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ABSTRACT 
 

Polyethylene glycol (PEG) has been one of the extensively studied 
polymers for medical applications. However, the use of PEG can require 
complicated and low efficiency reactions which can impose limits to potentially 
useful medical solutions. Click chemistry has recently emerged as a way to avoid 
these pitfalls by utilizing reactions that are highly efficient and require simple 
reaction conditions. One such reaction is known as the Michael-addition thiol-ene 
click reaction (TECC). The combination of PEG with TECC has received some 
study, but has not been thermodynamically characterized as a click reaction. In 
this work PEG-TECC reaction kinetics were studied by proton nuclear magnetic 
resonance (1H-NMR) and quartz crystal microbalance with dissipation (QCM-D) 
in order to assess the components ability to form complex final products quickly 
and with minimal side products. From these kinetic studies, the energy of 
activation for PEG-TECC was determined. The reaction was concluded to follow 
the click chemistry philosophy and is viable for future applications. The energy of 
activation was determined to be 75 kJ/mol. Bacterial cellulose (BC) is a naturally 
produced polymer and has been shown to have great potential for bone, 
cartilage, and vascular tissue engineering applications. In order to incorporate 
PEG-TECC, BC was modified on the surface with acrylate functionalities to 
provide a Michael-addition TECC starting point. The surface of BC was modified 
with TECC components in a simple, straightforward manner, keeping in line with 
the philosophy of click chemistry. This modification allows BC to incorporate PEG 
to form a BC with PEG co-hydrogel and can be easily modified due to the variety 
allowed by incorporation of both TECC and PEG. This system allows for the 
combination of the strength of BC, the versatility of PEG, and speed and 
efficiency of TECC into one product without the need for complex reaction 
conditions. The surface modification of BC was confirmed with a colorimetric 
assay, Fourier transform infrared spectroscopy-attenuated total internal 
reflectance (FTIR-ATR), and titration.  
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CHAPTER 1  
INTRODUCTION 

 
Polymers are a core material group that has seen innumerable applications from 
structural supports, medical implants, a wide range of consumer products, and 
composites with other materials. Established medical applications for polymers 
include serving as tissue engineering scaffolds and drug delivery systems. 
Polymers can be formed into hydrogels, degradable scaffolds, non-degradable 
scaffolds, fibers formed by melt blowing or electro-spinning, copolymers, and 
other products in order to tackle these applications. Polymers can be considered 
either synthetic, made in the lab, or natural, found in nature, materials. 
Polyethylene glycol (PEG) is one of the most heavily utilized synthetic polymers 
for medical applications and is approved by the Food and Drug Administration 
(FDA) for internal use. Bacterial cellulose (BC) is a naturally produced polymer 
and is quickly emerging as a successful scaffold for bone, cartilage, and vascular 
tissue engineering. The combination of PEG with BC would provide a scaffold 
with the mechanical strength and stability of BC with the extensively tailored 
properties of PEG. However, linking the two together requires the surface 
modification of BC which would provide easy and efficient PEGylation. Click 
chemistry and its philosophy provide this link. 
 
Click chemistry theorizes that the synthesis of complex products can be done by 
using key reactive functional groups that are fast, efficient, and easy to purify. It 
is a recent philosophy, cropping up in 2001 by an article by K.B. Sharpless et al. 
and has since gone on to permeate throughout the scientific community, both 
academic and corporate. The principles outlined by click chemistry avoid 
needlessly complicated reactions that are slow, low efficiency, and require 
chromatography purification. Thiol-ene click chemistry (TECC) is one branch of 
click chemistry which revolves around reacting thiols and alkenes with either a 
free radical or base/nucleophilic catalyst. PEG can be modified with TECC 
components at its terminal ends, thus taking the benefits allowed by TECC and 
PEG. This requires PEG molecules with thiol end groups (PEG-SH) and PEG 
with alkenes which can be electron rich or electron poor, such a PEG with 
acrylate end groups (PEG-ACY). The work presented here is the thermodynamic 
analysis of PEG Michael-addition thiol-ene click chemistry (PEG-TECC), 
including reaction kinetics to determine the reaction rate constant (k) and the 
energy of activation (Ea). BC was then surface modified to allow for PEG-TECC 
functionalization. This thesis presents the thermodynamic characterization of 
PEG-TECC and the surface modification of BC to easily combine PEG-TECC 
and BC to create a tissue engineering scaffold that has the benefits of BC, PEG, 
and TECC.  
 
Included in this body of work is the theory and background of polymers, PEG, 
click chemistry, TECC, BC, and the analytical techniques used during the course 
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of this work (Chapter 2). Analytical techniques include proton nuclear magnetic 
resonance (1H-NMR), quartz crystal microbalance with dissipation (QCM-D), 
colorimetric assays, Fourier transform infrared spectroscopy-attenuated total 
reflectance (FTIR-ATR), and titration. All experimental methods and materials are 
laid out as plainly as possible for future work (Chapter 3). The results for PEG-
TECC characterization and BC surface modification are showcased in Chapter 4 
with a detailed discussion of the data in Chapter 5. Finally, conclusions drawn 
from this work and suggested future work is discussed in Chapter 6.  
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CHAPTER 2 
THEORY AND BACKGROUND 

2.1 Polyethylene Glycol (PEG) 

2.1.1 Introduction to Polymers 

In the simplest terms, polymers are materials which are made up by a definable 
repeat unit called a monomer [1]. The key to this definition is definable repeat 
unit. A simple example to expand on this idea is polyethylene (PE) (Figure 1). PE 
comes in multiple commercial forms, including high density PE (HDPE), low 
density PE (LDPE), and linear low density PE (LLDPE). The structural difference 
between the three examples given is the extent of chain branching and length of 
the branched chains [2]. This seemingly insignificant difference in structure has 
dramatic effects on material properties, percent crystallinity, moisture 
permeation, and potential applications. However, the commonality between all 
three is the repeat unit, ethylene (IUPAC name: ethene) (Figure 2). The different 
permutations of PE described are synthesized from the base monomer ethylene, 
and the type of PE created depends on the processing conditions utilized, with a 
general polymerization scheme following vinyl addition polymerization. This 
philosophy can be visualized by the polymer triangle, linking material properties, 
processing, and structure (Figure 3). Material properties of polymers can be 
controlled by modifying the structure which can be controlled by the processing 
conditions used for synthesis. Hence, HDPE, LDPE, and LLDPE all come from 
the polymerization of ethylene, but end up with different materials properties due 
to changes in processing affecting the chemical structure of the final product. By 
controlling processing and modifying structure, polymers with desired material 
properties can be synthesized for select application.  
 

 

Figure 1: Polyethylene, with N > 10 

 

 

Figure 2: Ethylene, starting monomer for PE, with R = H 
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Figure 3: Polymer triangle 

2.1.2 PEG Fundamentals 

PEG (Figure 4) is one of the most commonly used polymers that is commercially 
available. Through a wide variety of physical and chemical modifications, the 
available applications for PEG are numerous. Applications range from work in the 
medical field such as drug delivery vehicles and non-fouling coatings for 
implants, to other everyday items such as toothpaste and food additives [3]. 
Reasons for the use of PEG depend on the application, but a short summary is 
necessary for the discussions presented in this thesis. As discussed for PE, PEG 
is polymerized from a definable repeat unit. The monomer for PEG is ethylene 
glycol (Figure 5) (IUPAC name: ethane-1, 2-diol).  
 

 

Figure 4: Polyethylene glycol, with N > 10. 

 

 

Figure 5: Ethylene glycol, monomer used to produce PEG. 

 
PEG is available in many forms, depending on molecular weight (MW) and end 
functional group. If the MW is below 20,000 g/mol, then it is given a commercial 
name of PEG. However, if the MW is raised above 20,000 g/mol then it is 
typically referred to as polyethylene oxide (PEO) [4]. PEG and PEO are 
chemically identical, but due to differences in chain length and branching, they 
are used for different applications [4].  
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PEG has been functionalized with a wide variety of functional groups, replacing 
the hydroxyl groups normally found at the terminal ends of PEG. Functional 
groups have included thiols, acrylates, amides, amines, carboxylic groups, and 
even ringed structures such as epoxide or maleimide. These modifications have 
been implemented to make monofunctional, homobifunctional, heterobifunctional, 
4-arm, and 8-arm variants of PEG, all of which are commercially available 
through multiple vendors. For this work, PEG-SH (Figure 6) and PEG-ACY 
(Figure 7) were used for characterization of PEG-TECC. The reaction of PEG-SH 
and PEG-ACY is shown in Figure 8. 
 

 

Figure 6: Polyethylene glycol thiol (PEG-SH), n > 10 

 

 

Figure 7: Polyethylene glycol acrylate (PEG-ACY), n > 10 

 

 

Figure 8: PEG-TECC reaction studied in this work 

2.1.3 Properties and Applications 

PEG, in its normal configuration, is a hydrophilic polymer which forms an ether 
linkage between monomers during synthesis. PEG is soluble in water, forms 
complexes with metal cations, highly mobile, nontoxic, FDA approved for internal 
consumption, can easily form into a hydrogel, mechanical properties which can 
be tailored to match tissue engineering parameters, capable of acting a drug 
delivery or cell encapsulation device, and hospitable to biological materials [3-
10].  Because of the vast number of options for PEG hydrogels and copolymers, 
a short summary of mechanical properties would unfairly pigeon-hole PEG and 
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exclude the significant number of applications available to PEG. As an example, 
in a 2005 article by Mann et al., PEG hydrogels were made with varying 
concentrations of crosslinking agent. This studied showed that neurite extension 
of PC-12 cells were heavily dependent on the mechanical properties of the PEG 
hydrogel, with hydrogels with elastic modulus of 20 kPa showing significantly 
greater neurite extension than hydrogels with an elastic modulus of 400 kPa [11]. 
PEG hydrogels with collagen have been shown to have stiffness values as low 
as 0.4 kPa [12].   
 
