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CARBOXYMETHYL CELLULOSE AND A SHORT DITHIOL
CROSSLINKED VIA A THIOL-ENE REACTION
By Thomas McOscar
Thesis Advisor: Dr. William Gramlich

An Abstract of the Thesis Presented
in Partial Fulfillment of the Requirements for the
Degree of Master of Science
(in Chemistry)
August 2017
Cellulose-based hydrogels - three dimensional "solid" structures composed
primarily of liquid water and held together by an interconnected polymer network - were
created by first functionalizing carboxymethyl cellulose (CMC), a cellulose derivative,
with carbic anhydride in a basic aqueous reaction with the intent of developing novel
hydrogels from renewable materials. The product of this reaction, carbic CMC (cCMC),
had a new norbornene group as a subsection of the carbic group. Norbornene is a reactive
alkene structure that allows for further chemistry with cCMC, such as crosslinking. cCMC
was crosslinked with 2,2'-(ethylenedioxy)diethathiol to create hydrogels using a watersoluble, UV-sensitive radical initiator and UV light.
Hydrogels created with this method had advantageous, predictable, and
controllable mechanical properties to be employed in biomedical science, agriculture, and
consumer products. These materials were also durable enough that the degradation was

measurable on a daily basis, but the structures were able to persist for one month and would
be capable of lasting longer.
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It was also found that cCMC and DEG reacted without the presumed necessary UV
light and radical initiator that was used in forming hydrogels. These spontaneously reacting
systems were named "autogels." The autogel mechanism was investigated for cause and
benefit by determining the system's response to various conditions. Autogelation rate,
which was tracked by rheology, was accelerated by increased reactant concentration,
increased temperature, and decreased pH. Autogelation was also slowed by decreased
dissolved oxygen content and high concentrations of hydroquinone radical inhibitor. These
conditions suggest to some degree that a thiol-olefin cooxidation (TOCO) reaction is being
observed, but does not explain all the reaction conditions such as the hydroquinone
concentration effects.
Regardless of cause, there are potential applications for spontaneously-gelling
hydrogel solutions under mild conditions in absorbents and biofactor delivery agents.
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CHAPTER 1
INTRODUCTION
1.1. Hydrogel Structure
Hydrogels are three-dimensional networks of polymers that are able to absorb many
times their own dry mass in water and hold a relatively stable shape, creating a "solid" that
can be over 99% water by mass. Hydrogels that absorb over 100 times their dry mass in
water are sometimes referred to as "superabsorbents" (Fekete et al. 2017). While many
structural plastics and composites are made largely of polymers, hydrogels differ by the
water contained within the material. Water contributes to the structural integrity of a
hydrogel by associating with the polymer strands and occupying the space between strands.
As the polymer body swells and the space is packed tightly with non-compressible liquid,
the hydrogel becomes stiff. The final stiffness of a swollen hydrogel depends on a number
of factors, but also dictates the utility of a particular hydrogel formulation.
Hydrogels can be made through the formation of covalent bonds to create larger
macromolecules, through ionic or electronic attractions, or polymer entanglements in
which the polymers intertwine and act as a larger macromolecule without forming chemical
bonds. The former are often called chemical hydrogels or permanent hydrogels while the
latter are often referred to as physical, temporary, or reversible hydrogels (Rizwan et al.
2017). Fig. 1-1 displays examples of both chemical and physical hydrogels.
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Fig. 1-1 Physical and Chemical Crosslinks. a) A two-dimensional representation of a
generic cross-linked network b) A physical (reversible) network formed by hydrogen
bonding c) A chemical (permanent) network formed by covalent bonding (Rizwan et
al. 2017)
Chemical hydrogels can be made from a variety of methods depending on the
starting materials. Reacting polymers in solution with one another directly or through the
use of small crosslinkers is a common and often simple method of generating the polymer
network. As polymers react with and attach to one another - either directly or via
crosslinkers - they lose the freedom to flow and they become locked in place similar to a
solid. The end result is a large network of crosslinked polymer. Other methods of creating
chemical hydrogels are occasionally used depending on materials like using
multifunctional monomers that are able to make more than two bonds to one another which
can be polymerized into a three-dimensional network from solution. These hydrogels are
permanent because nothing short of a chemical reaction can reverse the gel formation.
Physical or "reversible" hydrogels as they are sometimes called, which is not to say that
chemical gels cannot be reversed by reaction, are formed differently; no covalent bonds
are formed in physical hydrogels which is made possible by polymers with strong ionic
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components like carboxylate groups that interact with other parts of a polymer or another
species in solution. Gelation in a physical hydrogel may therefore be controlled by
adjusting pH or ion content of solution which is then reversible by altering the environment
opposite to the gelation condition. Polyvinyl alcohol-boric acid hydrogels and chitosanpoly(acrylamide) hydrogels respond this way to increased temperature (Khan et al. 2013;
Maitra

et

al.

2014)

while

systems

like

kappa-carrageenan

and

poly(vinyl

alcohol)/poly(acrylic acid) are reversible based on pH/ionic content respectively(Rasool et
al. 2010; Hezaveh and Muhamad 2013). Physical hydrogels can also be formed from
materials that only associate with solvents or one another through hydrogen bonding,
dipole-dipole forces, or Van der Walls forces. In most of these cases, as the solution cools
polymers are less-able to overcome inter- and intramolecular interactions that hold them in
place, so cooling of systems tends to cause gelation as seen in gelatin, carrageenan, or some
cellulose derivative solutions (Sarkar 1979). Polymer entanglement is often another driving
physical force in this kind of transition. However, there are cases such as chitosan-glycerolphosphate hydrogels where polymer chains overcome solvent interactions only to
encounter more intense polymer-polymer interaction, wherein increased temperatures lead
to gelation (Chenite et al. 2001; Ruel-Gariépy and Leroux 2004).
Once hydrogels are formed, the water-soluble polymers - now a network - still have
a high water affinity and are still "soluble" even though they do not flow, so water can fill
the space between polymer strands as shown in Fig. 1-2. In fact, because of osmosis, more
water can flow into the system if space is available and will cause the hydrogel to swell
until the polymers comprising the hydrogel network are unable to stretch further. More
links and shorter polymer sections between links reduce the swelling capacity of the
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hydrogel, and the internal stress of the solvent as a result of osmotic pressure against the
many links of a sufficiently linked hydrogel gives the hydrogel its stiffness. So hydrogels
with greater crosslink density and are therefore smaller tend to be stiffer, as there is less
availability for the internal water to flow (Broom and Oloyede 1998). Hydrogel swelling
as a result of osmosis is diagramed in Fig. 1-2.

Fig. 1-2 Hydrogel Swelling. a) A two-dimensional representation of a hydrogel
(blue) unswollen and surrounded by solvent molecules (red) that equilibrates to b)
a swollen hydrogel flooded with solvent, stretching the crosslinked polymers.
After hydrogels are swollen and have some solid character the structural integrity
of the materials combined with the large percent water by mass are what make hydrogels
advantageous in many applications. Biology is largely reliant on water and many cells are
roughly 70% water by mass. In addition, extracellular matrices and other extracellular
systems are also largely water with system-specific solutes and structural polymers (Serban
and Prestwich 2008). Hydrogels are able to mimic these conditions and promote cell
growth in three dimensions rather than the traditional two dimensional cell growth methods
of agar dishes (Tibbitt and Anseth 2009). In addition to advanced in-vitro cell culture, this
allows hydrogels to be used to promote cell growth in-vivo as well, which opens the door
for many biomedical applications in tissue treatment and regeneration (Prestwich 2008).
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1.2. Hydrogel Applications
1.2.1. Biomedical Applications
Wound dressings are potentially the most obvious application for biomedical
hydrogels. In order to be widely effective and ideal, a wound dressing must maintain cell
hydration at the point of injury; be biocompatible (non-toxic and non-allergenic); protect
the wound from abrasion, trauma, and excess heat and radiation; be permeable to gasses
and fluids that require exchange in the growing cells along with cell waste; require
infrequent changes; and be easily removable with no damage to the wound (Jones et al.
2006). Hydrogels can be prepared with varying degrees of stiffness, which make them
applicable for a variety of wound environments with different mechanical requirements.
Deeper wounds or internal tissues may require hydrogel dressings to be more malleable
with lower stiffness than surface dressings. More malleable deep dressings allow for
delicate granulation tissue to develop in an environment that does not cause stress in
unnatural ways as surrounding tissues flex due to natural use (Lee et al. 2000). Superficial
dressings, however - for abrasions and burns - benefit greatly from stiffer materials that are
less likely to deform and offer more physical protection to the wound surface. This also
helps increase the longevity of a particular dressing, decreasing the number of dressing
changes required. A commercially available hydrogel dressing, TegasorbTM, is shown in
Fig. 1-3.
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Fig. 1-3 Hydrogel Wound Dressing. TegasorbTM, a topical hydrogel
wound dressing used for the advantages of flexibility, moisture and
vapor permeability, and transparency (Boateng et al. 2008)

Hydrogels are also under consistent development as drug delivery systems. By
virtue of their swollen polymeric network structure, they are highly porous and the porosity
can be controlled with the density of crosslinks formed. Hydrogels can be loaded with
drugs that diffuse through the polymer network at predictable rates to control drug release.
These release rates can be altered by creating simple uniform hydrogels with the drug
throughout to frontload release the drug immediately, or using a reservoir within a hydrogel
capsule to release a drug more consistently over time (Caló and Khutoryanskiy 2015).
Additionally, physical responsiveness of the hydrogel may be controlled so that drug
release is trigged by environmental stimulus like temperature or pH to specifically target
drug release in a particular portion of an organism (Rizwan et al. 2017).
While diffusion makes for a simple method of drug delivery, there are cases where
closer control over the drug delivery may be required to allow more moderate dosage.

