtaining NMR spectra.  Due to the limited solubility of 

2(dAm), the spectrum shown in Figure 2.3c was again obtained in DMSO-d6.  As with 

2(Am), the diamide 2(dAm) showed the characteristic upfield shift of the alkene and 

methine protons and the appearance of A’ and A” (6.45 and 6.44 ppm) and B’ and B” 

(5.05 and 5.00 ppm) (see inset).  Furthermore, the presence of peaks at 2.95, 1.26, and 

0.83 ppm corresponding to protons F-I proved that n-butylamine was incorporated into 

2(dAm) to form the diamide.  In fact, the two unique amide protons were visible in 

DMSO-d6, appearing at 7.73 ppm (benzyl arm) and 7.16 ppm (butyl arm).  The 

formation of an amide and carboxylate group in 2(Am) and two amides in 2(dAm) was 

also confirmed by their 13C NMR spectra (Figure 2.3d).  While two clearly resolved 

peaks at 179.0 and 175.3 ppm corresponding to the carboxylate and amide carbonyl 

carbons respectively were visible in Figure 2.3d(i), two adjacent peaks at 171.4 and 171.1 

ppm were observed in the amide region in Figure 2.3d(ii), as expected for the non-

equivalent amide groups in 2(dAm).  Ring-opening was confirmed for the given 

monomers in Table 2.1 in this manner when applicable.  

Quantitative ring-opening of the Poly1n=20 was again demonstrated by 1H NMR 

spectroscopy (Figure 2.4).  In this case, the polymer was treated with base and purified by 

dialysis.  The lyophilized ring-opened product Poly1(Am)n=20 was then analyzed by 

NMR spectroscopy.  As seen with the monomers, the alkene backbone protons (A) and 

the methylene protons directly adjacent to the imide (D) shifted upfield (A’ and D’) after 
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ring-opening.  Furthermore, there was no evidence of the quaternary ammonium group 

degrading under basic conditions in the several minutes that it took for the imide to be 

fully consumed. 

 

Figure 2.4: 1H NMR spectra in D2O of (a) the as-prepared cationic imide polymer 

Poly1n=20 and (b) the base-treated zwitterionic polymer Poly1(Am)n=20.  The complete 

upfield shift of the methylene protons D to D’ confirm quantitative conversion.   

 

The 1H NMR spectra of Poly2 and Poly2(dAm) (Figure 2.5a and b) confirmed 

that the butyl moiety had been incorporated into the polymer, and that the benzyl and 

butyl groups were present in a 1:1 ratio based on integration of the alkyl peaks and 

aromatic peaks.  When the reaction was allowed to stir for long periods of time at 50 °C 

in the presence of excess n-butylamine, the ratio of butyl groups to benzyl groups 

increased based on the peak integrations in the NMR spectra.  This result was attributed 

to transamidation reactions where the benzyl groups were displaced by butylamine.  The 
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lower resolution of the Poly2(dAm) spectrum in Figure 2.5b is due to the decreased 

solubility of the diamide polymer in organic solvents, which is discussed later in the 

chapter. 

 

Figure 2.5.  1H NMR spectra in DMSO-d6 of (a) the as-prepared imide polymer Poly2n=20 

and (b) the butylamine-treated polymer Poly2(Am)n=20.  The complete upfield shift of the 

methylene protons D to D’ confirm quantitative conversion.   

2.4 Characterization of Poly1 

When R was cationic, as in the case of Poly1, the conversion of the imide to an 

amide and carboxylate effectively formed a zwitterion.3,5,6  While the 1H NMR spectrum 

was a clear indication that the polymer’s structure had changed, it did not decisively 

confirm that these structural changes were due to a reaction with the imide group.  For this, 

FT-IR spectroscopy was employed to positively identify the functional groups present in 

05-20-14.003.001.1r.esp

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

Chemical Shift (ppm)

3.124.003.922.072.245.53

D

A

B+E
C

F+G

H

05-27-14.001.001.1r.esp

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

Chemical Shift (ppm)

38.8558.7619.911.121.0738.920.931.00101.04

D

A

C
B

H’’, H’’’

H’

-(C=O)NH-

(a)

(b)



37 

the precursor polymer and their conversion in the product.  Figure 2.6 shows the spectra of 

Poly1 (black line) and Poly1(Am) (green line).  The vertical dotted line indicates the most 

intense C=O stretching frequency at 1707 cm-1 corresponding to the imide group.  Whereas 

this peak was prominently featured in the spectrum of Poly1, it disappeared in the ring-

opened product’s spectrum.  New resonances at 1565 cm-1 (C=O stretching, carboxylate), 

and 1659 and 3336 cm-1 (C=O and N-H stretching, amide) confirmed the presence of the 

expected carboxylate and amide groups in Poly1(Am).  NMR and IR corroborated the 

quantitative nature of this reaction, and the complete conversion of cationic Poly1 to the 

zwitterionic form Poly1(Am). 

 

Figure 2.6: FT-IR spectra of Poly1n=20 (black line) and Poly1(Am)n=20 (green line).  Dotted 

vertical line indicates characteristic imide resonance at 1707 cm-1.   

 

One advantage of ROMP is its ability to synthesize well-defined, low PDI (<1.1) 

polymers under mild conditions from a wide range monomers;15 however, certain 

functional groups, such as the anionic carboxylate, can complex with the catalyst and arrest 
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polymerization.1,8,9  Methods to avoid these complications include fully neutralizing the 

acid prior to polymerization or utilizing a protecting group such as a tert-butyl ester that is 

cleaved post-polymerization.1,3,9  This ring-opening reaction is essentially an alternative 

method for incorporating carboxylic acids into an oxanorbornene backbone.  We showed 

above that the reaction in polymers is fast and quantitative; however, it was still unclear if 

the base treatment inadvertently interfered with the polymers’ molecular weights or 

distributions.  The GPC traces in Figure 2.7 showed that both Poly1n=20 and Poly1(Am)n=20 

maintained similar distributions and retention times, implying that the ring-opening 

reaction did not significantly affect the polymer backbone through adverse reactions.   

 

Figure 2.7: GPC traces of Poly1n=10 (black line) and Poly1(Am)n=10 (green line) in 2,2,2-

trifluoroethanol with 20 mM NaTFA as the eluent, relative to PMMA standards.  Spectra 

show retention of monomodal distribution after base treatment.         

 

A molecular weight of 7 kDa for Poly1n=20 was confirmed by end-group analysis.  

The number average molecular weights (Mn) of Poly1n=20 and Poly1(Am)n=20 were given 

by GPC as 23 and 20 kDa, respectively, relative to PMMA standards.  The discrepancy 
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between the theoretical and apparent molecular weights from GPC was attributed to the 

differences in solution properties and hydrodynamic radii between the PMMA standards 

and our oxanorbornene-based polymers, as well as the potential for interactions between 

the charged polymers and the stationary phase.  Likewise, the longer retention time of the 

ring-opened polymer is thought to be a result of inadequately screened electrostatic 

interactions5 within the system as opposed to a true significant difference between the 

polymers.  While GPC, especially in TFE, is not a reliable method for determining the 

molecular weight of these polymers, it ultimately shows that the ring-opened polymers 

maintained their relative distribution and low PDI (1.04).  The well-defined structure of 

these ring-opened carboxylate-containing polymers, by a relatively straightforward 

synthetic method, makes this ring-opening reaction an interesting alternative for the 

incorporation of acid groups into an oxanorbornene backbone.  

2.4.1 Solution Properties of Poly1(Am) 

Polymeric betaines are overall charge-neutral, and many possess unique solution 

properties such as high solubility in salt water but low solubility in pure water, a 

phenomenon known as the anti-polyelectrolyte effect.5  Sulfobetaine, carboxybetaine and 

phosphorylcholine groups are the most common zwitterionic moieties to be incorporated 

into polymers, where the quaternary ammonium cation and various anions are both 

contained within each repeat unit and, more specifically, within the same side chain.5  The 

betaines that result from the ring-opening of a cationic oxanorbornene precursor, such as 

Poly1(Am), are thus unique in that each repeat unit contains both charges; however, the 

charges are sequestered on separate arms of the repeat unit.   
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While the surface properties for dual-functional polybetaines like Poly1(Am) were 

well-established, their solution properties had not yet been investigated.  We hoped to 

determine if the ring-opened polybetaine behaved similarly to polycarboxybetaines, which 

are structural isomers of Poly1(Am), and if any unique characteristics such as aggregation 

were observed.  Qualitativatively, it was observed that Poly1(Am) crashed out of aqueous 

solution during dialysis and that it was no longer soluble in pure water or dilute solutions, 

unlike its precursor polymers.  Dynamic light scattering (DLS) was used to observe the 

behavior of Poly1n=230 and Poly1(Am)n=230 in an aqueous solution of 0.1 M NaBr (Figure 

2.8), where the salt concentration was selected due to its previously demonstrated ability 

to effectively solubilize oxanorbornene-based polybetaines and polyelectrolytes.  Higher 

molecular weight polymers (83 kDa, based on conversion from NMR spectroscopy) were 

used to obtain better quality scattering data.  A representative plot of the diameter 

distributions in solution as measured at 90° is given in Figure 2.8a, where the closed 

squares represent Poly1n=230 and the open circles represent Poly1(Am)n=230.  Although 

several relaxation times were observed for each polymer, only one significant size 

population existed for both Poly1n=230 and Poly1(Am)n=230, where the diameters 

corresponding to the peak maxima were 10 nm and 24 nm, respectively.   
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Figure 2.8: Dynamic light scattering data from Poly1n=230 and Poly1(Am)n=230 in 0.1 M 

NaBr, where (■) represent the cationic imide form and (○) represent the ring-opened 

zwitterionic form.  (a) Representative diameter distributions at 90° by number weight, with 

peak maxima observed at approximately 10 and 24 nm for Poly1n=230 and Poly1(Am)n=230, 

respectively.  (b) Γ vs. q2 plots.   

 

For a more robust analysis of the polymers’ behavior in solution, Γ vs. q2 plots 

(Figure 2.8b) were generated.  The linear fits of the slopes gave the diffusion coefficients 

D = 3.64 x 10-14 and 1.59 x 10-14 m2/ms for Poly1n=230 and Poly1(Am)n=230, respectively.2  

The hydrodynamic radii (Rh) were then calculated by the Stokes-Einstein equation2 to be 
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5.6 and 11 nm for Poly1n=230 and Poly1(Am)n=230, respectively.  These Rh values are 

reasonable based on those calculated for other water-soluble polymers with oxanorbornene 

backbones and comparable molecular weights.1,9  The single population for each polymer 

implies that the polymers are molecularly dissolved in solution.  Likewise, calculated 

hydrodynamic radii on the order of nanometers implies that the species in solution are 

polymer chains and not large aggregates.  At this ionic strength, it was expected that the 

charges on the zwitterionic polymer were screened such that the polymer took on an 

extended chain conformation due to decreased inter- and intramolecular interactions.5,6,9  

Thus, the diameter of Poly1(Am) was greater than that of Poly1, which would be expected 

to slightly shrink in an electrolyte solution due to the polyelectrolyte effect. 

2.5 Amine-catalyzed ring-opening  

In an analogous reaction to that discussed above, primary amines were found to 

catalyze the ring-opening reaction as well.  Based on NMR studies with monomer 1 and n-

butylamine in D2O, ring-opening which formed a carboxylic acid and amide arm occurred 

when the amine was reacted with excess or stoichiometric amounts of monomer due to the 

change in pH (Figure 2.9).  This reaction occurred quickly, within the time it took to 

prepare an NMR sample.  Conversion to the ring-opened form increased linearly as the 

ratio of monomer to amine increased, with a slight excess of amine necessary for full 

conversion.  The pKa of n-butylamine is 10.59, making it weakly basic.16   When other 

amines such as isopropylamine (pKa = 10.63) and benzylamine (pKa = 9.34) were used, a 

decrease in reactivity was observed with increasing acidity.17  At a ratio of 3:4 

[amine]:[monomer], for instance, n-butylamine resulted in 70% conversion, whereas 

isopropylamine and benzylamine resulted in 60% and 50% conversion, respectively.  This 
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trend of instantaneous conversion followed with basicity of the amine, as expected.  All 

amines behaved similarly when the system was allowed to react for longer time periods 

(up to 24 hours), suggesting that the basicity of the amine mostly affected the rate of 

reaction.  It was found that while both aliphatic and aromatic amines could induce ring-

opening, deactivated amines such as 1H,1H-perfluorooctylamine would not react, even at 

extended reaction times and with the addition of heat.   

 

Figure 2.9: Effect of primary amine on the conversion to the ring-opened form of 1 as a 

function of the initial ratio of reactants.  Conversion was calculated by 1H NMR 

spectroscopy. 

2.5.1 Characterization of Poly2 

When a several-fold excess of amine was used, the imide was converted to two 

amide groups where the amine was incorporated into the monomer as a secondary side 

chain, for example in Poly2(dAm) (Figure 2.2).  This reaction opened up a new synthetic 

avenue for post-polymerization functionalization.  Ring-opening the imide monomer 

provided a facile method to obtain diamide monomers, a feat which is challenging with 
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other synthetic methods due to side reactions.  More problematic was the inability of the 

diamide monomers to be readily polymerized by Grubbs’ catalysts.  The amide linkage for 

functional groups is desirable due to its increased stability over ester groups under aqueous 

conditions, as well as the potential for hydrogen bonding.  Ring-opening of the substituted 

imide post-polymerization allowed for well-defined diamide polymers to be synthesized.   

To demonstrate the range of this reaction, the hydrophobic Poly2 with an aromatic 

side chain was used as a model system.  The imide precursor polymer was fully dissolved 

in a minimum amount of THF and an equal volume of n-butylamine was added.  Water 

was then added dropwise in equal volume.  Again, the reaction was fast and quantitative, 

with full conversion in a matter of minutes.  In the case of volatile amines like butylamine, 

the polymer could be recovered by evaporating off the solvent, otherwise the polymer was 

recovered by precipitation.  IR spectra of reactant Poly2 (black line) and product 

Poly2(dAm) (blue line) are given in Figure 2.10.  The imide carbonyl stretching resonance, 

marked with the dotted vertical line, was prominent in the spectrum of Poly2.  Peaks 

corresponding to the amide groups appeared at 1649 and 3293 cm-1 in the spectrum of 

Poly2(dAm) while the peak at 1707 cm-1 had disappeared, indicating complete 

consumption of the imide groups along the polymer backbone.  A sharp peak at 2931 cm-1 

corresponding to a new alkyl side chain also appeared.  No acid resonance was observed, 

which implied that each repeat unit had been converted to the diamide form as opposed to 

the amide/acid form.        
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Figure 2.10: Characterization of the conversion from Poly2n=20 to Poly2(dAm)n=20 by n-

butylamine.  (a) FT-IR spectra (b) GPC traces for Poly2n=20 (black line) and 

Poly2(dAm)n=20 (blue line).  GPC traces were obtained in DMF with 0.01 M LiCl as the 

eluent, relative to PMMA standards. 

 

Previous attempts at polymerizing these diamide oxanobornene monomers yielded 

either oligomers or poorly controlled polymers; however, the GPC traces for Poly2n=20 and 

Poly2(dAm)n=20 in Fig. 6b show that both the imide precursor polymer and the diamide 

product were monomodal with low polydispersities (PDI < 1.1).  The longer retention time 
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of Poly2(dAm)n=20 corresponds to the increased molecular weight due to the incorporation 

of the butyl group.  Clearly, the well-defined nature of Poly2 was preserved during the 

ring-opening reaction, demonstrating the efficacy of this reaction as a post-polymerization 

functionalization method.  It should be noted that while Poly2 was freely soluble in 

chloroform, THF, and other organic solvents, Poly2(dAm) was only fully soluble in DMF.  

In fact, Poly2(dAm) would form a cloudy emulsion with water at high dilutions.  The 

polymer then aggregated upon the addition of guanidine hydrochloride, possibly indicating 

that hydrogen bonding between the amide groups is responsible for the polymer’s 

decreased solubility in organics. 

2.6 Characterization of Unsubstituted Imide Poly7 Ring-opening  

In Table 2.1, a notable exception among the monomers was clear: the unsubstituted 

oxanorbornene imide 7 (R=H) did not ring-open under basic hydroxide or amine 

conditions.  When first placed in 0.1 M NaOD, the monomer was initially insoluble.  After 

approximately 10 minutes a clear, homogeneous solution was obtained; however, there was 

no evidence in the NMR spectra of ring-opening.  No ring-opening was observed when the 

reaction time and the base concentration of the solution (up to 1.0 M NaOH) was further 

increased.  Based on the monomer’s gradual dissolution in aqueous media, it was thought 

that the imide was deprotonated under basic conditions.  The pKa of succinimide is near 

9,17 so monomer 7 was assumed to be weakly acidic as well, and thus deprotonated under 

these reaction conditions where the pH of the sodium hydroxide solution was 

approximately 11.  After deprotonation, the increased delocalized electron density across 

the imide group could be expected to greatly decrease its electrophilicity, thereby inhibiting 

ring-opening. 
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Figure 2.11: Ring-opening reaction of poly(oxanorbornene imide) Poly7 in the presence 

of sodium hydroxide.  (a) Reaction scheme and structures showing the progression from 

the imide form (black) to partial ring-opening (red) to full conversion to the amide and 

carboxylate groups (blue) after exposure to 0.1 M NaOH; (b) FT-IR spectra of Poly7 

showing the ring-opening reaction progression.  Dotted vertical line indicates characteristic 

imide resonance at 1707 cm-1. 

 

To our surprise, however, Poly7 ring-opened after polymerization (Figure 2.11).  

Due to the general insolubility of Poly7 in many organic solvents, only a short polymer 

(DP = 10) was synthesized as a model to aid in characterization.  Even at low molecular 

weights, Poly7 was only partially insoluble in both NaOD solutions and DMSO/NaOD 

solutions, so in situ NMR characterization was inconclusive.  The isolated polymer after 

ring-opening was largely insoluble in polar organic and aqueous solvents as well, so in this 

case the most powerful characterization method was IR spectroscopy.  It was found that 
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when Poly7n=10 was stirred in a dilute solution of 0.1 M NaOH for one hour, a portion of 

its imide groups had ring-opened (Figure 2.11a), and after 24 hours all imide groups had 

been consumed.   

Figure 2.11b shows the reaction progression as monitored by IR spectroscopy, 

where the black line represented Poly7n=10 as-prepared, the red line after 1 hour in NaOH, 

and the blue line after 24 hours.  The dotted vertical line highlights the characteristic imide 

peak at 1707 cm-1, which weakened after 1 hour and disappeared after 24 hours.  After 24 

hours, peaks at 1576, 1669, and 3339 cm-1 indicated the presence of amide and carboxylate 

groups in the product, as expected from the ring-opening reaction.  The broadness of the 

peak from 2900 to 3700 cm-1 suggests the presence of hydrogen bonding or retained water 

within the sample.  Conversion of the imide repeat units to the ring-opened forms was 

considered to be quantitative within the resolution of the spectra.   

Ring strain was ruled out as the dominant driving force behind the ring-opening of 

Poly7, because the imide ring-opened after polymerization where ring strain was assumed 

to be less than in the monomer.  Unfortunately, the limited solubility of Poly7 also made it 

extremely difficult to quantitatively measure the pKa and other solution properties of the 

polymer before or after ring-opening.  While monomer 7 was freely soluble in a range of 

polar and chlorinated solvents including acetone and dichloromethane, Poly7 was only 

soluble in DMSO and DMF; after ring-opening, the polymer was only partially soluble in 

DMSO, DMF and an organic/aqueous mixture.  It is known that polymerization of an acidic 

monomer results in an increase of the acidic group’s pKa, such as in the case of acrylic 

acid and poly(acrylic acid).7   The titration of a similarly acidic, oxanorbornene diacid 

polymer had demonstrated the same phenomenon, where the pKa increased from 5.3 to 6.1 
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for the monomer and polymer, respectively.7  The acidity of the imide group was thus 

expected to decrease after polymerization as well.  It is feasible that the increased basicity 

of the imide proton increased the electrophilicity of the carbonyl groups and/or decreased 

the likelihood of deprotonation, both of which would make the imide more susceptible to 

nucleophilic attack and subsequent ring-opening.  While it was interesting that Poly7 but 

not monomer 7 ring-opened, the resulting polymer’s insolubility in both aqueous and 

organic solutions limits many potential applications. 

2.7 Experimental Procedures 

2.7.1 Materials  

All reagents were purchased from either Sigma-Aldrich, Alfa Aesar, Acros 

Organics or Fisher Scientific in the highest purity available and used as received, unless 

otherwise noted.  1,3-dinitrobenzene was obtained from Avocado Research Chemicals 

and used as received.  Sodium deuteroxide (40 wt % in deuterium oxide) was purchased 

from Cambridge Isotopes.  Tetrahydrofuran (THF, Fisher Scientific, HPLC grade) was 

distilled from sodium/benzophenone under nitrogen and dichloromethane (CH2Cl2, Fisher 

Scientific, ACS grade) was distilled from CaH2 under nitrogen immediately prior to use.  

2,2,2-trifluoroethanol (TFE, 99+%) was purchased from Alfa Aesar and used as received.  

Grubbs’ 3rd generation catalyst (G3) was synthesized according to a previously published 

procedure.19  Spectra/Por® 6 dialysis membranes were purchased from Spectrum 

Medical Industries.   

2.7.2 Instrumentation and methodology   
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Nuclear magnetic resonance (NMR) spectra were obtained on a Bruker DPX-300 

NMR spectrometer.  Abbreviations for assignments are as follows: s: singlet; t: triplet; q: 

quartet; m: multiplet; comp: overlapping non-equivalent peaks; br: broad. 

Mass spectral data were obtained at the University of Massachusetts, Mass 

Spectrometry Facility from a JEOL JMS 700 instrument (JEOL, Peabody, MA). 

Gel permeation chromatography (GPC) traces in 2,2,2-trifluoroethanol (TFE) 

were obtained on an Agilent 1260 series system with a refractive index detector.  A HFIP 

gel guard column (7 mm x 50 mm) and 3 HFIP gel columns (7mm x 300 mm) were 

connected in series.  The columns were incubated at 40 °C.  TFE with 20 mM NaTFA 

was used as the eluent at a flow rate of 1.0 mL/min.  Methanol was used as the flow 

marker.  Molecular weight was calculated relative to poly(methyl methacrylate) 

standards. 

GPC traces in N,N-dimethylformamide (DMF) were obtained using a Polymer 

Laboratories PL-GPC50 instrument with two 5 mm mixed-D columns, a 5 mm guard 

column, and a Knauer RI detector.  DMF with 0.01 M LiCl was used as the eluent at a 

flow rate of 1.0 mL/min.  The system was calibrated against poly(methyl methacrylate), 

with toluene as the flow marker. 

Fourier transform infrared (FT-IR) spectra were recorded by a PerkinElmer 

Spectrum 100 spectrometer with a universal ATR sampling accessory and ZnSe crystal. 

Dynamic light scattering data was obtained on a Brookhaven BI-200 SM research 

goniometer system, equipped with an argon laser (λ = 637 nm) and a photomultiplier 

detector, with a TurboCorr digital correlator for signal processing.  BI-DLSW control 

software was supplied by the manufacturer.  Polymer samples were prepared by stirring 
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the purified polymers in 0.1 M NaBr for 72 hours, then filtering through a 0.45 μm PES 

Restek syringe filter immediately prior to analysis.  Samples were measured at four 

angles: 45°, 60°, 90°, and 120°.    

2.7.3 Synthesis  

2.7.3.1 Monomer synthesis  

Oxanorbornene imide-based monomers were synthesized according to previously 

published procedures.  1: ref. 3; 2: ref. 19; 3: ref. 1; 4: ref. 8; 5: ref. 20; 6: ref. 19; 7: ref. 

21.  

2.7.3.2 General polymerization procedures  

Charged monomers 1, 3: Monomer (1 or 3) and G3 were weighed into separate 

clean, dry Schlenk flasks under N2.  The monomer was then dissolved in 3 mL 2,2,2-

trifluoroethanol and the catalyst was dissolved in 2 mL dry CH2Cl2.  Both solutions were 

subjected to 3 freeze-pump-thaw cycles and warmed to room temperature.  Using a 

nitrogen-purged syringe, the monomer solution was added to the catalyst solution.  The 

polymerization was allowed to proceed for 30 minutes at room temperature under N2.  To 

quench the reaction, 1.5 mL ethyl vinyl ether was added and the solution was stirred for 

an additional hour.  The polymer was then precipitated out into anhydrous diethyl ether, 

isolated by vacuum filtration and dried under high vacuum overnight.  Yields were 

greater than 90% for all polymers.  

Uncharged monomers 2, 4-7: Monomer (2, 4-7) (0.3 g, 0.83 mmol, 30 

equivalents) and G3 (0.024 g, 0.028 mmol, 1 equivalent) weighed into separate clean, dry 

Schlenk flasks under N2.  The monomer and catalyst were then dissolved in dissolved in 

2 mL dry CH2Cl2 each.  Both solutions were subjected to 3 freeze-pump-thaw cycles and 
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warmed to room temperature.  Using a nitrogen-purged syringe, the monomer solution 

was added to the catalyst solution.  The polymerization was allowed to proceed for 30 

minutes at room temperature under N2.  To quench the reaction, 1.5 mL ethyl vinyl ether 

was added and the solution was stirred for an additional hour.  The polymer was then 

precipitated out into anhydrous diethyl ether, isolated by vacuum filtration and dried 

under high vacuum overnight.  Yields were greater than 90% for all polymers.  

2.7.3.3 General ring-opening procedures 

Sodium hydroxide ring-opening NMR experimental procedure: 0.1 M sodium 

deuteroxide (NaOD) was prepared by serially diluting stock sodium deuteroxide as 

purchased.  Monomer or polymer at a concentration of 10.0 mg/mL was allowed to fully 

dissolve in the NMR solvent.  Spectra were collected immediately after dissolution. 

Synthesis of Poly1(Am):  Approximately 0.1 g polymer was dissolved in 20 mL 

0.1 M NaOH and allowed to stir for 1 hour.  The solution was then dialyzed against RO 

water (MWCO = 2000 Da or 8000 Da) until the conductivity of the water reached 0.1 μS.  

Polymer was isolated as a white powder by lyophilization. 

Synthesis of 2(dAm): 0.1 g of 1 was dissolved in a minimum amount of 1:1 

THF:n-butylamine.  An equal volume of water was then added dropwise.  Within several 

minutes, an off-white precipitate had formed.  The reaction was allowed to stir overnight.  

The precipitate was filtered, washed with excess water and THF, and dried overnight 

under vacuum. 

Synthesis of Poly2(dAm): Approximately 0.1 g polymer was dissolved in 10 mL 

THF, then 5 mL n-butylamine was added.  Dropwise, 5 mL water was added to the 

vigorously stirring solution.  The homogenous reaction was allowed to stir for 1 hour, 
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then the organic solvents were removed under reduced pressure.  Excess water was added 

to precipitate out the polymer.  The polymer was filtered, washed with excess THF, and 

dried overnight under vacuum.  In cases where an emulsion formed (lower molecular 

weights), the product was isolated by centrifugation.   

2.7.4 Characterization 

Poly1: 1H NMR (300MHz, D2O): δ (ppm) = 3.10 (br, 9H), 3.45 br, 2H), 3.52 (br, 2H), 

3.59 (s, 3H, CH3SO4
-), 3.87 (br, 2H), 4.57 (br, 1H), 4.92 (br, 1H), 5.81 (br, 1H), 6.01 (br, 

1H).  

Poly2: 1H NMR (300MHz, DMSO-d6): δ (ppm) = 3.47 (br, 2H, -CH-C=O), 4.46 (br m, 

3H, -CH2-(C6H5) and -C-CH-O-), 4.85 (br, 1H, -C-CH-O-), 5.72 (br, 1H, -CH=CH-), 

5.95 (br, 1H, -CH=CH-), 7.25 (br, 5H, -CH2-(C6H5)).    

Poly1(Am): 1H NMR (300MHz, 0.1 M NaOD): δ (ppm) = 2.88 (br, 2H), 3.04 (br, 9H), 

3.31 (br, 2H), 3.49 (br, 2H), 3.61 (s, 3H, CH3SO4
-), 4.59 (br, 1H), 4.98 (br, 1H), 5.49 (br, 

1H), 5.74 (br, 1H).    

2(dAm): 1H NMR (300MHz, DMSO-d6): δ (ppm) = 0.83 (m, 3H, -CH2-CH2-CH2-CH3), 

1.26 (m, 4H, -CH2-CH2-CH2-CH3), 2.55 (d, 1H, –CH-C=O), 2.62 (d, 1H, –CH-C=O), 

2.93 (m, 2H, -CH2-CH2-CH2-CH3), 4.16 (m, 1H, -CH2-(C6H5)), 4.27 (m, 1H, -CH2-

(C6H5)), 5.00 (s, 1H, -C-CH-O-), 5.05 (s, 1H, -C-CH-O-), 6.45 (br, 2H, -CH=CH-), 7.17 

(t, J = 5.46 Hz, 1H, -(C=O)-NH-), 7.27 (br, 5H, -CH2-(C6H5)), 7.73 (t, J  = 5.65, 1H, -

(C=O)-NH-). 

Poly2(dAm): 1H NMR (300MHz, DMSO-d6): δ (ppm) = 0.80 (br, 3H, -CH2-CH2-CH2-

CH3), 1.24 (br, 4H, -CH2-CH2-CH2-CH3), 2.93 (m, 4H, -CH2-CH2-CH2-CH3 and –CH-

C=O), 4.21 (br, 2H, -CH2-(C6H5)), 4.62 (br, 1H, -C-CH-O-), 5.03 (br, 1H, -C-CH-O-), 5.51 
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(br, 1H, -CH=CH-), 5.71 (br, 1H, -CH=CH-), 7.24 (br, 5H, -CH2-(C6H5)), 7.52 (m, 1H, -

(C=O)-NH-), 8.09 (m, 1H, -(C=O)-NH-). 