As mentioned previously, there has been significant research in PEG hydrogels 
for medical applications. A hydrogel is a 3D network of cross-linked polymer 
chains that swells in the presence of water. These cross-links can be made up of 
covalent bonds, chain entanglements, hydrogen or van der Waals bonds, or 
crystallites [3, 5]. Due to PEG’s inherent biocompatibility and number of 
configurations, PEG has become an attractive polymer for hydrogel creation. 
Some of the many other applications of PEG include the following examples. 
PEG has been used for surface modification of polysaccharides and 
immobilization of proteins [4, 13]. PEG hydrogels using TECC components have 
been studied for drug delivery vehicles, with great success [8, 14]. PEG can also 
be joined into a copolymer for either drug delivery dendritic block copolymers [15] 
or a ‘smart’ hydrogel system [16]. In ‘smart’ hydrogels, the gelation of the 
hydrogel occurs only in response to a select stimulus, such as temperature or pH 
[3, 5, 17]. A medically related example of a ‘smart’ hydrogel is a PEG copolymer 
hydrogel which gels at physiologic temperature [16]. The choice of PEG for the 
surface modification for BC opens up enormous potential for future applications 
due to the ‘jack-of-all-trades’ nature of PEG.  

2.2 Click Chemistry 

2.2.1 Click Chemistry Philosophy 

Click chemistry is a recently explored area of chemistry that was defined by a 
seminal article by K.B. Sharpless et al. in 2001 [18]. Since this article, there has 
been widespread research into unlocking the potential of click reactions and 
defining the reactions that meet the criteria. The philosophy of click chemistry is 
one of both simplicity and function over form. Click chemistry can be thought of, 
not as a reaction, but as a combination of a set of rules followed by certain 
reactions and the mindset of the researcher. These rules serve as guidelines to 
help better illustrate the power of click components and the subsequent 
applications that are opened up. Click chemistry seeks functional groups which 
will react together in the fastest and most straightforward way possible while 
following the rules of click chemistry. A list of the proposed click chemistry rules 
can be found below in Table 1 [18]. 
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Table 1: Reaction requirements for Click Chemistry. 

Reaction is quick and efficient 
Water or no solvent 

Side products removed without chromatography 
Insensitive to water and oxygen 

Modular and wide scope 
Regiospecific and Stereospecific 

Products stable under physiological conditions 
 
Pursuing click chemistry as a way of creating products requires a mindset that 
values function over complex and patentable reactions [19]. In both his 2001 
article and a follow-up article in 2003 which discussed the impact of click 
chemistry on the pharmaceutical industry, Dr. Sharpless discussed the need for 
simpler chemical synthesis in creating new drugs [18, 19]. Click chemistry and its 
principles came from studying the best teacher available to scientists; nature. 
The primary target of synthetic chemists is to synthesize analogs of secondary 
metabolites to act as drugs for various diseases or infections [18]. However, this 
has required multiple intense synthesis steps, with years of research and 
immense funding put into the creation of one of these analogs. An example given 
by Dr. Sharpless is that of Meropenem®, a derivative of the antibiotic 
Thienamycin, which took over 6 years of research to synthesize after the 
successful synthesis of Thienamycin [18]. By taking click chemistry and applying 
its principles, both drugs and complex polymers can be made with a few simple 
steps. As will be shown in this thesis with the modification of bacterial cellulose, 
even surface modifications of polymers can be performed using this simple 
philosophy. The axiom of click chemistry has already permeated into many 
corners of the academic and corporate research world, with applications ranging 
from biomedical technology [20], hydrogels [16, 21], drugs [22, 23], fluorescent 
labeling [24], photovoltaics [25], and the conversion of vegetable oil biopolymers 
[26].   
 
Several reactions have been accepted as being “click” reactions; the most 
extensively studied being the copper-halide (Cu(I)) catalyzed Huisgen 1,3-dipolar 
cycloaddition reaction between an azide and alkyne (Figure 9).  
 

 

Figure 9: Generalized Cu(I) click reaction between azide and alkyne, with variable R and R’ 
groups.  

 
One intriguing characteristic that makes click chemistry so unique is the ability to 
tailor the components to fit specific applications. The versatility of these click 
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reactions stem from the variety of R and R’ groups attached to the reacting 
functional groups. Groups attached to either the azide or alkyne in the Cu(I) 
catalyzed reaction have included diverse compounds such as benzene rings, 
steroids, carboxylic acids, phenol rings, cellulose, esters, thiols, and many others 
[18, 20-25, 27-31].   
 
The Cu(I) reaction, while versatile and important for studying click chemistry, was 
not the subject of this research for one reason; the explosive nature of azides. 
This safety issue could impose limitations on future biomedical applications.  This 
concern was easily overcome by examining the potential for a lesser known click 
reaction, thiol-ene coupling. This reaction has two configurations, which depend 
on the groups attached to the thiol and alkene functional groups and their effect 
on steric hindrance and electron availability of the thiol or alkene. The two 
mechanisms which will be discussed are the free radical and Michael-addition 
types, described in detail in sections 2.2.2.1 and 2.2.2.2, respectively.  

2.2.2 Thiol-ene Click Chemistry (TECC) 

TECC refers to click reactions that take place between a thiol and alkene, either 
by free radical or base/nucleophilic catalyzed mechanisms (Figure 10). TECC 
encompasses the free-radical and base/nucleophilic catalyzed versions as both 
have been shown to fit the click chemistry criteria. TECC has been the subject of 
multiple review articles which highlight this ability [32-36]. Similar to the Cu(I) 
catalyzed reaction, a variety of thiol-ene components have been shown to follow 
the rules summarized in Table 1. The catalyst required, and thus type of 
mechanism the reaction will follow, is dependent on the thiol and alkene 
reagents. Reactions between electron rich alkenes and thiols would be best 
suited for free-radical initiated reactions. Electron poor alkenes, such as those 
found in acrylates, are optimal for the base/nucleophilic catalyzed reaction, 
following a Michael-addition mechanism. These two distinct forms of TECC will 
now be explained in detail in hopes of elucidating this exciting area of research.  

 

Figure 10: General TECC reaction 

 

2.2.2.1 Free Radical Type Thiol-ene Click Reaction 

The free radical form of TECC has been successfully developed into a well-
defined reaction, able to form large and complex products quickly and efficiently. 
Several articles have been published that help to define the effects of different 
configurations on the properties of this reaction including production of large 
scale dendrimers [37], effects of initiators and chemical structure on conversion 
and kinetic rates [38], controlling activation energy by incorporation of gold 
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particles [39], and the thermal and photoinitiated polymerization and mechanical 
properties of formed copolymers [40, 41].  
 
The agreed upon mechanism for this reaction involves the creation of a free 
radical as its first step. This requires the use of a photo- or thermal initiator. This 
necessitates reactive sites which are electron rich, under heavy ring strain, and 
are not sterically hindered [33]. Compounds such as norbornene [33], vinyl 
ethers [33], allyl halogens [38], or electron rich alkynes [42] have been shown to 
undergo the free radical TECC reaction quickly and to near completion, 
depending on the initiator. Reactions using photoinitiators such as 2,2-
dimethoxy-2-phenyl acetophenone (DMPA) have shown conversions ranging 
from 95-100%, while reactions using a thermal initiator, 2,2’-azoisobutyronitrile 
(AIBN), showed lower, but still near complete conversions between 86 – 89% 
[38]. Because the generation of a free radical in-vivo may prove difficult, future 
applications for this project involving biomedical implants and the use of bacterial 
cellulose could be limited. For this reason, the Michael-addition type was 
selected as the reaction of study. However, the work done here can easily be 
switched to PEG components which proceed by free radical initiation, if desired. 
Components for that project would be PEG-SH and PEG-alkyne, both of which 
are commercially available from many suppliers.    

2.2.2.2 Michael-Addition Type Thiol-ene Click Reaction 

The Michael-type addition reaction has been well documented, with multiple 
recent articles discussing the effects of solvent, reagents, catalysts, abilities for 
surface modifications, and reagents on reaction yields and time as will now be 
described [43-48].  
 
Reactions taking place between electron deficient carbon-carbon double bonds 
and thiols are best suited for base/nucleophilic catalyzed reactions dubbed 
Michael-addition TECC. The electron deficiency of the carbon-carbon double 
bond found in acrylates comes from the electronegativity of the neighboring ester 
linkage, creating partially positive charges on the alkene bond. PEG-ACY 
molecules reacting with PEG-SH are best handled by creation of a highly 
reactive, deprotonated thiol by a basic or nucleophilic catalyst (step 2 of Figure 
11 and step 1 of Figure 12). The creation of this deprotonated thiol has been the 
subject of some debate when spoken in context of a nucleophilic catalyst. The 
proposed mechanism for thiolate creation originally involved phosphine catalysts 
but was also proposed for some primary and secondary amines [48]. The thiolate 
created in Figure 11 would then proceed by the agreed mechanism shown in 
Figure 12. This mechanism involves the creation of a side product (step 2 of 
Figure 11) along with the thiolate to propagate the reaction. However, a recent 
study showed that this side product was only measureable by mass 
spectroscopy if there was a substantial excess of amines over thiols, due to 
thiolates being better nucleophiles than amines [47]. This deprotonated thiol goes 
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on to react with the electron deficient alkene in an anti-Markovnikov fashion, 
setting up a secondary carboanion (step 2 of Figure 12). The catalyst then 
returns for the finale, protonating the carboanion into a stable final product and 
regenerating the catalyst (step 3 of Figure 12) [33,38,47,48].  
 
The need for electron-deficient alkenes comes from the creation of the thiolate 
(Figure 11) and reaction between the thiolate and the alkene (second step in 
Figure 12). This electron deficiency of the alkene allows for the high affinity 
between the electron donating thiolate and alkene. Once this new bond forms, an 
enolate is left until proton abstraction from the now acidic catalyst [47, 48]. For 
the reaction shown, ethylenediamine acts a nucleophilic catalyst, as is common 
for primary amines in TECC reactions [48]. The effect of different nucleophilic 
and basic catalysts has been studied by Hoyle et al., comparing the catalytic 
power of primary, secondary, and tertiary amines and phosphines. For both 
amines and phosphines, increasing the nucleophilicity of the catalyst increased 
the rate of the reaction, allowing for completion extremely quickly, while tertiary 
amines were unable to start the reaction due to limited nucleophilicity and 
increased steric hindrance to the nitrogen [48].  
 