6

Certain drugs, depending on their structure and active sites, may be attached or be modified
and be attached to the hydrogel polymer structure covalently rather than simply dissolved
throughout the hydrogel. The hydrogel can then be administered in some way - either
topically, orally, or surgically - at which point the structure degrades and the covalent
bonds break, releasing the drug into the hydrogel's environment. This often allows for more
controlled release as opposed to front-loading in conventional diffusion-based methods
where drugs can be less front-loaded and have longer effective lifetimes (Ashley et al.
2013). Diffusion is still the final step in releasing drugs from even a covalent system, so
multiple methods may be combined to control the system more precisely. Two diffusionbased systems of drug loading and delivery are shown in Fig. 1-4.
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Fig. 1-4 Hydrogel Drug Delivery. Two standard methods of drug delivery
where a) a drug is dispersed in or bound to a hydrogel which
degrades/diffuses out from the system or b) a drug is encapsulated within a
hydrogel and diffuses outward for delivery (Caló and Khutoryanskiy 2015)

It follows from individual applications in wound dressing and drug delivery, that
the mechanisms by which the dressing protects a wound and encourages healing are not
necessarily affected by the mechanisms used to deliver drugs over the life of the hydrogel
and that it is possible to combine these two applications into a more robust system where
drugs are delivered at a controllable rate from a hydrogel dressing to wound to further
promote healing (Boateng et al. 2008). These hybrid dressings can be made using the
techniques discussed, but can also incorporate other methods to create increasingly
complex systems using microfluidics and electronics in a dressing that actively delivers
drugs and other cell factors (Lin et al. 2016).
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1.2.2. Agricultural Applications
Outside of the biomedical field, the agricultural field has also prompted extensive
hydrogel research and development. Agriculture is consistently battling excess water use
and useless loss of water that does not make its way directly to crops (Condon et al. 2002).
As droughts become more common and world-wide demand for food production increases,
this battle becomes more frequent, intense, and of higher consequence (Wallace 2000).
Water losses are frequent in various irrigation techniques, especially due to evaporation
water percolation away from crops (Yazar 1984; Bouman et al. 2005). Hydrogels have
been under development and deployment to help alleviate these symptoms (Rudzinski et
al. 2002). By mixing hydrogel granules into soils with developing crops, water can be
trapped by the hydrogels, catching portions that may have previously seeped too far from
the crop roots, and retaining water that may have otherwise evaporated. This collection and
the subsequent controlled release can allow soil to maintain a healthy moisture level given
the same amount of initial water (Demitri et al. 2013). The inclusion of hydrogel granules
in soil is diagramed in Fig. 1-5.
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Fig. 1-5 Agricultural Hydrogels. Cross-sectional diagram of soil with
added agricultural hydrogel as a water reservoir in its a) dry state and b)
wet state (Demitri et al. 2013)
In addition to helping crops to grow more efficiently in soil, hydrogels may allow
farmers to forgo soil altogether by using hydrogels as a hydroponics medium. Water
shortages and droughts in agricultural areas have been increasingly prevalent and
troublesome (Howitt et al. 2015). As a result of climate change, some areas of the united
states that have historically provided diverse crops have seen a drop in rainfall in recent
years (Mann and Gleick 2015). However, there are other parts of the country that have
plentiful rainfall that makes water access less of a concern than soil quality(Douglas and
Fairbank 2011; Mayrapetyan et al. 2012). Hydrogels have been previously made from
carboxymethyl cellulose (CMC), polyacrylamide, and polyethylene glycol to successfully
grow mustard, lettuce, basil, cucumber, and tomato in hydroponics as shown in Fig. 1-6
(Szmidt and Graham 1991; Ha et al. 2007). Hydroponics could alleviate some water stress
on some agricultural systems, but also open new farming opportunities in new
communities.

10

Fig. 1-6 Hydroponics Hydrogels. Basil plants growing in a
polymer-based hydroponics substrate. (Mayrapetyan et al. 2012)
1.2.3. Consumer Applications
Common consumer products have also been developed using hydrogels, which can
drive more research attention given the size of the potential market and the economic
opportunities. Possibly the most visible consumer application of hydrogels is in contact
lenses. The earliest contact lenses invented in 1887 were made of glass which was
eventually replaced by polymethyl methacrylate (PMMA) in 1936. However, these early
polymer-base lenses were not vapor or entirely fluid permeable, which caused corneal
swelling and discomfort in users (Fonn et al. 1984). In 1959 hydrogels were first developed
for contact lenses and were finally moved to production in 1971, an example process for
which is diagramed in Fig. 1-7. The increased vapor permeability and solvent exchange
across the membrane reduced discomforts as compared to those felt in PMMA lenses.
Interestingly, hydrogels have been studied to combine contact lenses with drug delivery
methods discussed above as a method of ocular therapy, a recurring motif in hydrogel
applications (Venkatesh et al. 2007).
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Fig. 1-7 Hydrogel Contact Lenses. A representation of the lathing process for
producing soft hydrogel contact lenses from bulk hydrogels (Caló and
Khutoryanskiy 2015)
Hygiene products also employ hydrogels because of the materials adsorptivity. in
these cases, hydrogels are often fully formed, but they are distributed dry to maximize the
amount of liquid they could potentially adsorb. Additionally, these materials are often lessdensely crosslinked as compared to other hydrogels because only a minimum structural
integrity is required to hold the hydrogel together rather than provide structure for another
purpose. This makes the gel optimal specifically for adsorbing large amounts of fluid (Caló
and Khutoryanskiy 2015). One of the common uses of these materials is in disposable
diapers of various sorts. With an average infant using roughly one cubic meter of diapers
per year (Sannino et al. 2009), landfills face concerns of filling too quickly. Many methods
currently employed in constructing disposable diapers involve some amount of non-
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renewable, non bio-degradable material. While attempts have been made to recycle these
materials or to strip specifically the non-biodegradable material for recycling (Bartlett
1994), it would be advantageous the construct materials that are entirely biodegradable.
Some materials have been prepared specifically for use as superabsorbents that are
constructed out of CMC and starch, two biologically safe and renewable materials that may
relieve some environmental stress on landfills (Fekete et al. 2017).
1.3. Cellulose
1.3.1. Benefits of Cellulose
Carboxymethyl cellulose (CMC) has appeared in many biologically-oriented
hydrogel formulations as shown which draws attention to cellulose as a whole. Cellulose
makes for an exciting material on which to base advanced materials in general because it
is not only naturally occurring, but it is the most abundant biopolymer on the planet thanks
to its constant generation as a critical structural component to plant cells (Sjöström 1993).
The abundance of cellulose makes it a practically inexhaustible renewable resource and
one that is already being farmed for largely for fiber-based uses, but in many ways, it is
still being underutilized. Cellulose byproducts for instance are also often burned in boilers
as a means of energy recovery rather than further refinement. So while cellulose is a
commonly used resource, its availability makes it an ideal material for further development
as an advanced hydrogel material.
Aside from its ready availability, cellulose does exhibit some other advantages in
hydrogel applications. Cellulose comprises β-1,4 linked glucose monomers that naturally
form recursive systems of hydrogen bonds to create crystalline structures as shown in Fig.
1-8. Bundles of cellulose align with other bundles and so until macro-scale fibers are made
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that are insoluble in water, despite glucose's water solubility (Sjöström 1993). The
solubility of glucose carries through the macrostructure of cellulose to give the fiber a high
affinity for water even though it is insoluble, which is another trait that makes it appealing
as a hydrogel material that needs to be able to function in a high relative volume of water
(Neale 1930).

Fig. 1-8 The Structure of Cellulose. a) The structure of cellulose and how it bundles
into recursively larger structures until forming macroscopic fibers. The bundling is
due to b) hydrogen bonding shown in red dashed lines.

In certain cases, cellulose can be used in its insoluble form after processing.
Cellulose for paper is used while it is still fairly intact, with large fibers being responsible
for maintaining paper structure. Nanocellulose fibers (Shown in Fig. 1-9) and crystals are
often

employed

for

a

variety

of

methods.
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These

are

made

by

either

mechanically/chemically degrading cellulose fibers further than those used for paper for
instance, or by degrading the non-crystalline sections of the cellulose polymers and
cleaving apart the crystalline portions as a result. These materials may then be reacted
similarly to cellulose derivatives for other uses (Habibi et al. 2010; Habibi 2014).

Fig. 1-9 Nanocellulose Micrograph. Scanning electron micrograph of a
bacterial cellulose film, created as a bacterial byproduct (Habibi 2014)
The insolubility of cellulose could be beneficial depending on the intended
application, but that insolubility can also be defeated using chemical modification. The
hydrogen bonding between cellulose strands holds those polymers together, preventing
them from dissolving. Disrupting the hydrogen bonding pattern by replacing hydrogens
with functional groups that interrupt the crystal structure of cellulose allows for individual
chains of cellulose derivative to become soluble. The groups added to cellulose can also be
selected based on their hydrophilicity to tune the solubility of the cellulose derivative
(Zhang 2001). Most of these cellulose modifications involve reacting the hydroxyl groups
of cellulose to convert them into ethers. The etherification generally increases solubility
while disrupting hydrogen bonding to break down cellulose fibers into soluble polymers.
CMC (the structure of which is pictured in Fig. 1-10), methyl cellulose, and hydroxyethyl
15

cellulose are common examples of these materials (Sannino et al. 2009). Other reactions
are possible as will be seen, but etherification tends to be favored on the industrial scale
for its stability.