2.8 Conclusions 

Poly(oxanorbornene imide)s are popular synthetic platforms for ROMP polymers, 

due to their modular nature, facile and controlled polymerization, and stability.  Previously 

it had been observed that the imide would ring-open when exposed to an aqueous sodium 

hydroxide solution.  It was shown here that all N-substituted oxanorbornene imides ring-

opened in the presence of a base.  Either sodium hydroxide or organic primary amines 

could catalyze this reaction.  When an excess of amine was used, a diamide structure was 

formed, where the amine incorporated itself into the polymer as a new side chain.  

Consequently, poly(oxanorbornene imide)s could be functionalized post-polymerization to 

incorporate carboxylate and amide groups into the polymer.  The quantitative nature and 

short time scale of the ring-opening made these reactions attractive alternatives to other 

post-polymerization functionalization methods.  We proved that the resulting polymers 

maintained their well-defined molecular weight distributions and low PDIs.  It was further 

envisioned that these post-polymerization functionalization reactions can be used to create 

many novel polymeric materials. 
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CHAPTER 3 

SYNTHESIS OF POLYBETAINES BY RING-OPENING METATHESIS 

POLYMERIZATION 

3.1 Introduction 

 In this chapter, the synthesis of a library of novel oxanorbornene imide-based 

polybetaines is discussed.  A ROMP-based platform was initially chosen because of its 

demonstrated ability to tolerate charged groups and the controlled structure of the 

resulting polymers.1-4  The modular nature of the oxanorbornene imide monomer allowed 

for easy incorporation of a wide variety of zwitterionic chemistries into the same polymer 

backbone.  Two broad classes of zwitterions were designed and synthesized: linear 

betaines and dual-functional betaines, both of which contained quaternary amines as the 

cationic group.  The linear betaines encompassed the Carboxy(ZI) and Sulfo(ZI) series, 

which contained carboxylate and sulfonate anions, respectively.  The dual-functional 

betaines were obtained by the ring-opening reaction described in Chapter 2.  A cationic 

precursor was converted to a betaine by treating the polymer with sodium hydroxide to 

form the anionic carboxylate group.  The C1(ZI) dual-functional series contained a 

quaternary ammonium group while the alkyl chain between the cationic group and the 

backbone was increased from an ethyl to a hexyl group.  Enabled by the unique dual-

functional chemistry afforded by the imide backbone, a series of amphiphilic betaines 

(Amph(ZI)) was synthesized that contained a range of hydrocarbon and fluorinated 

hydrophobes.  The controlled nature of these unique molecules’ polymerization by 

Grubbs’ 3rd generation catalyst was also confirmed.  This chapter lays the synthetic 
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groundwork for foundational polybetaines that will be studied in subsequent chapters as 

nonfouling materials.     

3.2 General Approach   

Despite the breadth of literature that exists for polyzwitterions from radical 

polymerization techniques, most (methy)acrylate/acrylamide-based zwitterionic 

chemistry lacks structural diversity.5,6  Based on our knowledge of oxanorbornene-based 

polymers and ROMP (Chapter 2), we saw an opportunity to synthesize a wide range of 

structurally diverse polybetaines by utilizing this polymer chemistry.  ROMP is known to 

be largely tolerant of charged functional groups and thus well-defined polymers could be 

obtained under relatively mild reaction conditions.1-4  Norbornene-based monomers that 

incorporate a range of charged side chain chemistries are also relatively easy to 

synthesize.7,8  The oxanorbornene imide backbone was of particular interest.  As 

discussed in Chapter 2, the imide ring-opened under strongly basic conditions, which 

allowed for the creation of dual-functional zwitterions.  These betaines contained a 

carboxylate group, formed when the imide group ring-opened after treatment with 

sodium hydroxide, and a quaternary amine that carried an additional functional group.   

Previously, oxanorbornene-based sulfobetaines and carboxybetaines had been 

synthesized and tested as potential nonfouling coatings.7  Novel dual-functional 

oxanorbornene-based polybetaines containing hydrophilic, hydrophobic and lipophobic 

(fluorinated) side chains were synthesized as well.8  These polymers served as 

foundational materials by allowing for tunable hydrophilicity and oleophobicity, 

properties that have traditionally been thought of as the largest contributors to nonfouling 

performance.  Based on the promising nonfouling properties of the initial oxanorbornene-
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based polybetaines and the ease with which a library of polymers could be generated, we 

looked to expand upon the available zwitterionic chemistries.  

 

Figure 3.1. Synthesis of cationic precursor and zwitterionic oxanorbornene imide-based 

monomers.  (a) (i) N,N-dimethylalkyldiamine, methanol/tetrahydrofuran, 60 °C (1 hour) to 

50 °C, overnight; (ii) dimethylsulfate, tetrahydrofuran, 0 °C to room temperature, 4 hours; 

(b) (i) N,N-dimethylethylenediamine, methanol/tetrahydrofuran, 60 °C (1 hour) to 50 °C, 

overnight; (ii) R-X, tetrahydrofuran or acetronitrile, 50 °C, 48 hours.  

 

The synthetic procedures to obtain the monomers discussed hereafter are outlined 

in Figure 3.1.  In the nomenclature used from here onward, C1, Carboxy, Sulfo and 

Amph refer to the dual-functional methyl, carboxybetaine, sulfobetaine and dual-

functional amphiphilic series respectively; (+) denotes the cationic precursor form of the 

dual-functional and carboxybetaine monomers and polymers; (ZI) denotes the 

zwitterionic monomers and polymers; and the prefix P denotes the final polymer form. 

All monomers began with a common building block, the Diels-Alder adduct exo 

oxanorbornene anhydride 1 (Figure 3.1a).  The exo isomer was necessary to achieve fast 

reaction times, quantitative conversion and controlled molecular weights during 

polymerization with Grubbs’ 3rd generation catalyst.  From there, a simple condensation 



60 

reaction with the appropriate N,N-dimethylalkyldiamine gave the tertiary amine-

functionalized 2.  The alkyl spacer separating the imide group and the tertiary amine was 

varied from 2 to 6 carbons, based on the commercial availability of the amine reagents.  

The simplest cationic monomer could then be obtained by quaternizing the tertiary amine 

with dimethylsulfate.  Linear betaine (Carboxy and Sulfo) and amphiphilic dual-

functional (Amph) monomers were obtained by reacted 2a with the appropriate 

electrophile (Figure 3.1b).   

3.3 Monomer Synthesis 

3.3.1 Hydrophilic Dual-functional and Linear betaines 

The C1 series was obtained by condensation reaction between an anhydride and a 

diamine.1  Alternatively, 2 could be obtained by a Mitsunobu reaction between exo 

oxanorbornene imide and a (dimethylamino)alcohol.4  While these reactions are often 

high yielding, the stoichiometric amounts of triphenylphosphine and DIAD are difficult 

to remove from the final product.9  Furthermore, when a Mitsunobu reaction was 

attempted between exo oxanorbornene imide and 4-(dimethylamino)butanol, no expected 

product was obtained.  Instead, an intramolecular reaction occurred within the 4-

(dimethylamino)butanol to form a cyclic amine.  While the condensation reactions were 

near-quantitative, yields were typically low due to the aqueous work-up for C1(+)b-e.  

The exception was C1(+)a, which could be easily recrystallized to give a 50% or greater 

yield.   
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Table 3.1: Summary of linear betaine structures. 

 

As mentioned before, however, this chemical platform was so attractive because 

of its versatility.  Any number of electrophiles could be used to quaternize the tertiary 

amine group, resulting in a variety of R groups (Figure 3.1b).  Most of these monomers 

were obtained under similar conditions, where the cationic or zwitterionic product 

precipitated out of organic solvent for easy purification.  For simplicity’s sake, when R ≠ 

CH3, n was held constant at 2 carbons, or an ethylene spacer (2a).  Table 3.1 presents the 

full range of side chain chemistries that were incorporated into the carboxybetaine and 

sulfobetaine monomers.  In the case of these linear zwitterions, the alkyl spacers between 

the quaternary amines and the anionic carboxylate or sulfonate groups were varied from 1 

to 5 and 3 to 4 carbons, respectively.   In addition to creating a library of various 

zwitterions, the C1, Carboxy, and Sulfo series would later allow us to study the effect of 

intercharge distance (the distance between positive and negative charges within the 

zwitterionic functional group) on the nonfouling properties of these polymers.   

Polymer R X n

Carboxy(+)a-e Br 1-5

Sulfo(ZI)a-b N/A 1-2
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Figure 3.2: Synthesis of linear carboxy- and sulfobetaines: (a) (i) THF, 50 °C, 48 hours; 

(ii) THF, room temperature, overnight; (iii) 5.0 M HCl (aq), 30 minutes; (b) (i) acetonitrile, 

1 wt % 1,3-dinitrobenzene, 50 °C, 48 hours.    

 

Ruthenium-based catalysts are often incompatible with the carboxylate anion as it 

can complex with the catalyst and arrest polymerization.10,11  To avoid this problem, the 

Carboxy series was synthesized in a cationic, protected form (Figure 3.2a).  Alkylation 

was achieved by nucleophilic substitution with tert-butyl bromoalkanates.  Post-

polymerization, the tert-butyl protecting group was quantitatively cleaved under acidic 

conditions, which could be confirmed by IR spectroscopy (Figure 3.3).4  For the 2-carbon 

tert-butyl 3-bromopropionate, β-hydride elimination in the presence of weakly basic 2 to 

form an alkene was the dominant reaction and no desired product formed.  In this case, a 

previously reported method2 was employed to synthesize C(+)b.  First, β-propiolactone 
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was ring-opened by 2, and then the resulting zwitterionic monomer was fully protonated 

under acidic conditions to ensure the cationic nature of the monomer.  It was observed 

that the carboxybetaine monomers with longer alkyl chains exhibited similar solubility to 

the tertiary amine starting material and lower melting temperatures, making them difficult 

to isolate and purify.  A 5-carbon spacer was found to be the longest chain that still 

yielded pure monomer using straightforward purification methods.  Sulfobetaines are 

most easily obtained by the ring-opening of a sultone, of which propyl and butyl isomers 

are commercially available (Figure 3.2b).  The sulfonate anion is fully compatible with 

Grubbs’ catalysts and thus the monomers could be polymerized in the zwitterionic form 

without the need for post-polymerization modification. 

 

Figure 3.3: Representative FT-IR spectra of the cationic precursor Carboxy(+) and the 

deprotected zwitterionic Carboxy(ZI) monomers. 
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3.3.2 Amphiphilic dual-functional betaines 

 The versatility of this synthetic platform was perhaps best represented by the 

amphiphilic series, Amph(+)a-l.  Amphiphilic materials contain both hydrophilic and 

hydrophobic (or lipophobic) moieties; these materials could be achieved here by 

choosing hydrophobic R groups.  Amph(+)a,b and j were previously reported.1,7,8  The 

full set of hydrophobic substituents are shown in Table 3.2.  Relative hydrophilicity, or 

hydrophobicity, is known to play a role in nonfouling properties,12,13 therefore it was 

advantageous to study both the effect of increasing hydrophobicity as well as the nature 

of the hydrophobic group.  This was first done by extending the length of an alkyl R 

group from methyl (C1(+)) to propyl (Amph(+)a) to octyl (Amph(+)b).  Aromatic 

groups are seen in biologically relevant amphiphilic materials such as amino acids and 

(SM)AMPs,14 so a subset of the amphiphilic series was synthesized to contain benzyl 

(Amph(+)c), 3-methylbenzyl (Amph(+)d)), and 3,5-dimethylbenzyl (Amph(+)e) 

substituents.   
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Table 3.2: Summary of amphiphilic dual-functional betaine structures. 

 

 Fluorinated materials exhibit unique properties compared to their hydrocarbon 

counterparts, including exceptionally low surface energy.13,15  Many amphiphilic 

nonfouling materials have incorporated fluorine into their chemistries in unique ways, 

including hyperbranched polymers and perfluorinated networks. Due to limited solubility 

and challenging synthesis of fluorinated molecules, however, it can be difficult to 

systematically study to effects of fluorine in amphiphilic materials.  To overcome these 

issues, a series of fluoro-substituted benzyl R groups were chosen, where both the 

position and amount of fluorine around the benzyl group could be easily varied with 

Polymer R X Polymer R X

Amph(+)a Br Amph(+)g OTs

Amph(+)b Br Amph(+)h OTs

Amph(+)c OTs Amph(+)i OTs

Amph(+)d OTs Amph(+)j OTf

Amph(+)e OTs Amph(+)k OTf

Amph(+)f OTs Amph(+)l OTs
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commercially available reagents (Amph(+)f-i).  These fluorinated monomers also had 

direct hydrocarbon controls in Amph(+)c-d.  Finally, perfluorinated alkyl (Amph(+)j), 

ether (Amph(+)k), and benzyl (Amph(+)l) groups were also incorporated into the 

oxanorbornene platform as analogues to many of the perfluorinated groups found in the 

nonfouling literature. 

 

Figure 3.4: Synthesis of hydrophobe precursors.  (a) (i) 4-toluenesulfonyl chloride, 

triethylamine, THF, 0 °C – room temperature, 3 hours; (b) trifluoromethanesulfonic 

anhydride, pyridine, DCM/dioxane, 30 minutes. 

 

 To synthesize the amphiphilic series, 2a was again reacted with hydrophobes of 

the general form R-X at 50 °C for approximately 36 hours.  For Amph(+)a and 

Amph(+)b, bromoalkanes were used.  Yields were relatively low for these monomers, 

~40%, due to the lower reactivity of the bromo leaving groups.  To keep the same 

conditions for the benzyl series, Amph(+)c-i,l, the commercially available alcohols were 

purchased and converted to tosyl groups, which were then reacted with 2a (Figure 3.4a).  

Interestingly, it was previously found that bromo and tosyl leaving groups were 

ineffectual for the perfluoroalkane moiety, most likely due to fluorine’s strong electron-
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withdrawing behavior.  Thus, the perfluoroalkane and perfluoroether alcohols were 

converted to triflate groups as shown in Figure 3.4b16 and then reacted with 2a.  In the 

case of the tosyl and triflate reagents, yields of the resulting monomers were in the range 

of 80-90%.   

The majority of the amphiphilic monomers precipitated out of either THF or 

diethyl ether as fine, off-white powders and were easily isolated by filtration.  Two of the 

monomers, however, behaved differently during the purification process.  Amph(+)k 

could be precipitated out into diethyl ether from acetonitrile, but as a foaming solid 

instead of a powder.  The monomer could be obtained in a more usable form after slow 

precipitation out of methanol.  In this case, the fluid nature of the perfluoroether tail 

appeared to determine the physical properties of the final monomer. 

Amph(+)i was unique in that it did not precipitate out of THF or diethyl ether, 

either at 50 °C or room temperature.  Instead, it appeared to act as a molecular gelator in 

these solvents.  After approximately 12 hours, the reaction in THF went from a clear, 

homogenous, freely flowing solution to a gelatinous solid.  The gelled mixture could be 

redissolved in methanol or TFE, showing that the gel was physically and not chemically 

crosslinked.  The monomer was ultimately purified by recrystallization from a 

TFE/diethyl ether mixture.  While this monomer’s behavior was puzzling, the strongly 

electron-withdrawing bis(trifluoromethyl) substituents were previously shown to 

influence the electronic properties of a similar oxanorbornene monomer.17  Molecular 

gelators are sensitive to structural changes, and the relationship between structure and 

gelation properties is often complex.18  Some sort of molecular interaction is required to 

drive the assembly though, and it is plausible that the electron-deficient benzyl 
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substituent in conjunction with the cationic group and hydrophobic norbornene moiety all 

contribute to a system where self-assembly can occur.            

Many amphiphilic materials are characterized by ill-defined, heterogeneous 

structures, which makes it difficult to define structure-property relationships especially 

for nonfouling applications.13  The amphiphilic monomers described above are 

advantageous because of their well-defined structure.  The nature and position of the 

hydrophobic group was known in relation to the charged group based on the synthetic 

scheme and characterization techniques such as NMR spectroscopy.  Figure 3.5 shows 

representative 1H NMR and 19F NMR spectra of monomer Amph(+)h.  The proton 

spectrum corroborated the structure while the fluorine spectrum confirmed the presence 

and nature of the fluorinated groups in the molecule.   

 

Figure 3.5: Representative NMR spectra in MeOD-d4 of monomer Amph(+)h.  (a) 1H 

NMR and (b) 19F NMR spectra (TFA used as standard).  
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3.4 Polymer synthesis 

 

 

Figure 3.6: Representative polymerization conditions for the C1(+), Carboxy(+), 

Sulfo(ZI), and Amph(+) series: (i) Grubbs’ 3rd generation catalyst, TFE/CH2Cl2, room 

temperature, 15-35 minutes; (ii) ethyl vinyl ether, room temperature, 1 hour. 

  

Homopolymers of these monomers were obtained as shown in Figure 3.6.  

Grubbs’ 3rd generation catalyst was used due to its fast reaction kinetics, reasonable 

stability, and demonstrated compatibility with charged systems.1-4  Due to the limited 

solubility of charged and zwitterionic molecules, 2,2,2-trifluoroethanol (TFE) was used 

to solvate the monomers.  Previously TFE had been shown to be compatible with ROMP.  

Grubbs’ 3rd catalyst was dissolved in dichloromethane (CH2Cl2), a good solvent for the 

catalyst.  Quantitative conversion was achieved for all monomers, as verified by NMR 

spectroscopy, after 15 – 35 minutes based on the monomer.  All polymerizations were 

quenched with ethyl vinyl ether, per the established procedure.   
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Figure 3.7: Kinetics for the homopolymerizations by ROMP of monomer Amph(+)h, 

where [Amph(+)h]0 80 mM and [monomer]0:[catalyst]0 = 50:1. a.) Conversion as a 

function of time as calculated from 1H NMR spectra; b.) First-order time conversion with 

linear fit; c.) Representative GPC trace after 8 minutes (~70% conversion).  2,2,2-

trifluoroethanol + 0.1% NaTFA was used as the eluent, with molecular weights calculated 

relative to PMMA standards. 
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Previously, it was verified that the carboxybetaines and sulfobetaines, as well as 

certain amphiphilic hydrocarbon-containing monomers, polymerized in a controlled 

fashion by ROMP.  Similarly, it was confirmed here that the C1(+) and fluorinated 

Amph(+) series also resulted in controlled polymerizations.  As an example, the 

polymerization kinetics for Amph(+)h – an asymmetrically substituted, fluorinated 

monomer – are shown in Figure 3.7.  The targeted degree of polymerization was set at 50 

and the initial monomer concentration of monomer was 80 mM.  Figure 3.7a shows the 

monomer conversion as a function of time, which was calculated by 1H NMR 

spectroscopy from the ratio of monomer to polymer alkene peaks.  The monomer 

achieved quantitative conversion at 35 minutes and followed the expected timecourse.  

The ln[(M0)/(M)] vs. time plot (Figure 3.7b) exhibited approximately linear behavior, 

indicating that this monomer followed a first order time conversion and polymerized in a 

controlled manner.  A crude GPC trace in TFE (Figure 3.7c), taken when the 

polymerization had reached approximately 70% conversion, showed a symmetric 

distribution with minimal tailing and Ɖ ≈ 1.07.  Because of the problems inherent in GPC 

with charged polymers, and the massive differences in solution properties between the 

uncharged PMMA standards and our oxanorbornene-based polymers, an accurate 

molecular weight could not be calculated from this method.  Based on the monomers’ 

first order time conversions and low PDIs, it was confirmed that well-defined dual-

functional polymers were achieved by ROMP.   

3.5 Experiment Procedures 

3.5.1 Materials 
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All reagents were purchased from either Sigma-Aldrich, Alfa Aesar, Acros 

Organics, or Fisher Scientific in the highest purity available and used as received, unless 

otherwise noted. 4-(dimethylamino)butylamine, 5-(dimethylamino)amylamine, and 6-

(dimethylamino)hexylamine were purchased from Matrix Scientific and used as received.  

1,3-dinitrobenzene was obtained from Avocado Research Chemicals and used as 

received. 4-Bromobutanoic acid tert-butyl ester was purchased from Astatech, Inc. and 

used as received.  5-bromopentanoic acid tert-butyl ester and 6-bromohexanoic acid tert-

butyl ester were synthesized as described below.  Perfluoroether alcohol was purchased 

from Matrix Scientific and used as received.  Tetrahydrofuran (THF, Fisher Scientific, 

HPLC grade) was distilled from sodium/benzophenone under nitrogen and 

dichloromethane (CH2Cl2, Fisher Scientific, ACS grade) was distilled from CaH2 under 

nitrogen immediately prior to use.  2,2,2-trifluoroethanol (TFE, 99+%) was purchased 

from Alfa Aesar and used as received.  Grubbs’ 3rd generation catalyst (G3) was 

synthesized according to a previously reported procedure.19     

3.5.2 Instrumentation and methodology 

Nuclear magnetic resonance (NMR) spectra were obtained on a Bruker DPX-300 

NMR spectrometer.  Abbreviations for assignments are as follows: s: singlet; t: triplet; q: 

quartet; m: multiplet; comp: overlapping non-equivalent peaks; br: broad. 

Mass spectral data were obtained at the University of Massachusetts, Mass 

Spectrometry Facility from a JEOL JMS 700 instrument (JEOL, Peabody, MA). 

Gel permeation chromatography (GPC) traces were obtained on an Agilent 1260 

series system with a refractive index detector, and a HFIP gel guard column (7 mm x 50 

mm) and 3 HFIP gel columns (7mm x 300 mm) in series.  The columns were incubated at 
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40 °C.  2,2,2-trifluoroethanol with 20 mM NaTFA was used as the eluent at a flow rate of 

0.75 mL/min.  Methanol was used as the flow marker.  Molecular weight was calculated 

relative to poly(methyl methacrylate) standards. 

3.5.3 Synthesis and characterization 

exo-Oxanorbornene anhydride (1): was synthesized by a modified version of an 

established procedure.20  Maleic anhydride (50.0 g, 0.51 mol) and furan (37 mL, 0.51 

mol) were dissolved in 500 mL toluene.  The reaction solution was allowed to stir for 72 

hours, after which the precipitated exo product was isolated by filtration.  The product 

was washed several times with excess toluene followed by hexanes, and dried under 

vacuum overnight to give an off-white powder.  Yield and spectrographic data matched 

those reported in the literature. 

1H NMR (300 MHz, CDCl3): δ (ppm) = 3.2 (s, 2H, -CH-C=O), 5.48 (s, 2H, -C-CH-O-), 

6.6 (s, 2H, -CH=CH-).   

 

2a was synthesized according to a previously published procedure.1  Briefly, 1 

(15.24 g, 0.09 mol) was added to 300 mL of a 1:1 MeOH:THF solution at 60 °C.  After 

the solid had completely dissolved, N,N-dimethylethylenediamine (10 mL, 0.09 mol) was 

added drop-wise to the solution.  The reaction was then allowed to stir overnight at 50 

°C.  The excess solvent was removed under reduced pressure to yield a light yellow, 

waxy solid.  The final off-white, crystalline product was obtained after recrystallization 

from MeOH/hexanes (2:1).  Yield and spectrographic data matched those reported in the 

literature.   
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2b-e were synthesized using a modified version of the procedure outlined above.  

1 (1 equivalent) and the appropriate amine (1 equivalent: b: 3-

(dimethylamino)propylamine; c: 4-(dimethylamino)butylamine; d: 5-

(dimethylamino)amylamine; e: 6-(dimethylamino)hexylamine) were dissolved in 1:1 

MeOH:THF at 60 °C, then stirred overnight at 50 °C.  The solvent was evaporated off 

under reduced pressure, after which the yellow oil was taken up in chloroform and 

washed three times with saturated NaHCO3.  The organic layer was dried over Na2SO4 

and the excess solvent was removed by rotary evaporation.  The light yellow oil product 

was dried under high vacuum overnight and taken directly to the next step without further 

purification.  Yields: 20-40% 

 

2a: Data previously reported.1  1H NMR (300 MHz, CDCl3): δ (ppm) = 2.26 (s, 6H, -

N(CH3)2), 2.42 (t, J = 6.8 Hz, 2H, -CH2-CH2-N(CH3)2), 2.87 (s, 2H, -CH-C=O), 3.60 (t, J 

= 6.9 Hz, -CH2-CH2-N(CH3)2), 5.27 (s, 2H, -C-CH-O-), 6.52 (s, 2H, -CH=CH-). 

2b: 1H NMR (300 MHz, CDCl3): δ (ppm) = 1.72 (quintet, J  = 7.2 Hz, 2H, -CH2-CH2-

CH2-), 2.19 (s, 6H, -N(CH3)2), 2.26 (m, 2H, -CH2-CH2-CH2-), 2.83 (s, 2H, -CH-C=O), 

3.53 (t, J  = 7.2 Hz, 2H, -CH2-CH2-CH2-), 5.26 (s, 2H, -C-CH-O-), 6.51 (s, 2H, -

CH=CH). 

13C NMR (75 MHz, CDCl3): δ (ppm) = 25.60, 37.21, 45.34, 47.39, 56.72, 80.90, 136.54, 

176.27. 

2c: 1H NMR (300 MHz, CDCl3): δ (ppm) = 1.42 (m, 2H, -CH2-CH2-CH2-CH2-), 1.57 (m, 

2H, -CH2-CH2-CH2-CH2-), 2.18 (s, 6H, -N(CH3)2), 2.24 (m, 2H, -CH2-CH2-CH2-CH2-), 
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2.82 (s, 2H, -CH-C=O), 3.48 (t, J = 7.2 Hz, 2H, -CH2-CH2-CH2-CH2-), 5.24 (s, 2H, -C-

CH-O-), 6.50 (s, 2H, -CH=CH-). 

13C NMR (75 MHz, CDCl3): δ (ppm) = 24.69, 25.48, 38.78, 45.43, 47.36, 59.09, 80.88, 

136.52, 176.24. 

2d: 1H NMR (300 MHz, CDCl3): δ (ppm) = 1.30 (m, 2H, -CH2-CH2-CH2-CH2-CH2-), 

1.48 (m, 2H, -CH2-CH2-CH2-CH2-CH2-), 1.59 (m, 2H, -CH2-CH2-CH2-CH2-CH2-), 2.21 

(s, 6H, -N(CH3)2), 2.24 (m, 2H, -CH2-CH2-CH2-CH2-CH2-), 2.84 (s, 2H, CH-C=O), 3.48 

(t, J  = 7.4 Hz, 2H, -CH2-CH2-CH2-CH2-CH2-), 5.28 (s, 2H, -C-CH-O-), 6.52 (s, 2H, -

CH=CH-).   

13C NMR (75 MHz, CDCl3): δ (ppm) = 24.59, 27.17, 27.54, 38.91, 45.44, 47.38, 59.58, 

80.90, 136.54, 176.28. 

2e: 1H NMR (300 MHz, CDCl3): δ (ppm) = 1.30-1.56 (m, 8H, -CH2-CH2-CH2-CH2-CH2-

CH2-), 2.20 (s, 6H, -N(CH3)2), 2.22 (m, 2H, -CH2-CH2-CH2-CH2-CH2-CH2-), 2.83 (s, 2H, 

CH-C=O), 3.47 (t, J = 7.4 Hz, 2H, -CH2-CH2-CH2-CH2-CH2-CH2-), 5.26 (s, 2H, -C-CH-

O-), 6.51 (s, 2H, -CH=CH-).   

13C NMR (75 MHz, CDCl3): δ (ppm) = 26.61, 26.96, 27.54, 38.93, 45.49, 47.38, 59.71, 

80.89, 136.54, 176.28. 

 

C1(+)a-e were synthesized according to the previously reported procedure.7  2a-e 

(1 equivalent) were dissolved in dry THF under N2.  The solution was cooled to 0 °C in 

an ice bath, and dimethyl sulfate (1.5 equivalents) was added drop-wise.  After letting the 

reaction stir for 4 hours at room temperature, the precipitated product was filtered, rinsed 

with THF and dried under high vacuum.  Yields: 95-98%.  
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C1(+)a: data previously reported.7  1H NMR (300 MHz, MeOD-d4): δ (ppm) = 3.03 (s, 

2H, -CH-C=O), 3.20 (s, 9H, -N(CH3)3), 3.60 (t, J = 6.6, 2H, -CH2-CH2-N(CH3)3), 3.70 (s, 

3H, CH3SO4
-), 3.97 (t, J = 6.5 Hz, 2H, -CH2-CH2-N(CH3)3), 5.22 (s, 2H, -C-CH-O-), 6.59 

(s, 2H, -CH=CH-).     

C1(+)b: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 2.09 (m, 2H, -CH2-CH2-CH2-), 3.01 

(s, 2H, -CH-C=O), 3.12 (s, 9H, -N(CH3)2), 3.28 (m, 2H, -CH2-CH2-CH2-), 3.62 (t, J = 6.4 

Hz, 2H, -CH2-CH2-CH2-), 3.70 (s, 3H, CH3SO4-), 5.21 (s, 2H, -C-CH-O-), 6.59 (s, 2H, -

CH=CH-).   

13C NMR (75 MHz, MeOD-d4): δ (ppm) = 21.28, 34.82, 52.13, 53.70, 63.74, 81.02, 

136.20, 177.12.  