The structure of the alkene and thiol also affects the reaction kinetics, similar to 
the free radical TECC reactions discussed in section 2.2.2.1. Thiols with lower 
pKa values and thus more acidic, exhibited faster kinetics than more basic thiols 
due to ease of deprotonation. The structure of the alkene also played a 
significant role in reaction rates, showcased by propyl maleimide, which contains 
two electron withdrawing carbonyls and a ring strained alkene, completing the 
reaction in only a few seconds. This is in stark contrast to methacrylate alkenes, 
which did not significantly react due to steric hindrance and inductive stabilization 
by the methyl side group attached to the alkene [48].  
 

 

Figure 11: Speculated mechanism for creation of thiolate with nucleophilic catalysts. 
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Figure 12: Mechanism for PEG-TECC reaction with base catalyst. 

2.2.3 Thermodynamics 

Thermodynamics is the branch of science which, at once, can be used to 
describe chemical behavior and polymer collapse in poor solvents. 
Thermodynamics is the driving force behind the power of TECC. One of the key 
rules followed by click chemistry reactions is the ability for them to finish quickly 
and with high efficiency [18]. This implies thermodynamically driven reactions 
that have low energies of activation and high affinity between reactant groups. 
Thermodynamics, while a nightmare for some students, can be summarized with 
the classic equation relating free energy (∆G) with enthalpy (∆H), entropy (∆S), 
and temperature (T) (Equation 1). The free energy available in a system defines 
whether a reaction will be spontaneous or not. In simpler terms, the reaction will 
not proceed without the availability of free energy. This is given by Equation 1 
only when there is a negative value for ∆G, meaning there is free energy 
available in the system [49, 50].  
 

Equation 1: Classic thermodynamic equation for free energy  

∆� �  ∆� � �∆� 
 
Reaction rates are known to be dependent on temperature, pressure, reagent 
concentration, and the presence of a catalyst. Concentration’s effect on reaction 
rates can be summarized as the effect of probability. By changing the 
concentration of reagents, the probability that the molecules will collide for 
reaction also changes. Thus, increasing concentration will see faster reaction 
rates, while decreasing concentration will slow the reaction due to likewise 
changes in probability for collision [49]. The effect of temperature can be seen 
mathematically by studying Equation 1. Increasing temperature will enhance the 
effect of the second term, which is negative assuming positive entropy, in driving 
the free energy into a spontaneous state. However, this is not the only effect of 
temperature, as increasing temperature will also increase the chaotic motion of 
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the molecules. This increase in chaotic motion gives an increase to the entropy 
of the system [51]. However, as the reaction proceeds, the number of molecules 
available to react diminishes, lowering the entropy of the system. The presence 
of a catalyst, a molecule which is not used up in the reaction and remains once 
the reaction is complete, serves to lower the energy of activation to increase the 
reaction rate [52].  
 
Free energy and chemical equilibrium are intimately related. The chemical 
equilibrium constant (K) of a reaction is the relationship between concentrations 
of products to reactants and illustrates the extent of a reaction (Equation 2). 
Reactions which are favorable, or made favorable by the addition of a catalyst, 
will have chemical equilibriums greater than one while unfavorable reactions will 
be less than one [53].  
 

Equation 2: Chemical equilibrium constant (K) 

	 �  
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This equilibrium constant, K, and the standard free energy (ΔG0) of reactions can 
then be related by Equation 3. Study of Equation 3 highlights the connection 
between free energy and chemical equilibrium, with K being larger than one for 
reactions with negative free energy and K less than one for reactions with 
positive free energy. Combination of Equation 1 and Equation 3, at the standard 
state, could then be combined to derive the van’t Hoff equation (Equation 4).  
 

Equation 3: Relationship between the standard free energy and chemical equilibrium 
constant. 

∆�� �  ������	� 
 
Jacobus van’t Hoff developed the mathematical model to show how the chemical 
equilibrium constant was dependent on the temperature of the reaction, dubbed 
the van’t Hoff equation (Equation 4). Work by van’t Hoff made it possible to 
determine the standard enthalpy (∆Hθ) and standard entropy (∆Sθ) of a reaction 
by simply plotting the natural log of K (ln(K)) against 1/T [49, 50]. Later work by 
van’t Hoff’s good friend Svante Arrhenius, gave a proposed explanation for the 
dependence of reaction rates with temperature. Based on the differential form of 
the van’t Hoff equation (Equation 5), Arrhenius proposed that the chemical rate 
coefficients, both forward and reverse, were based on the energies of the 
“activated” states (Equation 6). This energy was called the energy of activation, 
and was the “hump” which was needed to be overcome before a reaction could 
go to the next step [49]. The rate determining step of a reaction is the slowest 
step, or transition, in the reaction owing to a large energy of activation [51, 52]. 
His work, which related the kinetic rates, temperature, and energy of activation, 
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gave his namesake equation, the Arrhenius equation (Equation 7) [49, 50]. The 
Arrhenius equation gives a relationship between the reaction rate constant (k) to 
an Arrhenius pre-exponential function (A), Ea, the gas constant (R), and 
temperature (T).  
  

Equation 4: Derived van't Hoff equation 
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Equation 5: van't Hoff equation 
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Equation 6: van't Hoff form of Arrhenius equation 

���"

��
�  

#$

��! 

 

Equation 7: Arrhenius equation. 

" � %�
&'(

)*+  
 
Using similar transformations as for the van’t Hoff equation, the Arrhenius 
equation can be made into a plot which is used to determine valuable information 
about the modeled reaction (Equation 8). By plotting the natural log of k (ln(k)) 
versus the inverse of temperature (1/T), an Arrhenius plot can be used to 
determine the energy of activation for a reaction, assuming the plot gives a 
straight line, following an Arrhenius behavior (Equation 9) [49, 50]. This requires 
the same concentration of reagents, both reactants and catalyst, be used for 
each reaction at the different temperatures [49].   
 

Equation 8: Rearranged Arrhenius equation 
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Equation 9: Determination of energy of activation (Ea) with Arrhenius plot 
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Both k and A can be determined experimentally for use in the Arrhenius 
equation. For this work, k was determined by 1H-NMR, while A was calculated for 
a correction factor. In order to calculate A, Equation 8 can be rearranged into 
Equation 10 and solved via simultaneous equations.  
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Equation 10: Rearranged Arrhenius equation to solve for ln(A) 
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2.3 Cellulose and Bacterial Cellulose (BC) 

2.1 Cellulose 

Cellulose is the most abundant organic polymer produced on Earth, since it is the 
major carbohydrate synthesized for use in plant cell walls [54-57]. Estimates are 
over 1015 kg (over 11 trillion tons) of cellulose is synthesized and destroyed each 
year by natural sources [55]. Therefore, cellulose has become the target of high 
impact research in order to best utilize this plentiful, easy to obtain polymer. A 
form of cellulose known as bacterial cellulose (BC) has been studied in our lab as 
a potential biomaterial, for both bone and cartilage tissue engineering 
applications [58-60]. In order to improve the biomaterial properties and extend 
the applications of BC, surface modifications have been proposed as a method to 
improve cell adhesion, proliferation, and infiltration depending on cell type and 
application. This has shown to be effective in multiple published articles, which 
are discussed in section 2.3. PEG-TECC components could also lead to 
incorporation of PEG-TECC hydrogel as a potential drug delivery vehicle 
attached to the surface of BC. 

2.2 Synthesis and Physical Properties of BC 

BC is cellulose synthesized by bacterial strains such as Acetobacter, 
Agroacterium, Pseudomonas, Gluconacetobacter Rhizobium, and Sarcina [54, 
61]. BC is a polymer of glucose forming β-1,4- linked glucose with a preferential 
chair conformation of β-D-glucopyranose. The biochemical pathway for synthesis 
of BC starts with glucose which is modified through a series of steps to uridine 
diphosphate glucose (UDP-G). UDP-G is then synthesized into cellulose by the 
enzyme cellulose synthase in between the outer membrane and cytoplasma 
membrane of BC producing bacterial strains [54]. Because of this β linkage 
between glucose moieties, the linear polymer chains form with the glucopyranose 
residues flipped 1800 relative to each other, forming a repeat group that is 
cellobiose instead of glucose (Figure 13) [57].  
 

 

Figure 13: Cellobiose, repeat unit for BC. 
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The cellulose chains are bundled into ribbons of cellulose microfibrils, which form 
the crystalline structure of BC [54, 57]. These microfibrils have been shown to 
have tensile strength comparable to steel [55-57, 61-65]. A recent review of BC 
showcased some samples that were capable of producing fibers with a tensile 
strength of 260 MPa and Young’s modulus of 16.9 GPa [64], while other articles 
suggest a theoretical Young’s modulus of over 130 GPa [65]. The reason for the 
incredible strength of the fibers is due to hydrogen bonding in cellulose 
microfibrils. There is extensive hydrogen bonding that occurs between 
neighboring glucose residues and parallel chains due to the alternating flip of 
glucose in the cellobiose repeat unit. There are two distinct forms of hydrogen 
bonding which occurs in the microfibrils. Intramolecular hydrogen bonding occurs 
between adjacent hydroxyls and can also be between hydroxyls and the ring 
oxygen of an adjacent glucose residue. Intermolecular hydrogen bonding only 
occurs between hydroxyls on parallel chains. However, the extent of hydrogen 
bonding is not the same for all cellulose and, depending on source, may only 
undergo one type of hydrogen bonding [57, 66]. The degree of hydrogen bonding 
determines physical properties, with the hydrogen bonding of BC fitting both 
types discussed. This gives BC its exceptional mechanical properties, with a 
percent crystallinity reported to range 70-90% for various types of BC producing 
bacterial strains and preparation methods [61, 65].  
 