Fig. 1-10 Structure of Carboxymethyl Cellulose (CMC). When
all R groups are hydrogen, the compound is natural cellulose.
Other cellulose derivatives are common with other R groups.
The biocompatibility of cellulose is potentially the largest single benefit of
cellulose. Because cellulose is naturally generated by plant cells. It follows that cellulose
is also largely biocompatible with other cells as well. Cellulose implants have been studied
extensively and not have not been found to be toxic or irritating even in mammals (Märtson
et al. 1999). Biocompatibility is a necessity when working inside living systems, but it is
also beneficial for the environment. Eventually, hydrogels - like all materials - will reach
the end of their useful life. Materials at this stage need to be able to degrade in a way that
is non-harmful to the environment. This has been a growing concern in materials
development as plastics cause growing environmental issues (Day 1988). Cellulose has the
advantage that there are plenty of biological systems in place that already cause its
degradation, which makes cellulose-based materials both easy and safe to dispose.
Additionally, because glucose - the repeat unit that composes cellulose - is a crucial cell
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nutrient, degradation of cellulose is not just harmless to the environment, but beneficial to
the organism[s] surrounding it.
1.3.2. Cellulose-Based Hydrogels
Due to its many benefits, cellulose has been used to develop many hydrogel
materials. CMC is one of the more common cellulose derivatives used in hydrogels for
several reasons. Its carboxymethyl is relatively large compared to many other cellulose
modifications which more effectively disrupts hydrogen bonding and the group's
carboxylate gives it an especially high water affinity, which together make CMC especially
soluble in water at 10-50 mg/mL according to supplier Sigma-Aldrich. The carboxymethyl
group also has the benefit of providing an ionic site on CMC, which allows it to interact
ionically with other materials. These characteristics have been exploited in creating a
physical hydrogel with AlCl3 for use as a soil additive to reduce water usage in agriculture.
Using this system, a hydrogel of maximum stiffness of 370 kPa was formed from a mixture
of 2.0 wt% CMC and 0.4 wt% AlCl3 (Nie et al. 2004). This material was also found to have
a controllable degradation rate by adding a nutrient to encourage enzyme degradation. A
schematic of the interaction that creates the CMC-AlCl3 physical hydrogel can be seen in
Fig. 1-11.
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Fig. 1-11 CMC-Based Physical Hydrogel. CMC interacts with aluminum in
solution to form ionic associations. These physical bonds create a hydrogel with
beneficial mechanical strength and degradation rates in soil (Nie et el. 2004)
(Nie et al. 2004).
Another physically-gelled system involves a different cellulose derivative, methyl
cellulose - the simplest of the cellulose ether derivatives. Methyl cellulose has been mixed
with alginate - another polysaccharide that incorporates a carboxylate group. When the two
are mixed, they may be thermally gelled by cooling the system, which is a character
expressed and added by the methyl cellulose. The alginate also brings the advantage of
making the system pH responsive in its swelling behavior, which can be controlled with
various added salts (Liang et al. 2004).
CMC has also been used with a di-functionalized PEG cross-linker to form
hydrogels aimed towards eventual drug delivery. Polyethylene glycol diglycidyl ether
(PEGDE) was used to cause an epoxide-opening reaction between itself and the pendant
hydroxyl groups of CMC. With both ends of PEGDE reacted, the CMC is locked in place
and a hydrogel is formed (Kono 2014). CMC-PEGDE hydrogels were made with a storage
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modulus of nearly 1 kPa and that were able to be effectively degraded in cellulases enzymes to digest cellulose - over the course of up to 60 hours.
Gamma irradiation, a common method of crosslinking polymer systems (Henglein
1959), has also been used as a method of creating chemical gels through an imprecise
radical pathway. While this method does not necessarily provide a specific product
structure, it is effective in creating crosslinks without generally disrupting the greater
motifs of many polymers. Recently, gamma irradiation was used to crosslink mixtures of
CMC and starch (a similar biopolymer to cellulose containing α-1,4 glycosidic bonds rather
than the β-1,4 bonds found in cellulose) into a superabsorbent hydrogel for use in hygiene
and absorbent products. Optimal results in water absorption were obtained with a roughly
2:1 ratio by mass of CMC to starch (Fekete et al. 2017). Similar materials were also made
by irradiating carboxylated nanocellulose and CMC and the resulting hydrogel was able to
form an absorbent gel incorporating the larger nano fibers via crosslinking with the soluble
CMC (Zhou et al. 2013).
These are only a few applications of cellulose-based hydrogels, but many more are
either established or developed. An extensive review by Chunyu Chang and Lina Zhang
provides more depth on cellulose hydrogels (Chang and Zhang 2011) including more
cellulose derivatives and crosslinking methods.
1.4. Thiol-Ene Reaction
While cellulose makes for an appealing and robust polymer from which to fashion
hydrogels, it requires a method of crosslinking that is effective, simple, and that does not
seriously alter the behavior of the polymer. Because of the diversity of potential
applications of cellulose hydrogels, diverse methods of inducing crosslinking are also
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necessary. One benefit of using discreet crosslinking molecules and the thiol-ene reaction
specifically, is that it allows a parent polymer to be paired with various crosslinkers that
can tune the system for specific physical or chemical characteristics (Dadoo et al.).
1.4.1. Thiol-Ene Chemistry
The thiol-ene reaction is considered a "click reaction" or a "click chemistry,"
meaning that it is high yielding, wide in scope, creates only byproducts that can be removed
without chromatography, is simple to perform, and can be conducted in easily removable
or benign solvents (Kolb et al. 2001). In a thiol-ene reaction, a radical initiator is used to
generate a radical which is transferred to a thiol that is relatively stable (for a radical
species). The thiol radical then attacks an alkene, which then passes the radical on to
another thiol, propagating the reaction (Kade et al. 2010). This reaction is commonly used
as a method of joining molecules, especially in forming polymers(Chiou and Khan 1997;
Lowe 2010; Hoyle and Bowman 2010). A scheme of the thiol-ene reaction is shown in Fig.
1-12.
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Fig. 1-12 Thiol-Ene Reaction Scheme. A diagram of the propagation of the thiolene reaction. A radical initiator (black) encounters a thiol (blue), generating a thiol
radical. The thiol radical reacts with an alkene (red), forming a thioether radical,
and that radical is then passed on to either another thiol or a terminating radical.
One of the benefits of the thiol-ene reaction is the open-endedness of radical
generation. There are multiple different radial generation species that are able to generate
radicals as a result of electromagnetic irradiation, heat, or chemical reactions (Uygun et al.
2010). This means that in cases where light is inaccessible, gels can be created thermally.
When heat is an issue, chemical radicals can be used to initiate the reaction. But when the
situation allows, probably the most common method of radical generation is with light.
Light-generated radicals also have the benefit of being focused and masked in such a way
that specialized precise reactions are possible through photopatterning, which is able to
adjust the stimuli-responsiveness, swelling, and other behavior of hydrogels in a system
(Dadoo and Gramlich 2016).
Thiol-ene reactions have been used in generating hydrogels in many cases including
those already discussed. In bio-specific applications like cell culture and drug delivery,
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PEG is a common material for its biocompatibility, simplicity, and ready availability.
Dithiol-functionalized PEG has been crosslinked with allyloxycarbonyl-functionalized
peptides to create hydrogels for these purposes with a light-initiated thiol-ene reaction
(Sawicki and Kloxin 2014). In a similar vein, PEG has been functionalized with norbornene
- a bicyclo-group with an alkene bond - and then crosslinked by a small dithiol:
dithiothreitol (DTT). This provides a similar system but inversed the initial placement of
the functional groups, yet forms an effective hydrogel nonetheless (Shih and Lin 2012).
Another similar system has been used with a DTT crosslinker except gelatin was used as
the norbornene-functionalized polymer in order to prepare a hydrogel for cell encapsulation
(Mũnoz et al. 2014).
1.4.2. Norbornene, DEG, and Cellulose
Hydrogels of cellulose derivatives, CMC especially, are not uncommon and thiolene reactions as a manner of crosslinking for polymer and hydrogel generation are also
common, but little work has been done to this point to combine the advantages into a single
versatile system. The goal of this work is to construct a system combing these as concepts
as an effective renewable hydrogel. Functionalizing CMC with norbornene via the carbic
group is the first step in forming hydrogels with the system. Norbornene is an interesting
alkene because it is especially reactive, which translates to quick reaction times and high
yields (Spanget-Larsen and Gleiter 1982). This is generally attributed to ring strain that
would be relieved from moving from sp2 to sp3 hybridization of the six-membered ring
carbons in the boat conformation (shown in Fig. 1-13).
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Fig. 1-13 Norbornene. The structure of norbornene, a common
reactive alkene
If CMC is functionalized with norbornene via the carbic group, then a dithiol (or
multithiol) is needed to form a crosslink by initiating a thiol-ene reaction on either end,
bridging the polymer strands. PEG is a common simple polymer in other work as well with
both

thiol

and

alkene

functionalizations

(Shu

et

al.

2004),

and

2,2'-

(ethylenedioxy)diethanthiol is a short dithiol with a structure very similar to two repeat
units of PEG, lending it a shorthand name of diethylene glycol (DEG). As a result, DEG
was chosen as a simple and affordable water-soluble crosslinker for carbic-functionalized
CMC (cCMC). Lastly, Irgacure 2959 (I2959) was used as a water-soluble photo-initiated
radical source to start the reaction for this system. A summarizing scheme for this reaction
is shown in Fig. 1-14.
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a)

b)

Fig. 1-14 cCMC-DEG Hydrogel Formation. Reaction scheme studied in this paper.
a) CMC (green) is functionalized with carbic anhydride (red) to attach the
norbornene system in the carbic group to the CMC. b) Carbic functionalized CMC
(cCMC) is reacted with DEG (blue) with a radical initiator (black) under UV light
to form a chemical hydrogel.
1.4.3. Spontaneous Thiol-ene Reactions
There are some cases, as will become more apparent, where a thiol-ene reaction can
progress without the initiation step defined above. Thiol-olefin cooxidation (TOCO) is a
method (shown in Fig. 1-15) by which a thiol-ene reaction can proceed spontaneously
without added radical initiator or energy source. The TOCO reaction is dependent on
molecular oxygen, which is a diradical in its lowest energy triplet state. Alkenes and thiols
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are able to interact and associate without a radical source, however, dissolved oxygen is
key where it attacks the thiol and creates a thiol cation. The thiol cation is then able to
release a hydrogen radical and react with an alkene, though not necessarily in that order,
as the exact mechanism is yet unknown (D’Souza et al. 1987c). The TOCO reaction has
been studied extensively to characterize solvent interactions and the effects of multiple
functional groups and conjugations, but it ultimately relies on charge-transfer radical
systems initiated and catalyzed by molecular oxygen (Szmant et al. 1976; D’Souza et al.
1987b, a).

Fig. 1-15 TOCO Reaction Scheme. The general reaction scheme of the dissolved
oxygen catalyzed TOCO reaction. Triplet oxygen abstracts an electron from the
thiol, forming a thiol radical which proceeds to react with the alkene, after which
the radical is returned. (D'Souza et al. 1987)
Michael addition is another potential pathway by which a thiol-ene can proceed
without the use of additional radical initiators as shown in Fig. 1-16. Michael addition is
either base or nucleophile catalyzed and requires electron withdrawing groups adjacent to
the alkene to be reacted to pull electron density from one portion of the alkene that leaves
it susceptible to nucleophilic attack. A nucleophile comes along and attacks the vulnerable
portion of the alkene, pushing electrons up to the other previously alkene carbon. The
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resulting carbanion is short-lived, pulling another proton from the system, ultimately
generating another thiol anion (Nair et al. 2014).

Fig. 1-16 Michael Addition. Reaction scheme of base-catalyzed and
nucleophile-catalyzed Michael addition thiol-ene reaction. (Nair et al. 2014)
In preparation for thiol-ene reactions, it is not uncommon to add inhibitors to a
system to prevent spontaneous reaction and to protect the system from outside inadvertent
radical sources. Hydroquinone is a common radical scavenger that is added to mixtures
such as this to prevent spontaneous reaction (Ciuba 1981). Each mole of hydroquinone is
able to scavenge two moles of radicals as shown in Fig. 1-17. One hydrogen radical is first
lost to an outside radical species, generating the hydroquinone radical, which is resonance
stabilized. A second radical hydrogen is then lost in the same manner, forming
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benzoquinone as a byproduct of the scavenging (Lebeuf et al. 2013). Hydroquinone is
especially common as an inhibitor against dissolved molecular oxygen in water which is a
frequent source of small amounts of radicals in a reaction - which are seldom desired
(Zupanovich 2010). Hydroquinone is often used in small amounts (no greater than 35 ppm)
in these systems so that it may inhibit small amounts of radicals from causing an early
reaction, but also so that it is not so overwhelming an amount of inhibitor that it is able to
completely prevent a reaction from being intentionally initiated. Additionally, dissolved
oxygen in large quantities has been more effective in some systems at inhibiting
polymerizations by reacting with the propagating radical rather than by initiating a new
radical, though inhibition is less common with thiol-based systems as compared to
initiation (Whitely et al. 2017).