HR-MS (ESI) m/z: calculated 265.1547, found 265.1543 

C1(+)c: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 1.69 (m, 4H, -CH2-CH2-CH2-CH2-), 

2.98 (s, 2H, -CH-C=O), 3.11 (s, 9H, - N(CH3)2), 3.36 (m, 2H, -CH2-CH2-CH2-CH2-), 

3.58 (t, J = 6.2 Hz, 2H, -CH2-CH2-CH2-CH2-), 3.70 (s, 3H, CH3SO4-), 5.20 (s, 2H, -C-

CH-O), 6.58 (s, 2H, -CH=CH-).   

13C NMR (75 MHz, MeOD-d4): δ (ppm) = 19.25, 23.70, 36.90, 52.07, 53.69, 65.65, 

80.99, 136.18, 177.33. 

HR-MS (ESI) m/z: calculated 279.1703, found 279.1712 

C1(+)d: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 1.34 (m, 2H, -CH2-CH2-CH2-CH2-

CH2-), 1.67 (m, 2H, -CH2-CH2-CH2-CH2-CH2-), 1.82 (m, 2H, -CH2-CH2-CH2-CH2-CH2-

), 2.96 (s, 2H, -CH-C=O), 3.14 (s, 9H, - N(CH3)2), 3.28 (m, 2H, -CH2-CH2-CH2-CH2-
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CH2-), 3.53 (t, J = 6.8 Hz, 2H, -CH2-CH2-CH2-CH2-CH2-), 3.70 (s, 3H, CH3SO4-), 5.17 

(s, 2H, -C-CH-O), 6.58 (s, 2H, -CH=CH-).   

13C NMR (75 MHz, MeOD-d4): δ (ppm) = 21.81, 22.71, 26.45, 37.46, 52.05, 53.70, 

66.20, 80.91, 136.22, 177.32. 

HR-MS (ESI) m/z: calculated 293.1860, found 293.1859 

C1(+)e: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 1.39-1.77 (m, 8H, -CH2-CH2-CH2-

CH2-CH2-CH2-), 2.94 (s, 2H, -CH-C=O), 3.13 (s, 9H, - N(CH3)2), 3.29 (m, 2H, -CH2-

CH2-CH2-CH2-CH2-CH2-), 3.50 (t, J = 6.9 Hz, 2H, -CH2-CH2-CH2-CH2-CH2-CH2-), 3.70 

(s, 3H, CH3SO4-), 5.17 (s, 2H, -C-CH-O), 6.57 (s, 2H, -CH=CH-). 

13C NMR (75 MHz, MeOD-d4): δ (ppm) = 22.23, 25.22, 25.46, 26.73, 37.81, 52.11, 

53.69, 66.28, 80.89, 136.22, 177.29.  

HR-MS (ESI) m/z: calculated 307.2016, found 307.2016 

 

 

5-bromopentanoic acid tert-butyl ester:  5-bromovaleric acid (5.24 g, 29 mmol, 

1 eq), t-butanol (3.22 , 43 mmol, 1.5 eq) and 4-dimethylaminopyridine (DMAP, 0.52 g, 

4.3 mmol, 10 mol %) were dissolved in 100 mL dry CH2Cl2 under N2 in a clean, dry 3-

neck round bottom flask.  The solution was cooled in an ice bath and 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC, 8.24 g, 43 mmol, 1.5 eq) dissolved in a 

minimum amount of CH2Cl2 was added drop-wise to the stirring solution.  The reaction 

was allowed to stir overnight at room temperature, then washed with saturated NaHCO3 
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and brine and dried over sodium sulfate.  The excess solvent was evaporated off and the 

crude product was purified by silica gel column chromatography using 9:1 hexanes:ethyl 

acetate as the eluent.  Yield: 44% 

1H NMR (300 MHz, CDCl3): δ (ppm) = 1.46 (s, 9H, -COOC(CH3)3), 1.75 (m, 2H, -CH2-

CH2-CH2-CH2-), 1.89 (m, 2H, -CH2-CH2-CH2-CH2-), 2.26 (t, J = 7.2 Hz, 2H, -CH2-Boc), 

3.42 (t, J = 6.6 Hz, 2H, Br-CH2-). 

13C NMR (75 MHz, CDCl3): δ (ppm) = 23.65, 28.10, 32.01, 33.23, 34.53, 80.35, 172.54. 

 

 

 

6-bromohexanoic acid tert-butyl ester:  The same procedure as used to 

synthesize 5-bromopentanoic acid tert-butyl ester was used here, with 6-bromohexanoic 

acid (5.77 g, 30 mmol, 1 eq), t-butanol (3.25 g, 44 mmol, 1.5 eq), DMAP (0.53 g, 4.4 

mmol, 10 mol %), and EDC (8.43 g, 44 mmol, 1.5 eq).  Yield: 46% 

1H NMR (300 MHz, CDCl3): δ (ppm) = 1.46 (s, 9H, -COOC(CH3)3), 1.49-1.87 (m, 6H, -

CH2-CH2-CH2-CH2-CH2-), 2.24 (m, 2H, -CH2-Boc), 3.42 (t, J = 6.8 Hz, 2H, Br-CH2-). 

13C NMR (75 MHz, CDCl3): δ (ppm) = 24.22, 27.58, 28.11, 32.45, 33.67, 35.30, 80.17, 

172.91. 

 

Carboxy(+)b  was synthesized as previously described2 in its protonated form.  

Carboxy(+)a,c-e were synthesized according to the previously described procedure.4  2a 
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(1 equivalent) was dissolved in dry THF.  The appropriate bromide (1.5 equivalents; a: 

tert-butyl bromoacetate, c: 4-bromobutanoic acid tert-butyl ester, d: 5-bromopentanoic 

acid tert-butyl ester, e: 6-bromohexanoic acid tert-butyl ester) was added, and the 

reaction was allowed to stir for 36 hours at 50 °C.  The resulting precipitate was then 

filtered, rinsed with excess dry THF and dried under high vacuum.  Yields: 20-95% 

 

Carboxy(+)a: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 1.56 (s, 9H, -COOC(CH3)3), 

3.04 (s, 2H, -CH-C=O), 3.36 (s, 6H, -N(CH3)2), 3.82 (m, 2H, -CH2-CH2-N(CH3)2-), 3.97 

(t, J = 6.8 Hz, 2H, -CH2-CH2-N(CH3)2-), 4.38 (s, 2H, -N(CH3)2-CH2-Boc), 5.22 (s, 2H, -

C-CH-O-), 6.59 (s, 2H, -CH=CH-). 

13C NMR (75 MHz, MeOD-d4): δ (ppm) = 26.80, 32.01, 51.28, 60.42, 61.54, 81.00, 

85.13, 136.28, 163.44, 176.46. 

HR-MS (FAB) m/z: calculated 351.1920, found 351.1907 

Carboxy(+)b: data previously reported.2  1H NMR (300 MHz, MeOD-d4): δ (ppm) = 

2.93 (t, 2H, J = 7.7 Hz, -CH2COOH ), 2.96 (s, 2H, -CH-C=O), 3.18 (s, 6H, -N(CH3)2-), 

3.57 (t, 2H, J = 6.7 Hz, -CH2-CH2-N(CH3)2-), 3.72 (m, 2H, -CH2-CH2-COOH), 3.97 (t, 

2H, J = 6.7, -CH2-CH2-N(CH3)2-), 5.23 (s, 2H, -C-CH-O-), 6.59 (s, 2H, -CH=CH-). 

Carboxy(+)c: data previously reported.4  1H NMR (300 MHz, MeOD-d4): δ (ppm) = 1.45 

(s, 9H, -COOC(CH3)3), 1.99 (m, 2H, -CH2-CH2-CH2- ), 2.35 (t, J = 6.9 Hz, 2H, -CH2-

Boc), 2.98 (s, 2H, -CH-C=O), 3.14 (s, 6H, -N(CH3)2), 3.36 (m, 2H, -N(CH3)2-CH2-), 3.53 

(t, J = 6.7 Hz, 2H, -CH2-CH2-N(CH3)2-), 3.93 (t, J = 6.7 Hz, 2H, -CH2-CH2-N(CH3)2-), 

5.17 (s, 2H, -C-CH-O-), 6.54 (s, 2H, -CH=CH-). 
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Carboxy(+)d: 1H NMR (300 MHz, MeOD-d4): ): δ (ppm) = 1.47 (s, 9H, -COOC(CH3)3), 

1.64 (m, 2H, -CH2-CH2-CH2-CH2- ), 1.83 (m, 2H, -CH2-CH2-CH2-CH2-) 2.37 (t, J = 7.2 

Hz, 2H, -CH2-Boc), 3.03 (s, 2H, -CH-C=O), 3.16 (s, 6H, -N(CH3)2), 3.41 (m, 2H, -

N(CH3)2-CH2-), 3.58 (m, 2H, -CH2-CH2-N(CH3)2-), 3.95 (t, J = 6.7 Hz, 2H, -CH2-CH2-

N(CH3)2-), 5.22 (s, 2H, -C-CH-O-), 6.59 (s, 2H, -CH=CH-). 

13C NMR (75 MHz, MeOD-d4): δ (ppm) = 21.33, 21.58, 26.99, 32.11, 34.02, 50.41, 

59.71, 63.81, 80.35, 80.98, 136.30, 172.71, 176.56. 

HR-MS (FAB) m/z: calculated 393.2389, found 393.2361 

Carboxy(+)e: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 1.42-1.83 (m, 6H, -CH2-CH2-

CH2-CH2-CH2-Boc ), 1.47 (s, 9H, -COOC(CH3)3), 2.31 (t, J = 7.2 Hz, 2H, -CH2-Boc), 

3.04 (s, 2H, -CH-C=O), 3.17 (s, 6H, -N(CH3)2), 3.41 (m, 2H, -N(CH3)2-CH2-), 3.56 (m, 

2H, -CH2-CH2-N(CH3)2-), 3.95 (t, J = 6.8 Hz, 2H, -CH2-CH2-N(CH3)2-), 5.22 (s, 2H, -C-

CH-O-), 6.59 (s, 2H, -CH=CH-). 

13C NMR (75 MHz, MeOD-d4): δ (ppm) = 21.86, 24.16, 25.26, 26.95, 32.00, 34.58, 

50.30, 59.56, 63.97, 80.13, 80.98, 136.27, 173.22, 176.48. 

HR-MS (FAB) m/z: calculated 407.2546, found 407.2519 

 

Sulfo(ZI)a was synthesized according to a previously reported procedure.2  

Briefly, 2a (2 g, 8.5 mmol) was dissolved in acetonitrile dried over Na2SO4.  1,3-

propanesultone (0.89 mL, 10.2 mmol) and 1 wt % 1,3-dinitrobenzene were added, and 

the reaction was allowed to stir for 36 hours at 50 °C.  The resulting precipitate was then 

filtered, rinsed with excess dry acetonitrile followed by dry THF and dried under high 

vacuum.  Yield: 86%.  
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Sulfo(ZI)b was synthesized as above, using 1,4-butanesultone (1.04 mL), 

according to a previously reported procedure.4  Yield: 60%. 

 

Sulfo(ZI)a: data previously reported.2  1H NMR (300 MHz, D2O): δ (ppm) = 2.18 (m, 

2H, -CH2-CH2-CH2-SO3
-), 2.92 (t, J = 7.1 Hz, 2H, -N(CH3)2-CH2-CH2-CH2-), 3.12 (s, 

6H, -N(CH2)3-), 3.50 (comp, 4H, -CH2-CH2-N(CH3)2 and -CH2-CH2-CH2-SO3
-), 3.92 (t, J 

= 7.2 Hz, 2H, -CH2-CH2-N(CH3)2), 5.29 (s, 2H, -C-CH-O), 6.56 (s, 2H, -CH=CH-).     

Sulfo(ZI)b: data previously reported.4  1H NMR (300 MHz, D2O): δ (ppm) = 1.83 (m, 

2H, -CH2-CH2-CH2-CH2-), 1.98 (m, 2H, -CH2-CH2-CH2-CH2-), 3.02 (m, 2H, -N(CH3)2-

CH2-CH2-CH2-CH2-), 3.19 (s, 6H, -N(CH3)2-), 3.23 (s, 2H, -CH-C=O), 3.46 (m, 2H, -

CH2-CH2-CH2-CH2-SO4), 3.58 (t, 2H, -CH2-CH2-N(CH3)2, J = 7.0 Hz), 4.01 (t, 2H, -

CH2-CH2-N(CH3)2, J = 7.0 Hz), 5.38 (s, 2H, -C-CH-O-), 6.66 (s, 2H, -CH=CH-). 

 

 

The appropriate benzyl alcohol (1 eq) and triethylamine (1.5 eq) were dissolved in 

dry THF.  4-toluenesulfonyl chloride (1.2 eq) in dry THF was added dropwise to the 

solution at 0 °C.  The reaction was allowed to warm to room temperature and the solution 

was stirred for 3 hours.  The precipitate was filtered off, and the excess solvent was 

removed under reduced pressure.  The final product was isolated by column 

chromatography (3:7 ethyl acetate:hexanes).  Yields were approximately 20%. 
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Triflates were synthesized according to a previously published procedure.16 

 

Amph(a-i,l): 2a (1.5 g, 1 eq) and the appropriate R-OTs reagent (1.2 eq) were 

dissolved in 25 mL dry THF and stirred at 50 °C for 36-48 hours.8  The precipitated 

product was filtered and washed with excess THF, then dried under high vacuum.  Yields 

were approximately 80-90% 

Amph(j-k): 2a (1.5 g, 1 eq) and R-OTf reagent (1.2 eq) were dissolved in 25 mL 

acetonitrile (dried over sodium sulfate) and stirred 50 °C for 48 hours.  The product was 

precipitated out into anhydrous diethyl ether, filtered, and dried under high vacuum.  

Yields were approximately 80-90%. 

 

Amph(+)a: previously reported in Ref. 1.  1H NMR (300 MHz, MeOD-d4): δ (ppm) = 

1.04 (t, J = 7.35, 3H, -CH2CH2CH3), 1.85 (m, 2H, -CH2CH2CH3), 3.03 (s, 2H, -CH-

C=O), 3.38 (m, 2H, -CH2CH2CH3), 3.54 (t, J = 6.88, 2H, -CH2-CH2-N(CH3)3), 3.95 (t, J 

= 6.78, 2H, -CH2-CH2-N(CH3)3), 5.22 (s, 2H, -C-CH-O-), 6.59 (s, 2H, -CH=CH-). 

Amph(+)b: previously reported in Ref. 7.  1H NMR (300 MHz, MeOD-d4): δ (ppm) = 

0.93 (m, 3H, -CH2CH2(CH2)5CH3), 1.37 (m, 10H, -CH2CH2(CH2)5CH3), 1.80 (m, 2H, -

CH2CH2(CH2)5CH3), 3.03 (s, 2H, -CH-C=O), 3.39 (m, 2H, -CH2CH2(CH2)5CH3), 3.53 (t, 

J = 6.88, 2H, -CH2-CH2-N(CH3)3), 3.94 (t, J = 6.88, 2H, -CH2-CH2-N(CH3)3), 5.22 (s, 

2H, -C-CH-O-), 6.59 (s, 2H, -CH=CH-). 

Amph(+)c: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 2.38 (s, 3H, 

CH3(C(C2H2)(C2H2)C)SO3
-), 3.02 (s, 2H, -CH-C=O), 3.10 (s, 6H, -N(CH3)3), 3.55 (t, J = 

6.88 Hz, 2H, -CH2-CH2-N(CH3)3), 4.06 (t, J = 6.78 Hz, 2H, -CH2-CH2-N(CH3)3), 4.59 (s, 
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2H, -CH2(C6H5)), 5.21 (s, 2H, -C-CH-O-), 6.58 (s, 2H, -CH=CH-), 7.25 (d, J = 8.29 Hz, 

2H, CH3(C(C2H2)(C2H2)C)SO3
-), 7.58 (comp, 5H, -CH2(C6H5)),  7.72 (d, J = 8.29 Hz, 

2H, CH3(C(C2H2)(C2H2)C)SO3
-). 

13C NMR (75 MHz, MeOD-d4): δ = 19.90, 32.10, 68.03, 81.01, 125.56, 126.99, 128.42, 

129.02, 130.72, 132.83, 136.25, 140.25, 142.24, 176.52. 

HR-MS (ESI) m/z: calculated 327.1703, found 327.1696 

Amph(+)d: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 2.38 (s, 3H, 

CH3(C(C2H2)(C2H2)C)SO3
-), 2.43 (s, 3H, -CH2(C6H4)CH3), 3.02 (s, 2H, -CH-C=O), 3.09 

(s, 6H, -N(CH3)3), 3.52 (t, J = 6.88 Hz, 2H, -CH2-CH2-N(CH3)3), 4.06 (t, J = 6.78 Hz, 

2H, -CH2-CH2-N(CH3)3), 4.55 (s, 2H, -CH2(C6H4)CH3), 5.20 (s, 2H, -C-CH-O-), 6.58 (s, 

2H, -CH=CH-), 7.24 (d, J = 8.10 Hz, 2H, CH3(C(C2H2)(C2H2)C)SO3
-), 7.38-7.48 (comp, 

4H, -CH2(C6H4)CH3),  7.72 (d, J = 8.10 Hz, 2H, CH3(C(C2H2)(C2H2)C)SO3
-). 

13C NMR (75 MHz, MeOD-d4): δ = 19.89, 32.08, 59.70, 67.96, 81.01, 125.55, 126.86, 

128.41, 128.87, 129.80, 131.37, 133.31, 136.25, 139.28, 140.24, 142.22, 176.51. 

HR-MS (ESI) m/z: calculated 341.1860, found 341.1850 

Amph(+)e: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 2.38 (comp, 3H + 6H, 

CH3(C(C2H2)(C2H2)C)SO3
- + -CH2(C6H3)(CH3)2), 3.02 (s, 2H, -CH-C=O), 3.08 (s, 6H, -

N(CH3)3), 3.49 (t, J = 6.97 Hz, 2H, -CH2-CH2-N(CH3)3), 4.04 (t, J = 6.88 Hz, 2H, -CH2-

CH2-N(CH3)3), 4.49 (s, 2H, -CH2(C6H3)(CH3)2), 5.19 (s, 2H, -C-CH-O-), 6.57 (s, 2H, -

CH=CH-), 7.22 (comp, 2H + 3H, CH3(C(C2H2)(C2H2)C)SO3
- + -CH2(C6H3)(CH3)2), 7.72 

(d, J = 8.29 Hz, 2H, CH3(C(C2H2)(C2H2)C)SO3
-). 

13C NMR (75 MHz, MeOD-d4): δ = 19.81, 32.10, 59.52, 67.92, 81.00, 125.56, 126.77, 

128.44, 130.41, 132.09, 136.25, 139.02, 140.25, 142.28, 176.50. 



84 

HR-MS (FAB) m/z: calculated 355.1936, found 355.2023 

Amph(+)f: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 2.38 (s, 3H, 

CH3(C(C2H2)(C2H2)C)SO3
-), 3.02 (s, 2H, -CH-C=O), 3.11 (s, 6H, -N(CH3)3), 3.56 (t, J = 

6.78 Hz, 2H, -CH2-CH2-N(CH3)3), 4.05 (t, J = 6.69 Hz, 2H, -CH2-CH2-N(CH3)3), 4.61 (s, 

2H, -CH2(C6H3)(CH3)2), 5.20 (s, 2H, -C-CH-O-), 6.57 (s, 2H, -CH=CH-), 7.24 (d, J = 

8.10 Hz, 2H, CH3(C(C2H2)(C2H2)C)SO3
-), 7.31-7.60 (comp, 4H, -CH2(C6H4)F), 7.72 (d, 

J = 8.10 Hz, 2H, CH3(C(C2H2)(C2H2)C)SO3
-). 

13C NMR (75 MHz, MeOD-d4): δ = 19.92, 32.07, 60.15, 67.01, 80.99, 117.49, 117.77, 

119.47, 119.76, 125.56, 128.47, 128.89, 129.26, 129.37, 130.89, 131.00, 136.25, 140.28, 

142.30, 161.13, 164.41, 176.53. 

19F NMR (282 MHz, MeOD-d4): δ = -112.95. 

HR-MS (FAB) m/z: calculated 345.1609, found 345.1593 

Amph(+)g: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 2.38 (s, 3H, 

CH3(C(C2H2)(C2H2)C)SO3
-), 3.03 (s, 2H, -CH-C=O), 3.14 (s, 6H, -N(CH3)3), 3.57 (t, J = 

6.88 Hz, 2H, -CH2-CH2-N(CH3)3), 4.07 (t, J = 6.78 Hz, 2H, -CH2-CH2-N(CH3)3), 4.61 (s, 

2H, -CH2(C6H3)F2)), 5.21 (s, 2H, -C-CH-O-), 6.59 (s, 2H, -CH=CH-), 7.26 (d, J = 7.91 

Hz, 2H, CH3(C(C2H2)(C2H2)C)SO3
-), 7.30 (comp, 3H, -CH2(C6H3)F2),  7.72 (d, J = 8.10 

Hz, 2H, CH3(C(C2H2)(C2H2)C)SO3
-).  

13C NMR (75 MHz, MeOD-d4): δ = 19.90, 31.99, 60.28, 66.30, 81.00, 106.11, 106.46, 

115.86, 116.21, 125.55, 128.45, 130.53, 136.25, 140.28, 142.22, 161.45, 164.93, 176.52. 

19F NMR (282 MHz, MeOD-d4): δ = -109.35 

HR-MS (FAB) m/z: calculated 363.1594, found 363.1550 
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Amph(+)h: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 2.38 (s, 3H, 

CH3(C(C2H2)(C2H2)C)SO3
-), 3.03 (s, 2H, -CH-C=O), 3.13 (s, 6H, -N(CH3)3), 3.57 (t, J = 

6.88 Hz, 2H, -CH2-CH2-N(CH3)3), 4.08 (t, J = 6.88 Hz, 2H, -CH2-CH2-N(CH3)3), 4.70 (s, 

2H, -CH2(C6H4)CF3), 5.20 (s, 2H, -C-CH-O-), 6.58 (s, 2H, -CH=CH-), 7.24 (d, J = 7.91 

Hz, 2H, CH3(C(C2H2)(C2H2)C)SO3
-), 7.72 (d, J = 8.29 Hz, 2H, 

CH3(C(C2H2)(C2H2)C)SO3
-), 7.78 (d, J = 7.72 Hz, 1H, -CH2(C6H4)CF3), 7.92 (comp, 3H, 

-CH2(C6H4)CF3). 

13C NMR (75 MHz, MeOD-d4): δ = 19.89, 32.02, 60.17, 66.85, 81.01, 125.55, 127.49, 

128.43, 129.49, 130.04, 131.50, 136.25, 136.67, 140.25, 142.22, 176.51. 

19F NMR (282 MHz, MeOD-d4): δ = -64.13. 

HR-MS (ESI) m/z: calculated 395.1577, found 395.1586 

Amph(+)i: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 2.38 (s, 3H, 

CH3(C(C2H2)(C2H2)C)SO3
-), 3.03 (s, 2H, -CH-C=O), 3.17 (s, 6H, -N(CH3)3), 3.59 (t, J  = 

6.88 Hz, 2H, -CH2-CH2-N(CH3)3), 4.10 (t, J = 6.88 Hz, 2H, -CH2-CH2-N(CH3)3), 4.80 (s, 

2H, -CH2(C6H3)(CF3)2), 5.20 (s, 2H, -C-CH-O-), 6.58 (s, 2H, -CH=CH-), 7.24 (d, J = 

8.10 Hz, 2H, CH3(C(C2H2)(C2H2)C)SO3
-), 7.71 (d, J = 7.91 Hz, 2H, 

CH3(C(C2H2)(C2H2)C)SO3
-), 8.28 (comp, 3H, -CH2(C6H3)(CF3)2).  

13C NMR (75 MHz, MeOD-d4): δ = 19.89, 31.93, 60.27, 65.79, 81.01, 124.78, 125.53, 

130.08, 132.14, 135.45, 136.24, 140.25, 142.20, 176.47. 

19F NMR (282 MHz, MeOD-d4): δ = -64.30. 

HR-MS (FAB) m/z: calculated 463.1530, found 463.1467 

Amph(+)j: previously reported in Ref. 8.  1H NMR (300 MHz, MeOD-d4): δ (ppm) = 

2.98-2.83 (m, 2H, -CH2-CH2-Rf), 3.02 (s, 2H, -CH-C=O), 3.25 (s, 6H, -N(CH3)3), 3.60 (t, 
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J  = 6.6 Hz, 2H, -CH2-CH2-N(CH3)3), 3.85 (t, J = 8.7 Hz, 2H, -CH2-CH2-Rf), 3.95 (t, J = 

6.8 Hz, 2H, -CH2-CH2-N(CH3)3), 5.20 (s, 2H, -C-CH-O-), 6.57 (s, 2H, -CH=CH-). 

Amph(+)k: 1H NMR (300 MHz, DMF-d7): δ (ppm) = 3.09 (s, 2H, -CH-C=O), 3.52 (s, 

6H, -N(CH3)3), 3.78 (t, J  = 6.95 Hz, 2H, -CH2-CH2-N(CH3)3), 3.98 (br, 2H), 4.07 (t, J = 

6.95 Hz, 2H, -CH2-CH2-N(CH3)3), 4.17 (br, 2H), 5.22 (s, 2H, -C-CH-O-), 6.65 (s, 2H, -

CH=CH-). 

13C NMR (75 MHz, DMF-d7): δ = 32.49, 43.21, 47.95, 51.49, 54.83, 60.85, 63.71, 64.58, 

81.17, 119.46, 123.73, 136.85, 170.94, 176.72. 

19F NMR (282 MHz, DMF-d7): δ = -55.68, -66.48, -78.64, -88.77, -90.78. 

HR-MS (FAB) m/z: calculated 617.1020, found 617.0981 

Amph(+)l: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 2.39 (s, 3H, 

CH3(C(C2H2)(C2H2)C)SO3
-), 3.04 (s, 2H, -CH-C=O), 3.19 (s, 6H, -N(CH3)3), 3.78 (t, J = 

6.31 Hz, 2H, -CH2-CH2-N(CH3)3), 4.07 (t, J = 6.12 Hz, 2H, -CH2-CH2-N(CH3)3), 4.80 (s, 

2H, -CH2(C6F5)), 5.23 (s, 2H, -C-CH-O-), 6.59 (s, 2H, -CH=CH-), 7.25 (d, J = 7.91 Hz, 

2H, CH3(C(C2H2)(C2H2)C)SO3
-), 7.71 (d, J = 8.10 Hz, 2H, CH3(C(C2H2)(C2H2)C)SO3

-). 

13C NMR (75 MHz, MeOD-d4): δ = 19.89, 32.38, 55.62, 61.51, 81.07, 125.53, 128.38, 

136.26, 140.22, 142.18, 176.54. 

19F NMR (282 MHz, MeOD-d4): δ = -137.70, -150.68, -162.57. 

HR-MS (FAB) m/z: calculated 417.1238, found 417.1244 

Representative polymerization procedure: Monomer and G3 were weighed 

into separate clean, dry Schlenk flasks under N2.  The monomer was then dissolved in 3 

mL 2,2,2-trifluoroethanol and the catalyst was dissolved in 2 mL dry CH2Cl2.  Both 

solutions were subjected to 3 freeze-pump-thaw cycles and warmed to room temperature.  
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Using a nitrogen-purged syringe, the monomer solution was added to the catalyst 

solution.  The polymerization was allowed to proceed for 30 minutes at room temperature 

under N2.  To quench the reaction, 1.5 mL ethyl vinyl ether was added and the solution 

was stirred for an additional hour.  The polymer was then precipitated out into anhydrous 

diethyl ether, isolated by vacuum filtration and dried under high vacuum overnight.  

Yields were greater than 90% for all polymers. 

3.6 Conclusions 

Improved nonfouling materials are critical to combat biofouling’s detrimental 

effects.  Previously, we had reported on the use of novel zwitterionic ROMP polymers for 

nonfouling applications.  These polymers included linear carboxybetaine and sulfobetaine 

side chain chemistries, as well as the dual-functional betaines.  Here, that chemistry was 

expanded in order to better understand this ROMP system, specifically to determine the 

effect of zwitterionic intercharge distance on a functionalized surface’s properties.  

Carboxybetaine, sulfobetaine , and methyl dual-functional  series were synthesized so as 

to vary the distance between charged groups.  The modular nature of the oxanorbornene 

imide monomer allowed for a wide range of zwitterionic chemistries to be achieved 

through basic synthetic methods, which is a major advantage of this ROMP-based 

platform. 
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CHAPTER 4 

NORBORNENE-BASED POLYMERS FOR SURFACE MODIFICATION 

4.1 Introduction 

 The polybetaines described in the previous chapter were envisaged as nonfouling 

materials.  To practically employ them in that capacity, a method was devised to create 

functionalized surfaces from these polymers.  This chapter summarizes the synthesis and 

characterization of copolymers containing the oxanorbornene imide betaines and 5-

(bicycloheptenyl)-triethoxysilane.1  The siloxane groups could condense on oxidized 

surfaces to create a covalently anchored coating.  Random and block copolymers were 

both explored, as well as polymers with varying amounts of siloxane repeat units.  The 

resulting coatings were characterized by AFM and water contact angle analysis.  Finally, 

the optimal coating composition to minimize protein adsorption was determined.  