BC is naturally produced as a hydrogel, which is 99% water by weight, consisting 
of the microfibrils previously discussed [60]. The many benefits of BC over plant 
cellulose include the previously described high crystallinity, high strength (even 
when wet), high water absorption, biocompatibility, can be used in both 
degradable or non-degradable forms, and being free of plant cellulose biogenics 
that require removal such as lignin, pectin, or hemicellulose [58-60, 62, 67-71]. 
BC shares some common traits with collagen, giving it the added benefit of being 
able to mimic the extracellular matrix. Both collagen and cellulose function as the 
main structural supports, have fibers of similar diameter, and are assembled into 
polymer chains through biochemical precursors taken from the extracellular 
environment [62, 70]. Because of these preferential properties, BC hydrogels 
have seen extensive study for applications involving cell culture and other 
therapeutic applications which are discussed in section 2.3.  

2.3 Applications and Surface Modifications  

BC is chemically identical to cellulose found in plants. As discussed in section 
2.1, the microfibril crystalline structure making up BC sets it apart from plant 
cellulose and is the reason it has become a popular and successful target for 
tissue engineering. As discussed previously, the high strength and 
biocompatibility of BC are significant for tissue engineering purposes. 
Applications for BC include vascular implants [67, 72-74], artificial veins due to 
the ability to be grown into a tubular shape [75], meniscus implants [76], aortic 
heart valve prosthesis with poly(vinyl alcohol) [77], a scaffold for cartilage repair 
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[68, 78], bone tissue engineering [59, 79-81] and even use in fuel-cells with 
palladium [82]. In its naturally occurring form, BC is non-degradable in-vivo for 
humans and animals due to a lack of the required cellulase enzyme [55]. 
However, through a simple peroxidate oxidation reaction, BC has been shown to 
form degradable aldehyde linkages but still maintain mechanical stability [60].  
 
Surface modification of BC has also been put forth to improve both mechanical 
and cellular response to the hydrogel. Cellulose has been modified through the 
addition of biodegradable polyesters [83], copper catalyzed click chemistry 
reagents [30, 31, 84, 85], and TECC reagents [86, 87], while BC studies have 
included surface modification with poly(l-lactic) acid [61, 65], peptides to improve 
cell adhesion for blood vessel replacements [88], and heterogeneous 
esterification through organic acids [89]. BC, to the knowledge of the author and 
advisor, has not been shown to be functionalized with TECC components in as 
simple of a manner as presented in this work. Previous studies using cellulose 
films, not BC hydrogels, have shown functionalization with TECC components, 
requiring silane chemistry [86]. The method provided by this work shows that 
surface modification of BC can be made as simple as TECC itself. The surface 
modification presented here required only two steps, which are shown in Figure 
14. This approach required only 3 hours of supervision due to elevated 
temperatures, with most of the reaction time occurring overnight without needing 
overseeing or multiple washes. BC was modified with 2-chloroethyl acrylate 
(CEA), which provides reactive acrylate functionalities on the surface of BC for 
further TECC modification. 
 

 

Figure 14: Surface modification of BC with 2-chloroethyl acrylate (CEA). 
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2.4 Analytical Techniques  

The purpose of this section is to provide a brief overview of the techniques used 
during the course of this work for those readers who are not familiar with the 
topics. It is not an exhaustive discussion of the techniques, as that is better 
suited for the textbooks and the other sources cited in this section.  

2.4.1 Proton Nuclear Magnetic Resonance (1H-NMR) 
1H-NMR spectroscopy has been used to study kinetics for years, with data tables 
for spectra chemical shifts detailed for most functional groups with available 
hydrogen(s) to monitor. Isotopes observable by nuclear magnetic resonance 
(NMR) possess angular momentum, or spin, which generates a magnetic field. A 
magnetic moment, parallel to the angular momentum vector, can only be 
detected for atom in which the mass number (A) and atomic number (Z) are both 
odd, A is odd and Z is even, or A is even and Z is odd. If both A and Z are odd, 
there will be no magnetic moment, due to equal numbers of opposing spin [90, 
91]. This explains why both oxygen and carbon-12 (12C) cannot be detected by 
NMR [52, 90].  
 
Differences in the local environments, such as being near highly electronegative 
atoms such as oxygen, lead to deshielding of the hydrogens, pushing their NMR 
peaks further downfield. The furthest downfield peaks are reserved for carboxylic 
acid hydrogens, with δ=12 for 1H-NMR while methyl groups (-CH3) are upfield 
closer to δ=1 where δ=0 is the position of a reference standard. However, much 
more information can be extracted from a NMR spectrum other than the position 
of peaks. This includes peak splitting (also known as coupling), which is 
determined by the number of neighboring equivalent hydrogens, and integration 
of the peak giving the number of hydrogens that represent that peak relative to 
the standard peak [52, 90, 91]. 
 
In carbon-13 nuclear magnetic resonance (13C-NMR), an isotope of carbon which 
contains an extra neutron relative to 12C is able to be detected. However, 13C 
accounts for only 1.1% of all carbon on Earth, so making a sample which is able 
to work for both 1H-NMR and 13C-NMR experiments is difficult due the significant 
difference in sample concentrations needed for both experiments [51, 52, 90, 91].  

2.4.2 Quartz Crystal Microbalance with Dissipation (QCM-D) 

Another method used to follow the PEG-TECC reaction kinetics was QCM-D. In 
this section, a brief introduction to the theory of QCM-D and self-assembled 
monolayers (SAM) is presented to those not familiar with this relatively new 
technique. During a QCM-D experiment, solutions are passed through a flow 
chamber in which the response of a gold coated sensor to the molecules in 
solution is measured. This response requires that molecules bond to either the 
gold coated sensor or to molecules already bonded to the sensor. The response 
is measured by the change in frequency and dissipation. For thin ideal films, 
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there should be no change in dissipation as this is the loss of energy of the film 
over time. Films which exhibit this behavior can be modeled with the Saubrey 
model. However, films which are not ideal will show a loss of energy and thus 
changing dissipation response. The Voigt Viscoelastic model is then used to 
model films which follow this behavior.  
 
For this experiment, a SAM of 1,10-decane-dithiol (DDT) was first used to cover 
the gold coated side of the QCM-D sensor. DDT, once bonded to the sensor by a 
gold-sulfur bond on one end, would leave unreacted thiols at the other. PEG-
ACY would then be able to bond to these unreacted thiols so the reaction could 
be monitored.  
 

 

Figure 15: 1,10-Decane-dithiol (DDT) used for SAM formation. 

 
Alkanedithiols have been studied extensively for their ability to form SAMs when 
adhered to gold surfaces in a variety of ways. The success of building the ideal 
“leaning tower” SAM can be difficult, with problems arising from exposure to air, 
solvent, chain length, and in the case of dithiols, sulfur-sulfur interactions [92-96]. 
One issue with alkanedithiols when forming SAMs is the so-called “bridge” form 
in which both sulfur groups bond to the gold surface, bending over in the middle 
of the compound and preventing further reactions. Some success for preventing 
this has been seen by simply extending the hydrocarbon chain separating the 
two sulfur groups, increasing the hydrophobic interaction between SAM 
molecules to prevent both sulfur groups from bonding to the surface [95].  
 
QCM-D has been used to show stable formation in many published articles and 
does this by measuring the frequency and dissipation of the gold sensor as it 
changes from the initial readings due to adhesion of molecules to the surface [97, 
98]. The model used for QCM-D non-ideal films is the Voigt Viscoelastic model. 
With it come certain assumptions for any numerical analysis. These include 
complete and homogenous coating of the QCM-D crystal surface, the molecules 
are attached rigidly, and the film acts as a Newtonian fluid [97].   

2.4.3. Bromine Addition to Alkenes for Colorimetric Assay 

Most analytical techniques tend to take time and money in order to determine 
structure or other results. However, a very old technique that is still highly 
desirable is the colorimetric assay. These are simply visual techniques that 
require a solution to either change color or remain colored upon the addition of 
the colorimetric agent. In the case for this work, bromine acted as the colorimetric 
agent and worked via an addition reaction to confirm surface modification of BC. 
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Bromine, a dihalide compound, is a red liquid. Bromine, when added to water 
even in minimal volumes, will change the clear water into a red/yellow solution. 
However, this can be reversed if the bromine is able to react with a compound in 
the solution. Once the BC was functionalized with CEA, the carbon-carbon 
double bond present on the acrylate could serve as the perfect reactive site to 
remove the red liquid from the solution. Once all alkene groups were saturated 
with bromine, the solution would again become yellow/red with additional 
bromine. The reaction of bromine to alkene used in this project is shown in 
Figure 16. Bromine is known to add to alkenes by an anti-addition mechanism 
[52, 91].  
 

 

Figure 16: Addition of bromine to CEA modified BC. 

 

2.4.4 Fourier Transform Infrared Spectroscopy-Attenuated Total 
Reflectance (FTIR-ATR) 

Attenuated total reflectance (ATR) is a technique derivative of Fourier transform 
infrared spectroscopy (FTIR) and follows similar principals.  Both FTIR and FTIR-
ATR use a low power laser in order to study the functional group composition of 
samples. FTIR-ATR is a specific form of FTIR in that it can study the surface of 
thin or thick films, while FTIR is a technique used to study thin films.  
 
During an FTIR-ATR scan, a laser is used to excite molecules and possibly 
create a change in the dipole moment. The absorption bands present in the 
FTIR-ATR spectrum corresponds to the functional groups that have undergone 
changes in their dipole moments. This technique does not affect the charge of 
the molecules, but the distance between atoms by way of stretching, vibration, 
bending, or other forms of motion. The infrared beam first enters an ATR crystal 
where it undergoes total internal reflectance (TIR), making many bounces with 
the surface of the crystal until exiting. During the internal reflection, an 
evanescent wave penetrates the sample surface. Samples in close contact with 
the surface of the crystal can be scanned for surface composition. However, the 
angle of incidence to the crystals plays a large role in quality of scans, with a 
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critical angle (Θc) that is dependent on the refractive indices of the crystal (n1) 
and the sample (n2) (Equation 11) [56]. The depth of penetration of the 
evanescent wave can be determined using a simple relationship between the 
wavelength of the radiation (λ), the refractive indices of the ATR crystal and 
sample, and the angle of incidence between the ATR crystal and light source (Θ) 
[99] (Equation 12) .  