Fig. 1-17 Hydroquinone Radical Scavenging. Reaction process of hydroquinone
being oxidized to benzoquinone while scavenging radicals. Each hydroquinone is
capable of scavenging two radicals.
Some reactions have been discovered that allow for UV initiation without a radicalinitiator compound to complete the system. These cases indicate that thiol-ene reactions
and radical reaction may proceed with a certain activation energy without an initiator. What
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is also interesting, is that when using a high-energy UV light source at 254 nm, the reaction
rate becomes dependent on thiol concentration, while when using a low-energy UV source
at 365 nm, the reaction rate is dependent on concentration of alkene groups. This indicates
a potential diversity of initiatorless systems, though these mechanisms have not yet been
determined (Cramer et al. 2002).
There may be cases, however, where a completely spontaneous thiol-ene reaction
would be advantageous despite losing some of the initiation control. While many radicallyinitiated systems are triggered with UV light, higher-energy wavelengths of UV light are
harmful to cells which would directly defeat many of the biological benefits of hydrogels
should they need to be irradiated in the presence of any biological systems. This is usually
avoided by using lower-energy UV light with a wavelength of 365 nm, but even in this
case, light has its own limitations. Different wavelengths of light have different effective
curing depths in certain materials, which means that large bulk gels may not be effectively
cured beyond the surface when exposed. Additionally, in cases of in-vivo implants for
hydrogels where hydrogels are implanted as a solution and cured in place for a custom
mold, there is difficulty in effectively exposing the entire hydrogel solution to light, which
is even more difficult if the hydrogel is subdermal. In these cases, a hydrogel system that
is activated by heat would be beneficial, because it would be not be dependent on that
available light source. Additionally, heat is usually available more uniformly than light,
which would make for a system that is more reliable in biological application if less quick
to form(Cramer et al. 2002). But in biological cases, small radical initiators may be
detrimental to a delicate organism or environment, so a hydrogel that could form on
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exposure to heat without additional initiator would make for a simpler and safer mixture
for many applications.
1.5. Research Goals
The goal of this work is to create a hydrogel system using cCMC and DEG and to
evaluate its mechanical properties and determine how they may be controlled. It was found
over the course of this project that a spontaneous reaction occurred between cCMC and
DEG without any I2959 or UV light exposure, so these "autogels" were investigated to
characterize the spontaneous system in the same manner as the initiated system, but
because the autogel reaction did not seem to immediately fit any mechanism in literature,
the autogel system was also investigated for other reaction condition effects that could lead
to the description of its mechanism.
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CHAPTER 2
UV INITIATED HYDROGELS
2.1. Introduction
The conventional system for initiating thiol-ene reactions involves using an energy
source and a radical initiator to start a radical-based reaction between a thiol and an alkene.
The goal of employing this system with cCMC and DEG was to develop a simple and
effective method of generating cellulose-based hydrogels over a range of useful mechanical
properties. To pursue this, CMC was functionalized with carbic anhydride to make cCMC
which was then evaluated to determine the extent of its functionalization with
carbic/norbornene groups. The carbic groups, which contain the norbornene structures,
were chosen as the necessary alkene portion of the thiol-ene reaction. The terms "carbic"
and "norbornene" are used generally interchangeably throughout this project. Once the
carbic groups were attached and quantified, hydrogels were formed by crosslinking cCMC
at the norbornene sites by reacting them with DEG, the thiol portion of the thiol-ene
reaction, under 365 nm UV light with I2959 to initiate a radical.
Hydrogels of cCMC and DEG were produced using different conditions (carbic
functionalization, thiol:norbornene ratio, irradiation time) and compression tested to
determine their stiffness and effective crosslink densities - properties that in part determine
the hydrogel's ultimate efficacy in any potential application. In addition to evaluating the
mechanicanical properties of new hydrogels, cCMC-DEG hydrogel degradation rates were
measured under mild conditions to determine the effective lifespan of the cCMC-based
system, another property that dictates future applications.
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2.2. Materials and Methods
2.2.1. Functionalization of Carboxymethyl Cellulose with Norbornene
Carboxymethyl cellulose (CMC) was used as a cellulose-based backbone for
generating hydrogels. Sodium carboxymethyl cellulose with an average molecular weight
of 90,000 g/mol and with 70% carboxylate functionalization per repeat unit was purchased
from Sigma Aldrich and used without purification. Two different reaction setups were
used: one initially to functionalize one gram of CMC at a time which was later scaled up
to produce useful batches for making hydrogels that reacted three grams of CMC at once.
In both cases, CMC was massed for one or three grams on a Sartorius Practum 64-1s
analytical balance with a precision of 0.1 mg. Masses of CMC were accepted with ±2%
mass. Single gram batches of CMC were added to a 250 mL glass beaker and three gram
batches were added to a 500 mL three-necked round bottom flask. An appropriate magnetic
stir bar was added to each vessel. 100 mL per gram of CMC of deionized water from an
in-house deionization system was measured using a glass beaker with a precision of ±5%.
The volume of water was not precisely controlled because, as will be discussed, the volume
of sodium hydroxide solution added alters the volume of the system unpredictably, so the
variation in starting solution was acceptable. Water was added to the CMC in the reaction
vessel which was then stirred with a magnetic stir plate until the CMC had completely
dissolved - on the order of half an hour.
Once the CMC was dissolved, an Agilent P3212 pH Combination Electrode was
used with an Agilent 3200P pH Meter with a precision of 0.00 pH units to monitor the pH
of the solution over the course of the reaction.
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5-norbornene-2,3-dicarboxylic anhydride (carbic anhydride) was acquired from
TCI chemicals and used as received. Carbic anhydride was massed on the same balance as
the CMC into portions that relate to 0.22 M, 0.44 M, and 0.88 M concentrations of carbic
anhydride in water based on the amounts of water used to dissolve the CMC. This
correlated to approximately 3.63 g, 7.26 g, and 14.52 g carbic anhydride respectively for
single-gram batches of CMC using 100 mL of water. For convenience, the resulting
products are referred to using these molarities, not accounting for subsequent volume
changes. Masses of carbic anhydride were accepted with ±2% target mass. The carbic
anhydride was added all at once to the reaction vessel while stirring and the pH would
immediately begin to drop. A stock solution of 10.0 M sodium hydroxide made from solid
sodium hydroxide acquired from Fisher Scientific was added drop-wise with a disposable
pipette to maintain a basic pH range. Most experiments maintained a pH range of 9.0 to
10.5, but some others used ranges of 7.5 to 9.0, and 10.5 to 12.0. The pH generally stopped
falling significantly after about 45 minutes depending on reaction conditions at which point
the reaction could be considered complete, but all experiments were allowed to continue at
their maintained pH range for two hours to ensure completion. After the reaction, an
increase in volume from about 10% to 20% is observed from the addition of sodium
hydroxide solution.
During the reaction period, about 1.5 to 2 liters of acetone was chilled on ice for
precipitation and purification. After the two-hour reaction period, the reaction solution was
added to a separatory funnel and added slowly over the course of about 20 minutes to the
cold acetone while the cold acetone was stirred rigorously with a magnetic stir bar. The
precipitation of the carbic/norbornene-functionalized CMC (cCMC) caused the suspension
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in acetone to become white and completely opaque. Once the cCMC solution had been
entirely mixed in the cold acetone, the acetone suspension was filtered using a vacuum
flask and a 600 mL fritted glass funnel filter with medium porosity from Kimax USA over
20 minutes to an hour while scraping the surface of the filter with a flat-headed metal
spatula to displace matted fibers and accelerate the filtering. Once filtered, the cCMC was
scraped from the filter using the flat-headed metal spatula and dissolved in about 60 mL
deionized water per gram of CMC used from the beginning. The decreased volume was
used because a significant portion of acetone still remained.
Once dissolved in water, the purified cCMC solution was added to Fisherbrand
dialysis tubing with a nominal molecular weight cutoff of 6,000-8,000 g/mol. The dialysis
tubing was half-filled to allow for swelling without rupturing the tube or forcing open the
ends, though this was not uncommon, resulting in occasional loss of product. The filled
dialysis tubes were then placed on dialysis in a four-liter beaker filled with deionized water
that was changed morning and evening for three days for a total of six water changes. Over
the course of dialysis, the water was gently stirred using a magnetic stir bar and stir plate
to promote diffusion. After the three days of water changes, the cCMC solutions were
removed from dialysis, poured into ice-cube trays and, and placed in a laboratory freezer
at -20 ºC to freeze overnight. Frozen cCMC cubes were then removed from the freezer and
ice-cube trays and placed in 600 mL Labconco clear-bottom lyophilization flasks which
were then placed on a Labconco FreeZone 4.5 lyophilizer to dry over about three days.
Once dried, cCMCs were removed from their lyophilization flasks and stored in
polyethylene or polypropylene resealable plastic bags in the laboratory freezer for future
use.
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2.2.2. Characterizing cCMC
Functionalization of CMC with carbic anhydride was confirmed via FTIR analysis
using a PerkinElmer UATR Two with the Spectrum software and collecting an average of
four scans from 4000 to 450 cm-1 where the new alkene bonds from the added carbic
norbornene group were observed at about 1700 cm-1. Functionalization was quantified by
proton nuclear magnetic resonance (HNMR). To determine functionalization, about 7 mg
cCMC was dissolved in 0.65 mL of 99.8% deuterium oxide (D2O) acquired from Acros
Organics and used without further purification. Once dissolved, the cCMC/D2O mixture
was transferred to a glass NMR tube. HNMR was performed using a Varian 400 MHz
nuclear magnetic resonance spectrometer. To allow sufficient recovery time for protons in
water and to assure a quality spectrum of the polymer, delay and acquisition times of four
seconds were used over 64 scans to compile a spectrum. FID processing was performed
with Mestrenova software on Windows XP. Functionalization was calculated from the
integration of new pair of peaks at 6 ppm due to alkene protons as compared to the
integration over the range of 4.6 to 2.25 ppm, assuming a negligible change in the peaks of
this region as a result of functionalization. These integrations were compared considering
the alkene integrations correlating to two protons, and the CMC range correlating to an
average of 8.4 protons. A non-integer number of protons is used as an average between the
30% of CMC repeat units that are essentially cellulose with 7 protons, and the 70% of CMC
repeat units that include a carboxymethyl group for a total of 9 protons. Considering this,
the average CMC repeat unit has 8.4 protons.
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2.2.3. Creating cCMC Hydrogels
Hydrogels were created between cCMC (prepared as described in section 2.2.1)
and 2,2`-(ethylenedioxy)diethaethiol, a "diethylene glycol dithiol" (DEG) purchased from
Sigma Aldrich and used as received. Hydrogels were prepared by dissolving 40 mg of
cCMC into a variable amount of phosphate buffered saline (PBS) solution made from a
powdered kit acquired from Sigma Aldrich and prepared as per instructions. Once
dissolved in a micro centrifuge tube, 0.100 mL of 2-Hydroxy-4′-(2-hydroxyethoxy)-2methylpropiophenone (I2959) that was acquired from Sigma Aldrich and prepared as
received to a 0.5 wt% stock solution was added to the solution and vortexed. I2959 at a
final concentration of 0.05 wt% was included as a photo-sensitive radical initiator. Finally,
a volume of DEG was added and vortexed to acquire a particular ratio of thiol:norbornene
based on the cCMC used. The amount of PBS added was calculated to give a total assumedadditive volume of solutions of 1.0 mL. Once mixed, this hydrogel precursor solution was
stored on ice in a styrofoam cooler on the bench top for no longer than one hour until used.
An OmniCure Series 1000 ultraviolet (UV) lamp from Lumen Dynamics with a
365 nm filter (320 to 390 nm) was used as a photoinitiation source. It was calibrated to
output 10 mW/cm2 using a General UV513AB light meter. The lamp was allowed about
ten minutes to warm up prior to use.
Hydrogel molds were made from 1.0 mL syringes that were cut to have the same
height as the sensor for the UV meter used to calibrate the UV lamp to ensure consistent
and accurate irradiation. The syringe plungers were cut to a usable length and inserted to
the trimmed syringes to make a cylindrical mold at the trimmed tip with a volume of about
0.05 mL. Precise volumes were not required as dimensions were later measured for
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mechanical testing. Hydrogel solution was added to four molds at a time which were
arranged under the UV lamp head and topped with Fisherbrand microscope cover glasses
such that no air bubbles were trapped. Gel solutions were irradiated for 15, 30, or 60
seconds as controlled by the lamp logics before being removed from the molds via the
syringe plunger and then placed in a well of a disposable 24 well plate with 1.0 mL of PBS
to allow the gel to swell overnight in the laboratory refrigerator set to 2 ºC.
2.2.4. Mechanical Testing
Once gels were allowed to swell in PBS for at least 20 hours, they were measured
for compression modulus using a TA Dynamic Mechanical Analysis instrument (DMA)
Q800 with a compression clamp fitting. Gel diameter was measured using Control
Company digital calipers with a precision of ±0.01 mm and gel height was measured using
the Q800’s internal measurement protocol. Gels were then compressed over three minutes
from 0% to 30% strain while stress was measured by the Q800. The TA Universal Analysis
software was used to interpret the resulting data by measuring the average slop of the stressstrain curves from 10% to 20% strain which was taken as the compression modulus of the
gel.
2.2.5. Degradation
2,7-Dihydroxynaphthalene (DHN) was acquired from Sigma Aldrich and
concentrated sulfuric acid was acquired from Fisher Scientific; both were used as received.
DHN and sulfuric acid were mixed in accordance with procedures outlined in previous
research (Graham 1972). 125 mg was massed using the analytical balance above and added
to about 50 mL of concentrated sulfuric acid. The 50 mL of sulfuric acid solution was
diluted with more concentrated sulfuric acid to 250 mL using a glass volumetric flask from
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Kimax USA with a precision of ±0.02 mL. The mixture was then incubated at 30 ºC for
four hours before being stored in the laboratory refrigerator at 2 ºC until use.
Standards of CMC dissolved in PBS were prepared by dissolving 0.050 g of CMC
into PBS using a glass 25 mL Kimax USA volumetric flask with a precision of ±0.02 mL
to make a solution containing 2 mg/mL of CMC which was portioned into three different
borosilicate disposable culture tubes. From the starting stocks of 2 mg/mL CMC in PBS,
1:1 serial dilutions were made with PBS to each line to create stock solutions of 1.0, 0.50,
0.25, 0.125, and 0.0625 mg/mL of CMC in PBS. An additional set of pure PBS was added
as a 0 mg/mL standard for each line. All standards were stored in disposable borosilicate
culture tubes the laboratory refrigerator.
Hydrogels were prepared as described above. To test monitor the degradation of
gels in PBS, gels were removed after about 20 hours in the refrigerator and the excess PBS
surrounding each gel was extracted from the well plate using a disposable glass transfer
pipette and massed using an analytical balance before being placed in a new clean well. 1.0
mL of PBS was then added back to each gel. This was repeated 7 days after the gel
formation, then subsequent weeks so that samples were taken days 1, 7, 14, 21, and 28. To
measure the CMC content of each extract, 30 µL of each extract and each standard 0.5
mg/mL or less (as these were sufficiently greater than measured sample extracts) was added
to a separate, clean, new borosilicate disposable culture tube with a VWR 20-200 µL
micropipette. To each tube, 970 µL of the sulfuric acid-DHN solution was added via a 1000
µL VWR micropipette and tubes were swirled to mix. Tubes were then covered with
aluminum foil and placed in an empty glass-drying oven at 100 ºC and allowed to react for
two hours, after which they were removed from the oven and allowed to air cool. Once
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cool, the sulfuric acid assays were transferred to Fisherbrand disposable polystyrene
cuvettes for UV-Vis analysis.
A Beckman DU 7500 UV, visible light spectrophotometer was used to quantify the
CMC content colorimetrically. The instrument was blanked using a 0 mg/mL assay.
Following spectra were taken from each assay from 300 nm to 700 nm. Data was evaluated
using a max absorbance wavelength of 545 nm that appears in the presence of increasing
concentrations of CMC or other sources of formaldehyde (caused by the degradation of
CMC in sulfuric acid). A standard curve was generated using the assay from the CMC
standards. A standard curve was generated using the assays from the CMC standards to
plot a linear relationship between absorbance and concentration of CMC as an analog of a
Beer-Lambert absorbance law as shown in Fig. 2-1. The absorbance values of samples
were then compared to the standard curve to determine their original CMC concentration.
Total CMC content of the extract was calculated from the concentration of the small
volume of the extract measured with the assay.
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Fig. 2-1 DHN Assay Standard Curve. A linear Beers' law analog standard curve
generated with CMC in PBS treated with a DHN-concentrated sulfuric acid assay and
measured colorimetrically at a wavelength of 545 nm.
After 28 days, the total remaining CMC mass of the hydrogel was calculated in a
similar manner as the extracts. New standards were made by dissolving 0.8153 g CMC into
15 mL of PBS, measured with a Pyrex 3075 25mL graduated cylinder, to form a 5.4 weight
percent solution of CMC in PBS. Serial dilutions were again performed to make standards
of 5.4, 2.7, 1.35, and 0 percent mass CMC in PBS. Remaining gels were removed from
their well plates (no well was refilled after the final extract had been drawn off the gel) and
cut roughly in half with a razor blade. The masses of each half were recorded and one half
of each gel was placed in a disposable tube. 0.05 mL of each standard, about the same
volume as the gel halves, was added to three more tubes with a micropipette. To each
sample and standard, 1.0 mL of plain concentrated sulfuric acid was added with a
micropipette and allowed to sit for one hour. To each tube, 2 mL of PBS was added with
the same pipette and swirled to mix. 30 µL of this solution was then added to a new tube
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which was then accompanied by 970 µL of the DHN sulfuric acid assay and evaluated as
described.
The new standard and assay on remaining hydrogel after 28 days allowed the
determination of the “concentration” and the mass of CMC in the remaining gel and the
half not tested, which was combined with mass losses calculated from the previous extracts
to determine a total starting mass of the hydrogel and mass loss of original polymer
(MLOP) as a percent over each time point as seen in Eqn. 2-1 and Eqn. 2-2.
𝑀""# =
𝑀𝐿𝑂𝑃 =