Generally, it was found that well-defined copolymers were easily obtained by ROMP, 

despite the fact that the block copolymers were difficult to characterize due to their 

solution properties.  Coatings from the random copolymers were relatively homogeneous 

and of intermediate wettability, while the block copolymers produced unique surface 

features.  Even though the block copolymer coatings were more hydrophilic than their 

random copolymer counterparts, they exhibited significantly higher levels of protein 

adsorption.  The optimal polymer composition that minimized protein adsorption while 

still creating a robust surface was determined to be a random copolymer with 

approximately 16% siloxane content.  Briefly, functionalization of surfaces other than 

silica or glass was explored as well for potential future applications.   
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4.2 General Approach  

Polybetaines have found great potential as nonfouling materials, but again the 

radical polymerization systems lack chemical diversity.  Our oxanorbornene-based 

polybetaines, on the other hand, contained a multitude of functionalities that made them 

intriguing candidates for nonfouling coatings.1,2  In addition to the linear and dual-

functional zwitterion chemistries, the olefinic oxanorbornene backbone was unique 

compared to many of the existing nonfouling polymers’ scaffolds.  Coatings 

functionalized surfaces are logical and easily screened applications for nonfouling 

polymers.  Previously, surface-grafted polyzwitterion brushes comprised some of the 

most efficient nonfouling surfaces due to both their hydrophilicity and the entropic 

penalty required to compress extended chains in an aqueous environment.3-6  In contrast 

to many CRP techniques, however, surface-initiated ROMP is especially challenging to 

employ.7  In fact, many methods of functionalizing surfaces by ROMP produce bulk 

coatings, where the surface is first functionalized with a monomeric tether and then 

submerged in a solution containing the catalyst and additional free monomer.  

We previously devised a strategy to create robust coatings from water-soluble 

oxanorbornene-based polymers, which produce bulk coatings but allow for greater 

control of the polymer precursor.1,2  By copolymerizing charged monomers with 5-

(bicycloheptenyl)-triethoxysilane in a ratio of 5:1, the incorporated siloxane side chain 

could hydrolyze to form intra- and intermolecular crosslinks.  Additionally, the siloxane 

condensed onto oxidized surfaces such as silicon wafers and glass slides, forming a 

covalent tether between the surface and the bulk coating.  It was shown that these random 

copolymers produced coatings that could withstand use in an aqueous environment, 
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specifically on timescales appropriate for biological testing, and that the zwitterionic 

component was sufficient to reduce nonspecific fouling.   

 
Figure 4.1: Schematic representation of random and block copolymers containing 

zwitterionic and siloxane-containing side chains for surface modification. 

 

We were interested, however, in a more systematic study of the role of the 

siloxane-containing repeat unit.  To this end, a library of model polymers was 

synthesized to ascertain the effects of polymer composition and repeat unit sequence on 

the final coatings as represented in Figure 4.1.  The sulfobetaine monomer Sulfo(ZI)b 

was chosen as the model zwitterionic component due to its intrinsic zwitterionic nature 

and its lack of post-polymerization functionalization reactions.  The effect of copolymer 

type, or the arrangement of repeat units along the polymer chain, was studied by 

comparing random to block copolymers, which were both easily obtained by ROMP.  

The effect of polymer composition was studied by varying the ratio of zwitterionic to 

siloxane-containing repeat units in the polymers.  In this chapter’s nomenclature, the 

prefix rP refers to random copolymers while bP refers block copolymers; the numerical 

subscripts refer to the number of zwitterionic and siloxane repeat units, respectively.     

vs.

vs.

vs. vs.

= zwitterion

= triethoxysilane
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4.3 Polymer Synthesis and Characterization 

 

 

Figure 4.2. Synthesis of model sulfobetaine polymers for surface modification.  (a) 

Random copolymers: (i) 5-(bicycloheptenyl)-triethoxysilane, G3, CH2Cl2/TFE, room 

temperature, 30 minutes; (ii) ethyl vinyl ether, room temperature, 1 hour; (b) Block 

copolymers: (i) G3, CH2Cl2/TFE, room temperature, 15 minutes; (ii) 5-(bicycloheptenyl)-

triethoxysilane, CH2Cl2, room temperature, 10  minutes; (iii) ethyl vinyl ether, room 

temperature, 1 hour. 

 

 As shown in Figure 4.2, all copolymers were synthesized using Grubbs’ 3rd 

generation catalyst in a mixture of CH2Cl2 and TFE.  In general, the polymerizations 

were complete within a half hour or less.  Random copolymers (Figure 4.2a) were 

synthesized by the addition of catalyst to a solution containing both zwitterionic and 

siloxane-containing polymers and then quenched with ethyl vinyl ether per the standard 

procedure.  For the block copolymers (Figure 4.2b), the monomers were polymerized 

sequentially: the zwitterionic block was polymerized first, then the siloxane monomer 

was added.  The siloxane monomer was known to polymerize in an uncontrolled fashion, 

thus its addition after the zwitterionic block.  Likewise, higher order copolymers such as 
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triblocks were not pursued due to the siloxane monomer’s uncontrolled polymerization.  

The degree of polymerization was held constant at 36 for a series of both the random and 

the block copolymers, to match previously published reports on nonfouling polymers.1,2  

A longer random copolymer (125 repeat units) and block copolymer (80 repeat units) 

were synthesized to show that high molecular weight polymers could be polymerized 

with good control by this method as well.  The random copolymer (rP[Sulfo(ZI)b]100,25) 

was not intended for nonfouling applications, however, and so will not be discussed 

further.  Both series of random and block copolymers were synthesized with varying 

ratios of zwitterionic to siloxane repeat units (Table 4.1), ranging from approximately 8-

50 mol %.      

 

Table 4.1: Compositional characterization of random and block polymers by NMR 

spectroscopy  

Polymer 
Theoretical Calculateda 

mol % Si 
m n mb n 

rP[Sulfo(ZI)b]33,3 33 3 33 3.5 8.3 

rP[Sulfo(ZI)b]30,6 30 6 30 6.5 16.7 

rP[Sulfo(ZI)b]18,18 18 18 N. D. N. D.c 50.0 

rP[Sulfo(ZI)b]100,25 100 25 100 26 20.0 

bP[Sulfo(ZI)b]33,3 33 3 N. D. N. D. 8.3 

bP[Sulfo(ZI)b]30,6 30 6 N. D. N. D. 16.7 

bP[Sulfo(ZI)b]18,18 18 18 N. D. N. D. 50 

bP[Sulfo(ZI)b]70,10 70 10 N. D. N. D. 12.5 
a calculated by 1H NMR spectroscopy in D2O with trace sodium bromide; b assumed to 

be equal to the theoretical value due to the low resolution of the phenyl endgroup; c N. D. 

= not determined. 

 

 Because of the charged nature of these polymers in addition to the hydrolytically 

unstable triethoxysilane pendant groups, GPC was not used as a characterization 

technique.  Instead, 1H NMR spectroscopy was used exclusively.  Deuterium oxide with 

trace amounts of sodium bromide was used as the solvent.  In this solvent system, the 
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phenyl endgroup was not typically visible, thus endgroup analysis could not be used to 

calculate molecular weight or the total number of repeat units in the polymer chain.  The 

crude NMR spectra indicated quantitative conversion, so for simplicity’s sake it was 

assumed that the number of zwitterionic repeat units in the final polymer was equal to the 

theoretical value.  The number of siloxane repeat units in the final polymers was 

calculated by taking the ratios of the peaks corresponding to the –Si(OCH2CH3)3 and –

N(CH3)2 or –CH2CH2CH2CH2– groups.  In the case of rP[Sulfo(ZI)b]18,18, NMR spectra 

could only be obtained at low resolution due to the polymer’s insolubility in D2O, thus 

the repeat unit ratios could not be quantitatively calculated.   

 

Figure 4.3: Representative NMR spectra of (a) rP[Sulfo(ZI)b]30,6 in D2O/NaBr; (b) 

bP[Sulfo(ZI)b]30,6 in D2O/NaBr; and (c) bP[Sulfo(ZI)b]30,6 in TFE-d3.  Arrows indicate –

Si(OCH2CH3)3 peak shifts. 

 

While it was found that the composition of the random copolymers were in good 

agreement with their theoretical feed ratios, the siloxane peaks were not visible for the 

01234

Chemical shift (ppm)

01234

SPECMAN_ASCII(ACD) (Version = 1.01)

01234

SPECMAN_ASCII(ACD) (Version = 1.01)
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block copolymers and so the ratios of the repeat units were not calculated (Table 4.1).  

Although an in-depth study of the polymers’ solution properties was not done, it was 

assumed that the block copolymers aggregated in aqueous solutions due to the 

hydrophobic block based on NMR spectroscopy data.  In fact, methacrylate-based 

copolymers comprised of zwitterionic and triethoxysilane-containing blocks had been 

used previously to form vesicles, indicating that these monomer chemistries can drive 

self-assembly under the proper conditions.  As shown in Figure 4.3a, peaks from both the 

zwitterionic block and the triethoxysilane block (indicated with an arrow) of 

rP[Sulfo(ZI)b]30,6 were observed in the spectrum when the polymer was dissolved in 

D2O/NaBr.  On the other hand, the peak corresponding to the methyl protons of the 

triethoxysilane group were absent from the spectrum of bP[Sulfo(ZI)b]30,6 in D2O/NaBr 

(Figure 4.3b).  When the block copolymer was dissolved in TFE-d3, however, the 

siloxane peaks were again visible (Figure 4.3c).   Clearly, the siloxane groups were 

present in the block copolymer, but not visible in the NMR spectrum in D2O.  This 

observation suggested that the hydrophobic blocks aggregated together, thus shielding the 

triethoxysilane protons.  Because no residual monomer was observed in the crude 

polymers’ NMR spectra after the completion of each block, it appeared that each step of 

the reaction went to completion and that the theoretical feed ratio was a good 

approximation of the polymers’ true composition.  Even though TFE-d3 was a good (or 

better) solvent for both blocks of the copolymers, its cost made it impractical to use 

frequently.  Additionally, model spectra of the random copolymers in D2O and TFE-d3 

seemed to suggest that the peak integrations in TFE-d3 were off to such an extent that the 

ratios of the repeat units could not be accurately calculated in this way either.  
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4.4 Surface Functionalization and Coating Characterization 

 

 

Figure 4.4: General procedure for coating preparation on silicon wafers. 

 To create coatings from these polymers, a multistep curing process was used 

(Figure 4.4).1  First, a clean silicon wafer was spin-cast with a solution of the polymer in 

TFE.  Next, the surfaces were exposed to gaseous HCl to hydrolyze the siloxane groups.  

Finally, the surfaces were heated at 110 °C for several hours.  After condensation, a 

tightly crosslinked network containing both intra- and intermolecular crosslinks bound to 

the silicon surface was achieved.  To remove any residual polymer from the coatings, the 

surfaces were soaked in PBS for several hours and then rinsed with RO water to remove 

excess salt.  In the case of the dual-functional polymers, the surfaces were then soaked in 

a base solution for 20 minutes to ring-open the imide group.  For the sulfobetaine series, 

however, this step was unnecessary and the samples were directly dried under high 

vacuum overnight. 

1.) HCl (g)

2.) 110 C
1.) PBS extraction

2.) base treatment 

(dual-functional polymers)

3.) drying 

functional 

coating
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 Atomic force microscopy (AFM) was used to first elucidate the surface 

topographies of the resulting coatings.  Figure 4.5 shows height images of the random 

copolymer series.  On the rP[Sulfo(ZI)b]33,3 surface (Figure 4.5a), small defects were 

visible across the coating.  These holes measured about 25 nm and were observed across 

entire samples.  The rP[Sulfo(ZI)b]30,6 and rP[Sulfo(ZI)b]18,18 surfaces (Figures 4.5b 

and c, respectively), on the other hand, appeared smooth with no visible defects.  The 

rP[Sulfo(ZI)b]18,18 surface, with the highest siloxane content, had the least variance 

across the surface by direct inspection, possibly a result of tighter crosslinking.  From 

these images, it appeared that rP[Sulfo(ZI)b]33,3 contained too little siloxane to create a 

homogeneous coating, giving rise to dewetting effects and delamination.  

 

Figure 4.5. AFM tapping mode height images of (a) rP[Sulfo(ZI)b]33,3; (b) 

rP[Sulfo(ZI)b]30,6; and  (c) rP[Sulfo(ZI)b]18,18.  All images represent a 1 μm x 1 μm x 7.5 

nm area. 

 

 Even though the random and block copolymers contained the same chemical 

functionalities, the topographies of their coatings vastly differed.  As seen in Figure 4.6, 

all block copolymer coatings exhibited rougher surfaces with striking bulbous features.  

The surface functionalized with bP[Sulfo(ZI)b]33,3 containing the least amount of 

siloxane (Figure 4.6a) had the most homogeneous surface.  Increasing the siloxane 

content of the polymer coating to 16% and 50% (bP[Sulfo(ZI)b]30,6 and 

bP[Sulfo(ZI)b]18,18) saw the formation of more well-defined, pebble-like surface features 

(a) (b) (c) (d)
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in Figures 4.6b and c.  The discernable surface characteristics of these block copolymer 

surfaces are in contrast to those of the random copolymer surfaces, which were largely 

featureless and homogeneous.  The surface roughnesses, as tabulated in Table 4.2, 

corroborated these observations.  Based on the molecular weights of the polymers, it is 

unlikely that they could undergo well-defined self-assembly.  Based on the NMR spectra, 

however, we believe that these polymers do aggregate in solution.  The topography of 

these surfaces may be a result of the perseveration of the aggregates during the coating 

and curing processes, an effect that was not expected to be present in the random 

copolymers.   

 

 

Figure 4.6: AFM tapping mode height images of (a) bP[Sulfo(ZI)b]33,3; (b) 

bP[Sulfo(ZI)b]30,6; (c) bP[Sulfo(ZI)b]18,18; and (d) bP[Sulfo(ZI)b]70,10.  All images 

represent a 1 μm x 1 μm x 30 nm area. 

 

 Other qualitative differences were observed between coatings from the random 

and block copolymers.  At the same casting solution concentration (usually 1w/v %), the 

thicknesses of the random copolymer coatings as measured by ellipsometry were 

approximately twice those of the block copolymers.  This discrepancy was most likely a 

result of the differing topographies of the surfaces.  Ellipsometry calculates the thickness 

of a coating as the average over an area.  In the case of the block copolymer surfaces, 

which are clearly rougher, the calculated thickness can be thought of as the median height 

(a) (b) (c) (d)
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of the surface features.  The block copolymer surfaces had a tendency to delaminate 

around the edges of the silicon wafer samples as well.  Increasing the casting solution 

concentration did little to alleviate this effect; in fact, it may have exacerbated it.  No 

such problem was observed with the random copolymers.  Block copolymers with a 

block that selectively interacts with a substrate can be used to achieve high graft density 

and good stability.8  Prior to curing, the siloxane-containing block of these polymers is 

non-selective for silica, and may even be sequestered further in the interior of aggregates, 

thus lowering the efficiency of the adherent block.  Delamination would be symptomatic 

of fewer bonds being formed on the substrate.   

Static water contact angle measurements were made to determine the relative 

hydrophilicities of the resulting surfaces (Table 4.2).   Values were similar for the 

rP[Sulfo(ZI)b]33,3 and rP[Sulfo(ZI)b]30,6 surfaces (58° and 54°), implying that the 

surfaces were similarily hydrophilic.  The static water contact angle increased greatly for 

the rP[Sulfo(ZI)b]18,18 surface to 69°, as expected due to the decreased zwitterionic 

content of the polymer.  In general, the contact angles for the block copolymer series 

were less than those for the random copolymer series (<50° vs. >50°), again implying 

that the random copolymer surfaces were more hydrophilic, or more wettable.  This 

effect was accounted for by the greater concentration of zwitterionic groups at the 

coating’s interface due to the mobility of the zwitterionic block.  It was also possible, 

however, that the block copolymers were less efficient at covering the substrate, and the 

greater wettability of these surfaces is due in part to the silica substrate’s contribution.  

No clear trend was observed between the length of the zwitterionic block and the water 

contact angle for the block copolymer series, however, which may be due to the complex 
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nature of the surface chemistry after curing as discussed in the previous paragraph.  

Furthermore, silanol groups or SiO2 resulting from the curing process may have increased 

the surfaces’ wettabilities as well but would adversely affect the coatings’ nonfouling 

properties.  It was difficult to deconvolute the contributions of different hydrophilic 

surface groups, however, so wettability was assumed to be mainly influenced by the 

zwitterionic content.      

 

Table 4.2: Surface properties of random and block copolymers. 

Polymer Roughness 

(nm)a 

Static water 

contact angle (°)b 

ΓFibrinogen 

(ng/mm2)c 

rP[Sulfo(ZI)b]33,3 0.66 58 0.35 ± 0.32 

rP[Sulfo(ZI)b]30,6 0.29 54 1.03 ± 0.23 

rP[Sulfo(ZI)b]18,18 0.38 69 3.20 ± 1.19 

bP[Sulfo(ZI)b]34,2 1.88 44 12.56 ± 0.39 

bP[Sulfo(ZI)b]30,6 5.10 51 18.04 ± 2.76 

bP[Sulfo(ZI)b]18,18 3.45 33 5.04 ± 2.47 

bP[Sulfo(ZI)b]70,10 2.25 45 1.06 ± 0.29 
a root mean squared (rms) roughness calculated by the manufacturer’s software based on 

a 1 μm x 1 μm image area;  b water contact angles measured by the sessile drop 

technique; c fibrinogen adsorption measured by ellipsometry. 

 

4.5 Protein Adsorption 

Finally, protein adsorption was measured for all surfaces as a screening test for 

nonfouling efficacy.  One of the simplest metrics for quantifying the nonfouling 

performance of a given coating is measuring the amount of irreversible protein adsorption 

on the surface.  Fibrinogen – a large, negatively charged protein – was chosen as a model 

protein due to its frequent use in the literature.  While adsorption of a single protein is a 

gross oversimplification of the actual processes that occur in biological environments, it 

still provides an easily accessible method for comparing the nonfouling efficacies of a 
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number of coatings.  Here, ellipsometry was used to measure the thickness of the 

adsorbed protein layer in the dry state after a given surface’s exposure to fibrinogen.9  

The final amount of protein (Γ) was calculated from the following equation:   

𝛤(𝑛𝑔 𝑚𝑚2)⁄ = ℎ 𝑥 𝑑 

where h equals the measured thickness of the protein layer, and d equals the value for 

protein density as taken from the literature.10,11  Tabulated values can be found in Table 

4.2. 

 Fibrinogen adsorption for the random and block copolymer series are given in 

Figure 4.7.  A clean silica surface was used as the control.  In the case of the random 

copolymer series, there was a clear trend between increasing siloxane content of the 

polymer and increasing protein adsorption.  The rP[Sulfo(ZI)b]33,3 surface exhibited the 

least amount of protein adsorption at 0.35 ng/mm2, but also with a large variance between 

samples as reflected in the large standard deviation.  The rP[Sulfo(ZI)b]30,6 surface had 

an intermediate amount of protein adsorption (1.03 ng/mm2), which was greater than the 

rP[Sulfo(ZI)b]33,3 surface but still less than the bare silica control.  The surface 

functionalized with the polymer with the highest siloxane content, rP[Sulfo(ZI)b]18,18, 

exhibited the greatest amount of protein adsorption (3.20 ng/mm2), on par with the silica 

control.  In general, the fibrinogen adsorption positively correlated with the static water 

contact angle measurements for these surfaces.  The most hydrophobic surface, 

rP[Sulfo(ZI)b]18,18, exhibited the highest amount of protein adsorption, as would be 

expected due to the decreased zwitterionic content of the polymer.  The 

rP[Sulfo(ZI)b]33,3 surface looked especially promising due to its low degree of protein 

adsorption, however results were inconsistent for these surfaces as denoted by the large 
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error.  It was thought that the high variance for these surfaces was due to the presence of 

the dewetting defects seen in the AFM images (Figure 4.5) or poor surface stability 

during the assay due to the lower degree of crosslinking.          

  

 
Figure 4.7: Fibrinogen adsorption on (a) random, and (b) block copolymer surfaces.  A 

silica surface (shaded bar) was used as a control.  Error bars represent ± standard deviation, 

based on at least 3 independent measurements. 
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In contrast to the random copolymer surfaces, the block copolymer surfaces 

typically exhibited protein adsorption levels greater than the silica control.  Fibrinogen 

adsorption was approximately 12 ng/mm2 and 25 ng/mm2 for the bP[Sulfo(ZI)b]34,2 and 

bP[Sulfo(ZI)b]30,6 surfaces, respectively – an extraordinarily high amount.  Interestingly, 

fibrinogen adsorption decreased for the bP[Sulfo(ZI)b]18,18 surface to approximately 5 

ng/mm2.  When the total polymer length increased to 80 repeat units at 12% siloxane 

(bP[Sulfo(ZI)b]70,10), fibrinogen adsorption decreased further to 1.09 ng/mm2, on the 

order of the block copolymer surfaces.   

The block copolymer coatings with the lowest amounts of siloxane most likely 

suffered from poor surface coverage or poor anchorage, so that there was incomplete 

zwitterionic coverage of the substrate12 or even delamination during the assay.  The 

presumed dynamic nature of the brush-like surface may have also trapped or further 

interacted with the protein, resulting in high levels of adsorption.  The 

bP[Sulfo(ZI)b]18,18 surface likely improved surface coverage of the polymer due to the 

increased number of potential crosslink sites, but still did not contain enough zwitterionic 

units to reduce protein adsorption below the silica control.  Increasing the length of the 

block copolymer and specifically the zwitterionic block, in the case of the 

bP[Sulfo(ZI)b]70,10 surface, may have increased the zwitterionic surface coverage 

compared to the shorter block copolymers.  The longer zwitterionic tail could compensate 

for any bare patches, thus creating a denser zwitterionic surface.13  This effect resulted in 

the decreased protein adsorption.  Contact angle did not strongly correlate with protein 

adsorption in the case of the block copolymers, which was not wholly unsurprisingly due 

to the complex surface chemistry of these materials and the nature of biofouling.       
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Based on the protein fouling results, it appeared that the random copolymers 

produced the best nonfouling surfaces.  We thought, however, that a mixed surface 

combining both random and block copolymers might boost the nonfouling efficiency of 

the surface by fully covering the underlying substrate while still allowing for the 

zwitterionic brush architecture.14  The rP[Sulfo(ZI)b]30,6 and bP[Sulfo(ZI)b]70,10 

polymers were selected based on their nonfouling performances.  The polymers were 

mixed in solution in ratios of 3:7, 1:1, and 7:3 and surfaces were prepared as before.  

Surfaces with the greatest block copolymer content (3:7 rP[Sulfo(ZI)b]30,6 : 

bP[Sulfo(ZI)b]70,10) consistently delaminated and so were not pursued further.  AFM 

images of the remaining two formulations are shown in Figure 4.8.  Both surfaces 

appeared fairly homogenous and without obvious defects.  The image in Figure 4.8a, 

however, contained several indistinct globular surface features that looked similar to 

those found on the pure block copolymer surfaces.  These features disappeared on the 

surface in Figure 4.8b, however, indicating that the relative ratios of block and random 

copolymers did influence surface topography and that characteristics of the pure surfaces 

were somewhat maintained in the mixtures.                 

  

 
Figure 4.8: AFM height images of (a) 1:1 rP[Sulfo(ZI)b]30,6:bP[Sulfo(ZI)b]70,10; and (b) 

7:3 rP[Sulfo(ZI)b]30,6:bP[Sulfo(ZI)b]70,10.  All images represent a 1 μm x 1 μm x 5 nm 

area. 

(a) (b)
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Figure 4.9: Fibrinogen adsorption on random copolymer, block copolymer and mixed 

surfaces.  A silica surface (shaded bar) was used as a control.  Error bars represent ± 

standard deviation, based on at least 3 independent measurements. 

 

 Fibrinogen adsorption for the mixed surfaces, as well as for the pure random and 

block copolymer surfaces for comparison, are given in Figure 4.9.  All surfaces and 

compositions decreased fibrinogen adsorption compared to the silica control.  However, 

all surfaces performed similarly within error, exhibiting approximately 1 – 1.5 ng/mm2 

adsorbed fibrinogen.  The presumed presence of both a tightly crosslinked network and 

free polymer chains did not appear to influence the nonfouling performance positively, if 

at all.  Thus, the mixed surfaces were not considered to be appropriate nonfouling 

materials. 

 Based on the surface characterization of the random and block copolymer 

surfaces, it was clear that both the polymer repeat unit sequence and overall composition 

greatly influenced surface properties.  Based on the fibrinogen adsorption studies, it was 

found that the polymer composition could be tuned to minimize protein adsorption.  
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Overall surface coverage and zwitterionic content appeared to be the factors that 

influenced nonfouling efficacy the greatest.  In the case of the random copolymers, 

minimal adsorption occurred on the rP[Sulfo(ZI)b]33,3 surface, or the surface with the 

least amount of siloxane.  The longest block copolymer, bP[Sulfo(ZI)b]70,10, produced 

the most efficient nonfouling surface.  Because of the practical issues associated with the 

block copolymers in general (delamination and difficulty characterizing the polymer 

precursors), and rP[Sulfo(ZI)b]33,3 (delamination and dewetting, as well as poor 

reproducibility), rP[Sulfo(ZI)b]30,6 was considered to contain the best polymer 

composition for screening tests.  Thus, a ratio of 30:6 zwitterionic:siloxane-containing 

repeat units in a random distribution was selected for the nonfouling polymers in 

Chapters 5 and 6.            

4.6 PDMS Functionalization 

  

Figure 4.10:  Grazing angle FT-IR spectra of PDMS substrate (top line, magenta), and 

oxidized PDMS functionalized with rP[Sulfo(ZI)b]30,6 (bottom line, black).  Dotted lines 

highlight characteristic imide frequencies at 1779 cm-1 and 1704 cm-1.  
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 While silicon-containing substrates such as silicon wafers and glass slides are 

useful for batch processing of coatings and their subsequent testing, more varied 

substrates are also of interest.  In some cases, specific substrates are required for 

specialized assays or testing procedures, for instance high through-put antibacterial 

testing.15  Additionally, the underlying substrate can potentially affect the coatings’ 

properties and behavior, thus offering another parameter in creating high performance 

materials.6,16  To this end, we were interested in the copolymers’ ability to coat other 

oxidized surfaces.   

 Polydimethylsiloxane (PDMS), as well as other elastomeric substrates, are often 

used as foul-release materials.6  The low moduli of the elastomers promote weak 

adhesion between a foulant and the substrate, and make removal of foulant easier.  Foul-

release materials, however, do not typically deter the settlement of foulants.  Thus, 

methods to incorporate nonfouling properties into elastomers like PDMS are of great 

interest to create high performance materials.  PDMS is easily oxidized by chemical or 

physical methods such as oxygen plasma treatment to create synthetic handles on the 

surface.  In this case, the glassy surface of oxidized PDMS could be functionalized with 

our siloxane-containing polymers much in the same manner as silicon wafers or glass 

slides. 

Table 4.3: Experimental parameters to prepare functionalized PDMS surfaces 

Plasma treatment time (minutes) Casting solution concentration (w/v%) 

1 1 

5 2 

10 5 

15 --- 
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 Sylgard 184 was purchased and cured according to the manufacturer’s 

instructions.  Samples approximately 1 cm x 1 cm x 1.5 µm is size were cut out and 

pressed onto glass slide coverslips for easy handling.  Different plasma exposure times 

and polymer solution concentrations (Table 4.3) in all combinations were screened.  FT-

IR was used to confirm the presence of the polymer coating after curing and extraction 

steps.  Figure 4.10 shows the IR spectra of PDMS before and after polymer 

functionalization.  The characteristic imide peak was clearly visible in the spectrum of the 

functionalized PDMS, indicating the presence of the ROMP backbone and thus 

successful functionalization.   

 

Figure 4.11: Surface characteristics of functionalized PDMS by (a) AFM and (b) optical 

microscopy images.  The AFM image represents a 1 μm x 1 μm x 5 nm area.   

 

While AFM showed a microscopically uniform polymer surface, it was clear from 

optical microscopy (and even the naked eye) that the functionalized surface suffered from 

defects on the macroscopic level.  Cracks were visible on all surfaces regardless of 

casting solution concentration and plasma treatment time.  The issue most likely arose 

due to the difference in moduli between the brittle, glassy surface and the soft bulk 

PDMS substrate.  As the cracking could interfere with protein adsorption assays and 

(a) (b)
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other characterization techniques, PDMS was not explored further as a substrate.  

Likewise, cursory exploration of polystyrene and polypropylene substrates revealed that 

the polymers would not adhere to the oxidized surfaces, making silica and glass the best 

substrates for these polymers.  

4.7 Experimental Procedures 

4.7.1 Materials 

All reagents were purchased from either Sigma-Aldrich, Alfa Aesar, Acros 

Organics, or Fisher Scientific in the highest purity available and used as received, unless 

otherwise noted.  1,3-dinitrobenzene was obtained from Avocado Research Chemicals 

and used as received.  5-(bicycloheptenyl)triethoxysilane was purchased from Gelest Inc. 

and used as received.  Tetrahydrofuran (THF, Fisher Scientific, HPLC grade) was 

distilled from sodium/benzophenone under nitrogen and dichloromethane (CH2Cl2, Fisher 

Scientific, ACS grade) was distilled from CaH2 under nitrogen immediately prior to use.  

2,2,2-trifluoroethanol (TFE, 99+%) was purchased from Alfa Aesar and used as received.  

Grubbs’ 3rd generation catalyst (G3) was synthesized according to a previously reported 

procedure.17  Fibrinogen was purchased from Calbiochem as a lyophilized powder.  

Phosphate buffered saline (PBS, 0.01M) was purchased from Sigma Aldrich free of 

serum proteins as a powder and reconstituted in distilled water prior to use. Sylgard 184 

was purchased from Dow Corning and prepared according to the supplier’s instructions. 