 

Equation 11: Critical angle for ATR 
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Equation 12: Depth of penetration using ATR 
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2.4.5 Titration 

Titration has been used for centuries in order to determine the unknown 
concentration of an analyte by the addition of a titrant. The titrant is either an acid 
or base of varying strength, depending on the analyte being studied. In the work 
presented in this thesis, modified BC had a beginning pH similar to that of a weak 
acid (pH = 5.5) so a strong base was used as a titrant. The titrant is added to the 
analyte solution until the reaction is complete, coupling with the discovery of the 
equivalence point. The equivalence point is the point during the titration 
experiment in which the titrant and analyte are in equal molar amounts. Visually, 
the equivalence point is taken as the middle of the sudden change of the titration 
curve. It can also be determined mathematically by taking the derivative of the 
curve and finding the maximum value corresponding to the largest change in the 
slope of the curve. This equivalence point is an ideal point, but what is actually 
measured is called the end point. This point is the sudden change in properties of 
solution, which was the pH of the solution for this work. The sudden change in 
pH comes from a combination of the disappearance of the analyte (due to 
reaction) or the appearance of an excess of the titrant. The work presented was 
that of a direct titration, in which titrant was added until the reaction was 
completed and the upper pH limit was stabilized [51, 100].  
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CHAPTER 3 
METHODS AND MATERIALS 

3.1 Kinetics and Energy of Activation (Ea) of PEG-TECC 

3.1.1 Materials 

PEG-SH and PEG-ACY powders were purchased from Creative PEGworks 
(Winston Salem, USA). Both had a MW of 1000 Da. 1H-NMR solvent was 
deuterium oxide (D2O) (Sigma Aldrich, St. Louis, USA).  Two nucleophilic 
catalysts were used; hexylamine (Fischer Scientific, Hampton, USA) and 
ethylenediamine (Acros Organics, Geel, Belgium). 4,4-dimethyl-4-silapentane-1-
sulfonic acid (DSS) (Acros Organics, Geel, Belgium) was used as the reference 
peak in 1H-NMR experiments. QCM-D experiments used the SAM molecule DDT 
(Fisher Scientific, Hampton, USA). DDT provided the reactive thiol group, which 
reacted with polyethylene glycol diacrylate (PEG-2ACY) (Polysciences, Inc., 
Warrington, USA) dissolved in DI water. Cleaning chemicals included Contrad 70 
(Decon Laboratories Inc., King of Prussia, USA), Hellmanex II (Fisher Scientific, 
Hampton, USA ), 30% hydrogen peroxide (Sigma-Aldrich, St. Louis, USA), and 
ammonia hydroxide (Fisher Scientific, Hampton, USA ).  

3.1.2 Methods 

3.1.2.1 
1
H-NMR Determination of Kinetics and Ea for PEG-TECC 

Monofunctional PEG-SH and PEG-ACY were used as received. Separate PEG-
SH and PEG-ACY D2O 10% w/v solutions were made in a glove bag in an inert 
argon environment. Solutions were then put on ice and left for 30 minutes. 
Samples were then taken for 1H-NMR testing. 1H-NMR studies were performed 
on a Liquid State Varian VNMRS 600 MHz (Agilent Technologies, Santa Clara, 
USA) machine in the laboratory of Dr. Engin Serpersu at the University of 
Tennessee, Knoxville. PEG-SH and PEG-ACY solutions were mixed together 
and added to a Shigemi NMR tube, without catalyst to get the blank spectrum of 
the two components. Without a nucleophilic catalyst the reaction would be unable 
proceed. The Shigemi tube was subsequently removed from the 600 MHz 
machine where a nucleophilic catalyst, hexylamine or ethylenediamine, was 
added in controlled but varying amounts. Multiple experiments were performed in 
order to determine the optimal catalyst volume for the different temperatures 
needed to determine the activation energy. The optimal volume of 
ethylenediamine was then used in order to determine the reaction kinetics at 21, 
25, 29, and 320C. Catalyst volume for kinetic studies was 2.5 µL. Once the 
catalyst was added, the sample was repeatedly scanned at set time points until 
the reaction completed. Reported chemical shifts (δ) are in reference to DSS, 
which was added to the samples in order to provide the zero point and 
integration reference. The reaction was monitored by decrease in intensity of the 
thiol hydrogen peak (δ= 4.35) and double bond alkene hydrogen peaks from the 
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acrylate (δ= 6, 6.25, and 6.5) as the reaction proceeded and is reported 
quantitatively. The increase in intensity of the CH2 (δ= 3.0) peak was also 
observed and is reported only qualitatively due to crowding in the region 
preventing reliable integration. Reactions were monitored until the thiol and 
alkene peaks reduced to near-zero. The energy of activation was then 
determined by plotting reaction rate constants as a function of the inverse of 
temperature in an Arrhenius plot. Analysis was done using MestReNova® 
(Mestrelab Research, Escondido, California) and modeling was done with 
GraphPad Prism 5® software (GraphPad Software, Inc., La Jolla, California).  

3.1.2.2 QCM-D 

QCM-D crystals were cleaned prior to any experiments to reduce noise levels. All 
glassware was first cleaned by soaking in 5% Contrad 70 solution overnight, 
rinsed with DI water, and finally autoclaved at 1210C for 40 minutes.  Crystals 
were first treated in a UV/Ozone oven for 15 minutes, set a minimum of 5 mm 
from the bulb by being placed on glass platform. Crystals were then cleaned in a 
diluted basic piranha solution, 5:1:1 mixture of DI water, 25% ammonia, and 30% 
hydrogen peroxide heated to 750C for 10 minutes. Crystals were then rinsed with 
DI water, dried with nitrogen and taken for a repeated UV/Ozone treatment. 
Crystals were then installed in the QCM-D chambers. All flow rates were 100 
µl/min for QCM-D experiments, except rinsing steps which were up to 250 µl/min. 
The dithiol SAM solution, 10 mM DDT in ethanol, was passed first to form a 
stable SAM surface for further reactions. Once a stabilized SAM layer formed, a 
water buffer was passed to remove non-adhered SAM molecules. 2PEG-ACY 
with ethylenediamine catalyst was then passed over the crystal to react with the 
free –SH molecules from the deposited SAM. Thickness and time measurements 
were recorded using a Q-Sense E4 machine with QTools® (Q-sense AB, 
Gothenburg, Sweden).  The QCM-D was set to keep the reaction chamber at 
210C throughout the duration of the experiment to qualitatively compare the 
reaction time with 1H-NMR results.  Upon completion of the experiments, 
chambers were cleaned by running 2% Hellmanex II in DI water at 250 µl/min for 
10 minutes. Modeled data includes 3rd, 5th, and 7th harmonics.  

3.2 Surface Modification of BC 

3.2.1 Materials 

BC was grown by using BC Scramm-Hestrin media and mannitol. BC pellicles 
were stored in DI water until ready for surface modification. Reaction chemicals 
included sodium hydroxide pellets (NaOH, Fisher Scientific, Hampton, USA), 2-
chloroethyl acrylate (CEA, Sigma Aldrich, St. Louis, USA), bromine reagent 
(Sigma Aldrich, St. Louis, USA), and hydrochloric acid (HCl, Fisher Scientific, 
Hampton, USA).   
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3.2.2 Methods 

3.2.2.1 Synthesis of BC 

BC was prepared using a previously optimized protocol following the protocols 
set by Schramm-Hestrin’s 1954 article [60, 101]. The strain for BC synthesis was 
Gluconacetobacter sucrofermentans, obtained from the American Type Culture 
Collection (Manassas, VA, USA) (ATCC 700178). The cellulose was cultivated 
for 14 days in Schramm-Hestrin media with a sugar source of mannitol. The 
prepared cellulose was heated at 90oC to kill bacteria and washed with 1% 
NaOH until absorbance from UV-Vis was less than 0.05.  Purified BC was then 
washed with Millipore water until the solution reached a neutral pH. 

3.2.2.2 Surface Modification Reaction and Sample Preparation 

Solid pellicles of BC were soaked in 15 ml in DI water for 15 minutes. The effects 
of surface modification reagent concentration and pH were investigated to 
determine the extent of modification. Experimental conditions are summarized in 
Table 2. The pH of the solution was raised with NaOH. For all modifications, the 
solution with BC pellicles was evacuated with nitrogen and left for 1 hour at 700C. 
This initial step was in accordance with previously publish modifications of BC 
using NaOH [69]. CEA was then added to the solution to achieve the desired 
concentration, stirred, and covered with aluminum foil for the duration of the 
reaction. The temperature was raised to 700C for 2 hours, removed from heat 
and then left overnight while stirring. BC pellicles were removed from solution, 
neutralized with 0.1 mM HCl, and washed with DI water. Samples were frozen in 
7 ml of DI water and lyophilized for 2 days.  
 

Table 2: BC surface modification sample matrix 

Sample Set Volume of H2O 
(ml) 

pH Concentration of 
CEA (mM) 

Control 15 7.0 0 
1 15 10 50 
2 15 12 200 
3 15 12 600 

3.2.2.3 Colorimetric Assay 

One pellicle from each reaction condition was placed in 5-10 ml of DI water. 
Bromine was then added drop-wise to each container, in 1 µL drops, until the 
solution changed color from clear to yellow/red (i.e. bromine saturation). Pictures 
and video of the color change was recorded using a Droid X ® phone (Motorola 
Mobility, Inc., Schaumburg, USA).   

3.2.2.4 FTIR-ATR 

For FTIR-ATR studies, a KRS-5 crystal prism was used in order to detect 
successful surface modification of BC pellicles. The key absorption band was at 
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1735 cm-1, corresponding to the carbonyl peak found in the acrylate of the 
attached molecule .Scans were performed at 500 incident to surface of the BC 
pellicles. Each spectrum was obtained with 1024 co-scans and resolution of 1 
cm-1. Scanning and deconvolution was done using Varian FTS – 6000e FTIR 
equipment with Resolutions Pro FTIR Software® (Agilent Technologies, Santa 
Clara, California).  