𝑀" + 𝑀&

𝐄𝐪𝐧. 𝟐 − 𝟏

𝑀"
∙ 100%
𝑀""#

𝐄𝐪𝐧. 𝟐 − 𝟐

In Eqn. 2-1 and Eqn. 2-2, Mt represents mass of polymer calculated in a particular
extraction (t = 1, 7, 14, 21, 28 days). MR represents mass of polymer left in a hydrogel at
the end of the degradation period and Mttl represents total calculated mass of polymer.
MLOP is presented as a percentage to normalize for hydrogels of different starting mass.
2.3. Results and Discussion of UV Hydrogels
2.3.1. Functionalization of cCMC
Functionalization of cCMC was confirmed with attenuated total reflectance (ATR)
infrared spectroscopy; an example spectrum is shown in Fig. 2-2. CMC already has an
intense carbonyl peak at 1595 cm-1 from the carboxylate groups that are inherent to its
structure. However, after CMC has been treated with carbic anhydride and purified for
isolation, cCMC develops an additional small shoulder peak at 1722 cm-1. The 1722 cm-1
peak is still in the carbonyl range, which indicates that it is the result of an ester specifically the ester that attaches the carbic group to the CMC backbone (Yang 1991)
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Fig. 2-2 ATR Infrared Spectrum of cCMC. ATR infrared scans of a) CMC
and b) cCMC made at 1 wt% CMC and reacted with 0.44 M carbic anhydride
at a pH range of 9.0 to 10.5 for two hours.
It is worth recognizing the significantly smaller size of the ester peak at 1722 cm-1
in Fig. 2-2b as compared to the carboxylate peak at 1595 cm-1. While a direct comparison
of these peaks is not quantitative in a transmission spectrum, it does indicate a lower
presence of the ester than the carboxylic acid. This only suggests that the carbic
functionalization of the cCMC is less than 70%, the carboxylate functionalization of the
base CMC. This is consistent with results to be shown.
The functionalization of cCMC is measured directly using proton NMR
spectroscopy, which is one of the advantages of using CMC as a backbone polymer. CMC
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and cCMC are fully soluble in water and D2O, which makes them easy to analyze in HNMR
using D2O as a solvent. Much of the spectrum of cCMC is obfuscated by the CMC
backbone, which is present not only in a greater proportion than that of the carbic group,
but also spans a wide range of chemical shifts, making any small peaks between 3.0 ppm
and 4.6 ppm difficult to see and measure. Fig. 2-3 shows spectra of both cCMC and CMC
for comparison.

Fig. 2-3 Proton NMR Spectrum of cCMC. Proton NMR spectra of a) cCMC
prepared in a 1 wt% solution of CMC and 0.44 M carbic anhydride and reacted
at pH 9.0-10.5 for two hours and b) CMC in D2O. New peaks can be seen in the
cCMC spectra at
The broadness of the peaks in Fig. 2-3 which could be mistaken for poor shims, is
in this case the result of diverse electronic environments within a polymer. Normally in a
small molecule, sharp peaks are expected at chemical shifts corresponding to certain
moieties in the compound of interest. However, extra attachments cause variations in the
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chemical shifts by changing the electronic environment of each proton. In a monomer with
thousands of neighbors all with the same structure, a peak's chemical shift is mostly
unchanged except for neighbor effects. But a monomer on the end of the chain will show
slightly different shifts from the next monomer in as a result, and the next from there will
be again slightly different from the first two. The broad peaks are the result of a distribution
of all the otherwise identical monomers in slightly different chemical environments. In
many cases, this makes identifying small peaks difficult, but it does also bring the benefit
of indicating when a compound is attached to a polymer. The new peaks seen at 1.6 ppm
and 6.1 ppm in Fig. 2-2a in cCMC are broad compared to small molecules, indicating that
they are indeed bound to the polymer. This confirms the attachment of the carbic first
indicated in Fig. 2-2b by the ester peak.
Further confirming the carbic attachment, carbic anhydride (seen in Fig. 1-13a) has
a plane of symmetry normal to the alkene bond, which means it would have a single peak
at 6.2 ppm with two equivalent alkene protons if the carbic group were not attached. The
fact that a double peak is observed at this chemical shift further confirms a reaction where
one of the peaks is caused by the proton closer to the new ester bond attaching the group
to the CMC backbone (which only occurs on one side of the carbic group). The other peak
is the result of the proximity to the carboxylic acid. The slight differences in the electronic
environments for each alkene proton generated by these groups causes the double alkene
peak observed.
The integrations for the large series of peaks from 3.0 ppm to 4.6 ppm can be
attributed overwhelmingly to the CMC backbone, which given a 70% carboxymethyl
functionalization of cellulose repeat unit, accounts for 8.4 protons per representative CMC
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unit. The peaks at 6.2 ppm are caused by two alkene protons. Accounting for these, the
integrations of each range are divided by their relative proton counts and percent
functionalizations per repeat unit are obtained for each reaction condition shown in Fig. 24. Both the concentration of carbic anhydride used and the pH at which the system was
reacted were compared for their effects on functionalization.
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Fig. 2-4 cCMC Functionalization. Functionalization obtained from
reacting 4 wt% CMC in basic solution with carbic anhydride while
investigating a) concentration effects of carbic anhydride and b) reaction
pH range on product. Error bars represent 95% confidence intervals. (n≥3)