4.7.2 Instrumentation and methodology 

Nuclear magnetic resonance (NMR) spectra were obtained on a Bruker DPX-300 

NMR spectrometer.  Abbreviations for assignments are as follows: s: singlet; t: triplet; q: 

quartet; m: multiplet; comp: overlapping non-equivalent peaks; br: broad. 
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Grazing angle Fourier transform infrared (FT-IR) spectra for the coatings were 

obtained on a Thermo Scientific Nicolet 6700 spectrometer with a Harrick germanium 

attenuated total reflection (ATR) attachment and N2-cooled MCT/A.  Clean silica wafers 

were used to collect the background spectra.  Coating thicknesses of ~1 µm (5 wt/v % 

polymer/TFE casting solution) were used to improve signal intensity. 

Optical microscopy images were taken on an Olympus BX51 microscope (Optical 

Analysis Corp. Nashua, NH). 

Water contact angles were measured using a Rame-Hart telescopic goniometer 

and a Gilmont syringe with a 24-gauge flat-tipped needle filled with Milli-Q water. 

Reported values are the average of at least 6 measurements on three unique surfaces. 

Polymer thickness measurements were made on a LSE model Gaertner Scientific 

Stokes Ellipsometer, with an angle of incidence of 70° from the normal and a 6328 Å 

HeNe laser, assuming a thin film model. A refractive index of 1.5 was assumed for the 

polymer layer.  Reported values are the average of five measurements on three unique 

surfaces. 

Atomic force microscopy (AFM) images were obtained in tapping mode on a 

Veeco Dimension 3100 instrument with a Nanoscope III controller with the 

manufacturer’s software.  Silicon cantilevers with a spring constant of 0.58 N/m were 

used. Root mean squared (rms) roughness values were calculated by the manufacturer’s 

software on a 1 µm x 1 µm image. 

4.7.3 Synthesis and characterization 

Monomer Sulfo(ZI)b was synthesized as described in Chapter 2.  Yields and 

spectroscopic data matched those previously reported.1 
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Representative polymerization procedure: Monomer Sulfo(ZI)b (0.3 g, 0.8 

mmol, 30 equivalents) and 5-(bicycloheptenyl)-triethoxysilane 3 (42 μL, 0.16 mmol, 6 

equivalents) were weighed into a clean, dry Schlenk flask under N2, while G3 (0.024 g, 

0.028 mmol, 1 equivalent) was weighed into a second Schlenk flask under N2.  The 

monomers were then dissolved in 3 mL 2,2,2-trifluoroethanol plus 1 mL dry CH2Cl2 and 

the catalyst was dissolved in 2 mL dry CH2Cl2.  Both solutions were subjected to three 

freeze-pump-thaw cycles and warmed to room temperature.  Using a nitrogen-purged 

syringe, the monomer solution was added to the catalyst solution.  The polymerization 

was allowed to proceed for 30 minutes at room temperature under N2.  To quench the 

reaction, 1.5 mL ethyl vinyl ether was added and the solution was stirred for an additional 

hour.  The polymer was then precipitated out into anhydrous diethyl ether, isolated by 

vacuum filtration and dried under high vacuum overnight.  In the case of the block 

copolymers, the polymer solid was isolated by centrifugation after precipitation.  Yields 

were greater than 90% for all polymers.  The polymer was stored at -20 °C while not in 

use. 

rP[Sulfo(ZI)b]: 1H NMR (300MHz, D2O + NaBr): δ (ppm) = 1.15 (br, 9H), 1.74 (br, 

2H), 1.89 (br, 2H), 2.90 (br, 2H), 3.12 (br, 6H), 3.40 (br, 2H), 3.49 (br, 2H), 3.61 (br, 

2H), 3.91 (q, J = 9.1 Hz, 6H), 4.65 (br, 1H), 5.03 (br, 1H), 5.90 (br, cis, 1H), 6.09 (br, 

trans, 1H). 

4.7.4 Coating preparation 

Casting solutions were prepared as 1 wt/v % polymer solutions (0.01g/1mL) in 

2,2,2-trifluoroethanol and filtered through 0.45 μm PTFE filters.  Silicon wafers were cut 
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into 1.5 x 1.5 cm substrates, cleaned with piranha solution for 30 minutes, rinsed with RO 

water and dried under N2 immediately before use.  The polymer solutions were spin-cast 

onto the silicon substrates at 3000 rpm for 30 seconds.  After drying under vacuum 

overnight, the samples were placed in a sealed desiccator containing concentrated HCl 

for 1 hour, then heated at 110 °C for 3 hours to complete the curing process.  Any 

remaining free polymer was extracted from the coating by soaking the samples in PBS 

for several hours; the samples were rinsed with RO water to remove any buffer salts and 

dried under N2 then overnight under high vacuum.  The initial thicknesses of the coatings 

were measured by ellipsometry.  AFM and contact angle measurements were taken on 

freshly prepared surfaces. 

4.7.5 Protein adsorption measurements 

Fibrinogen solutions (0.5 mg/mL) in PBS buffer were prepared directly before use 

at room temperature.  The samples were placed in individual wells of a 12-well cell 

culture plate and soaked in PBS buffer for two hours to fully hydrate the surfaces.  The 

coatings were transferred to a clean plate and approximately 3 mL of protein solution 

were added to each well.  The plate was then incubated for two hours at 37 °C.  Excess 

PBS was used to flood the wells to sufficiently dilute the protein, after which the samples 

were removed from the wells and rinsed further with RO water.  The coatings were first 

dried under a stream of N2 then overnight under high vacuum.  To quantify protein 

adsorption, the thickness of the adsorbed protein layer was measured by ellipsometry 

using the published refractive index value of 1.405 for fibrinogen.1,9-11  By applying the 

following equation:  

𝛤(𝑛𝑔 𝑚𝑚2)⁄ = ℎ 𝑥 𝑑  
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where h equals the measured thickness of the protein layer, and d equals fibrinogen 

density given in the literature1,9-11 as 1.085 g/cm3, the amount of adsorbed protein (Γ) was 

calculated. 

4.7.6 PDMS functionalization 

Sylgard 184 was purchased and cured according to the manufacturer’s 

instructions.  Samples approximately 1 cm x 1 cm x 1.5 µm is size were cut out and 

pressed onto glass slide coverslips for easy handling.  The samples were placed in a glass 

dish and exposed to oxygen plasma for the given amount of time.  Immediately after, the 

polymer solution was spin-cast onto the surface at 3000 rpm for 30 seconds.  After drying 

under vacuum overnight, the samples were placed in a sealed desiccator containing 

concentrated HCl for 1 hour, then heated at 110 °C for 3 hours to complete the curing 

process.  Any remaining free polymer was extracted from the coating by soaking the 

samples in PBS for several hours; the samples were rinsed with RO water to remove any 

buffer salts and dried under N2 then overnight under high vacuum.   

4.8 Conclusions 

 A series of model random and block copolymers were synthesized which 

incorporated the sulfobetaine Sulfo(ZI)b and the commercially available 5-

(bicycloheptenyl)-triethoxysilane monomers.  These polymers were designed for surface 

functionalization, where the triethoxysilane groups from the 5-(bicycloheptenyl)-

triethoxysilane repeat unit could hydrolyze to form covalently anchored coatings.  Both 

the amount of siloxane and its position within the polymers were varied to find the 

optimal polymer composition for nonfouling coatings.  The random and block copolymer 

series exhibited unique solution and surface properties.  It was found, in general, that 
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random copolymers formed the most homogeneous, robust coatings.  Despite the 

literature precedence for highly efficient coatings from block copolymers, the 

bP[Sulfo(ZI)b] series was found to be prone to surface defects and high levels of protein 

adsorption.  The best polymer for screening nonfouling surfaces was determined to be 

rP[Sulfo(ZI)b]30,6, or a random copolymer with approximately 16 mol % siloxane repeat 

units, based on durability and fibrinogen adsorption.  While it was found that this 

polymer chemistry was broadly applicable for coating surfaces other than silica or glass, 

non-glassy substrates required further optimization and thus were not pursued further. 
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CHAPTER 5 

NONFOULING PROPERTIES OF HYDROPHILIC BETAINES: EFFECT OF 

INTERCHARGE DISTANCE 

 

5.1 Introduction  

Chapter 5 describes the nonfouling properties of the C1(ZI), Carboxy(ZI), and 

Sulfo(ZI) series.  In addition to quantifying these polymers’ behavior as nonfouling 

materials, these hydrophilic betaines could be used to study the effect of intercharge 

distance on their nonfouling properties.  Monomer and polymer syntheses were 

previously outlined in Chapters 3 and 4.  The intercharge distance was varied by 

systematically altering the length of the alkyl chain between the cationic and anionic 

moieties in the linear carboxybetaine and sulfobetaine series, and between the 

oxanorbornene backbone and the cationic moiety in the dual-functional series.  A 

comparison between the carboxybetaine and dual-functional series allowed us to study 

the effect of charge position within each repeat unit.  While similar studies had been 

performed on polymer brush surfaces, this was the first in-depth study for 

oxanorbornene-based polymers.   

5.2 General Approach 

It was shown above in Chapter 3 that we could synthesize an extremely diverse 

set of polyzwitterions based on oxanorbornene monomers.  The dual-functional 

zwitterions, comprising the C1(ZI) and Amph(ZI) series, especially represented novel 

structures.  Due to the novelty of our oxanorbornene-based platform, it lacked the breadth 
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of available research for the (meth)acrylate/acrylamide systems.  For instance, Jiang and 

coworkers studied the effect of the spacer group length between the charged groups for 

carboxybetaine acrylamide surface-grafted brushes,1  where the alkyl chain was varied 

from methyl to pentyl.  Relative fibrinogen adsorption, as measured by surface plasmon 

resonance (SPR) spectroscopy, was similar for the 1-, 2-, and 3-carbon spacer surfaces, 

but increased noticeably on the 5-carbon spacer surface.  It was also found that fibrinogen 

adsorption was dependent on the pH of the environment, as well as the solution’s ionic 

strength, because of the pH-sensitive nature of the carboxylate group. 

 

Figure 5.1: Polymers used to study the effect of charge distribution on oxanorbornene-

based (a) dual-functional betaines, (b) carboxybetaines, and (c) sulfobetaines. 

 

The modular nature of our chemistry platform was well-suited to structure-

property relationship studies.  Due to their similar zwitterionic chemistries and analogous 

structures in the literature, the hydrophilic linear (Carboxy(ZI) and Sulfo(ZI)) and dual-

functional (C1(ZI)) betaines were compared here as shown in Figure 5.1.  (The 

Amph(ZI) series is discussed later in Chapter 6.)  Specifically, the effect of intercharge 
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distance on different betaines could be studied by comparing the C1(ZI), Carboxy(ZI), 

and Sulfo(ZI) series in the same manner as the carboxybetaine acrylamide brushes 

discussed above.  The length of the alkyl spacer between the imide backbone and the 

quaternary amine was varied from 2 to 6 carbons for the dual-functional methyl surface 

(Figure 5.1a).  The spacers between the cationic and anion groups for the Carboxy(ZI) 

and Sulfo(ZI) series were varied between 1 to 5, and 3 to 4 carbons, respectively (Figure 

5.1b and c).  In addition to synthetic viability, the spacer lengths of the dual-functional 

and carboxybetaines were chosen to correlate with one another as closely as possible.       

5.3 Coating Preparation and Characterization 

5.3.1 Polymer Synthesis 
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Figure 5.2: Polymerization of the C1(ZI), Carboxy(ZI), and Sulfo(ZI) series and 

representative post-polymerization functionalization reactions: (a) (i) Grubbs’ 3rd 

generation catalyst, TFE/CH2Cl2, room temperature, 30 minutes; (ii) excess ethyl vinyl 

ether, room temperature, 1 hour; (b) (i) 0.1 M NaOH, 20 minutes; (c) (i) HCl (g), overnight. 

 

As discussed in Chapter 4, the charged monomers were randomly copolymerized 

with 5-(bicycloheptenyl)-triethoxysilane so that x = 30 and y = 6 to create polymers for 

functionalizing silica substrates (Figure 5.2a).  These polymers are denoted here with the 

prefix rP to denote the random copolymerization with the siloxane monomer.  The 

polymerizations were carried out in a mixture of TFE and CH2Cl2 to fully solubilize all 

components.  Quantitative conversion for all polymers was achieved in 15-25 minutes.   

Because of the hydrolytic instability of the siloxane groups, as well as the highly charged 

content of the polymers, GPC was not a viable characterization technique, therefore 1H 

NMR was used exclusively to characterize these precursor polymers.  Table 5.1 

summarizes the polymers’ calculated compositions, where the molecular weights (Mn) 

ranged from 12 – 16.5 kDa and siloxane contents ranged from 16-23 mol %. 
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Table 5.1: Composition and molecular weight characterization of hydrophilic polymers by 

NMR spectroscopy 

Polymer x a y b Mn (kDa) c mol % Si 

rP[C1(+)a] 30 8.2 13.0 21.5 

rP[C1(+)b] 30 8.9 13.6 22.9 

rP[C1(+)c] 30 5.7 13.2 16.0 

rP[C1(+)d] 30 7.1 14.0 19.1 

rP[C1(+)e] 30 8.7 14.8 22.5 

rP[Carboxy(+)a] 30 5.8 14.4 16.2 

rP[Carboxy(+)b] 30 8.1 12.4 21.3 

rP[Carboxy(+)c] 30 8.2 15.9 21.5 

rP[Carboxy(+)d] 30 9.1 16.5 23.3 

rP[Carboxy(+)e] 30 7.2 16.5 19.4 

rP[Sulfo(ZI)a] 30 6.2 12.3 17.1 

rP[Sulfo(ZI)b] 30 6.8 12.9 18.5 

a number of charged repeat units assumed to be 30 due to the low resolution of the phenyl 

endgroup; b number of siloxane repeat units as calculated by 1H NMR spectroscopy from 

the ratio of the peaks corresponding to –N(CH3)2 and –Si(OCH2-CH3); 
c calculated from 

the x and y values given in the table and the monomers’ known molecular weights.  

 

5.3.2 Surface Characterization 

Coatings were prepared as described in Chapter 4.2,3  The dual-functional and 

carboxybetaine surfaces were converted post-polymerization to the fully zwitterionic 

forms by either base or acid treatment (Figure 5.2b-c).  After soaking the rP[C1(+)a-e] 

surfaces in a 0.1 M NaOH solution for 20 minutes, the imide group ring-opened to form 

an anionic carboxylate group and an amide containing the cationic side chain.  FT-IR 

spectra before and after base treatment showed that the strong imide  peak at 1707 cm-1 

weakened and additional peaks appeared at 1650 and 1580 cm-1 corresponding to the 

newly formed carboxylate and amide groups (Figure 5.3a).  It should be noted that the IR 
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spectrum of the final surface still shows residual imide groups, implying that some 

cationic repeat units remain in the coating.  This result is in contrast to that obtained from 

ring-opening the imide in solution, where the reaction is fast (on the order of minutes or 

less) and quantitative.  Because the siloxane crosslinks are themselves base-sensitive, 

increasing the exposure time and the base concentration caused the coating to delaminate.  

We assumed, however, that the majority of the cationic repeat units were sequestered in 

the interior of the network due to the limited diffusion of the aqueous solution, and that 

their presence would not have a significant impact on the coatings’ presumed zwitterionic 

nature.   

FT-IR spectroscopy was also used to confirm the cleavage of the tert-butyl groups 

on the carboxylate polymers after acid treatment.  In this case, the ester peak at 1720 cm-1 

disappeared and gave rise to acid peaks at 1630 and 1390 cm-1 (Figure 5.3b).  The 

sulfobetaine moiety required no further modification.  Imide carbonyl (1707 cm-1) and 

sulfonate (1395 and 1187 cm-1) stretching frequencies in the IR spectra (Figure 5.3c) for 

the rP[Sulfo(ZI)a-b] surfaces were in agreement with the assumed zwitterionic surface 

chemistry. 



123 

 

 

1000200030004000

96

98

100

102

1580 cm
-1

1650 cm
-1

%
 T

ra
n

s
m

it
ta

n
c

e

Wavenumber (cm
-1
)

rP[C1(ZI)]

1707 cm
-1

(a)

1000200030004000
80

85

90

95

100
1390 cm

-1

%
 T

ra
n

s
m

it
ta

n
c

e

Wavenumber (cm
-1
)

rP[Carboxy(ZI)]
1630 cm

-1

(b)



124 

 

Figure 5.3: Representative FT-IR spectra of the cured and post-functionalized (a) 

rP[C1(ZI)], (b) rP[Carboxy(ZI)] and (c) rP[Sulfo(ZI)] surfaces.  Characteristic peaks 

corresponding to imide (1707 cm-1), amide (1580 cm-1), carboxylic acid (1650/1630 and 

1390 cm-1) and sulfonate (1395 and 1187 cm-1) functional groups are marked with the 

dotted lines. 

 

In addition to FT-IR, all coatings were characterized by several other surface-

sensitive techniques in order to ascertain the influence of the coating chemistry on 

surface properties, and to correlate physical surface properties to the coatings’ nonfouling 

performance.  AFM showed that all surfaces exhibited similar topography.  Roughnesses 

ranged from approximately 0.3 – 0.5 nm (Table 5.2) and no significant surface features or 

defects were visible.  The lack of unique discernable surface characteristics within the 

polymer series was not wholly surprising as all the polymers were structurally and 

chemically similar.  Likewise, the tightly cross-linked coatings would not be expected to 

undergo or allow for extensive rearrangement that would manifest itself in AFM images.  

One exception, however, was the sulfobetaine series.  While the height images for both 

rP[Sulfo(ZI)a] and rP[Ssulfo(ZI)b] surfaces appeared nearly identical, the phase images 

were differentiated by the degree of phase separation.  The rP[Sulfo(ZI)a]surface 
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appeared homogenous across a given sample, whereas weak phase separation was 

noticeable for the rP[Ssulfo(ZI)b] surface (Figure 5.4).  

Table 5.2: Surface properties of hydrophilic zwitterionic coatings 

Polymer Intercharge 

distance (Å)a 

Roughness 

(nm)b 

Water contact angle (°)c ΓFibrinogen 

(ng/mm2)e 

θAdvancing θReceding
 θStatic 

rP[C1(+)a] N/A 0.5 47 ± 2 12 ± 2 48 ± 2 0.53 ± 0.07 

rP[C1(+)b] N/A 0.2 41 ± 3 16 ± 2 42 ± 3 0.50 ± 0.11 

rP[C1(+)c] N/A 0.2 40 ± 2 ≤ 10 d 38 ± 4 0.79 ± 0.32 

rP[C1(+)d] N/A 0.2 70 ± 2 17 ± 1 65 ± 2 0.64 ± 0.37 

rP[C1(+)e] N/A 0.2 68 ± 2 ≤ 10 65 ± 2 1.30 ± 0.41 

rP[Carboxy(+)a] 2.67 0.3 54 ± 3 11 ± 2 54 ±  3 0.34 ± 0.13 

rP[Carboxy(+)b] 3.75 0.4 64 ± 2 ≤ 10 64 ± 2 2.31 ± 0.22 

rP[Carboxy(+)c] 4.96 0.4 49 ± 4 26 ± 2 50 ± 4 0.84 ± 0.26 

rP[Carboxy(+)d] 6.43 0.5 41 ± 3 ≤ 10 39 ± 2 0.46 ± 0.19 

rP[Carboxy(+)e] 7.64 0.2 45 ± 2 ≤ 10 43 ± 3 0.23 ± 0.16 

rP[Sulfo(ZI)a] 5.29 0.3 56 ± 3 ≤ 10 50 ± 4 0.59 ± 0.2 

rP[Sulfo(ZI)b] 6.62 0.3 61 ± 2 ≤ 10 54 ± 7 1.03 ± 0.08 

a values calculated by Spartan 2004 software; b root mean squared (rms) roughness 

calculated by the manufacturer’s software based on a 1 μm x 1 μm image area;  c water 

contact angles measured by the sessile drop technique; d angles approximately equal to 10° 

were too small to measure accurately; e fibrinogen adsorption measured by ellipsometry.   
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Figure 5.4: Representative tapping mode AFM height (top) and phase (bottom) images of 

(a) rP[Sulfo(ZI)a] and (b) rP[Sulfo(ZI)b] surfaces.  Images represent a 1 µm x 1 µm area, 

where the z axis is 5 nm for the height images. 

 

We had expected that the zwitterions (both linear and dual-functional) with longer 

alkyl spacers would be more hydrophobic than those with shorter alkyl spacers, due to 

both the increased distance between the charges and the added hydrophobicity from 

increasing the carbon content.  Intercharge distances were calculated for the linear 

betaines to quantify the effect of increasing the alkyl spacer length (Table 5.2).  For the 

rP[Carboxy(ZI)] and rP[Sulfo(ZI)] series, the intercharge distances increased linearly 

from 2.67 to 7.64  Å and 5.29 to 6.62  Å, respectively.  To determine the relative 

wettabilities of each of the surfaces, water contact angle measurements were used.  

Although contact angles can be influenced by other surface properties such as roughness, 

rearrangement and defects,4,5 the lack of physical features in the AFM images implied 

that water contact angle would be an adequate method to compare nominal 

hydrophilicities.   

(a) (b)
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Within the dual-functional series, the rP[C1(ZI)a-c] surfaces all had similar 

advancing water contact angles, 41° ≤ θA ≤ 47° (Table 5.2), implying that the surfaces 

were similarly hydrophilic.  The advancing water contact angle increased, however, for 

both rP[C1(ZI)d] and rP[C1(ZI)e] to approximately 70°, which may be accounted for by 

the increased hydrophobic alkyl content.  For the carboxybetaine series, the 

rP[Carboxy(ZI)b] surface had the largest measured advancing water contact angle (64°). 

The rP[Carboxy(ZI)a] and rP[Carboxy(ZI)c] surfaces had advancing water contact 

angles near 50°, while those for rP[Carboxy(ZI)d] and rP[Carboxy(ZI)e] were 41° and 

45°, respectively.  Despite the expectation that the contact angle would correlate with the 

intercharge distance, the greatest advancing water contact angle for the carboxybetaine 

series was observed for the surface functionalized with rP[Carboxy(ZI)b], containing 

the intermediate ethylene spacer.  Advancing water contact angles for rP[Sulfo(ZI)a] and 

rP[Sulfo(ZI)b] were measured to be 56° and 61°, respectively, indicating that the 

surfaces’ wettabilities were comparable.  In general, all surfaces exhibited advancing 

water contact angles between 40° and 70°.  Likewise, static contact angles for all surfaces 

were comparable to the advancing contact angles, while the degrees of hysteresis (the 

difference between advancing and receding contact angles) were similar for all surface 

chemistries (Table 5.2).   

While the water contact angles implied that all of the surfaces were intermediately 

hydrophilic, similar charged polymer coatings were reported to exhibit 

superhydrophilicity.6  In our case, the hydrophobic backbone and comparatively large 

intramolecular spacing between the zwitterionic side chains, in addition to the presence 

of the siloxane-containing repeat unit, likely contributed to these surfaces’ wettabilities.  
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Additionally, there was no clear trend between the measured contact angle and the 

theoretical intercharge distances.  It is possible that the structures here do not cover a 

wide enough range of charge distributions, thus the surfaces’ wettabilities all fall in the 

same range and no trend can be discerned.  It may also be possible that the charged 

moieties behave differently than expected because of intra- or intermolecular interactions 

based on spacer length, and so their behavior is more complex than can be deconvoluted 

from their contact angles.    

5.4 Protein Adsorption 

 We expected that, in general, the zwitterionic surfaces with longer theoretical 

intercharge distances or larger alkyl contents would exhibit larger amounts of protein 

adsorption due to the greater hydrophobic component.  Carboxylates and carboxybetaines 

are pH-sensitive, however, so the rP[C1(ZI)] and rP[Carboxy(ZI)] series may be 

affected by additional factors.  Previous calculations on carboxybetaine surfactants 

showed that increasing the distance between the quaternary amine and the carboxylic acid 

increases the pKa of the acid.7  This effect was also seen in polycarboxybetaines, 

although the formation of intramolecular ion pairs within the repeat units was found to 

influence the polymers’ solution properties and electrostatic interactions as well.8,9  If the 

zwitterionic moieties in these bulk coatings behave the same way, extending the alkyl 

spacer length increases the pKa of the rP[Carboxy(ZI)] carboxylate groups.  Fibrinogen 

adsorption would then increase due to the reduction in zwitterionic character.1,10  Our 

dual-functional series decoupled the positive and negative charges by placing them on 

individual side chains, so that extending the quaternary amine side chain should not 

appreciably impact the electronic properties of the pH-sensitive carboxylic acid.  Thus, it 
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was not necessarily clear that the linear and dual-functional series should behave 

similarly, even though they contain the same functional groups. 

 

 

 

Figure 5.5: Fibrinogen adsorption as measured by ellipsometry for the (a) rP[C1(ZI)] 

series; (b) rP[Carboxy(ZI)] series; and (c) rP[Sulfo(ZI)] series.  Controls are indicated 
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by the shaded bars.  Error bars represent ± standard deviation, based on at least 3 

independent measurements. 

 

Fibrinogen adsorption data is given in Figure 5.5 for all surfaces.  Silica and an 

uncharged oxanorbornene polymer (structure given in 5.6 Experimental procedures 

section) were used as controls.  In the case of the dual-functional series, all surfaces 

appeared to behave similarly, where ΓFibrinogen ranged from 0.5 – 1.3 ng/mm2 (Figure 

5.5a).  Surfaces coated in rP[C1(ZI)a-d] performed almost identically, where ΓFibrinogen ≈ 

0.5 ng/mm2.  Any differences between rP[C1(ZI)a-e], however, were subtle when taking 

into account error.  As shown in Figure 5.5b, the protein adsorption trend for the 

carboxybetaine series was somewhat more complex.  The rP[Carboxy(ZI)a] surface was 

expected to have the least amount of adsorbed fibrinogen, while the rP[Carboxy(ZI)e] 

surface was expected to have the most, with a positive correlation between increasing 

spacer length and increasing protein adsorption.  Instead, with the exception of 

rP[Carboxy(ZI)b], all surfaces performed similarly, with ΓFibrinogen ≈ 0.2 – 0.8 ng/mm2.  

The greatest amount of adsorbed fibrinogen (2.3 ng/mm2) was seen on the 

rP[Carboxy(ZI)b] surface, which also had the highest water contact angle among the 

carboxybetaine series.  For the rP[Sulfo(ZI)a] surface, ΓFibrinogen = 0.56 ng/mm2, whereas 

ΓFibrinogen = 1.03 ng/mm2 for the rP[Sulfo(ZI)b] surface (Figure 5.5c).  The shorter 

intercharge distance on the rP[Sulfo(ZI)a] surface appeared to correlate with the lower 

amount of fibrinogen adsorption compared to the rP[Sulfo(ZI)b] sample.  With so few 

samples, however, it is difficult to determine if a robust trend exists within the 

sulfobetaine series.  Overall, the dual-functional, carboxybetaine, and sulfobetaine 

surfaces all showed decreased amounts of fibrinogen adsorption when compared to the 

silica control surface.  These results demonstrated both the importance of a charge-
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neutral surface in preventing protein adsorption as well as the efficacy of our zwitterionic 

ROMP system.     

 

Figure 5.6:  Fibrinogen adsorption vs. alkyl spacer length (m or n) for rP[C1(ZI)] (green 

diamonds) and rP[Carboxy(ZI)] (red squares) surfaces. 

Despite the differences in the nature of the zwitterionic functionality found in the 

rP[C1(ZI)] and rP[Carboxy(ZI)] series, their fouling behavior was generally similar.  

Figure 5.6 shows fibrinogen adsorption versus the length of the alkyl chain attached to 

the cationic group (m and n), where the similarities between the fouling behaviors of the 

rP[C1(ZI)] and rP[Carboxy(ZI)] series are more apparent.  As n increased from 2 to 5 

carbons, fibrinogen adsorption (approximately 0.5 ng/mm2) remained essentially constant 

for the rP[C1(ZI)] series.  Fouling approximately doubled to 1.3 ng/mm2 when m = 6; 

however, within error, there was a gradual increase in fouling across the entire series.  On 

the other hand, within the rP[Carboxy(ZI)] series, maximum fouling occurred on the 

rP[C1(ZI)b] surface (2.3 ng/mm2).  Adsorption on surfaces where m ≠ 2 was again 

comparable both within the series and to the rP[C1(ZI)] series.  Therefore, it appeared 
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that the amount of adsorbed fibrinogen on the rP[Carboxy(ZI)b] surface was 

anomalously high, as was the surface’s water contact angle.  We hypothesize that this 

behavior was observed with the ethylene spacer because it allowed for the most stable 

cyclized conformation of the pendant chain to create an ion pair.8,9  As previously noted, 

a cyclic ion pair increased the hydrophobicity of a polycarboxybetaine in solution, which 

correlates to the high water contact angle on the rP[Carboxy(ZI)b] surface.11  More in-

depth surface characterization, however, is necessary to better understand this 

phenomenon.  The comparison between the linear and dual-functional betaines implies 

that the placement of the charged moieties within the polymer has a subtle effect on the 

nonfouling properties of the resulting surface.     

 

Figure 5.7: Fibrinogen adsorption vs. advancing water contact angle for rP[C1(ZI)] (green 

diamonds), rP[Carboxy(ZI)] (red squares), and rP[Sulfo(ZI)] (blue circles) surfaces. 

 

Hydrophilic surfaces are thought to diminish irreversible protein adhesion by 

supporting a stable water layer, which shields the underlying surface from hydrophobic 
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and electrostatic interactions.12-18  It would be expected, then, that more hydrophilic 

surfaces would adsorb less protein than more hydrophobic surfaces when the surface 

chemistry is similar.  To determine if this trend held true for our oxanorbornene-based 

platform, protein adsorption was plotted as a function of advancing water contact angle 

for the rP[C1(ZI)], rP[Carboxy(ZI)], and rP[Sulfo(ZI)] series (Figure 5.7).  Most 

values tended to cluster around low contact angles (40° - 55°) and ΓFibrinogen < 1 ng/mm2, 

where the rP[Carboxy(ZI)] surface was again observed to be anomalous with higher 

fouling than the contact angle would suggest.  Within error, the majority of the surfaces 

exhibited comparable fouling regardless of wettability.  Interestingly, the nature of the 

charged groups did not appear to influence the trend either, as most surfaces from all 

three series were similar.   