3.2.2.5 Titration 

Titration experiments were done using a Mettler Toledo SevenMulti pH meter 
(Mettler-Toledo Inc., Columbus, OH). Lyophilized BC pellicles were soaked in 
40ml of DI water, with a stirring bar used to evenly distribute the titrant. After a 
baseline reading, 0.015 M NaOH was added drop-wise as the titrant for both 
control and surface modified samples. The pH was recorded as a function of 
volume of titrant and until an upper baseline was found. Analysis was done using 
Microsoft Excel ® and MatLab ®. Matlab® was used to determine the 
equivalence point of both native and modified BC by finding the maximum value 
for the first derivative of the titration curves as is a common method [100]. The 
coded program used to determine the equivalence point for both native and 
modified BC is given in the appendix (Appendix 7) 
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CHAPTER 4 
RESULTS 

4.1 PEG-TECC Reaction Studies  

4.1.1 1H-NMR Results 

The reaction between PEG-ACY and PEG-SH included two catalysts. First, 
hexylamine, a commonly used catalyst for the Michael-addition TECC reaction, 
was used with success when at room temperature or colder. Higher 
temperatures proved impossible with this catalyst since raising the temperature 
to 290C was enough to prevent the hexylamine from being miscible with the 
solvent. The catalyst was switched to the infrequently used ethylenediamine for 
the reported kinetic studies. Initial experiments were performed to determine 
what catalyst volume could be used at all temperatures to provide reliable scans. 
From these, 2.5 µL was determined to be the optimal volume and could be used 
at a wide range of temperatures to allow for proper monitoring of the reaction. 
Reactions were monitored until peaks related to the thiol and carbon-carbon 
double bond of the acrylate fell into noise (Figure 17 and Figure 18). Close-ups of 
the relevant peaks at the beginning (Figure 19) and the end (Figure 21) of the 
reaction are shown for clarity. Further close-ups of the alkene (Figure 20), thiol 
(Figure 22), and amine (Figure 22) peaks are also shown, taken from the 210C 
experiments. Alkene peaks (δ = 6, 6.25, and 6.5) and thiol peak (δ = 4.35) stem 
from the two PEG molecules while the amine peak (δ = 4.28) comes from the 
ethylenediamine catalyst. Peak positions and characteristics are summarized in 
Table 3.  
 

Table 3: 
1
H-NMR PEG-TECC reaction peaks 

Relevant Group Chemical shift (δ) Splitting Shape 

DSS 0.00 1 Narrow 
Amine (-NH2) 4.28 5 Broad 
Thiol (-SH) 4.35 3 Broad 

Alkene(-CH=CH2) 6.00 2 Narrow 
Alkene(-CH=CH2) 6.25 4 Narrow 
Alkene(-CH=CH2) 6.50 2 Narrow 
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Figure 17: 
1
H-NMR scan of PEG-TECC reaction without ethylenediamine catalyst at 21

o
C. 

 
 

 

Figure 18: 
1
H-NMR scan of near complete PEG-TECC reaction with ethylenediamine 

catalyst at 21
o
C. 
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Figure 19: Close-up of 
1
H-NMR scan of PEG-TECC reaction without ethylenediamine 

catalyst at 21
o
C. 

 

 

Figure 20: Close-up of the alkene peaks from Figure 19 used for analysis in 
1
H-NMR kinetic 

studies. 



 

28 
 

 

Figure 21: Close-up of 
1
H-NMR scan near end of PEG-TECC reaction with ethylenediamine 

catalyst at 21
o
C. 

 

 

Figure 22: Close-up of thiol (δ = 4.35) and amine (δ = 4.28) peaks seen in Figure 21. 

 
Stacked spectrum for the reaction taking place at 210C is shown below as an 
example of the complete data set taken for each temperature (Figure 23 and 
Figure 24). For both Figure 23 and Figure 24, line 1 is the start of the reaction (no 
catalyst) and line 23 is the end of the reaction. Similar figures for the reactions at 
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the three elevated temperatures are given in the appendix (Appendix 1through 
Appendix 6).  
 

 

Figure 23: Stacked 
1
H-NMR spectra for PEG-TECC reaction at 21

0
C showing alkene 

intensity drop.  

 

 

Figure 24: Stacked 
1
H-NMR spectra for PEG-TECC reaction at 21

0
C showing thiol intensity 

drop and appearance of amine peak.  

 
The reaction between PEG-SH and PEG-ACY is reported as the loss of thiol and 
alkene peak intensity in 1H-NMR scans over the course of the reaction (Figure 25 
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through Figure 32). An increase in –CH2 peaks, δ = 2.5 – 3.0, can be observed 
but cannot be determined quantitatively due to crowding in the area. 
Temperatures over which the reaction was monitored are 210C (Figure 25 and 
Figure 26), 250C (Figure 27 and Figure 28), 290C (Figure 29 and Figure 30), and 
320C (Figure 31 and Figure 32). Experiments monitoring the reaction at 370C 
were also tried but due to the reaction completing too quickly for accurate scans 
is not reported. Reaction rate constants were determined by one-phase model 
decay and reported in Table 4. 
.  
 

 

Figure 25: Decrease in alkene 
1
H-NMR peak intensity during PEG-TECC reaction at 21

o
C. 
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Figure 26: Decrease in thiol 
1
H-NMR peak intensity during PEG-TECC reaction at 21

o
C. 

 

Figure 27: Decrease in alkene 
1
H-NMR peak intensity during PEG-TECC reaction at 25

o
C. 
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Figure 28: Decrease in thiol 
1
H-NMR peak intensity during PEG-TECC reaction at 25

o
C. 

 

Figure 29: Decrease in alkene 
1
H-NMR peak intensity during PEG-TECC reaction at 29

o
C. 
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Figure 30: Decrease in thiol 
1
H-NMR peak intensity during PEG-TECC reaction at 29

o
C. 

 

Figure 31: Decrease in alkene 
1
H-NMR peak intensity during PEG-TECC reaction at 32

0
C. 
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Figure 32: Decrease in thiol 
1
H-NMR peak intensity during PEG-TECC reaction at 32

o
C. 

 

Table 4: Rate constants for PEG-TECC reaction at controlled temperatures. 

 Temperature (oC) 

 21 25 29 32 

Chemical Shift 
(ppm) 

Rate Constants (k) (s-1) 

4.35 0.00203 0.00349 0.00415 0.00403 

6 0.00198 0.00372 0.00478 0.00433 

6.25 0.00201 0.00347 0.00446 0.00444 

6.5 0.00202 0.00374 0.00477 0.00440 

 

Results from the kinetic experiments provided the rate constants for the reaction 
at the different temperatures (Table 4). These rate constants are displayed as 
Arrhenius plots, Figure 33 and Figure 34, with their respective linear regression 
lines. Figure 33 represents the kinetics for the three alkene peaks followed, while 
Figure 34 shows the reaction kinetics for the thiol peak.  
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Figure 33: Arrhenius plot for PEG-TECC reaction to determine Ea of reaction using alkene 
rate constants. 

 

 

 

Figure 34: Arrhenius plot for PEG-TECC reaction to determine Ea of reaction using thiol 
rate constants. 
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Taking the slopes obtained from Figure 33 and Figure 34 along with the gas 
constant (R) into Equation 9, the energy of activation (Ea) was determined (Table 
5). 
 

Table 5: Energy of activation (Ea) for PEG-TECC reaction 

Chemical Shift (ppm) Slope of Arrhenius line Ea (kJ/mol) 

4.35 -5.5936 46.5 
6.0 -6.072 50.5 

6.25 -6.54 54.4 
6.5 -6.753 56.1 

 

4.1.2 1H-NMR Results with Correction Factor 

As the temperature is raised, the kinetic rate should increase. However, the 
results from the 32oC reaction do not exactly match up with the predicted 
behavior of the reaction. In the data presented, the rate constant for the reaction 
at 290C and the reaction at 320C are almost identical (Table 4). This is thought to 
be due to elevated temperatures preventing the first steps of the reaction from 
being observed due to an increase speed of reaction. This speed is a key 
characteristic of a “click” reaction. These steps were unavoidable missed due to 
the time between sample preparation and the end of the first scan. To further 
analyze this data, a correction factor was determined in order to calculate the 
expected rate constant at 320C. The reaction follows an Arrhenius behavior 
(Equation 7), so it follows that by solving for the pre-exponential factor A using 
only data from 21, 25, and 290C, the true value for the rate constant at 320C 
could be determined.  
 
First, the Arrhenius plots for the alkenes (Figure 35) and thiol (Figure 36) rate 
constants are shown to showcase the new curves excluding the 320C reaction 
data. This highlights a drastic increase in the linear fit (R2) for all curves. The 
slopes and y-intercepts of each Arrhenius fit along with the calculated activation 
energy are shown below in Table 6.  
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Figure 35: Arrhenius plot for alkenes excluding data from 32
0
C reaction. 

 

 

Figure 36: Arrhenius plot for thiol peaks excluding data from 32
0
C reaction. 
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Table 6: Arrhenius plot results from correction factor analysis. 

Chemical Shift 
(ppm) 

Slope Intercept Ea (kJ/mol) 

 4.35 -9.1058 24.859 66.20 
6.0 -8.8549 23.956 75.71 

6.25 -9.9575 27.693 73.62 
6.5 -7.9621 20.94 82.80 

 
By utilizing Equation 10 and the newly calculated energy of activation from Table 
6, it was possible to determine the natural log of A (ln(A)) factor and corrected 
rate constant (k) for the PEG-TECC reaction at 320C (Table 7). Ln(A) was 
determined for each peak at 21, 25, and 290C and then averaged to solve for the 
corrected kinetic rate. A summary of the reaction rates, including the corrected 
rate for 320C is presented in Table 8, with the resulting Arrhenius plots for 
alkenes peaks (Figure 37) and thiol peak (Figure 38) shown below.  
 