As can be seen from Fig. 2-4a, increased carbic anhydride concentration in the
reaction increases the functionalization of the final product. All conditions tested - using
0.22, 0.44, and 0.88 M carbic anhydride - saw distinct degrees of functionalization from
one another with a consistent trend. It also appears from this trend that increasing the
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concentration of carbic anhydride in the reaction could further increase the functionality,
though to what degree is unknown. A theoretical maximum of 230% functionalization
could be acquired if every free hydroxyl group in CMC were converted to a carbic group,
but even if this functionalization were to occur, the extended dialysis periods used for
purification leave the esters that attach carbic groups to CMC surrounded with water for a
long time, which is known to cause hydrolysis of ester bonds. A maximum
functionalization for this system is therefore somewhere between 50% and 230%.
In addition to the effects of carbic anhydride concentration, the pH of the reaction
also affects the final functionalization of the cCMC. Fig. 2-4b shows that a maximum
functionalization is achieved using a pH range from 9.0 to 10.5, though the reaction does
still proceed outside of this range. Interestingly, but of little consequence, the optimal range
of 9.0 to 10.5 required the most attention and was the quickest to change pH in response to
added 10 M NaOH solution or lack thereof, which made it the most difficult process to
control. In the pH range of either 7.5 to 9.0 or 10.5 to 12.0, the pH range was much less
responsive and easier to control, which may make these conditions appealing for systems
where high functionalizations and efficient use of carbic anhydride are of less consequence.
This effect was observed for manual addition throughout the reaction period, but would be
less relevant to automated systems.
2.3.2. Mechanical Properties of UV Hydrogels
Once functionalization of cCMC was evaluated, it was formed into hydrogels to test its
physical properties. Hydrogels were made using constant 4 wt% cCMC, 2,2'(ethylenedioxy)diethane thiol (DEG), and 0.05 wt% I2959 in solution irradiated with 365
nm light. cCMC content was kept constant at 4 wt% to focus investigations on the
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formation of crosslinks and the chemical aspects of the hydrogel without changing the
physical aspects like entanglement of cCMC strands. Gels were removed from the mold
and allowed to swell to equilibrium before mechanical testing, which evaluated the
stiffness and the effective crosslinks formed for each gel condition over a range of
thiol:norbornene ratios from 1:4 to 1:1 shown in Fig. 2-5.

Fig. 2-5 UV-Initiated Hydrogel Mechanical Properties. a) Stress-strain curves were
collected by compressing hydrogel discs to -30% strain over three minutes on a TA
Q800 Dynamic Mechanical Analyzer (DMA). Displayed stress-strain curves depict
hydrogels with a 1:1 thiol:norbornene ratio and UV irradiation times of 15, 30, and
60 seconds. From the measured stress, b) the compression modulus was measured as
the average slope of the curve from -10% to -20% strain which was used along with
the degree of swelling to calculate c) the effective crosslink density of the swollen
hydrogels. All hydrogels were prepared with 4 wt% 30% functionalized cCMC in
PBS with irradiation times and DEG crosslinker concentrations (as represented by
thiol:norbornene ratio) as indicated. Error bars depict 95% confidence intervals (n≥3).
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Stress-strain relationships as seen in Fig. 2-5a were measured directly by the
Q800 DMA and the slope of the stress-strain plot from -10% to -30% yielded the
compression modulus of each hydrogel (Fig. 2-5b). Effective crosslink density (Fig. 2-5c)
was calculated by Eqn. 2-3
𝜈7 =

𝐸

𝐄𝐪𝐧. 𝟐 − 𝟑

;
3𝜙7 < 𝑅𝑇

where 𝜈7 is the effective crosslink density, E is the compression modulus measured during
mechanical testing, 𝜙7 is the volume fraction of polymer at swelling equilibrium, and R
and T are the ideal gas constant and temperature in kelvin respectively.
Fig. 2-5a shows that hydrogels irradiated for 60 seconds were stiffest, reaching
around 2.25 kPa stress after 25% strain. Following these, hydrogels irradiated for 30
seconds reached just over 1.5 kPa stress after the same strain. Lastly hydrogels that were
irradiated for the least amount of time - 15 seconds - exhibited the least stress at roughly
1.0 kPa. Increased irradiation time has a tendency to make hydrogels more resistant to
strain.
By using the slope of the stress-strain line to evaluate the compression modulus
shown in Fig. 2-5b, the effects of UV irradiation time become clearer. First, hydrogels
made with a thiol:norbornene ratio of 1:1 have the highest compression modulus, which
makes them the stiffest of the hydrogels tested at a 60 kPa average compression modulus
for hydrogels irradiated for 15 seconds, and 80 kPa average compression modulus for
hydrogels irradiated for both 30 and 60 seconds. It is interesting here that while increasing
the UV exposure time from 15 seconds to 30 seconds seems to increase the hydrogel
stiffness, further increasing the irradiation time to 60 seconds does not affect the stiffness.
It is possible here that after 30 seconds of irradiation time, the hydrogel does not change
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further. A similar trend is seen in hydrogels made with a 1:2 thiol:norbornene ratio. No
difference is seen between irradiation times of 30 and 60 seconds, both of which yield
hydrogels with compression moduli of about 70 kPa. And only a small difference is seen
between those hydrogels irradiated for 15 seconds and those irradiated for 30 seconds.
Small differences are finally seen between hydrogels with different irradiation
times at low thiol:norbornene ratios of 1:4, but these hydrogels have drastically lower
compression moduli than those with thiol:norbornene ratios of either 1:1 or 1:2. In fact,
another similar trend can be seen comparing hydrogels made with different
thiol:norbornene ratios. Hydrogels that were irradiated for 15 seconds with a
thiol:norbornene ratio of 1:2 were not significantly different from those made with a
thiol:norbornene ratio of 1:1, but were significantly different from those made with a
thiol:norbornene ratio of 1:4. The same relationship is seen between hydrogels irradiated
for 30 seconds at different thiol:norbornene concentrations, and hydrogels irradiated for 60
seconds at different thiol:norbornene concentrations. It would appear that both increased
thiol concentration and increased irradiation time after a certain point do not increase
hydrogel stiffness.
There are two ways to consider the effects of thiol:norbornene ratio and of UV light.
The first is to recognize that the thiol-ene reaction is driven by an energy source (UV light)
and causes a reaction between a thiol and an alkene. Supplying more energy should drive
the reaction forward, as should increasing the concentration of reactant thiol. The result
either way is more crosslinks. The other thing to consider is the mechanism by which the
stiffness of the hydrogels increases to a point. The stiffness of the hydrogel is due to
osmotic pressure from water flowing into a hydrogel structure (Broom and Oloyede 1998).
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Osmotic pressure is greater in more concentrated solutions - or hydrogel in this case - and
the only way for a hydrogel to become more concentrated is for it to take up a smaller
volume, or not swell as much. Increasing the number of crosslinks in a given volume
hydrogel, or the crosslink density of the hydrogel can restrict the polymer network's ability
to flow or expand in any way to allow swelling. Both these considerations of hydrogel
response point to crosslink density as the controlling variable for stiffness.
Further considering crosslink density, a polymer with very low crosslink density
will swell greatly as polymers bow and flow to accommodate water within the network. In
a lightly crosslinked system, nearly every polymer strand would be stressed, as there would
be little crosslink redundancy. However, in a system with excess crosslinks as crosslinks
can be a result of either a crosslinker molecule, a polymer entanglement, or a longer section
of polymer between two other linking points, it is conceivable that parallel crosslinks form
with different lengths, where only the shortest is stressed in any way. In the latter case, the
crosslink that is stressed, that is actually contributing to osmotic pressure, is the effective
crosslink, while the other longer link could be considered an ineffective crosslink. And the
effective crosslink density can be calculated using compression modulus and swelling data
(Dadoo and Gramlich 2016). Fig. 2-5c shows the effective crosslinking values for
hydrogels and it can be seen that they align with the same patterns discussed on
compression modulus.
No difference is seen in the effective crosslink densities of any hydrogels made at
1:1 thiol:norbornene ratio and a 1:2 thiol norbornen ratio with a constant irradiation time,
and at thiol:norbornene ratios of 1:1, there is very little difference between any hydrogels
regardless of irradiation time, with all hydrogel conditions reaching effective crosslink