It has been shown for surface-initiated carboxybetaine brushes that increasing the 

atomic distance between the quaternary amine and carboxylate group resulted in higher 

levels of fibrinogen fouling.1  This effect was exacerbated at low pH levels, due to the 

increased cationic nature of the surface and subsequent electrostatic interactions between 

the polymer chains and the protein.  Previous work with the dual functional series also 

implied that increasing surface wettability by increasing the hydrophilicity of the 

quaternary amine’s substituent lead to a decrease in protein adsorption.2  The 

oxanorbornene-based polymers explored here, however, showed that their nonfouling 

properties were largely independent of both the intercharge distance of the zwitterionic 

functional groups and the surfaces’ relative wettabilites.  Although a range of surface 

wettabilities (40° < θA < 70°) was achieved by varying the distance between cation and 

anion, as well as the type of charged species, the majority of the surfaces still exhibited 
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similar levels of protein adsorption (0.5 ng/mm2 < ΓFibrinogen < 1.0 ng/mm2).  The 

synthesized zwitterions were limited to some extent by synthetic viability.  It is possible 

that a stronger correlation between surface wettability, or hydrophilicity, and protein 

adsorption would have been observed with a broader range of zwitterions.  The 

contribution of the oxanorbornene backbone and the bulk nature of the polymer coatings 

may also largely contribute to the resulting surfaces’ nonfouling properties, so that small 

changes in the zwitterion chemistry have less of an impact on the surface properties.  

Regardless, the fact that these materials’ fouling properties are largely independent of 

their surface properties is contrary to some other zwitterionic nonfouling systems.  This 

property, however, may be advantageous.  While none of the surfaces tested here 

suppressed protein adsorption below the 0.1 ng/mm2 threshold, many performed 

reasonably well (~ 0.5 ng/mm2). 

5.5 Experimental Procedures 

5.5.1 Materials 

All reagents were purchased from either Sigma-Aldrich, Alfa Aesar, Acros 

Organics, or Fisher Scientific in the highest purity available and used as received, unless 

otherwise noted. 4-(dimethylamino)butylamine, 5-(dimethylamino)amylamine, and 6-

(dimethylamino)hexylamine were purchased from Matrix Scientific and used as received.  

1,3-dinitrobenzene was obtained from Avocado Research Chemicals and used as 

received. 4-Bromobutanoic acid tert-butyl ester was purchased from Astatech, Inc. and 

used as received. 5-(bicycloheptenyl)triethoxysilane (3) was purchased from Gelest Inc. 

and used as received.  5-bromopentanoic acid tert-butyl ester and 6-bromohexanoic acid 

tert-butyl ester were synthesized as described below.  Tetrahydrofuran (THF, Fisher 
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Scientific, HPLC grade) was distilled from sodium/benzophenone under nitrogen and 

dichloromethane (CH2Cl2, Fisher Scientific, ACS grade) was distilled from CaH2 under 

nitrogen immediately prior to use.  2,2,2-trifluoroethanol (TFE, 99+%) was purchased 

from Alfa Aesar and used as received.  Grubbs’ 3rd generation catalyst (G3) was 

synthesized according to a previously reported procedure.19  Fibrinogen was purchased 

from Calbiochem as a lyophilized powder.  Phosphate buffered saline (PBS, 0.01M) was 

purchased from Sigma Aldrich free of serum proteins as a powder and reconstituted in 

distilled water prior to use. 

5.5.2 Instrumentation and methodology 

Nuclear magnetic resonance (NMR) spectra were obtained on a Bruker DPX-300 

NMR spectrometer.  Abbreviations for assignments are as follows: s: singlet; t: triplet; q: 

quartet; m: multiplet; comp: overlapping non-equivalent peaks; br: broad. 

Gel permeation chromatography (GPC) traces were obtained on an Agilent 1260 

series system with a refractive index detector, and a HFIP gel guard column (7 mm x 50 

mm) and 3 HFIP gel columns (7mm x 300 mm) in series.  The columns were incubated at 

40 °C.  2,2,2-trifluoroethanol with 20 mM NaTFA was used as the eluent at a flow rate of 

0.75 mL/min.  Methanol was used as the flow marker.  Molecular weight was calculated 

relative to poly(methyl methacrylate) standards. 

Grazing angle Fourier transform infrared (FT-IR) spectra for the coatings were 

obtained on a Thermo Scientific Nicolet 6700 spectrometer with a Harrick germanium 

attenuated total reflection (ATR) attachment and N2-cooled MCT/A.  Clean silica wafers 

were used to collect the background spectra.  Coating thicknesses of ~1 µm (5 wt/v % 

polymer/TFE casting solution) were used to improve signal intensity 
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Water contact angles were measured using a Rame-Hart telescopic goniometer 

and a Gilmont syringe with a 24-gauge flat-tipped needle filled with Milli-Q water. 

Reported values are the average of at least 6 measurements on three unique surfaces. 

Polymer thickness measurements were made on a LSE model Gaertner Scientific 

Stokes Ellipsometer, with an angle of incidence of 70° from the normal and a 6328 Å 

HeNe laser, assuming a thin film model. A refractive index of 1.5 was assumed for the 

polymer layer.  Reported values are the average of five measurements on three unique 

surfaces.   

Atomic force microscopy (AFM) images were obtained in tapping mode on a 

Veeco Dimension 3100 instrument with a Nanoscope III controller with the 

manufacturer’s software.  Silicon cantilevers with a spring constant of 0.58 N/m were 

used. Root mean squared (rms) roughness values were calculated by the manufacturer’s 

software on a 1 µm x 1 µm image. 

Theoretical intercharge distances were calculated on the modeled side chains after 

energy minimization using Spartan 2004 software (Wavefunction, Inc., Irvine, CA). 

5.5.3 Synthesis and characterization 

Monomers C1(+), Carboxy(+), and Sulfo(ZI) were synthesized according to the 

procedures outlined in Chapter 3.  rP[norb] was synthesized according to previously 

published procedures.2,20  Yields and spectroscopic data matched those reported.  
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Representative polymerization procedure: Monomer (C1(+)a) (0.3 g, 0.83 

mmol, 30 equivalents) and 5-(bicycloheptenyl)-triethoxysilane (42 μL, 0.16 mmol, 6 

equivalents) were weighed into a clean, dry Schlenk flask under N2, while G3 (0.024 g, 

0.028 mmol, 1 equivalent) was weighed into a second Schlenk flask under N2.  The 

monomers were then dissolved in 3 mL 2,2,2-trifluoroethanol plus 1 mL dry CH2Cl2 and 

the catalyst was dissolved in 2 mL dry CH2Cl2.  Both solutions were subjected to three 

freeze-pump-thaw cycles and warmed to room temperature.  Using a nitrogen-purged 

syringe, the monomer solution was added to the catalyst solution.  The polymerization 

was allowed to proceed for 30 minutes at room temperature under N2.  To quench the 

reaction, 1.5 mL ethyl vinyl ether was added and the solution was stirred for an additional 

hour.  The polymer was then precipitated out into anhydrous diethyl ether, isolated by 

vacuum filtration and dried under high vacuum overnight.  Yields were greater than 90% 

for all polymers.  The polymer was stored at -20 °C while not in use. 

 

rP[C1(+)a]: data previously reported.2  1H NMR (300MHz, DMSO-d6): δ (ppm) = 1.15 

(br, 9H), 3.15 (br, 9H), 3.39 (s, 3H), 3.52 (comp, 4H), 3.76 (br, 2H), 4.48 (br, 1H), 4.90 

(br, 1H), 5.41 (br, 1H), 5.57 (br, 1H), 5.79 (br, cis, 1H), 5.97 (br, trans, 1H), 7.39 (br m, 

5H, phenyl endground). 

rP[C1(+)b]: 1H NMR (300MHz, DMSO-d6): δ (ppm) = 1.14 (br, 9H), 1.95 (br, 2H), 3.05 

(br, 9H), 3.29 (br, 2H), 3.39 (s, 3H), 3.44 (br, 2H), 3.75 (br, 6H), 4.46 (br, 1H), 4.94 (br, 

1H), 5.36 (br, 1H), 5.54 (br, 1H), 5.98 (br, cis, 1H), 6.12 (br, trans, 1H), 7.39 (br m, 5H, 

phenyl endgroup). 
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rP[C1(+)c]: 1H NMR (300MHz, DMSO-d6): δ (ppm) = 1.15 (br, 9H), 1.51 (br, 2H), 1.68 

(br, 2H), 3.05 (br, 9H), 3.30 (br, 2H), 3.39 (s, 3H), 3.43 (br, 2H), 3.75 (br, 6H), 4.42 (br, 

1H), 4.88 (br, 1H), 5.40 (br, 1H), 5.55 (br, 1H), 5.77 (br, cis, 1H), 5.97 (br, trans, 1H), 

7.37 (br m, 5H, phenyl endgroup). 

rP[C1(+)e]: 1H NMR (300MHz, DMSO-d6): δ (ppm) =1.15 (br, 9H), 1.25 (br, 2H), 1.55 

(br, 2H), 1.69 (br, 2H), 3.05 (br, 9H), 3.24 (br, 2H), 3.39 (s, 3H), 3.45 (br, 2H), 3.75 (br, 

6H), 4.41 (br, 1H), 4.88 (br, 1H), 5.41 (br, 1H), 5.54 (br, 1H), 5.76 (br, cis, 1H), 5.97 (br, 

trans, 1H), 7.37 (br m, 5H, phenyl endgroup).   

rP[C1(+)e]: 1H NMR (300MHz, DMSO-d6): δ (ppm) =1.14 (br, 9H), 1.29 (br, 4H), 1.51 

(br, 2H), 1.66 (br, 2H), 3.05 (br, 9H), 3.27 (br, 2H), 3.38 (comp, 3H + 2H), 3.75 (br, 6H), 

4.40 (br, 1H), 4.88 (br, 1H), 5.41 (br, 1H), 5.56 (br, 1H), 5.76 (br, cis, 1H), 5.97 (br, 

trans, 1H), 7.37 (br m, 5H, phenyl endgroup).  

rP[Carboxy(+)a]: 1H NMR (300MHz, MeOD-d4): δ (ppm) = 1.25 (br, 9H), 1.58 (br, 

9H), 3.47 (br, 6H), 3.57 (br, 2H), 3.89 (comp, 6H + 2H), 4.50 (br, 2H), 4.74 (br, 1H), 

5.17 (br, 1H), 5.48 (br, 1H), 5.65 (br, 1H), 5.91 (br, cis, 1H), 6.14 (br, trans, 1H), 7.36 (br 

m, 5H, phenyl endgroup).  

rP[Carboxy(+)b]: 1H NMR (300MHz, D2O): δ (ppm) = 1.05 (br, 9H), 2.83 (br, 2H), 

3.09 (br, 6H), 3.46 (br, 2H), 3.58 (br, 2H), 3.85 (comp, 6H + 2H), 4.56 (br, 1H), 4.93 (br, 

1H), 5.38 (br, 1H), 5.56 (br, 1H), 5.83 (br, cis, 1H), 6.03 (br, trans, 1H). 

rP[Carboxy(+)c]: data previously reported.2 1H NMR (300MHz, MeOD-d4): δ (ppm) = 

1.25 (br, 9H), 1.50 (br, 9H), 2.09 (br, 2H), 2.45 (br, 2H), 2.98 (br, 6H), 3.29 (br, 2H), 

3.50 (br, 2H), 3.60 (br, 2H), 3.89 (m, 6H), 3.96 (br, 2H), 4.75 (br, 2H), 5.17 (br, 2H), 
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5.53 (br, 1H), 5.65 (br, 1H), 5.92 (br, cis, 1H), 6.12 (br, trans, 1H), 7.40 (br m, 5H, 

phenyl endgroup). 

rP[Carboxy(+)d]: 1H NMR (300MHz, MeOD-d4): δ (ppm) = 1.24 (br, 9H), 1.48 (br, 

9H), 1.68 (br, 2H), 1.86 (br, 2H), 2.37 (br, 2H), 3.27 (br, 2H), 3.52 (br, 2H), 3.66 (br, 

2H), 3.87 (m, 6H), 3.98 (br, 2H), 4.71 (br, 2H), 5.12 (br, 2H), 5.50 (br, 1H), 5.64 (br, 

1H), 5.92 (br, cis, 1H), 6.14 (br, trans, 1H), 7.35 (br m, 5H, phenyl endgroup). 

rP[Carboxy(+)e]: 1H NMR (300MHz, MeOD-d4): δ (ppm) = 1.22 (br, 9H), 1.47 (comp, 

9H + 2H), 1.68 (br, 2H), 1.87 (br, 2H), 2.32 (br, 2H), 3.27 (br, 2H), 3.50 (br, 2H), 3.69 

(br, 2H), 3.87 (m, 6H), 3.99 (br, 2H), 4.72 (br, 1H), 5.13 (br, 1H), 5.50 (br, 1H), 5.61 (br, 

1H), 5.91 (br, cis, 1H), 6.12 (br, trans, 1H), 7.35 (br m, 5H, phenyl endgroup).  

rP[Sulfo(ZI)a]: 1H NMR (300MHz, D2O + NaBr): δ (ppm) = 1.12 (br, 9H), 2.14 (br, 

2H), 2.86 (br, 2H), 3.12 (br, 6H), 3.47 (comp, 2H + 2H), 3.55 (br, 2H), 3.89 (q, J = 9.2 

Hz, 6H), 4.61 (br, 1H), 4.98 (br, 1H), 5.84 (br, cis, 1H), 6.04 (br, trans, 1H). 

rP[Sulfo(ZI)b]: data previously reported.2 1H NMR (300MHz, D2O + NaBr): δ (ppm) = 

1.15 (br, 9H), 1.74 (br, 2H), 1.89 (br, 2H), 2.90 (br, 2H), 3.12 (br, 6H), 3.40 (br, 2H), 

3.49 (br, 2H), 3.61 (br, 2H), 3.91 (q, J = 9.1 Hz, 6H), 4.65 (br, 1H), 5.03 (br, 1H), 5.90 

(br, cis, 1H), 6.09 (br, trans, 1H). 

5.5.4 Coating preparation  

Casting solutions were prepared as 1 wt/v % polymer solutions (0.01g/1mL) in 

2,2,2-trifluoroethanol and filtered through 0.45 μm PTFE filters.  Silicon wafers were cut 

into 1.5 x 1.5 cm substrates, cleaned with piranha solution for 30 minutes, rinsed with RO 

water and dried under N2 immediately before use.  The polymer solutions were spin-cast 

onto the silicon substrates at 3000 rpm for 30 seconds.  After drying under vacuum 
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overnight, the samples were placed in a sealed desiccator containing concentrated HCl 

for 1 hour, then heated at 110 °C for 3 hours to complete the curing process.  Any 

remaining free polymer was extracted from the coating by soaking the samples in PBS 

for several hours; the samples were rinsed with RO water to remove any buffer salts and 

dried under N2 then overnight under high vacuum.  Dual-functional surfaces (rP[C1(+)a-

e]) were converted to the zwitterionic form (rP[C1(ZI)a-e]) by soaking in 0.1 M NaOH 

for twenty minutes, rinsing with RO water and drying overnight under vacuum.  

Deprotection of the rP[Carboxy(+)] surfaces was ensured by soaking the surfaces in 4 M 

HCl/dioxane overnight, rinsing with ethanol and RO water and drying under N2 then 

under high vacuum overnight.  The initial thicknesses of the coatings were measured by 

ellipsometry.  AFM and contact angle measurements were taken on freshly prepared 

surfaces. 

5.5.5 Protein adsorption measurements 

Fibrinogen solutions (0.5 mg/mL) in PBS buffer were prepared directly before use 

at room temperature.  The samples were placed in individual wells of a 12-well cell 

culture plate and soaked in PBS buffer for two hours to fully hydrate the surfaces.  The 

coatings were transferred to a clean plate and approximately 3 mL of protein solution 

were added to each well.  The plate was then incubated for two hours at 37 °C.  Excess 

PBS was used to flood the wells to sufficiently dilute the protein, after which the samples 

were removed from the wells and rinsed further with RO water.  The coatings were first 

dried under a stream of N2 then overnight under high vacuum.  To quantify protein 

adsorption, the thickness of the adsorbed protein layer was measured by ellipsometry 
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using the published refractive index value of 1.405 for fibrinogen.2,20-22  By applying the 

following equation:  

𝛤(𝑛𝑔 𝑚𝑚2)⁄ = ℎ 𝑥 𝑑  

where h equals the measured thickness of the protein layer, and d equals fibrinogen 

density given in the literature2,20-22 as 1.085 g/cm3, the amount of adsorbed protein (Γ) 

was calculated. 

5.6 Conclusions 

 Carboxybetaine, sulfobetaine , and methyl dual-functional  series were 

synthesized so as to vary the distance between charged groups.  The modular nature of 

the oxanorbornene imide monomer allowed for a wide range of zwitterionic chemistries 

to be achieved through basic synthetic methods, which is a major advantage of this 

ROMP-based platform.  FT-IR was used to confirm the ring-opening of the dual-

functional surfaces.  AFM revealed that all surface chemistries resulted in smooth, 

homogenous coatings with no appreciable surface features.  Surfaces functionalized with 

the zwitterionic polymers exhibited advancing water contact angles in the range of 40° - 

70°.  All surfaces reduced the amount of irreversible fibrinogen adsorption when 

compared to the silica control (< 4 ng/mm2), which showed that the zwitterionic content 

of the polymers, regardless of the intercharge distance, was adequate to create a 

protective barrier on a surface.  While it was thought that there would be a positive 

correlation between increasing the intercharge distance of the zwitterionic groups and 

increasing protein adsorption, based on previous studies in zwitterionic acrylamide 

systems, no strong trend was observed for this ROMP system. 
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CHAPTER 6 

 

NONFOULING PROPERTIES OF AMPHIPHILIC BETAINES: EFFECT OF 

HYDROPHOBIC SUBSTITUENTS 

6.1 Introduction 

 In Chapter 6, the nonfouling properties of the Amph(ZI) series are explored.  

Chapter 3 previously described the design rationale and synthesis of the Amph(ZI) 

series.  Its structural diversity created a rich library of amphiphilic chemistries to explore 

in the context of nonfouling materials.  More importantly, this series’ utility as a set of 

foundational materials lay in its ability to systematically vary the hydrophobic 

component.  Both hydrocarbon and fluorinated hydrophobes were incorporated into the 

betaines.  Coatings were created from the copolymers as described in Chapter 4.  Surface-

sensitive techniques including FT-IR, AFM and contact angle analysis were used to 

characterize the resulting surfaces, while fibrinogen was used as a metric to compare the 

nonfouling performance of the amphiphilic zwitterionic surfaces to each other as well as 

to the more traditional hydrophilic zwitterionic surfaces.  A variety of surface energies 

and surface topographies were achieved based on the hydrophobe.  Loose structure-

property relationships were determined for subsets of the amphiphilic series.  Finally, 

sum frequency generation (SFG) spectroscopy was used to quantitatively understand the 

interfacial chemistry of model amphiphilic surfaces.   

6.2 General Approach 

 The dual-functional Amph(ZI) series described in Chapter 3 was unique for 

several reasons.  While synthetic amphiphilic materials are well-known, those containing 
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charged or zwitterionic groups as the hydrophilic component are rarer.1-10  Furthermore, 

the ability to incorporate the hydrophobe into the betaine so that each polymeric repeat 

unit contained a hydrophobic and hydrophilic moiety was specifically enabled by our 

dual-functional chemistry.9,10  Additionally, the Amph(ZI) series contained both 

hydrocarbon (Figure 6.1a) and fluorinated (Figure 6.1b) hydrophobes on the same 

backbone, which theoretically would allow for a direct comparison of hydrophobic and 

lipophobic materials.  Due to the library of structures we obtained, the Amph(ZI) series 

could be used to study not only the effect of relative hydrophobicity and lipophobicity on 

nonfouling materials, but the effect of the chemical structure of the hydrophobe as well.  

Here, we hoped that these polymers would allow us to study the nonfouling properties of 

amphiphilic zwitterionic surfaces in a methodical manner.  The exact structures of the 

hydrophobes are reproduced below in Table 6.1 for clarity. 

 

Figure 6.1: Polymers used to study the effect of amphiphilic structure on oxanorbornene-

based dual-functional polybetaines: (a) hydrocarbon hydrophobic groups; and (b) 

fluorinated hydrophobic groups.  
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Table 6.1: Summary of amphiphilic dual-functional betaine structures. 

6.3 Coating Preparation and Characterization 

6.3.1 Polymer Synthesis 

As in Chapter 5, the monomers were randomly copolymerized with 5-

(bicycloheptenyl)-triethoxysilane in a ratio of 30 to 6 to create polymers for 

functionalizing silica substrates (Figure 6.2a).  These polymers are denoted here with the 

prefix rP to denote the random copolymerization with the siloxane monomer.  The 

polymerizations were carried out in a mixture of TFE and CH2Cl2 to fully solubilize all 

components.  Quantitative conversion for all polymers was achieved in 15-35 minutes.   

Because of the hydrolytic instability of the siloxane groups, as well as the highly charged 

Polymer R X Polymer R X

Amph(+)a Br Amph(+)g OTs

Amph(+)b Br Amph(+)h OTs

Amph(+)c OTs Amph(+)i OTs

Amph(+)d OTs Amph(+)j OTf

Amph(+)e OTs Amph(+)k OTf

Amph(+)f OTs Amph(+)l OTs
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content of the polymers, GPC was not a viable characterization technique, therefore 1H 

NMR spectroscopy was used exclusively to characterize these precursor polymers.  Table 

6.2 summarizes the polymers’ calculated compositions and siloxane contents, which 

ranged from 14-25 mol %.   

 

Figure 6.2: Polymerization of the Amph(ZI) series and representative post-

polymerization functionalization reactions: (a) (i) Grubbs’ 3rd generation catalyst, 

TFE/CH2Cl2, room temperature, 40 minutes; (ii) excess ethyl vinyl ether, room 

temperature, 1 hour; (b) (i) 1:1 0.2 M NaOH:DMF, 20 minutes. 

 

Table 6.2: Composition and molecular weight characterization of amphiphilic polymers 

by NMR spectroscopy 

Polymer x a y b Mn (kDa) c mol % Si  

rP[Amph(+)a] 30 6.8 12.5 18.5 

rP[Amph(+)b] 30 6.1 14.4 16.9 

rP[Amph(+)c] 30 7.0 16.8 19.0 

rP[Amph(+)d] 30 5.8 16.9 16.2 

rP[Amph(+)e] 30 8.1 17.9 21.2 

rP[Amph(+)f] 30 5.6 16.9 15.7 

rP[Amph(+)g] 30 9.8 18.5 24.6 

rP[Amph(+)h] 30 6.2 18.6 17.1 

rP[Amph(+)i] 30 4.9 20.3 14.0 

rP[Amph(+)j] 30 5.9 23.5 16.4 

rP[Amph(+)k] 30 5.9 24.5 16.4 

rP[Amph(+)l] 30 5.7 19.1 16.0 

a number of charged repeat units assumed to be 30 due to the low resolution of the phenyl 

endgroup; b number of siloxane repeat units as calculated by 1H NMR spectroscopy from 
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the ratio of the peaks corresponding to –N(CH3)2 and –Si(OCH2-CH3); 
c calculated from 

the x and y values given in the table and the monomers’ known molecular weights. 

6.3.2 Surface Characterization 

 

Figure 6.3: Representative FT-IR spectrum of rP[Amph(ZI)c].  The blue arrow highlights 

a weak peak corresponding to the imide carbonyl group at approximately 1700 cm-1. 

 

Coatings were prepared per the usual method.  As with the C1(ZI) series in 

Chapter 5, the polymers were ring-opened after surface functionalization (Figure 6.2b) 

which was confirmed by IR spectroscopy.  Because of these polymers’ increased 

hydrophobicity, the base solution was prepared in a mixture of water and DMF to better 

solubilize the imide.  A representative IR spectrum for the rP[Amph(ZI)c] surface is 

given in Figure 6.3.  As before, a residual imide peak was still visible after the base 

treatment.  Based on the intensity of this peak, however, it appeared that more imide 

groups were present after base treatment in the amphiphilic dual-functional surfaces than 

in the hydrophilic dual-functional surfaces, most likely due to the reduced wettability of 

the more hydrophobic surfaces.  Because the siloxane crosslinks are themselves base-
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sensitive, increasing the exposure time and the base concentration caused the coating to 

delaminate.  We assumed, however, that the majority of the cationic repeat units were 

sequestered in the interior of the network due to the limited diffusion of the aqueous 

solution, and that their presence would not have a significant impact on the coatings’ 

presumed zwitterionic nature.   

Further surface analysis was done by XPS.  Two representative spectra for the 

rP[Amph(ZI)c] and rP[Amph(ZI)l] surfaces are given in Figures 6.4.  In the 

rP[Amph(ZI)c] spectrum (Figure 6.4a), peaks corresponding to aromatic and alkyl 

carbons, oxygen, nitrogen, and silicon were all observed, as expected.  In the 

rP[Amph(ZI)l] spectrum (Figure 6.4b), however, peaks corresponding to fluorine were 

clearly seen.  This data showed that not only was the fluorinated moiety present in the 

precursor polymer, but also that it was present near the interface of the coating to interact 

with the environment.     

 

Figure 6.4.  XPS spectra of (a) sP[Amph(ZI)c] and (b) sP[Amph(ZI)l].  A representative 

fluorine peak is highlighted in (b). 
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 AFM was also used to compare the topographies of the amphiphilic surfaces 

(Figure 6.5).  Many of the surfaces had similar appearances without distinguishing 

features.  To some extent, this result was unexpected as amphiphilic materials are often 

characterized by dynamic, heterogeneous surfaces.1-9  The rP[Amph(ZI)i] surface was 

one exception.  A greater degree of heterogeneity was observed on its surface when 

compared to the other alkyl- and benzyl-containing surfaces.  The Amph(+)i monomer 

possessed unique solution properties compared to the other benzyl-substituted monomers 

as well, which may have indicated additional interactions that manifested themselves in 

the surface topography.  Also exceptional was the sP[Amph(ZI)j] surface, which was 

characterized by a high degree of roughness (5 nm).  Generally, surface roughnesses 

ranged from 0.2 to 0.9 nm (Table 6.3), therefore any value greater than 1 nm was viewed 

as anomalous.  Interestingly, the other perfluorinated surfaces (sP[Amph(ZI)j] – 

sP[Amph(ZI)l) did not exhibit the same surface roughness, indicating that fluorine 

content is not the only factor influencing roughness or topography.   

The phase images from AFM also gave some indication of phase separation on 

the surfaces.  In general, a slightly higher level of phase separation was seen for these 

surfaces than for the hydrophilic zwitterionic surfaces.  Representative images for 

rP[Amph(ZI)c]  (benzyl) and rP[Amph(ZI)l] (pentafluorobenzyl) are given in Figure 

6.6.  There appeared to be little difference in phase separation by direct inspection 

between the hydrocarbon and fluorinated surfaces.  As with the height images, it was 

expected that a greater degree of phase separation would be observed, especially for the 

fluorinated surfaces.  In fact, there were few differences between the Amph surfaces and 

the C1, Carboxy, and Sulfo surfaces.   
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Figure 6.5: Tapping-mode AFM height images of zwitterionic, amphiphilic surfaces: (a) 

rP[Amph(ZI)a]; (b) rP[Amph(ZI)b]; (c) rP[Amph(ZI)c]; (d) rP[Amph(ZI)d]; (e) 

rP[Amph(ZI)e]; (f) rP[Amph(ZI)f]; (g) rP[Amph(ZI)g]; (h) rP[Amph(ZI)h]; (i) 

rP[Amph(ZI)i]; (j) rP[Amph(ZI)j]; (k) rP[Amph(ZI)k]; and (l) rP[Amph(ZI)l].  

Images (a)-(i) and (k)-(l) represent a 1 μm x 1 µm x 5 nm area.  Image (j) represents a 1 

μm x 1 µm x 30 nm area.  

 

The lack of unique discernable surface characteristics across the polymer series 

may be due to a strong contribution from the polymers’ backbone.  Likewise, the tightly 

cross-linked coatings may not allow for the hydrophobic side chains to extensively 

rearrange during the curing process.  Many amphiphilic materials contain higher 

molecular weight segments of hydrophilic and hydrophobic macromolecules, as in 

amphiphilic conetworks and hyperbranched structures.  Those materials have large 

domains that can separate and rearrange throughout the bulk material.  Our polymers 

have small, discrete hydrophilic and hydrophobic moieties that are covalently bonded to 

one another within each repeat unit.  This amphiphilic structure is on the monomer level, 

(a) (b) (c) (d) (e)

(f) (g) (h) (i)

(j) (k) (l)
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which in conjunction with the tightly crosslinked nature of the final coatings, may 

produce domains that are too small to observe by AFM, or may help to homogenize the 

hydrophilic or hydrophobic components. 

 

Figure 6.6: Tapping-mode AFM height (top) and phase (bottom) images of zwitterionic, 

amphiphilic surfaces: (a) rP[Amph(ZI)c], and (b) rP[Amph(ZI)l]. 