Table 7: Corrected values for ln(A) and k for PEG-TECC reaction at 32
0
C. 

Chemical Shift 
(ppm) 

Ln(A) Rate Constant (k) 
(s-1) 

4.35 21.06 0.00650 

6 24.86 0.00668 

6.25 23.96 0.00626 

6.5 27.70 0.00708 

 

Table 8: Corrected rate constants for PEG-TECC reaction 

 Temperature (oC) 

 21 25 29 32 

 Chemical Shift 
(ppm) 

Rate Constants (k) (s-1) 

4.35 0.00203 0.00349 0.00415 0.00650 

6 0.00198 0.00372 0.00478 0.00668 

6.25 0.00201 0.00347 0.00446 0.00626 

6.5 0.00202 0.00374 0.00477 0.00708 
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Figure 37: Arrhenius plot of alkene peaks using corrected rate constant for 32
0
C reaction. 

 

 

Figure 38: Arrhenius plot of thiol peaks using corrected rate constant for 32
0
C reaction. 

 
The final corrected energy of activation for the PEG-TECC reaction was then 
calculated using the same approached that was described previously, in section 
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4.1.1. Briefly, the slopes of the Arrhenius plots generated with the corrected 
kinetic rate for the reaction at 32oC, Figure 37 and Figure 38, were used in 
Equation 9 to determine the final corrected energy of activation (Table 9).  
 

Table 9: Corrected energy of activation (Ea) for PEG-TECC reaction 

Chemical Shift 
(ppm) 

Slope Intercept Ea (kJ/mol) 

4.35 -8.8327 23.878 73.44 
6.0 -9.1239 24.92 75.86 

 6.25 -8.8706 24.009 73.75 
 6.5 -9.9876 27.794 83.04 

 

4.1.3 QCM-D Results 

QCM-D results taken by monitoring the reaction between a dithiol SAM 
monolayer and 2PEG-ACY are shown below. Figure 39 is the modeled data 
using QTools ®, with harmonics 5, 7, and 9 used for the model. SAM deposition 
is shown as the gradual decrease in frequency for 1 hour and 40 minutes before 
switching to the 2PEG-ACY with ethylenediamine catalyst solution. This data was 
then used to model the thickness of the molecules adhered to the crystal (Figure 
40).  

 

Figure 39: QCM-D monitoring of reaction between -SH and PEG-ACY with ethylenediamine 
catalyst. 



 

41 
 

 

Figure 40: QCM-D modeled thickness for reaction shown in Figure 39 

 

4.2 BC Surface Modification with TECC Components  

4.2.1 Colorimetric Results 

Control (native) and modified BC pellicles were first tested for the presence of the 
acrylate group by exposure to a controlled amount of bromine reagent. Bromine, 
a red liquid, was added in 1 μL amounts to 5-10 ml of water with lyophilized BC 
samples. Bromine was continuously added until the solution became saturated, 
i.e. remained colored. This volume was recorded and reported in Table 10. 
Images were taken after 1 μL of bromine had been added to all samples, shown 
in Figure 41 and Figure 42.  
 

Table 10: Colorimetric results for BC of different reaction conditions. 

Sample Set Volume of bromine needed for 
saturation (μL) 

Control 1 

1 1 

2 4 

3 6 
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Figure 41: BC samples after addition of 1 μL of bromine. Samples included control BC and 
BC that underwent reactions 1 and 3. 

 

 

Figure 42: BC samples after addition of 1 μL of bromine. Sample sets were the control BC 
and BC undergoing reaction 2. 

 
Video of the addition of bromine to the modified BC was taken, with screen 
captures taken from the video displayed in Figure 43. In Figure 43, the bottle 
marked C has one pellicle of control BC with 1 μL of bromine already added 
which turned the solution yellow. The bottle marked F is the modified BC which 
received 1 μL of bromine, turned yellow but a few seconds later become clear 
again.  
 



 

43 
 

 

Figure 43: Screen captures from video of addition of bromine to modified BC. 

4.2.2. FTIR-ATR Results 

FTIR-ATR on native and modified BC was performed at 500. This is in reference 
to the angle of the first mirror prior to the FTIR laser reaching the sample, where 
decreases in the angle resulted in larger angles of incident with the sample.  The 
FTIR-ATR scans for control BC and modified BC pellicles are shown in Figure 44 
and Figure 45, respectively. The spectra taken from the control BC ATR scan 
was then subtracted from the modified BC scan, shown in Figure 46.  Spectra 
were truncated to remove a noise peak from 2300-2400 -1cm, which was related 
to the air purge of the FTIR system and not the BC pellicles.  
 

 

Figure 44: FTIR-ATR scan of native BC at 50
0
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Figure 45: FTIR-ATR scan of modified BC at 50
0
 

 

 

Figure 46: FTIR-ATR scan of native BC subtracted from modified BC at 50
0
 

4.2.3. Titration Results 

Native and modified BC samples were titrated with 0.015 M NaOH in water, while 
stirring. The results are shown as the pH was measured as a function of the 
volume of titrant. The native BC titration curve is shown in Figure 47 while the 
titration curve for modified BC is shown in Figure 48.  
 

 

Figure 47: Titration curve for native BC with 0.015M NaOH 
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Figure 48: Titration curve for modified BC with 0.015M NaOH 

 
For both native and modified BC, the equivalence point was determined by 
MatLab ® as the largest slope of the first derivative. The calculated equivalence 
point and the volume of titrant added to reach the equivalence point is shown in 
Table 11. 
 

Table 11: Equivalence point and volume of titrant for native and modified BC 

BC Type Equivalence Point Volume at 
Equivalence Point (μl) 

Native BC 7.516 37 
Modified BC 8.521 148 
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CHAPTER 5 
DISCUSSION 

 
The reaction kinetics for PEG-TECC reaction was monitored by 1H-NMR and 
confirmation of a similar reaction was done by QCM-D. PEG-TECC 1H-NMR 
scans fit predictive structure scans. Peaks studied for the hydrogens of the 
alkenes seen in PEG-ACY were observed at chemical shift δ = 6.0, 6.25, and 
6.5. Data on peak splitting in the 1H-NMR scans, displayed in Table 3, shows that 
the two β-hydrogens on the β-carbon of the alkene gave the expected doublet 
while the α-hydrogen on the α-carbon gave a doublet of doublet peak. The 
difference in peak splitting is a result of the different local environments of these 
three hydrogens [52, 90, 91]. The β-hydrogens closest neighbor to cause splitting 
is the α-hydrogen, giving them a predictable doublet peak. However, the α-
hydrogen has two hydrogen neighbors who are not equivalent. If the two β-
hydrogens were equivalent, this would result in a triplet split for the α-hydrogen. 
The difference between the two β-hydrogens is related to steric hindrance, with 
one β-hydrogen cis to the large PEG backbone, while the other is cis to the much 
smaller α-hydrogen. Thus, the α-hydrogen is two doublet peaks stemming from 
the two non-equivalent β-hydrogens. The thiol peak, δ = 4.35, was a triplet owing 
the two equivalent hydrogen neighbors. The amine peak, δ = 4.28, was expected 
to be a sextet, but due to the broadness of the peak only showed five discernible 
splits. Both the thiol and amine peaks were broad in nature due to interactions 
with the solvent, similar to peaks seen for hydroxyl groups [52, 91]. Also like 
hydroxyl groups, thiol and amine peaks do not exhibit characteristic peaks and 
have a wide range of peak shifts, depending on the molecule.   
 
The results from both 1H-NMR, Figure 25 through Figure 32, and QCM-D (Figure 
39 and Figure 40) show that the reaction was both quick and efficient even at 
temperatures as low at 210C. Experiments were also done using hexylamine, 
which was a fine choice of catalyst at room temperature. However, experiments 
at the elevated 29 and 320C temperatures were unsuccessful due to the catalyst 
no longer dissolving in the heated solution. This is due to the hydrophobic nature 
of hexylamine by the six carbons found in the backbone, overcoming the 
hydrogen bonding provided by the amine. Ethylenediamine, a two methyl two 
amine compound, did not have this problem and was used with great success. 
Ethylenediamine was miscible in water at both elevated and depressed 
temperatures and could serve as a successful catalyst. Amine peaks seen in 1H-
NMR scans change slightly during the reaction, as expected, due to the reaction 
mechanism protonating the duel amines to generate the reactive thiolate.   
 
Examining Figure 23 and Figure 24 shows that the alkene peaks and thiol peak 
can be monitored from the start of the reaction to the end, with the integration 
from each scan providing the number of hydrogens that had not reacted yet, 
relative to the reference peak. From this, the reaction kinetics of the PEG-TECC 
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reaction can be displayed as the loss of hydrogen peak intensity over time. As 
shown in Figure 25 through Figure 32, all temperatures followed the expected 
exponential decay behavior. This behavior stems from the change in entropy of 
the system as the reaction proceeds. As discussed in section 2.2.3, the free 
energy of the system is dependent on enthalpy, temperature, and entropy [49, 
50]. The entropy, in turn, is dependent on the chaotic motion of the molecules. As 
the reaction continues until completion, fewer molecules are left to react. This 
gives a lower probability of reactive molecules coupling to form the final product, 
slowing the reaction rate. The reaction, as by design, decreases the number of 
molecules as the reaction proceeds, going from two reactants to a single product, 
which also lowers the entropy of the system [51].  
 