50

densities near 0.08 mol/L. At thiol:norbornene ratios of 1:2, some differences begin to
appear between hydrogels with different irradiation times, though they are still all near
effective crosslink densities of 0.07 mol/L.
The limit near 0.08 mol/L for the effective crosslink density of a 4 wt% solution of
30% functionalized cCMC and DEG could be a result of one of two possibilities. As
crosslinking progresses, the polymers within a hydrogel lose freedom of flow, so they are
unable to reorient to allow carbic reactive sites to get close enough to one another to be
bridged by a DEG crosslinker. Or, DEG is continuing to react and more crosslinks are
being formed in hydrogel with higher thiol concentrations and longer irradiation times, but
those further crosslinks are not being stressed by osmotic pressure and are not contributing
to the compression modulus, which would make the effective crosslink density is an
inaccurate indicator of actual crosslink density. In either case, it would appear that the
compression modulus of these hydrogels can be controlled between roughly 20 and 80 kPa
- though lower compression moduli are presumably achievable as well - by tuning the
thiol:norbornene ratio used along with the UV irradiation time.
If controlling the crosslinker concentration via the thiol:norbornene ratio can
control the mechanical properties of the cCMC-DEG hydrogel, then presumably the cCMC
functionality should also affect the mechanical properties. After all, a crosslinker could be
considered a very short polymer and a polymer a very long crosslinker. Hydrogels were
prepared using 30% functionalized cCMC to compare against 14% functionalized cCMC.
Results of mechanical tests are shown in Fig. 2-6.
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Fig. 2-6 Mechanical Properties with Varied cCMC Functionality. Mechanical
properties compared between hydrogels made with 4 wt% 30% functionalized cCMC
at thiol:norbornene ratios of 1:2 and 1:4 (thiol concentrations of 10 mM and 5 mM)
and 14% functionalized cCMC at thiol:norbornene ratios of 1:1 and 1:2 (thiol
concentrations of 10 mM and 5 mM). a) Compression modulus as measured by DMA
and b) effective crosslink density calculated according to Eqn. 2-3. Error bars depict
95% confidence intervals (n≥3).
Starting with compression moduli from Fig. 2-6a, it can be seen that at lower cCMC
functionalizations of 14% and lower thiol:norbornene ratios of 30% functionalized cCMC,
there are discernable differences between hydrogels irradiated with UV light for different
times. Immediately the differences between compression moduli at different irradiation
times suggests that hydrogel polymers are not being locked into place prior to completing
possible crosslinking reactions. Additionally, hydrogels are not reacting so thoroughly that
they are forming redundant crosslinks as described above. The notable differences between
conditions are mirrored in Fig. 2-6b that shows increased irradiation time for the tested
formulations results in increased effective crosslink formation. Using 14% functionalized
cCMC as an example: increasing irradiation time from 15 seconds to 30 seconds increased
the compression modulus from about 30 kPa to 50 kPa, and the effective crosslink density
from 0.034 mol/L to 0.55 mol/L. The same irradiation difference (15 s to 30 s)using the
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same thiol concentration (10 mM) did not have a significant difference in 30%
functionalized cCMC.
What is more interesting, however, is that when using 10 mM thiol, 30%
functionalized cCMC forms a stiffer gel than 14% cCMC (75 kPa vs 60 kPa) with a greater
effective crosslink density (0.078 mol/L vs 0.065 mol/L) given 60 seconds of UV
irradiation. However, at lower thiol concentrations of 5 mM, the opposite is true. Given 60
seconds of irradiation, 14% cCMC forms a stiffer hydrogel with a greater effective
crosslink density than those made with 30% functionalized cCMC. It is unlikely that the
30% cCMC is not reacting given the availability of its functional groups, but it is more
likely that the 30% functionalized cCMC is simply forming ineffective crosslinks.
Ineffective crosslinks can be formed when one side of the crosslinker molecule attaches to
a polymer's functional site, but then, rather than attaching to another polymer, the other
side of the crosslinker attaches to a neighboring functional site on the same polymer.
Therefore, a reaction occurs, but no additional links between polymers has been formed.
This ineffective crosslinking is less likely in less functionalized cCMC (14% functionalized
for instance) because the functional groups in the less functionalized materials are more
spaced-out, making the short bridges between sites more difficult to make. At higher
crosslinker concentrations the short bridges are less common because there is more
competition from opposing crosslinker molecules for any given reaction site, so the
neighboring site is less likely to be available.
It appears as though carbic functionalization can also be used to control the
mechanical properties of a cCMC-DEG hydrogel, but that the ratio between the crosslinker
and functionalization is also important. The ineffective crosslinking seen in the 30%
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functionalized cCMC-5 mM thiol is also consistent with the expected reaction between
norbornene and thiol, confirming the products of the reaction.
2.3.3. Degradation of UV Hydrogels
With the mechanical properties of the cCMC-DEG hydrogels evaluated, the next
step was to determine the degradation process of the materials. Degradation is an important
characteristic to consider in using hydrogels because the persistence of a hydrogel can
determine how it will be applied. The first seemingly most obvious aspect of this is that a
hydrogel must be stable enough to fulfill its purpose. If a hydrogel is being used to culture
cells with the intention of developing organs or tissues in-vitro, then the hydrogel must last
as long as it takes the cells to reach maturity, or at least long as it takes them to be
structurally self-sufficient. If the hydrogel degrades too quickly in that case, then the cells
may die for lack of structure (Lin et al. 2015). But, the opposite is true for many hydrogel
systems where persistence could be an issue. If a hydrogel is implanted in-vivo as a drugdelivery mechanism, degradation may be required in order to release a drug bound to the
hydrogel structure. If a covalent system is not used for drug loading, then drug delivery
may not be an issue, but a permanent hydrogel insert would not necessarily be beneficial
to a host, so something that degrades and is naturally removed from the system over the
following weeks has a strong advantage.
Hydrogels made from cCMC and DEG and initiated with I2959 and UV light were
placed in PBS immediately after formation and stored in the lab refrigerator at 2 ºC for 28
days. CMC contents of extracts were evaluated to determine both short and long-term
degradation patterns of cCMC-DEG hydrogels under these conditions. Hydrogels were
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made with 4 wt% 30% functionalized cCMC, and various thiol:norbornene ratios and UV
irradiation times.
Concentrations of polymers extracted from hydrogels were calculated with a
colorimetric assay and UV-Vis spectroscopy to determine the absolute amount of polymer
lost at each time point. A similar method was used to determine the amount of polymer
remaining in the hydrogel at the end of the degradation time and degradation over time was
calculated as a percentage mass loss of original polymer (MLOP). 0% MLOP represents
an entirely intact hydrogel and 100% MLOP represents a hydrogel that has degraded and
dissolved completely into solution. Degradation curves, plots tracking MLOP over time,
were created to analyze the rates at which hydrogels degrade over time and how those rates
can change. Degradation curves are shown in Fig. 2-7.
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Fig. 2-7 UV-Initiated Hydrogel Degradation Plots. Degradation plots made for
hydrogels made with 4 wt% of 30% functionalized cCMC with thiol:norbornene
ratios of a) 1:1, b) 1:2, and c) 1:4. Y-axes - mass loss of original polymer (MLOP)
- are not equivalent between plots. Error bars depict 95% confidence intervals
(n=4).
Fig. 2-7 shows that cCMC-DEG hydrogels have two seemingly discrete phases of
degradation. The first phase occurs immediately after the hydrogels are placed in PBS at
which point a large amount of original polymer is lost - the majority of total MLOP in most
cases. After the first day, the rate of degradation drops off significantly for the remainder
of the 28 day degradation period. This burst release followed by slowing is a result of the
crosslinking pattern of cCMC by DEG. During hydrogel formation, crosslinks are not
necessarily formed consistently across the all individual polymer. Some polymers especially the shorter cCMC strands - do not form effective or adequate crosslinks, and as
a result they are encapsulated or entangled in the hydrogel structure, but not necessarily
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covalently bound to it. After the hydrogel swells, those chains are allowed more freedom
and diffuse out of the bulk hydrogel structure. The burst release is the quickest loss of
material that is seen in the degradation profiles (Ashley et al. 2013). After the initial burst
release, the gradual degradation observed is due to the breakage of crosslinks - most likely
the hydrolysis of esters between the carbic group and CMC - that allows smaller amounts
of polymer to fall into solution more consistently over time. These regions of the
degradation profile were evaluated separately by measuring the MLOP after 24 hours as a
single value for burst release and then calculating the linear per-day MLOP in the
subsequent 27 days as a relative degradation rate as shown in Fig. 2-8.