 

The water contact angles of these surfaces were measured to compare relative 

hydrophilicities, in the same manner as the hydrophilic surfaces in Chapter 5.  Advancing 

water contact angles are reported in Table 6.3.  Values ranged from 53° for the propyl 

surface (rP[Amph(ZI)a) to 92° for the benzyl (rP[Amph(ZI)c) surface.  For 

amphiphilic surfaces, however, surface free energy may be a more appropriate metric for 

comparison than water contact angle.  Hexadecane contact angles were also measured for 

all surfaces, and the surface free energies were calculated from the advancing water and 

advancing hexadecane contact angles, all tabulated in Table 6.3.  Using hexadecane as 

the probe fluid measured the relative lipophilicity/lipophobicity of a surface.  The 

smallest hexadecane contact angle (11°) was observed on the benzyl surface 

(rP[Amph(ZI)c) whereas the highest contact angle (61°) was observed on the 

(a) (b)
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perfluoroalkyl surface (rP[Amph(ZI)j).  These results highlighted the difference 

between hydrophobicity and lipophobicity.  Both rP[Amph(ZI)c] and rP[Amph(ZI)j] 

surfaces had approximately equal advancing water contact angles (90°) but vastly 

different hexadecane advancing contact angles.  Even though both surfaces are 

hydrophobic, the fluorinated surface was more lipophobic.  This discrepancy was further 

reflected in the surface free energies, where γS = 73 mN/m for the rP[Amph(ZI)c] 

surface and 22 mN/m for the rP[Amph(ZI)j] surface. 
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Table 6.3: Surface properties of amphiphilic zwitterionic coatings 

Polymer Roughness 

(nm)a 

θA,H2O 

(°)b 

θA,Hexadecane 

(°)b 

Surface free energy 

(mN/m)c 

ΓFibrinogen (ng/mm2)d 

γS
d γS

p γS 

rPoly3(ZI)a 0.6 53 ± 1 14 ± 0 27 23 50 0.79 ± 0.07 

rPoly3(ZI)b 0.6 62 ± 1 20 ± 0 26 26 52 4.18 ± 0.13 

rPoly3(ZI)c 0.4 92 ± 2 11 ± 0 27 46 73 6.42 ± 0.47 

rPoly3(ZI)d 0.3 63 ± 2 24 ± 1 17 25 42 17.40 ± 2.42 

rPoly3(ZI)e 0.8 81 ± 5 23 ± 2 25 7 32 15.52 ± 0.29 

rPoly3(ZI)f 0.3 65 ± 2 20 ± 2 15 26 41 9.00 ± 1.14 

rPoly3(ZI)g 0.7 86 ± 4 26 ± 3 5 25 30 2.58 ± 0.23 

rPoly3(ZI)h 0.3 80 ± 8 19 ± 3 26 7 33 8.00 ± 1.09 

rPoly3(ZI)i 0.9 62 ± 2 21 ± 6 17 26 43 0.92 ± 0.31 

rPoly3(ZI)j 5.9 88 ± 3 61 ± 2 15 7 22 0.03 ± 0.01 

rPoly3(ZI)k 0.2 59 ± 1 21 ± 0 26 19 45 1.29 ± 0.73 

rPoly3(ZI)l 0.3 61 ± 1 19 ± 0 26 18 44 0.84 ± 0.10 

a root mean squared (rms) roughness calculated by the manufacturer’s software based on 

a 1 μm x 1 μm image area;  b contact angles measured by the sessile drop technique;  c 

calculated by the method given in refs. 4 and 5; d fibrinogen adsorption measured by 

ellipsometry. 

 

6.4 Protein Adsorption 

Fibrinogen adsorption was measured for these surfaces, as in Chapter 5, to 

compare the effect of the hydrophobes on the nonfouling properties of the surfaces (Table 

6.3).  These studies were done both as a probe of the surfaces’ interfacial chemistries and 
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as a measure of their nonfouling efficacies.  Fibrinogen adsorption spanned a large range 

for this series, from 0.03 ng/mm2 up to 17 ng/mm2.  Several surfaces – 

rP[Amph(ZI)a]/propyl, rP[Amph(ZI)i]/3,5-bis(trifluoromethyl)benzyl, 

rP[Amph(ZI)j]/perfluoroalkyl, rP[Amph(ZI)k]/perfluoroether, and 

rP[Amph(ZI)l]/pentafluorobenzyl – performed on par with, or better than, the 

hydrophilic C1(ZI), Carboxy(ZI), and Sulfo(ZI) surfaces.  These amphiphilic surfaces 

were highly fluorinated, or in the case of rP[Amph(ZI)a], contained a relatively small 

hydrophobic component that did not significantly increase the surface’s hydrophobicity 

over the rP[C1(ZI)a] surface.   

To better understand the protein adsorption trends, the amphiphilic series was 

broken down into several subsets.  First, the propyl, octyl and benzyl surfaces 

(rP[Amph(ZI)a], rP[Amph(ZI)b], and rP[Amph(ZI)c]) were compared (Figure 6.7).  

The methyl dual-functional surface rP[C1(ZI)a] was also included in this series, whereas 

silica and the rP[norb] surface were used as non-functionalized and uncharged controls, 

respectively.  From Figure 6.7a, we can see that fibrinogen adsorption increased as the 

side chain increased from methyl to propyl to octyl to benzyl.  The octyl and benzyl 

(rP[Amph(ZI)b], and rP[Amph(ZI)c]) surfaces performed similarily to the silica and 

rP[norb] controls, despite their zwitterionic nature.  When fibrinogen adsorption was 

plotted as a function of advancing water contact angle for these four zwitterionic 

surfaces, a clear positive correlation was observed.  As the hydrophobicity of the surfaces 

increased, protein adsorption increased as well.  This result was expected based on the 

theory that hydrophilicity is necessary to support a water layer at the interface, which 

shields hydrophobic as well as electrostatic interactions with the surface.10,11  This series 
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also demonstrated that hydrophobic side chains could negate the effect of the zwitterionic 

component.  For this system, the octyl and benzyl side chains possessed the necessary 

hydrophobicity so that the rP[Amph(ZI)b] and rP[Amph(ZI)c] surfaces were no more 

effective than the negative controls. 

 

 

Figure 6.7: Nonfouling properties of rP[Amph(ZI)a], rP[Amph(ZI)b], and 

rP[Amph(ZI)c]: (a) fibrinogen adsorption, and (b) fibrinogen adsorption as a function of 

advancing water contact angle.  Controls are indicated by the shaded bars.  Error bars 

represent ± standard deviation, based on at least 3 independent measurements. 
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 Next, the effect of fluorination on various hydrophobes was studied by comparing 

the octyl and perfluoroalkyl (rP[Amph(ZI)b and rP[Amph(ZI)j]), 3-methylbenzyl and 

3-trifluoromethylbenzyl (rP[Amph(ZI)d] and rP[Amph(ZI)h]), and benzyl and 

pentafluorobenzyl (rP[Amph(ZI)c] and rP[Amph(ZI)l]) surfaces (Figure 6.8).  Several 

surfaces within this subset exhibited high levels of fibrinogen adsorption (Figure 6.8a), 

namely the rP[Amph(ZI)c], rP[Amph(ZI)d] and rP[Amph(ZI)h] surfaces 

(unsubstituted and substituted, non-fluorinated benzyl groups).  For all these surfaces, 

however, the nonfluorinated surfaces (shaded bars) consistently exhibited higher levels of 

protein adsorption than their fluorinated counterparts by approximately 5 ng/mm2.  In 

fact, the sP[Amph(ZI)j] surface with the perfluoroalkyl side chain had the lowest 

amount of protein adsorption out of all the Amph(ZI) surfaces, and even suppressed 

protein adsorption below the 0.1 ng/mm2 threshold.  While increased hydrophobicity was 

detrimental to a surface’s nonfouling properties in the previous subset, here fluorination 

appeared to decrease protein adsorption within a hydrophobic series.     

No trend was observed, however, when fibrinogen adsorption was plotted against 

advancing water contact angle (Figure 6.8b).  As surface free energy is thought to be 

more indicative of amphiphilic materials’ surface chemistry, fibrinogen adsorption was 

also plotted against surface free energy (Figure 6.8c).4,5  There was no general trend for 

this plot, meaning that surface free energy was not correlated with protein adsorption 

across the surfaces in this subset.  It could be argued, however, that the plot contained 

two separate domains, both with a positive correlation between fibrinogen adsorption and 

surface free energy.  To better understand this data, advancing water contact angle (open 

black bars) and surface free energy (solid blue bars) were plotted for the nonfluorinated 
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and nonfluorinated (shaded bars) surfaces in Figure 68.d.  While no trend was again 

observed for the water contact angle values, it could be seen that the surface energies of 

the fluorinated surfaces were once again less than those of their nonfluorinated 

counterparts.  For structurally similar hydrophobes – alkyl, aromatic, and substituted 

aromatic – the addition of fluorinated moieties reduced the surface free energy of the 

resulting coatings, and subsequently reduced protein adsorption as well.    
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Figure 6.8: Nonfouling properties of rP[Amph(ZI)b], rP[Amph(ZI)g], rP[Amph(ZI)d], 

rP[Amph(ZI)h], rP[Amph(ZI)c], and rP[Amph(ZI)l]: (a) fibrinogen adsorption, (b) 

fibrinogen adsorption as a function of advancing water contact angle, (c) fibrinogen 

adsorption as a function of surface free energy, and (d) advancing water contact angle 

(open black bars) and surface free energy by surface (solid blue bars).  Nonfluorinated 

surfaces are indicated by the shaded bars.  Error bars represent ± standard deviation, based 

on at least 3 independent measurements.  

 

An interesting feature of the benzyl hydrophobes was that they allowed for both 
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electronic properties around the ring or its interactions at the interface could potentially 

affect the nonfouling performance of the resulting surface.  Thus, surfaces with 

asymmetrically substituted and symmetrically substituted benzyl groups were compared 

next in Figure 6.9.  Fibrinogen adsorption for the 3-methylbenzyl and 3,5-dimethylbenzyl 

(rP[Amph(ZI)d] and rP[Amph(ZI)e]), 3-fluorobenzyl and 3,5-difluorobenzyl 

(rP[Amph(ZI)f] and rP[Amph(ZI)g]), and 3-trifluoromethylbenzyl and 3,5-

bis(trifluoromethyl)benzyl (rP[Amph(ZI)h] and rP[Amph(ZI)i]) surfaces is shown in 

Figure 6.9a, where the surfaces with the asymmetrical benzyl hydrophobes are shaded.   

Protein adsorption for the 3-methylbenzyl (rP[Amph(ZI)d]) and 3,5-

dimethylbenzyl (sr[Amph(ZI)e]) surfaces exhibited similar amounts of fibrinogen 

adsorption, thus the position of the benzyl substituents did not appear to influence the 

nonfouling properties of these surfaces.  Both of the methyl-substituted benzyl surfaces, 

however, adsorbed more fibrinogen (approximately 20 ng/mm2) than the unsubstituted 

benzyl surface (7 ng/mm2).  For the fluorinated surfaces (rP[Amph(ZI)f] and 

rP[Amph(ZI)g], and rP[Amph(ZI)h] and rP[Amph(ZI)i]), the position of substituents 

did make a difference, where the asymmetrically substituted surfaces adsorbed 

approximately 5 – 7 ng/mm2 more protein than the symmetrically substituted surfaces.  
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Figure 6.9: Nonfouling properties of rP[Amph(ZI)d], rP[Amph(ZI)e], rP[Amph(ZI)f], 

rP[Amph(ZI)g], rP[Amph(ZI)h], and rP[Amph(ZI)i]: (a) fibrinogen adsorption, (b) 

fibrinogen adsorption as a function of advancing water contact angle, (c) fibrinogen 

adsorption as a function of surface free energy, and (d) advancing water contact angle 

(open black bars) and surface free energy by surface (solid blue bars).  Asymmetrically 

substituted benzyl surfaces are indicated by the shaded bars.  Error bars represent ± 

standard deviation, based on at least 3 independent measurements. 
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and advancing water contact angle (Figure 6.9b), or fibrinogen adsorption and surface 

free energy (Figure 6.9c).  For that matter, there was no general trend between the 

substituent positions and advancing water contact angle (open bars) or surface free 

energy (solid bars) in Figure 6.9d.  The complex nature of this data speaks to both the 

intricacies of amphiphilic surfaces as well as nonfouling properties.  A trend was been 

observed in the protein adsorption data, however it did not correlate with any of the other 

surface properties such as roughness or surface free energy.  While it is possible that the 

complicated surface chemistry interacted with proteins in ways that were not observable 

through our other surface-sensitive characterization techniques, it is also possible that the 

trend was an over-extrapolation of the data.  More in-depth surface characterization 

would be necessary to truly elucidate the interfacial chemistry for these benzyl-

containing surfaces. 
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Figure 6.10: Fibrinogen adsorption as a function of (a) advancing water contact and (b) 

surface free energy for the Amph(ZI) series. 

 

 Finally, fibrinogen adsorption for the entire Amph(ZI) series was plotted as a 

function of advancing water contact angle (Figure 6.10a) and surface free energy (Figure 

6.10b).  In both cases, no trend was observed between protein and the given surface 

property across the entire series.  We showed above that trends existed within smaller 

subsets of the series, but overall the series contained too many disparate chemistries to 

compare all the surfaces to one another.       

 

50 55 60 65 70 75 80 85 90 95

0

5

10

15

20


F

ib
ri

n
o

g
e

n
 (

n
g

/m
m

2
)

Advancing water contact angle (°)

(a)

20 30 40 50 60 70

0

5

10

15

20


F

ib
ri

n
o

g
e

n
 (

n
g

/m
m

2
)

Surface free energy (mN/m)

(b)



165 

6.5 Sum Frequency Generation Spectroscopy  

 While characterization techniques such as contact angle measurements and 

protein adsorption act as probes of the surfaces’ properties, none of the above analyses 

could give an accurate picture of the Amph(ZI) series’ surface chemistry.  Fibrinogen 

adsorption gave some idea of the surfaces’ interactions with an aqueous environment, but 

the biofouling process is influenced by many factors and the actual surface structure in 

water was still unknown.  To better understand the surface chemistry of these amphiliphic 

surfaces, sum frequency generation (SFG) spectroscopy was employed.12  With this 

nonlinear spectroscopy technique, an input signal consists of visible and IR beams that 

overlap at and reflect off of the sample’s surface.13  The output signal contains molecular 

information about the surface.  This technique is advantageous because a signal is only 

obtained from the surface, and not the bulk, so that phenomena like surface 

rearrangement in different environments can be observed.  Furthermore, SFG 

spectroscopy can be easily employed in aqueous environments for in situ measurements, 

unlike other surface analytical techniques such as XPS.   

 

Figure 6.11: Structures of dual-functional betaines studied by SFG spectroscopy: (a) 

rP[Amph(ZI)b], (b) rP[Amph(ZI)j], and (c) rP[OEG(ZI)]. 
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     While SFG spectroscopy is a powerful technique to study nonfouling materials, 

it is time-consuming and expensive to employ.  Therefore, only a few of our surfaces 

were analyzed by SFG spectroscopy: rP[Amph(ZI)b], rP[Amph(ZI)j] and a previously 

studied hydrophilic dual-functional surface containing an oligo(ethylene oxide) side 

chain, rP[OEG(ZI)],10 for comparison.  These structures are given in Figure 6.11.  As 

shown above, the rP[Amph(ZI)b] and rP[Amph(ZI)j] surfaces both contained an octyl 

side chain but differed by the incorporation of fluorine into the rP[Amph(ZI)j] surface.  

This structural change had a huge impact on the calculated surface energies (52 vs. 22 

mN/m) and fibrinogen adsorption (4 vs. 0.03 ng/mm2) for these surfaces.  Clearly the 

fluorinated tail impacted the surface chemistry, but it was unknown how. 

 Spectra for these surfaces are shown in Figure 6.12, both in air (Figure 6.12a) and 

in D2O (Figure 6.12b).  Deutrium oxide was used instead of pure water to probe the 

surface structure in an aqueous environment to reduce interference from a strong water 

signal.  Between 2700 and 3100 cm-1, no signal was observed in air for the 

rP[Amph(ZI)j] surface.  Peaks were observed at 2850 and 2880 cm-1, and 2820 cm-1 for 

the rP[Amph(ZI)b] and rP[OEG(ZI)] surfaces, respectively, that corresponded to –

CH2– and –CH3, and –OCH3 groups.  From this data, it appeared that alkyl groups were 

not present at the air interface for the rP[Amph(ZI)j] surface, while the octyl and OEG 

side chains were present at the interface for the other surfaces. 
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Figure 6.12: SFG spectra of rP[OEG(ZI)] (black line), rP[Amph(ZI)b] (red line), and 

rP[Amph(ZI)j] (blue line) (a) in air, and (b) in D2O.  The peak at 2975 cm-1 corresponding 

to the quaternary amine group is highlighted with a dotted line.  (Reproduced from Leng 

et al, ACS Macro Letters, 2013.)  

 

 When the surfaces were submerged in water, however, the SFG spectra clearly 

changed.  A peak appeared at 2975 cm-1 for all surfaces, which was assigned to the 

quaternary amine group (either –CH2N– or –NCH3).  Whereas the cationic group was not 

observed in air, it appeared to migrate to the surfaces’ interfaces in water for the 

hydrophilic, hydrophobic and lipophobic surfaces.  Within this region, no other peaks 

were observed for the rP[Amph(ZI)j] surface. Peaks corresponding to the –CH2–, –CH3, 

and –OCH3 groups were again observed in the spectra for the other two surfaces, 

(a)

(b)
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implying that the octyl and OEG side chains were again present at the surface and did not 

migrate due to the change in environment.  While it was expected that the OEG side 

chain would be present at the surface in water due to its hydrophilicity, it was interesting 

to note that the octyl chain also remained at the surface despite its hydrophobicity. 

 

Figure 6.13: SFG spectra of rP[Amph(ZI)j] in air (black line) and in D2O (red line) for 

the (a) C-F and (b) –C=O functional groups.  (Reproduced from Leng et al, ACS Macro 

Letters, 2013.) 

 

 It was also important to understand the location of the fluorinated side chain in the 

rP[Amph(ZI)j] surface to truly understand the behavior of these materials.  SFG spectra 

were thus obtained in the –CF (Figure 6.13a) and –C=O (Figure 6.13b) vibrational 

frequency regions both in air (black line) and in D2O (red line).  As shown in Figure 

(a)

(b)



169 

6.13a, a peak corresponding to the –CF group at 1235 cm-1 was observed in air but not in 

D2O.  Conversely, the carboxylate peak was visible in both the air and D2O spectra 

(Figure 6.13b), although the peak experienced a red shift from air to water (1660 to 1610 

cm-1).  The shift and increased intensity of the carboxylate peak in the presence of water 

indicated a more structured functional group, which could be a result of greater hydrogen 

bonding. 

 Taken together, the SFG spectra created a detailed picture of these surfaces’ 

interfacial chemistries.  When hydrated, the quaternary amine group migrated to the 

surface for all samples, regardless of surface chemistry.  It appeared that the zwitterionic 

component was available at the interface for all the dual-functional betaines, meaning 

that it was available to interact with the environment including proteinaceous material.  

These surfaces, however, exhibited a range of protein adsorption values: ΓFibrinogen = 0.04 

ng/mm2 (rP[OEG(ZI)]), ΓFibrinogen = 0.03 ng/mm2 (rP[Amph(ZI)j]) and ΓFibrinogen = 4 

ng/mm2 (rP[Amph(ZI)b]).  Thus, the surfaces’ properties appeared to be dictated 

primarily by the side chain chemistries.  In the case of the rP[OEG(ZI)] surface, the 

OEG side chain was present at the interface regardless of environment.  This surface’s 

high efficacy was likely a result of its hydrophilicity (θA = 32°) due to the combined 

effect of the zwitterionic component and the readily available OEG side chain. 

 Similarly, the octyl side chain of the rP[Amph(ZI)b] surface was present at the 

interface both in air and in water.  Despite the presence of the charged quaternary amine 

functionality in water, the rP[Amph(ZI)b] surface was relatively hydrophobic ((θA = 

62°) due to the octyl side chain’s contribution to the interfacial chemistry.  Its 

hydrophobicity was reflected in surface’s protein adsorption (ΓFibrinogen = 4 ng/mm2).  
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Based on the rP[Amph(ZI)b] and rP[OEG(ZI)], it appeared that increasing 

hydrophobicity increased protein adsorption.  The rP[Amph(ZI)j] surface performed on 

par with the rP[OEG(ZI)] surface in resisting protein adsorption, despite its advancing 

water contact angle of 88°.  The SFG spectra provided the most insight into this 

phenomenon.  Although the fluorinated side chain coated the surface in air due to its low 

surface energy, it migrated back into the bulk when the surface was placed in water.  The 

hydrophobic component, therefore, was unavailable to interact with the proteins.  

Furthermore, as the fluorinated tails retreated into the bulk, the zwitterionic moieties 

became more prominent at the surface, which could reduce protein adsorption.  This 

behavior appeared to mimic that observed in other amphiphilic materials by SFG or 

NEXAFS, such as the surface active block copolymers (SABC), where the perfluorinated 

side chain rearranged itself on the surface based on the interfacial environment.1,2,7,8  This 

result was interesting because our polymers contained a charged hydrophilic group 

instead of a PEG derivative, and a brittle, crosslinked network structure instead of the 

typically elastomeric nature of the SABCs.       

Due to the involved nature of SFG spectroscopy, it was not feasible to study other 

amphiphilic surfaces, specifically those containing benzyl derivatives.  The behavior seen 

in the rP[Amph(ZI)j] surface, however, could be extrapolated to the rP[Amph(ZI)f-i] 

surfaces.  We hypothesized that the benzyl groups could freely rotate due to the methyl 

linkage between the hydrophobe and the quaternary amine.  When exposed to water, the 

bulky, high surface energy benzyl group would be more likely to reorient itself on the 

surface rather than migrating into the bulk.  The fluorinated substituents, however, could 

provide a driving force for the benzyl groups to migrate away from the interface.  In the 
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case of the asymmetric substituents in the 3-position (rP[Amph(ZI)f] and 

rP[Amph(ZI)h] surfaces), the benzyl group could rotate so that the fluorinated moiety 

was positioned away from the water interface; the benzyl group would still be present in 

high concentrations at the interface however, like the octyl chains.  When the benzyl 

groups contained fluorinated substituents in the 3 and 5 positions, it might be more 

favorable for the hydrophobe to migrate into the bulk and drive the zwitterionic groups 

up to the interface, as seen with the perfluoroalkyl chain.  This change in surface 

chemistry could help resist protein adsorption when compared to the more hydrophobic 

interfaces.  Again, this explanation for the trends seen with the rP[Amph(ZI)f-i] surfaces 

is conjecture based on limited SFG spectra.  More in-depth surface analysis would be 

necessary to truly elucidate the surface chemistry for the entire Amph(ZI) series.   

6.6 Experimental Procedures 

6.6.1 Materials 

All reagents were purchased from either Sigma-Aldrich, Alfa Aesar, Acros 

Organics, or Fisher Scientific in the highest purity available and used as received, unless 

otherwise noted.  5-(bicycloheptenyl)triethoxysilane (3) was purchased from Gelest Inc. 

and used as received.  Tetrahydrofuran (THF, Fisher Scientific, HPLC grade) was 

distilled from sodium/benzophenone under nitrogen and dichloromethane (CH2Cl2, Fisher 

Scientific, ACS grade) was distilled from CaH2 under nitrogen immediately prior to use.  

2,2,2-trifluoroethanol (TFE, 99+%) was purchased from Alfa Aesar and used as received.  

Grubbs’ 3rd generation catalyst (G3) was synthesized according to a previously reported 

procedure.14  Fibrinogen was purchased from Calbiochem as a lyophilized powder.  
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Phosphate buffered saline (PBS, 0.01M) was purchased from Sigma Aldrich free of 

serum proteins as a powder and reconstituted in distilled water prior to use. 

6.6.2 Instrumentation and methodology 

Nuclear magnetic resonance (NMR) spectra were obtained on a Bruker DPX-300 

NMR spectrometer.  Abbreviations for assignments are as follows: s: singlet; t: triplet; q: 

quartet; m: multiplet; comp: overlapping non-equivalent peaks; br: broad. 

Grazing angle Fourier transform infrared (FT-IR) spectra for the coatings were 

obtained on a Thermo Scientific Nicolet 6700 spectrometer with a Harrick germanium 

attenuated total reflection (ATR) attachment and N2-cooled MCT/A.  Clean silica wafers 

were used to collect the background spectra.  Coating thicknesses of ~1 µm (5 wt/v % 

polymer/TFE casting solution) were used to improve signal intensity. 

Water and hexadecane contact angles were measured using a Rame-Hart 

telescopic goniometer and a Gilmont syringe with a 24-gauge flat-tipped needle filled 

with Milli-Q water. Reported values are the average of at least 6 measurements on three 

unique surfaces.  Surface free energies were calculated according to the method given in 

refs. 4 and 5. 

Polymer thickness measurements were made on a LSE model Gaertner Scientific 

Stokes Ellipsometer, with an angle of incidence of 70° from the normal and a 6328 Å 

HeNe laser, assuming a thin film model. A refractive index of 1.5 was assumed for the 

polymer layer.  Reported values are the average of five measurements on three unique 

surfaces.   

Atomic force microscopy (AFM) images were obtained in tapping mode on a 

Veeco Dimension 3100 instrument with a Nanoscope III controller with the 

manufacturer’s software.  Silicon cantilevers with a spring constant of 0.58 N/m were 
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used. Root mean squared (rms) roughness values were calculated by the manufacturer’s 

software on a 1 µm x 1 µm image. 

X-ray photoelectron spectroscopy (XPS) spectra were recorded on a Physical 

Electronics Quantum 2000 spectrometer with Al KR excitation at a spot size of 100 μm at 

25 W.  Spectra were obtained at 15° and 75° takeoff angles with respect to the plane of 

the sample surface. 

6.6.3 Synthesis and characterization 

Monomers Amph(+)a-l were synthesized according to the procedures outlined in 

Chapter 3.  rP[norb] was synthesized according to previously published procedures.10,15  

Yields and spectroscopic data matched those reported.  

 

Representative polymerization procedure: Monomer (Amph(+)a) (0.41 g, 0.83 

mmol, 30 equivalents) and 5-(bicycloheptenyl)-triethoxysilane (42 μL, 0.16 mmol, 6 

equivalents) were weighed into a clean, dry Schlenk flask under N2, while G3 (0.024 g, 

0.028 mmol, 1 equivalent) was weighed into a second Schlenk flask under N2.  The 

monomers were then dissolved in 3 mL 2,2,2-trifluoroethanol plus 1 mL dry CH2Cl2 and 

the catalyst was dissolved in 2 mL dry CH2Cl2.  Both solutions were subjected to three 

freeze-pump-thaw cycles and warmed to room temperature.  Using a nitrogen-purged 

syringe, the monomer solution was added to the catalyst solution.  The polymerization 

was allowed to proceed for 30 minutes at room temperature under N2.  To quench the 

reaction, 1.5 mL ethyl vinyl ether was added and the solution was stirred for an additional 
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hour.  The polymer was then precipitated out into anhydrous diethyl ether, isolated by 

vacuum filtration and dried under high vacuum overnight.  Yields were greater than 90% 

for all polymers.  The polymer was stored at -20 °C while not in use. 