The PEG-TECC reaction taking place at 320C required a correction factor due to 
the incredibly fast nature of the reaction at elevated temperatures. As detailed in 
section 4.1.2, this was done by solving for the Arrhenius constant, A, at the three 
lower temperatures, 21, 25, and 290C. This determined constant was then used 
to find the corrected kinetic rate at 320C, had the initial seconds of the reaction 
been successfully monitored. The corrected kinetic rate follows expected 
behavior, being almost double the rate seen at 250C. As the temperature is 
raised, the velocity of the molecules in solution also raises. The result is an 
increase in free energy by way of increased entropy by chaotic motion [49, 50]. In 
fact, experiments at physiologic temperature, 370C, were too quick to monitor 
and obtain reliable data. A significant portion of the initial exponential decay was 
unable to be obtained by this method and could not be corrected for. While it may 
seem like a failure, future applications for this work are medical in nature with the 
purpose of using PEG-TECC being a fast gelling hydrogel. So while the reaction 
is unable to be monitored at physiologic temperature for energy of activation 
determination, PEG-TECC is ideal for situations requiring expedient reaction 
speeds and predictable products at physiologic temperatures.  
 
The energy of activation was determined independently from data from the α-
hydrogen, two β-hydrogens, and the thiol hydrogen. The determined energies of 
activation are similar to values determined for the Cu(I) catalyzed azide-alkyne 
reaction and the free radical TECC reaction [39, 102-104]. Using the Arrhenius 
relationship and the discussed correction factor, a final Arrhenius plot of the 
kinetic rate as a function of temperature, Figure 37 and Figure 38, was used to 
determine the energy of activation for PEG-TECC. The energy of activation was 
determined to be about to be between 73.4 and 83 kJ/mol, depending on the 
particular hydrogen studied. Work by Liang et al. showed that the energy of 
activation for acrylate substituents used to crosslink poly(2,6-dimethyl-1,4-
phenylene oxide) (PPO) increased as the substituent on the acrylate gained 
additional carbons, comparing methyl and ethyl substituents. This increase in 
energy of activation was attributed to greater steric hindrance and resistance for 
bond rotation due to the larger substituent [105]. However, inspection of Table 9, 
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shows that three of the four calculated energies of activation are very close 
together, 73.44-75.86, with the energy of activation for δ = 6.5 much larger at 83 
kJ/mol. This variation shown by the δ = 6.5 hydrogen is thought to be a result of 
the difference in local environment. As discussed with peak splitting, the two β-
hydrogens are not equivalent with one of the β-hydrogens sterically hindered by 
being cis to the PEG backbone. This increased steric hindrance may have an 
unexpected effect on 1H-NMR peak intensity during the course of the reaction.  
 
QCM-D studies were used as an alternative method to confirm behavior seen in 
1H-NMR studies. The results from QCM-D, Figure 39 and Figure 40, agreed with 
1H-NMR results and showed that the reaction between PEG-ACY and available 
thiol groups does indeed meet the requirement for TECC to be a fast and 
efficient reaction. As shown in Figure 40, the buildup of the SAM monolayer took 
one hour and forty minutes of continuous monitoring, while the reaction between 
the thiol and PEG-ACY only took 20 minutes. The QCM-D was done at 210C, 
with this reaction time almost matching the reaction time when studied at the 
same temperature by 1H-NMR, Figure 25 and Figure 26, which was 20.8 
minutes. However, due to the assumptions discussed in section 2.4.2, numerical 
analysis for the reaction was not performed. This is due to the unknown 
distribution of the SAM layer and the PEG-ACY inability to act as a Newtonian 
fluid since polymers exhibit non-Newtonian behavior [1, 2]. This method was 
useful, however, in providing evidence that the reaction monitored by 1H-NMR 
was accurate. The slight difference in reaction time when comparing the 
reactions followed by QCM-D and 1H-NMR reaction are due to the different thiol 
molecules in their respective reactions, both in terms of structure and 
concentration of available thiols. If done at the same concentration as the 1H-
NMR experiments, it is expected that the PEG-SH would exhibit a faster reaction 
time than DDT due to the slight acidity of the thiol-hydrogen in PEG-SH from the 
neighboring oxygen atom [48].  
 
The modification of BC followed the philosophy of TECC, aiming for an 
inexpensive, simple to do, and effective way to modify the surface of BC. This 
was done to allow future cell and medical applications to take advantage of BC 
and PEG-TECC. By modifying the surface of BC with a Michael-addition TECC 
starting point of an acrylate, future modification can then be easily done by 
simply introducing a compound with a reactive thiol. This also avoids the need for 
generating free radicals or using harmful azides, either in-vitro or in-vivo. Results 
from colorimetric studies (Figure 41 through Figure 42), FTIR-ATR (Figure 44 
through Figure 46), and titration (Figure 47 and Figure 48) showed that the BC 
was successfully modified.  
 
Colorimetric assays are quick and easy visual experiments that can be used to 
prevent needless wastes of time. For this work, bromine was added drop-wise to 
lyophilized BC in water until bromine saturation for the solution occurred and a 
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red/yellow color was visible. For native BC, there are no reactive sites available 
to the bromine without the addition of an acid or other catalyst [52]. As such, 
water with native BC, when exposed to bromine immediately colored red/yellow 
and remain colored (Figure 41 and Figure 42).  
 

 

Figure 49: Coloring of native BC as a result of exposure to bromine. 

 
Water with BC that has been modified with acrylates had reactive sites available 
for bromine, as discussed in section 2.4.3. The alkene present on the modified 
BC served as the reactive site for the added bromine. Thus, as expected, water 
with surface modified BC was able to remove bromine from solution, removing 
any color which was initially present upon addition of bromine (Figure 16, Figure 
41, and Figure 42). As shown in Figure 43, this discoloration dissipated and the 
water turned clear after a few seconds due to the bromine being removed from 
solution by an addition reaction to the carbon-carbon double bond present on 
modified BC. This behavior continued until bromine was added in a significant 
enough volume to saturate the available alkenes. Once saturated, the solution 
remained colored due to saturation of all available reaction sites on the modified 
BC. This experiment was invaluable, as it was completed in less than five 
minutes, while other characterization techniques took a few hours to generate 
viable results. Thus BC could be tested for modification quickly, before moving 
on to the more involved FTIR-ATR and titration experiments. Interestingly, BC 
which had been modified at pH = 10 did not show any reaction to the bromine, 
suggesting the BC was not modified. This agrees with the reaction portrayed in 
Figure 14, as the first step is the deprotonation of hydroxyl groups [69]. 
Increasing the pH to 12 resulted in the successful modification of BC (Figure 41). 
This also provided evidence that the CEA solution was not imbedded in the BC 
hydrogel during modification but had been linked to the surface of BC undergoing 
reactions 2 and 3. If CEA had been imbedded in the hydrogel, BC pellicles 
modified at pH 10 and 50 mM CEA should have reacted with the added bromine 
in a similar fashion as BC modified at pH 12 with higher concentrations of CEA.  
 
FTIR-ATR was done on both native and modified BC. The refractive index for 
native BC has been reported to be between 1.56 – 1.60 [106]. However, this 
index can decrease by acetylation of the BC surface to as low as 1.47 [106]. This 
change in refractive index will change the critical angle (Equation 11) that must 
be exceeded for FTIR-ATR to accurately detect the surface modification. The 
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minimum angle, assuming an index of refraction of 1.47, was 380, while the angle 
for native BC was calculated to be 42.50. For this reason, FTIR-ATR scans were 
done at 500 so both native and modified BC could be scanned at the same angle. 
The peak of interest is the carbonyl peak, found at 1735 cm-1, which should only 
be present in modified BC as native BC has no carbonyls to absorb this 
wavelength. Subtracting the native BC from the modified BC shows the carbonyl 
peak clearly (Figure 46). This, along with the successful colorimetric experiments 
showing presence of the alkene, suggests the CEA modification group had been 
successfully attached to the BC surface.  
 
The final technique used to show successful modification of BC was titration, with 
two key data points obtained from this technique. The first being the clear change 
in the equivalence point between native and modified BC, owing to the presence 
of the acrylate on modified BC. This can be coupled to the other key data point, 
the volume of titrant needed to reach equivalence. For native BC, only 37 μL of 
NaOH was needed to reach equivalence. Modification of BC with CEA more than 
tripled this volume to 148 μL. On native BC, NaOH added drop-wise to the 
solution will not deprotonate the hydroxyl groups. This is agreed by the fact that 
attempts at modifying BC at pH = 10 were unsuccessful. The increase of 
equivalence point and volume needed to reach this point for the modified BC is 
due to the presence of the ester on CEA. The ester group on modified BC can 
react with the NaOH by base hydrolysis to form a carboxylate ion and an alcohol 
[52] (Figure 50).  
 

 

Figure 50: Products as a result of titration of modified BC with NaOH 

 
The three characterization techniques used to determine successful modification 
of BC can now be combined. The data provided suggest the presence of an 
alkene, from the colorimetric assay, an ester carbonyl, from FTIR-ATR, and an 
ester, from titration. All three of these groups are present on the CEA molecule 
used to modify the BC surface and furthermore is available for reaction. The 
acrylate group is shown to be available for further reactions, since different 
moieties of the acrylate reacted with bromine and NaOH titrant. Modified BC with 
CEA provides an acrylate which is available for TECC reactions by way of 
Michael-addition with PEG-SH.  
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CHAPTER 6 
CONCLUSIONS AND FUTURE WORK 

 
This work has been the compilation of three years of intense polymer study. 
While the project itself has not always been the main project, the skills, 
knowledge, and experience during the time has made this work possible. This 
work concludes that reactions between PEG-SH and PEG-ACY do in fact follow 
TECC rules, has an energy of activation around 74 kJ/mol, and can be 
successfully monitored by both 1H-NMR and QCM-D. In turn, the philosophy 
behind TECC was what drove the need for a simple and effective way to modify 
the surface of BC to make it available for future PEG-TECC applications. This 
work has shown that the modification of BC can be as simple as TECC itself, with 
just as much success. Future suggest work by our group would include cell 
culture studies on modified and native BC, the encapsulation of a drug into a 
PEG-TECC hydrogel functionalized to the surface of BC by degradable links for 
drug delivery, the inclusion of non-degradable acrylates for applications requiring 
stable hydrolysis resistant hydrogels [107], and the inclusion of surface peptides 
attached to BC via TECC to modulate stem cell differentiation. 
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Appendix 1: 
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Appendix 3: 
1
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Appendix 5: 
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Appendix 7: MatLab ® program for determination of equivalence point for titration results. 
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