 

rP[Amph(+)a]: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 1.07 (br, 3H), 1.24 (br, 9H), 

1.88 (br, 2H), 3.26 (br, 6H), 3.46 (br, 2H), 3.68 (comp, 2H + 2H), 3.88 (q, J = 9.23 Hz, 

6H), 3.99 (br, 2H), 4.75 (br, 1H), 5.22 (br, 1H), 5.52 (br, 1H), 5.62 (br, 1H), 5.92 (br, cis, 

1H), 6.14 (br, trans, 1H), 7.37 (br m, 5H, phenyl endgroup). 

rP[Amph(+)b]: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 0.94 (br, 3H), 1.24 (br, 9H), 

1.35-1.43 (br, 10H), 1.84 (br, 2H), 3.25 (br, 6H), 3.56 (br comp, 2H + 2H + 2H), 3.88 (q, 

J = 9.23 Hz, 6H), 3.98 (br, 2H), 4.73 (br, 1H), 5.17 (br, 1H), 5.51 (br, 1H), 5.64 (br, 1H), 

5.90 (br, cis, 1H), 6.14 (br, trans, 1H), 7.37 (br m, 5H, phenyl endgroup). 

rP[Amph(+)c]: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 1.22 (br, 9H), 2.33 (s, 3H), 

3.03 (br), 3.07 (br, 6H), 3.52 (br comp, 2H + 2H), 3.87 (br m, 6H), 4.05 (br, 2H), 4.58 (br 

comp, 2H + 1H), 5.09 (br, 1H), 5.44 (br, 1H), 5.55 (br, 1H), 5.81 (br, cis, 1H), 6.03 (br, 

trans, 1H), 7.20 (d, J = 8.10 Hz, 2H), 7.51 (br, 5H), 7.69 (d, J = 8.10 Hz, 2H). 

rP[Amph(+)d]: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 1.20 (br, 9H), 2.32 (br comp, 

3H + 3H), 3.00 (br, 6H), 3.55 (br comp, 2H + 2H), 3.88 (br m, 6H), 4.03 (br, 2H), 4.53 

(br comp, 2H + 1H), 5.10 (br, 1H), 5.38 (br, 1H), 5.57 (br, 1H), 5.81 (br, cis, 1H), 6.03 

(br, trans, 1H), 7.19 (d, J = 7.91 Hz, 2H), 7.35 (br, 4H), 7.68 (d, J = 8.29 Hz, 2H).  

rP[Amph(+)e]: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 1.22 (br, 9H), 2.33 (br comp, 

3H + 6H), 3.03 (br, 6H), 3.52 (br comp, 2H + 2H), 3.85 (br m, 6H), 4.05 (br, 2H), 4.58 
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(br comp, 2H + 1H), 5.10 (br, 1H), 5.41 (br, 1H), 5.60 (br, 1H), 5.81 (br, cis, 1H), 6.06 

(br, trans, 1H), 7.18 (br comp, 2H + 3H), 7.68 (d, J = 8.08 Hz, 2H). 

rP[Amph(+)f]: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 1.22 (br, 9H), 2.33 (br, 3H), 

3.05 (br, 6H), 3.52 (br comp, 2H + 2H), 3.88 (q, J = 9.29 Hz, 6H), 4.05 (br, 2H), 4.60 (br 

comp, 2H + 1H), 5.11 (br, 1H), 5.43 (br, 1H), 5.58 (br, 1H), 5.82 (br, cis, 1H), 6.02 (br, 

trans, 1H), 7.20 (d, J = 7.91 Hz, 2H), 7.37 (br, 4H), 7.68 (d, J = 8.10 Hz, 2H). 

rP[Amph(+)g]: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 1.23 (br, 9H), 2.34 (br, 3H), 

3.09 (br, 6H), 3.52 (br comp, 2H + 2H), 3.87 (br m, 6H), 4.06 (br, 2H), 4.62 (br comp, 

2H + 1H), 5.11 (br, 1H), 5.40 (br, 1H), 5.55 ( br, 1H), 5.82 (br, cis, 1H), 6.03 (br, trans, 

1H), 7.20 (comp, 2H + 3H), 7.67 (d, J = 7.91 Hz, 2H). 

rP[Amph(+)h]: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 1.22 (br, 9H), 2.31 (br, 3H), 

3.10 (br, 6H), 3.51 (br comp, 2H + 2H), 3.87 (br m, 6H), 4.09 (br, 2H), 4.65 (br comp, 

2H + 1H), 5.11 (br, 1H), 5.40 (br, 1H), 5.59 (br, 1H), 5.82 (br, cis, 1H), 6.05 (br, trans, 

1H), 7.19 (d, J = 7.91 Hz, 2H), 7.67 (d, J  = 7.54 Hz, 2H), 7.87 (br, 4H). 

rP[Amph(+)i]: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 1.22 (br, 9H), 2.30 (br, 3H), 

3.10 (br, 6H), 3.51 (br, 2H), 3.70 (br, 2H), 3.87 (br m, 6H), 4.09 (br, 2H), 4.65 (br comp, 

2H + 1H), 4.81 (br, 1H), 5.57 (br comp, 1H + 1H), 5.82 (br, cis, 1H), 6.05 (br, trans, 1H), 

7.17 (d, J = 8.10 Hz, 2H), 7.66 (d, J  = 8.10 Hz, 2H), 8.22-8.27 (br comp, 3H). 

rP[Amph(+)j]: 1H NMR (300 MHz, DMF-d7): δ (ppm) = 1.24 (br, 9H), 3.13 (comp, 2H 

+ 3H), 3.49 (br, 6H), 3.90 (br, 2H), 4.03 (br m, 6H), 4.13 (br, 2H), 4.60 (br, 1H), 5.12 (br, 

1H), 5.58 (br, 2H), 5.82 (br, cis, 1H), 6.05 (br, trans, 1H), 7.40-7.55 (br m, 5H, phenyl 

endgroup). 
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rP[Amph(+)k]: 1H NMR (300 MHz, DMF-d7): δ (ppm) = 1.23 (br, 9H), 3.47 (br comp, 

2H + 6H), 3.61-4.16 (br m, 2H + 2H + 6H + 2H + 2H), 5.17 (br comp, 1H + 1H), 5.58 (br 

comp, 1H + 1H), 5.89 (br, cis, 1H), 6.09 (br, trans, 1H), 7.40-7.55 (br m, 5H, phenyl 

endgroup).  

rP[Amph(+)l]: 1H NMR (300 MHz, MeOD-d4): δ (ppm) = 1.23 (br, 9H), 2.36 (br, 3H), 

3.19 (br, 6H), 3.56 (br, 2H), 3.88 (br comp, 6H + 2H), 4.08 (br, 2H), 4.61 (br, 1H), 4.76 

(br, 2H), 5.09 (br, 1H), 5.41 (br, 1H), 5.61 (br, 1H), 5.84 (br, cis, 1H), 6.07 (br, trans, 

1H), 7.19 (d, J = 8.10 Hz, 2H), 7.29-7.45 (br m, 5H, phenyl endgroup), 7.58 (d, J  = 7.91 

Hz, 2H). 

6.6.4 Coating preparation  

Casting solutions were prepared as 1 wt/v % polymer solutions (0.01g/1mL) in 

2,2,2-trifluoroethanol and filtered through 0.45 μm PTFE filters.  Silicon wafers were cut 

into 1.5 x 1.5 cm substrates, cleaned with piranha solution for 30 minutes, rinsed with RO 

water and dried under N2 immediately before use.  The polymer solutions were spin-cast 

onto the silicon substrates at 3000 rpm for 30 seconds.  After drying under vacuum 

overnight, the samples were placed in a sealed desiccator containing concentrated HCl 

for 1 hour, then heated at 110 °C for 3 hours to complete the curing process.  Any 

remaining free polymer was extracted from the coating by soaking the samples in PBS 

for several hours; the samples were rinsed with RO water to remove any buffer salts and 

dried under N2 then overnight under high vacuum.  The initial thicknesses of the coatings 

were measured by ellipsometry.  AFM and contact angle measurements were taken on 

freshly prepared surfaces. 

6.6.4 Protein adsorption measurements 
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Fibrinogen solutions (0.5 mg/mL) in PBS buffer were prepared directly before use 

at room temperature.  The samples were placed in individual wells of a 12-well cell 

culture plate and soaked in PBS buffer for two hours to fully hydrate the surfaces.  The 

coatings were transferred to a clean plate and approximately 3 mL of protein solution 

were added to each well.  The plate was then incubated for two hours at 37 °C.  Excess 

PBS was used to flood the wells to sufficiently dilute the protein, after which the samples 

were removed from the wells and rinsed further with RO water.  The coatings were first 

dried under a stream of N2 then overnight under high vacuum.  To quantify protein 

adsorption, the thickness of the adsorbed protein layer was measured by ellipsometry 

using the published refractive index value of 1.405 for fibrinogen.10,16-18  By applying the 

following equation:  

𝛤(𝑛𝑔 𝑚𝑚2)⁄ = ℎ 𝑥 𝑑  

where h equals the measured thickness of the protein layer, and d equals fibrinogen 

density given in the literature10,16-18 as 1.085 g/cm3, the amount of adsorbed protein (Γ) 

was calculated. 

6.6.5 Sum frequency generation spectroscopy  

Right angle SiO2 and CaF2 prisms were purchased from Altos Photonics 

(Bozeman, MT). A layer of 100 nm SiO2 was deposited onto each CaF2 prism by an 

electron-beam deposition process using an SJ-26 Evaporator system at a pressure below 

10−5 Torr. The deposition rate was 5 Å/s. The SiO2 prisms and SiO2 coated CaF2 prisms 

were treated with O2 plasma for 4 minutes in a PE-25-JW plasma cleaner (Plasma Etch, 

Carson City, NV). The amphiphilic polybetaine coatings were prepared according to the 

standard procedure.  The rP[OEG(ZI)] and rP[Amph(ZI)b] coatings were prepared on 
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SiO2 prisms, and the rP[Amph(ZI)j] coating was prepared on the SiO2-coated CaF2 

prism. The thicknesses of the spin-coated films are around 30 nm, measured by a LSE 

model Gaertner Scientific Stokes Ellipsometer. 

6.7 Conclusions                         

 A novel series of amphiphilic zwitterionic polymers were synthesized for 

nonfouling applications.  These amphiphilic materials contained alkyl, benzyl, and 

fluorinated hydrophobes.  The dual-functional betaine chemistry as described in previous 

chapters gave rise to zwitterionic component.  The modular nature of the oxanorbornene 

imide monomer allowed for a wide range of zwitterionic chemistries to be achieved 

through basic synthetic methods, which is a major advantage of this ROMP-based 

platform.  FT-IR was used to confirm the ring-opening of the dual-functional surfaces.  

AFM revealed that among the amphiphilic chemistries, the 3,5-bis(trifluoromethyl)benzyl 

surface and perfluoroalkyl surface were the only surfaces that resulted in unique features 

and increased roughness (5 nm for the perfluoroalkyl surface).  Water contact angles 

were measured to be in the range of 50° - 90° and surface free energies were calculated to 

be in the range of 20 – 70 mN/m where the perfluoroalkyl surface had the lowest surface 

energy and the benzyl surface had the greatest.  The perfluoroalkyl surface also exhibited 

the lowest amount of fibrinogen adsorption (0.03 ng/mm2).  Other benzyl derivative 

surfaces exhibited extraordinarily levels of protein fouling with greater than 10 ng/mm2. 

While trends could be discerned within the benzyl subset regarding protein adsorption, 

overall there was no appreciable corrolation throughout the Amph(ZI) series between 

any of the measured surface properties and protein adsorption.  Sum frequency 

generation spectroscopy provided evidence that the fluorinated moieties rearranged on 
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the amphiphilic surfaces in response to changes in the environment, possibly influencing 

the nonfouling properties of the surfaces. 
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CHAPTER 7 

CHARGED HYDROGELS FROM NORBORNENE-BASED POLYMERS 

7.1 Introduction 

 Chapter 1 described the ring-opening reaction in oxanorbornene imides that 

occurred in the presence of strong bases.  Chapters 2-6 subsequently detailed the 

synthesis and applications of dual-functional polybetaines resulting from the imide ring-

opening to form a carboxylic acid in the presence of sodium hydroxide.  The alternative 

ring-opening reaction, where a primary amine inserted into the imide ring to form two 

amide groups, was not pursued to an appreciable extent.  For one, the resulting diamide 

polymers exhibited reduced solubility when compared to their imide precursors.  An 

interesting materials application for this reaction, however, was discovered when 

oxanorbornene imide-based polymers were reacted with multifunctional amines in 

aqueous solutions.  Due to the multiple reaction sites, these reactions resulted in 

networks.  More specifically, when the oxanorbornene imide polymer was water-soluble, 

a hydrogel was formed.   

ROMP had been used previously to create gels, often by copolymerizing mono- 

and difunctional alkenes,1 or polymerizing monomers with functional groups that could 

be crosslinked by an orthogonal reaction.2  This new approach utilizing the imide ring-

opening reaction was advantageous for several reasons: gelation occurred quickly and 

spontaneously in water without the need for organic solvent exchange; no additional 

reagents or by-products were used or produced that need to be leached out; and water 

uptake, modulus and other physical properties could theoretically be tuned by the 

selection of the ROMP polymer.  With the expanding interest in hydrogels as novel 
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biomaterials, especially gels with unique chemistries and properties, these ROMP-based 

networks appeared to be interesting additions to the field.      

7.2 Hydrogel Synthesis 

7.2.1 Polymer Precursor Synthesis 

A series of hydrophilic polymers, given in Figure 7.1, were synthesized to study 

the formation and properties of these hydrogels.  These polymers contained cationic 

(Poly1 and Poly2) and zwitterionic (Poly3 and Poly4) functionalities that would exhibit 

the polyeletrolyte and antipolyelectrolyte effects, respectively.4-11  Furthermore, Poly1 

and Poly3 contained pH-sensitive tertiary amine and carboxylate groups, respectively, 

which could potentially impart responsive properties to the gels.  In the case of Poly1, 

increasing the pH of swelling solution from acidic to basic (as compared to the tertiary 

amine’s pKa value) was expected to deprotonate the amine.  Because the polymer would 

then be uncharged, deswelling in water would occur.  Poly3 could transition from 

cationic to zwitterionic if the carboxylate group were protonated or deprotonated.  This 

transition could potentially control the gels’ swelling in electrolyte solutions.  Polymers 

were synthesized as shown in Figure 7.1a, where monomers 1, 2, 3(+), and 4 were 

homopolymerized using Grubbs’ 3rd generation catalyst in a TFE/CH2Cl2 mixture as 

described previously in Chapter 2.12,13  Poly3 was synthesized in the protected, cationic 

form Poly3(+), which was then deprotected under acidic conditions to give the 

zwitterionic form (Figure 7.1b).12  The degree of polymerization was held constant at 75.  

High molecular weight polymers were assumed to crosslink more easily; however, 

solubility could decrease at longer polymer lengths, thus intermediate molecular weights 
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(<30 kDa) were chosen.  Molecular weights were taken as the theoretical values based on 

complete conversion by 1H NMR spectroscopy.       

    

 

Figure 7.1: Synthesis of poly(oxanorbornene imide) polymer precursors.  (a) (i) Grubbs’ 

3rd generation catalyst, TFE/CH2Cl2, room temperature, 30 minutes; (ii) ethyl vinyl ether, 

room temperature, 1 hour; (b) (i) 1:1 CH2Cl2:TFA, room temperature, overnight. 

7.2.2 Gelation 

Initially, small molecule diamines were used as potential crosslinkers for the 

precursor polymers.  These primary amines included ethylene diamine, 1,6-

diaminohexane, 1,8-diaminooctane, and 1,12-diaminododecane.  Poly2 and Poly4 were 

chosen as model polymer chemistries to initially screen the diamines.  The polymers were 

dissolved in pure water (Poly2) or 0.1 M NaCl (Poly4), and the diamines were dissolved 

in pure water.  The diamine solution was then added to the polymer solution, mixed 

together by pipetting, and the reaction was allowed to stand.  Regardless of the polymer 

concentration, diamine concentration, or ratio of amine to imide groups (1:10 up to 

several-fold excess amine), no consistent gelation occurred.  It was hypothesized that 

larger diamines would promote network formation as the second amine’s reactivity might 

be less affected after the first amine had reacted with the imide.  None of the diamines up 
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to 1,12-diaminododecane, however, formed a network with the ROMP polymers.  The 

imide groups’ steric hindrance and reduced reactivity of the diamines were thought to 

prevent gelation.  

 

 

Figure 7.2: General gelation reaction between Poly1-4 and PAA in water. 

Because small molecule diamines did not result in gelation, a multifunctional 

polymeric amine was used instead (Figure 7.2).  Poly(allylamine) (PAA), where Mw ≈ 15 

kDa, was purchased as an aqueous solution and used as received.  ROMP polymers 

Poly1-4 were dissolved in either pure water (Poly1-2) or 0.1 M NaCl (Poly3-4) at 

various concentrations and mixed with PAA in modified syringe molds.  Most gels 

formed within five minutes, while many gelled in less than a minute.  Table 7.1 

summarizes the conditions that were screened for gel formation.  It was found that Poly1 

did not form true gels at any of the given concentrations or amine ratios.  While Poly1 

was freely soluble in water, an insoluble mass crashed out of solution when PAA was 

added.  The pKa of Poly1’s tertiary amine was estimated to be about 8.35 based on the 

titration of similar ROMP polymers,1b while that of PAA’s primary amine was taken to 

be 9.49 based on allylamine’s pKa.
14  In distilled or reverse osmosis water, Poly1 was 

assumed to be largely protonated, thus its solubility due to the overall cationic charge.  

Upon the addition of PAA, Poly1 would be deprotonated and insoluble in aqueous 
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solution.  While the polymers still appeared to crosslink, based on the precipitate’s 

insolubility in water and organic solvents, homogeneous hydrogels could not be formed 

and so Poly1 was not pursued further as a precursor polymer. 

Table 7.1: Attempted gelation conditions between Poly1-4 and PAA  

[Poly] 

(g/mL) 

[PAA]:[Poly] 

(mol:mol) 
Poly1 Poly2 Poly3 Poly4 

0.025 3:1 N. D. - + + 

0.025 1.5:1 N. D. - + + 

0.05 3:1 - - + + 

0.1 3:1 - + + + 

0.1 1.5:1 - + + + 

≤0.1 ≤1:1 - - N. D. - 

(+) = gel formed; (-) = no gel formed; N. D. = not determined. 

 As shown in Table 7.1, Poly2, Poly3, and Poly4 readily formed gels with PAA.  

In general, all polymers required a slight excess of amine to form a stable gel, regardless 

of the polymer precursor concentration.  Gels formed when a larger excess (three-fold) of 

PAA was used as well, but not when the imide was in excess.  A noticeable increase in 

solution viscosity, however, was observed when the ROMP polymer was only in slight 

excess.  In the case of cationic Poly2, gels only formed when the polymer concentration 

was equal to or greater than 0.1 g/mL in the precursor solution.  Interestingly, the 

zwitterionic Poly3 and Poly4 polymers formed gels at concentrations down to 0.025 

g/mL, approximately four times more dilute than Poly2’s gelation threshold 

concentration.  All polymers were the same length and similar molecular weights, so 

those properties were ruled out as factors contributing to the gelation discrepancies.  The 

physical appearances of the cationic and zwitterionic gels differed as well.  Whereas the 
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Poly2 gels were homogeneous and transparent (Figure 7.3a), the Poly3 and Poly4 gels 

were completely opaque (Figure 7.3b).   

 

Figure 7.3: Resulting gels from (a) Poly2/PAA and (b) Poly3/PAA. 

Opacity generally indicates a heterogeneous network structure.  The zwitterionic 

gels were formed in salt solutions to ensure that the polymers were completely soluble in 

the precursor solutions.  These solutions began to take on an opaque appearance shortly 

after PAA was added but prior to gel formation.  Because polymer solubility decreases as 

molecular weight increases, it was thought that the zwitterionic polymers’ increased 

molecular weight due to the formation of crosslinks prior to the gel point decreased their 

solubility in the electrolyte solution.  Inter- and intramolecular interactions between the 

zwitterionic groups then increased as the overall solubility decreased and caused the 

polymers to collapse on themselves, which would increase the local concentration of the 

reactive groups.  Gels could then form at lower overall concentrations.  The opacity could 

be a result of a heterogeneous network as well as additional physical crosslinks between 

the zwitterionic side chains, such as those that form in ampholytic gels and 

saloplastics.15,16 

(a) (b)
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7.3 Gel Characterization 

7.3.1 Network Chemistry 

 

Figure 7.4: Representative IR spectrum of a dehydrated Poly2/PAA gel.  Frequencies 

corresponding to imide groups (fine dotted line) and amide and carboxylate groups (bold 

dotted lines) are marked for clarity.   

 

FT-IR spectroscopy was used to confirm the crosslinking reaction in the gels 

(Figure 7.4).  A Poly2/PAA gel was prepared and residual unreacted material was 

extracted in pure water.  The gel was then fully dried and analyzed.  The FT-IR spectrum 

showed that imide groups (fine dotted line) were completely consumed, and only peaks 

from the ring-opened product – amide and carboxylate groups – were observed (bold 

dotted lines).  Even though an excess of amine was used, not all the imide groups were 

converted to diamide crosslinks.  As evidenced by the peak at approximately 1560 cm-1, 

the remaining imide groups were ring-opened to form amide and carboxylate pairs.  The 

relative intensities of the peaks, however, imply that the majority of the imide groups 
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were converted to diamide pairs.  The change in solution pH due to the addition of PAA 

was most likely responsible for ring-opening the remaining imide groups during network 

formation.  Other analytical techniques such as solid state NMR were attempted to better 

understand the molecular structure of the gels, but the gels were too highly hydrated and 

thus the relevant functional groups were too dilute to obtain any useful information.   

7.3.2 Swelling Properties and Water Uptake 

 The swelling properties and water uptake of these hydrogels were measured at 

different salinities and pH values.  Because the network structure of these gels were 

thought to be complex and heterogeneous, we had hoped to elucidate some of their 

structural aspects by indirectly observing their swelling behavior.  Here, the swelling 

ratio Q was calculated as the ratio of the gels’ swollen volume over the dry weight 

(Vs/Wd) and equilibrium water content W.C. was calculated as [(WS – Wd)/WS]*100, 

where WS was taken as the gel’s swollen weight.  These gels were found to be fragile and 

difficult to handle, making it difficult to obtain measurements and robust data.     
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Figure 7.5: Swelling ratios of an SBMA control gel, and Poly2/PAA, Poly3/PAA, and 

Poly4/PAA gels (1/1.5 mol/mol) at varying salt concentrations.  Error bars represent ± 

standard deviation based on at least three samples, when available. 

 

 Figure 7.5 shows a plot of swelling ratios for gels swollen in aqueous solutions at 

different salinities.  The pH of these solutions was approximately 5, except for the 

phosphate-buffered saline which was assumed to be neutral (7.4).  The Poly2/PAA, 

Poly3/PAA, and Poly4/PAA gels were all synthesized at a molar ratio of 1:1.5 

imide:amine.  A control zwitterionic gel was synthesized by redox polymerization from 

sulfobetaine methacrylate (SBMA) and N,N-methylene(bisacrylamide) as the crosslinker.  

Clear, tacky gels were obtained from this chemistry.  As the salt concentration of the 

swelling solution increased, the swelling ratio of the SMBA gels increased from 5 at 0 M 

NaCl (pure water) to 15 at 0.5 M and 1.0 M NaCl (black bars).  Sulfobetaine polymers 

exhibit the antipolyelectrolyte effect, meaning they swell and take on an extended coil 

conformation in electrolyte solutions and collapse in pure water.6,7  This effect was 
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reflected in the swelling data, where the SMBA gels swelled more as the salt 

concentration of the solution increased.     

 The Poly3/PAA gels (blue bars) contained the carboxybetaine moiety, which also 

would be expected to exhibit the antipolyelectrolyte effect at this pH, however their 

swelling behavior was actually opposite that of the SBMA gels.  In pure water, the 

Poly3/PAA gels swelled the most (Q = 155) and exhibited swelling ratios of around Q = 

20 in the NaCl solutions.  Interestingly, the Poly3/PAA gels deswelled even more in PBS 

at a salt concentration of approximate 0.1 NaCl and a pH of 7.4, even though at neutral 

pH the carboxybetaine groups should be zwitterionic and not cationic.  These gels 

swelled the most in pure water, implying the polyelectrolyte effect.  The Poly4/PAA gels 

containing the zwitterionic sulfobetaine group behaved similarily (cyan bars).  In pure 

water Q = 20 whereas in 0.5 M NaCl Q = 5.  While the swelling trend was similar to that 

of the Poly3/PAA gels, the actual swelling ratios were much smaller, which may imply a 

more tightly crosslinked network.   

Based on the stoichiometry of the reaction, there was assumed to be an excess of 

cationic primary amines in the gel, which should be highly hydrated in pure water.  The 

IR spectra of dried gels shows the presence of carboxylate groups, which were thought to 

be a result of imide groups ring-opening but not reacting to form a diamide with the 

PAA.  Again, because quantitative characterization of the gel chemistry was extremely 

difficult, the exact nature of the charged functional groups was unknown.  This swelling 

data strongly implied, however, that the gels contained an excess of cationic groups 

regardless of the zwitterionic polymer precursor.  When a cationic precursor polymer was 

used, as in the case of the Poly2/PAA gels (green bar), the gels swelled so much in pure 
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water that they broke apart (Q > 200) and an accurate swelling ratio could not be 

calculated.  When swollen in 0.5 M NaCl, however, the gels deswelled so that Q = 35.  

This behavior was in line with expectations due to the cationic nature of both Poly2 and 

presumably the unreacted amine groups in PAA.         

Equilibrium water content for almost all gels was above 90%, except for the 

SBMA gels in pure water and the Poly2/PAA gels in PBS, where W.C. = 70%.  In salt 

water and pure water these gels are highly hydrated, which can be advantageous for many 

applications.3  Gel fractions (the amount of material incorporated into the network) were 

even more difficult to calculate due to the fragile nature of the gels.  It was common to 

lose appreciable segments of the gel during the weighing and measuring processes as 

they came into contact with the weigh boats and calipers.  A more delicate procedure 

would be advantageous to more accurately measure the physical properties of these gels.  

Likewise, an in-depth study on the effect of solution pH on swelling properties was not 

completed due to the gels’ seeming instability in basic environments. 

The swelling and solution properties of these gels failed to quantitatively define 

their chemical structure.  All gels, regardless of the precursor polymer, swelled in pure 

water and deswelled in salt water.  This behavior implied that the gels carried a net 

charge and were ampholytes in nature but the results were not necessarily conclusive.5-11  

Further characterization is needed to truly elucidate their chemistry.  In the future, 

mechanical testing and more advanced analytical techniques would be necessary to 

characterize these gels.    
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7.4 Experimental Procedures 

7.4.1 Materials 

All reagents were purchased from either Sigma-Aldrich, Alfa Aesar, Acros 

Organics or Fisher Scientific in the highest purity available and used as received, unless 

otherwise noted.  1,3-dinitrobenzene was obtained from Avocado Research Chemicals 

and used as received.  Poly(allylamine) (MW = 15,000 g/mol; 15% solids in water) was 

purchased from Polysciences, Inc.  Tetrahydrofuran (THF, Fisher Scientific, HPLC 

grade) was distilled from sodium/benzophenone under nitrogen and dichloromethane 

(CH2Cl2, Fisher Scientific, ACS grade) was distilled from CaH2 under nitrogen 

immediately prior to use.  2,2,2-trifluoroethanol (TFE, 99+%) was purchased from Alfa 

Aesar and used as received.  Grubbs’ 3rd generation catalyst (G3) was synthesized 

according to a previously reported procedure.17   

7.4.2 Instrumentation and methodology 

Nuclear magnetic resonance (NMR) spectra were obtained on a Bruker DPX-300 

NMR spectrometer.  Abbreviations for assignments are as follows: s: singlet; t: triplet; q: 

quartet; m: multiplet; comp: overlapping non-equivalent peaks; br: broad. 

Fourier transform infrared (FT-IR) spectra were recorded by a PerkinElmer 

Spectrum 100 spectrometer with a universal ATR sampling accessory and ZnSe crystal. 

7.4.3 Synthesis 

Monomers 1, 2, 3(+), and 4 were synthesized as described in Chapter 2.  Yields 

and spectroscopic data matched those reported.12,13 

Representative polymerization procedure: Monomer (1) (0.3 g, 0.80 mmol, 75 

equivalents) was weighed into a clean, dry Schlenk flask under N2, while G3 (0.0095 g, 
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0.01 mmol, 1 equivalent) was weighed into a second Schlenk flask under N2.  The 

monomer was then dissolved in 3 mL 2,2,2-trifluoroethanol plus 1 mL dry CH2Cl2 and 

the catalyst was dissolved in 2 mL dry CH2Cl2.  Both solutions were subjected to three 

freeze-pump-thaw cycles and warmed to room temperature.  Using a nitrogen-purged 

syringe, the monomer solution was added to the catalyst solution.  The polymerization 

was allowed to proceed for 30 minutes at room temperature under N2.  To quench the 

reaction, 1.5 mL ethyl vinyl ether was added and the solution was stirred for an additional 

hour.  The polymer was then precipitated out into anhydrous diethyl ether, isolated by 

vacuum filtration and dried under high vacuum overnight.  Yields were greater than 90% 

for all polymers.  The polymer was stored at -20 °C while not in use. 

Poly3(+) deprotection procedure: The polymer was placed in a scintillation vial 

and was dissolved in a minimum amount of 1:1 CH2Cl2.  The solution was stirred 

overnight at room temperature.  The polymer was then precipitated out twice into 

anhydrous diethyl ether and dried under high vacuum.  Deprotection was confirmed by 

1H NMR and IR spectroscopy. 

7.4.4 Gel formation 

Polymers were dissolved in either reverse osmosis water (Poly1-2) or 0.1 M NaCl 

(Poly3-4) at the given concentration.  The polymer solution was added to a modified 3 

mL syringe mold and the PAA solution (as received) as added.  The reaction was then 

gently agitated to ensure complete mixing.  A gel formed within a minute or so.  The gels 

were allowed to sit undisturbed for approximately 5 minutes, and were then demolded 

into the swelling solution. 
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To form the SBMA gels, [2-(methacryloyl)ethyl]-dimethyl-(3-sulfopropyl)-

ammonium hydroxide (sulfobetaine methacrylate/SBMA) was dissolved in 0.1 M NaCl 

at a concentration of approximately 0.25 g/mL.  1.5 mol % N,N-methylenebisacrylamide 

was added to the solution, which was allowed to stir for several minutes.  1 mol % 

ammonium persulfate and 1 v/v % tetraethylethylene diamine (TEMED) was added to the 

solution and agitated.  The solution was then poured into modified syringe molds, which 

were allowed to set overnight.  The gels were then demolded directly into the swelling 

solutions.   

7.4.5 Swelling and water uptake measurements 

The gels were placed into approximately 200 mL of the appropriate swelling 

solution.  The swelling solution was changed 3 times daily for two weeks.  At that time, 

the gels were removed from the swelling solution, gently blotted on a Kim Wipe, and 

then weighed and measured.  Gels that had been swelled in an electrolyte solution were 

then placed in pure water (changed 3 times daily) for a week to dialyze out salts within 

the gels.  The swollen gels were dried under a stream of nitrogen for several days, and 

then under high vacuum overnight.  The dehydrated network was then weighed again and 

swelling ratios and water uptake were calculated.    

7.5 Conclusions 

 The ring-opening reaction that was described in Chapter 1 was utilized here to 

create a novel set of hydrogels from poly(oxanorbornene imide)s.  Cationic (Poly1 and 

Poly2) and zwitterionic (Poly3 and Poly4) precursor ROMP polymers were reacted in 

water with multifunctional poly(allylamine) to form networked structures.  These 

hydrogels were advantageous because of their synthetic simplicity and lack of additional 
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reagents or potentially detrimental byproducts.  While their structural heterogeneity made 

them difficult to characterize, it was apparent that the gels were highly hydrated and that 

they could incorporate a wide variety of chemical functionalities.  In the future, 

additional characterization of these gels may better highlight their properties and their 

utility as charged materials.   
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