Fig. 2-8 UV-Initiated Hydrogel Degradation Summary. Summarized degradation
values of cCMC-DEG hydrogels. a) Burst release within the first 24 hours of
hydrogels after formation and b) per-day degradation after the first 24 hours. Mass
loss of original polymer is calculated as percentage of total polymer included in
original hydrogel solution. Error bars depict 95% confidence intervals (n=4).
Trends mirroring the mechanical properties are seen in the degradation profiles of
each hydrogel formulation. Higher effective crosslink densities correlated to both lower
burst releases and lower daily degradation rates. Hydrogels made of 30% functionalized
cCMC and thiol:norbornene ratios 1:1 and 1:2 consistently had effective crosslink densities
near 0.07 mol/L, while at thiol:norbornene ratios of 1:4, the effective crosslink density
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dropped to 0.01 mol/L shown in Fig. 2-5c. In degradation as shown in Fig. 2-8, hydrogels
made with the same cCMC functionalization and thiol:norbornene ratios of 1:1 and 1:2
demonstrated burst release MLOP of 15% to 3% and daily MLOP of 0.1% to 0.2%
respectively compared to hydrogels made with a 1:4 thiol:norbornene ratio that exhibited
burst MLOP of 30% and daily MLOP of 0.8%. The higher effective crosslinker densities
of hydrogels made with thiol:norbornene ratios of 1:1 and 1:2 correlated to lower burst and
daily MLOP when compared to the effective crosslink density and burst/daily MLOP of
hydrogels made with thiol:norbornene ratios of 1:4. The greater effective crosslink
densities generated with thiol:norbornene ratios of 1:1 and 1:2 formed hydrogels that were
both more likely to include individual polymers in the hydrogel network, reducing burst
release, and were able to form more crosslinks to any particular polymer in the matrix,
requiring longer times to hydrolyze the connections which slowed the rate that polymer
was lost post burst release.
The relationship between degradation rates in hydrogels made with 1:1 and 1:2 thiol
norbornene ratios and the effective crosslink densities suggests that no more crosslinks are
formed in the hydrogels after the effective crosslink density measured is achieved;
redundant ineffective crosslinks are not formed. Both In thiol:norbornene ratios, the
irradiation time had very little effect on the effective crosslink density. If redundant
crosslinks had formed with longer irradiation times, then the compression modulus would
not have increased because only the shortest link would be stressed (Nakanishi et al. 1991),
but the increased number of crosslinks would take longer to degrade (as is also indicated
by the effects discussed above) because the extra bonds to any given polymer would take
longer to degrade, which would slow the daily MLOP observed.
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No slowing of daily MLOP between irradiation times in hydrogels with 1:1 and 1:2
thiol:norbornene ratios is observed in Fig. 2-8b (daily MLOP is consistent within hydrogels
with a thiol:norbornene ratio of 1:1 and also within hydrogels with a ratio of 1:2), so it can
be concluded that no redundant crosslinks are formed in hydrogels at those
thiol:norbornene ratios. Instead of redundant crosslinks, the remaining possibility to
explain the maxima in compression modului and effective crosslink densities is that
hydrogels are crosslinked to a point that restricts cCMC movement enough so that free
reactive sites can't move to get close enough to one another to be bridged by a crosslinker.
2.3.4. Conclusions
Hydrogels at 4 wt% of cCMC and varied amounts of DEG can be formed using UV
light at 365 nm and a UV-sensitive radical initiator. The mechanical properties can be tuned
by altering the functionality on the cCMC, changing the concentration of the thiol
crosslinker, or by irradiating the hydrogel solution with UV light for different lengths of
time. A hydrogel with a maximum compression modulus of about 80 kPa can be prepared
using 30% functionalized cCMC with a thiol:norbornene of 1:2 irradiated for 30 seconds.
Increasing irradiation time or thiol concentration could result in a negligibly more
functionalized hydrogel, but imbalanced levels of carbic functionalization and thiol can
also cause ineffective crosslinking forming less stiff hydrogels.
Degradation rates of cCMC-DEG hydrogels in PBS show that hydrogels with
increased effective crosslinking densities degrade more slowly. These degradation rates
compared with the effective crosslinking rates also demonstrate that further ineffective
crosslinks are not formed after the hydrogel has formed a maximum in effective crosslink
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density, which suggests that the mobility and malleability of cCMC is the limiting factor
in creating crosslinks.
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CHAPTER 3
AUTOGELS: SPONTANEOUSLY FORMED HYDROGELS
3.1. Introduction
During the preparation of hydrogels using the cCMC-DEG system, it was found
that the hydrogel mixture used occasionally gelled without intentional exposure to UV
light. In a preliminary follow-up investigation, it was found that this system was able to
form hydrogels in the dark, at room temperature, over the course of 20 minutes to 24 hours
even without the I2959 radical initiator included in the standard UV-initiated hydrogel
formula.
Experiments were devised and carried out with the intention of determining the
cause of the "autogelation" and the methods through which it could be controlled. Rheology
was used as a method of tracking the formation of autogels under various conditions.
Storage modulus - the "solid character" of the hydrogel - was tracked over time to
determine the time to gelation of the hydrogel. The time to gelation was used an indicator
to evaluate the effects of thiol concentration, temperature, environmental oxygen exposure,
and hydroquinone radical inhibitor concentration on autogelation.
3.2. Materials and Methods
3.2.1 Creating Autogels
Spontaneously formed hydrogels - termed "autogels" - were formed through one of
two methods depending on the experiments in which they would be used. Autogels formed
for mechanical testing a degradation were first made using similar methods by which UVinitiated hydrogels were formed as explained in section 2.2.3. Solutions of cCMC (prepared
as described in section 2.2.1) and DEG were prepared in PBS to create a 4 wt% solution of
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cCMC in 1 mL of solution assuming additive volumes of fluids. An electronic balance was
used to mass 40 mg of cCMC ± 1% which was added to a 1.5 mL microcentrifuge tube
followed by enough PBS to make 1 mL of solution added using a micropipette. No I2959
solution was added to the autogel formulation. Solutions were the then vortexed to
thoroughly dissolve cCMC. Once cCMC was dissolved in PBS, the required DEG was
added with a micropipette and vortexed briefly again.
Usable autogels did not form in the single-gel molds used in UV-initiated gels
(described in section 2.2.3.). This could be a result of imperfect seals that allowed too much
water evaporation, which was insignificant in UV initiation where hydrogels were formed
after 5 minutes but caused enough loss of solvent and structure over the roughly two hours
used to form autogels. Many autogels were formed on the rheometer as will be discussed,
but those that were formed for mechanical testing and degradation in molds were made to
be as consistent with UV-initiated hydrogels as possible. The tip was cut off a 1.0 mL
syringe and the hydrogel mixture was drawn mostly into the syringe that was stood upright
in the micrcentrifuge tube with the open end pointing down into the microcentrifuge tube,
sealing the bottom of the syringe against the bottom of the microcentrifuge tube with
remaining hydrogel solution. The syringe the tube holding the syringe were stored at
gelation conditions for two hours in the laboratory incubator at 37 ºC. Once gelled, the
single autogel rod was extruded from the syringe and chopped into discs using a razor blade
(similar to Fig. 1-7), forming hydrogels with similar dimensions to the UV-initiated gels 4.6 mm in diameter and about 2.7 mm tall for a volume of about 50 µL. The cut autogels
were then placed in 1.0 mL of PBS in a 24-well plate and stored in the laboratory
refrigerator at 2 ºC for 24 hours to swell.
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3.2.2. Mechanical Testing and Degradation
Mechanical testing was done on a TA Q800 DMA just as previously described in
section 2.2.4. Degradation experiments were performed using a DHN, concentrated
sulfuric acid assay and a Beckman DU 7500 UV-Vis spectrometer. The degradation
procedure in section 2.2.5. was followed as if for UV-initiated hydrogels unchanged.
3.2.3. Small Molecule Analog
To investigate the products on the autogelation as compared to the UV gelation, a
small molecule analog to hydrogels were tested in water without the presence of CMC or
cCMC, which left the systems completely soluble in water with no hydrogel. The UVinitiated hydrogel analog was prepared by massing 0.0087 g of cis-5-norbornene-endo-2,3dicarboxylic acid (carbic diacid) on the analytical balance and dissolving it in 0.896 mL of
PBS in a microcentrifuge tube. 0.1 mL of 0.5 wt% I2959 was then added to the solution
via a 200 µL micropipette along with 0.0039 mL DEG added via a 10 µL micropipette.
The autogel analog was prepared by massing 0.0087 g of carbic diacid on the analytical
balance and dissolving it in 0.996 mL of PBS in a microcentrifuge tube. 0.0039 mL DEG
was then added to the solution via a 10 µL micropipette. Solutions were mixed thoroughly
on a vortex mixer. Autogel-equivalent systems were placed in an incubator at 37 ºC for
two hours and UV-equivalent systems were covered with a glass microscope slide and
irradiated with the 365 nm UV lamp at 10 mW/cm2 for 60 seconds in the open
microcentrifuge tube. Samples were then frozen overnight, lyophilized overnight on the
labconco lyophilizer, and finally redissolved into D2O.
D2O samples were transferred into glass NMR sample tubes with a long-necked
glass transfer pipette. The samples were then tested the same as those to evaluate cCMC
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functionalization with 64 scans on a Varian 400 MHz NMR and then interpreted with
Mestrenova and ACDLabs NMR software.
3.2.4. Rheology
A TA Discovery HR-2 rheometer was used to carry out all rheological
investigations. An aluminum pelletier plate was used to control temperature and a 40 mm
aluminum cone-plate geometry with a 2º angle was used as the geometry fixture. The
fixture was calibrated before every experiment by filling the geometry head reservoir with
water and calibrating the geometry friction and inertia using the built-in calibration
methods. To run an experiment, 0.62 mL of pre-hydrogel solution was added placed on the
rheometer immediately after preparation and the geometry was lowered to its final height
at the "geometry gap" of 60 microns. The geometry was then surrounded with droplets of
water on the pelletier plate and covered with a home-made vapor trap prepared from a
disposable plastic cup to prevent evaporation from drying the hydrogel during testing.
Hydrogels materials were monitored over three hours using a 1 Hz rotation
frequency and 1.0% rotational strain while the storage modulus and loss modulus were
recorded consistently by performing a time sweep experiment. Autogelation was measured
in time to gelation, measured as the point where the storage modulus crosses the loss
modulus for the last time to become the greater of the two values.
3.2.5. Oxygen Exclusion
To create an environment with as little oxygen exposure as possible, several steps
were taken to replace oxygen and atmosphere with nitrogen prior to preparing hydrogel
solutions. These steps were not expected to completely exclude oxygen from any system,
but they should have significantly reduced dissolved oxygen levels in the system.
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For these experiments, 10 mL deionized water was placed in a sealed 20 mL glass
vial covered and then placed in a Branson 2800 ultrasonicator water bath for 15 minutes to
degas. The vial was then moved to a fume hood and transferred to a Wheaton 20 mL, prescored, gold-band ampule. The ampule was attached to an evacuated manifold and sealed.
The water in the ampule was frozen by submerging the ampule in liquid nitrogen for several
minutes at which point the vial was opened to vacuum and the gas was pumped away. The
ampule was then closed to the vacuum and the water was allowed to melt. This process of
"freeze-pump-thaw" was repeated two more times, after which the ampule was sealed
under vacuum with a hand-held butane torch and removed from the manifold.
The cCMC was removed from the freezer and the bag was inflated and deflated
(while containing the cCMC) several times with dry nitrogen to try to replace the oxygen
around the cCMC fibers with nitrogen. The cCMC was then massed into a 1.5 mL
microcentrifuge tube as per usual from the electronic balance. The open microcentrifuge
tube, micropipettes, pipette tips, vial containing DEG, and ampule containing water were
then loaded into a Glas-Col inflatable glove bag that was inflated and deflated five times
with dry nitrogen before being sealed and inflated. Over the course of flushing with
nitrogen, the plungers on the micropipettes were depressed several times to flush the
micropipettes as well. Components were then mixed as described previously and shaken
by hand to dissolve - first cCMC and PBS, then that solution and DEG - before being
transferred to the rheometer.
3.2.6. Inhibition with Hydroquinone
Mixtures for autogels including hydroquinone were prepared by first dissolving
cCMC in PBS in a 1.5 mL microcentrifuge tube exactly as described above. Crystalline
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hydroquinone was then massed using the electronic analytical balance, added to the
solution and vortexed until dissolved. The added mass of hydroquinone was recorded for
reference. The DEG was then added to the sample as described above, vortexed, and ready
for rheology.
3.3. Results and Discussion
3.3.1. Mechanical and Degradation Properties of Autogels
Autogelation is possible through mechanisms such as a TOCO reaction and
Michael addition, but norbornene does not especially fit the Michael addition model with
an electron withdrawing group adjacent to the alkene and TOCO has not been reported
often in modern literature in systems pertaining to thiol-ene hydrogels. In the face of the
lack of related literature, the consistency of the autogelation observed between cCMC and
DEG suggests that it may be a niche or unique system.
Mechanical experiments were performed on autogels to compare their mechanical
structure to the UV-initiated hydrogels investigated in sections 2.3.2. and 2.3.3. with the
expectation that the results of the comparison could help elucidate the product of the
autogelation reaction and potentially the cause. If similar trends are seen in the mechanical
properties of autogels as compared to UV-initiated hydrogels, then a similar structure
between the two is indicated. However, if changing the thiol concentration does not cause
a change in mechanical properties, then a unique structure from UV-initiated hydrogels is
suggested. Compression data and the associated effective crosslink density data for
autogels is shown in Fig. 3-1.
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Fig. 3-1 Autogel Mechanical Properties. Mechanical properties a) compression
modulus and b) effective crosslink density of autogels made with thiol:norbornene
ratios of 1:1 and 1:2 with 4 wt% 30% functionalized cCMC and varying DEG
concentrations. Autogels made with ratios of 1:4 were not stable enough to test. Error
bars represent 95% confidence intervals (n≥3).
The first notable difference between Autogels made at 4 wt% of 30% functionalized
cCMC and the UV-initiated hydrogels of similar conditions, is that autogels made with a
thiol:norbornene of 1:4 were not stiff enough to be tested on the DMA. Mirroring the trend
seen with UV-initiated hydrogels, greater concentrations of DEG (greater thiol:norbornene
ratios) increased the effective crosslink density and compression modulus. While the 1:4
thiol:norbornene condition is not shown for lack of stability in Fig. 3-1, hydrogels have
been successfully evaluated in this research group with the Q800 DMA that had
compression moduli of roughly 3 kPa, so it is expected that autogels made with this 30%
functionalized cCMC and a thiol:norbornene ratio of 1:4 had a compression modulus of
less than 3 kPa. Compared to UV-initiated hydrogels seen in Fig. 2-4, autogels form
hydrogels with similar trends in mechanical properties, though not necessarily comparable
mechanical properties in the same thiol:norbornene bracket. Fig. 3-2. shows the mechanical
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properties of cCMC autogels compared against UV-initiated hydrogels with the same
cCMC functionality and thiol:norbornene ratio.

Fig. 3-2 Autogel UV-Initiated Hydrogel Mechanical Comparison. a) Compression
modulus and b) effective crosslink density values combined from Fig. 2-4 and Fig.
3-1 for comparison. No autogel data for 1:4 thiol:norbornene was collected. Error
bars depict 95% confidence intervals (n≥3).
It initially appears that similar trends and mechanical properties appear in both
autogels and UV hydrogels, which suggests that the same products could be made in both
systems, but does not necessarily rule out other possibilities. If the final structure is the
same between the two reaction pathways, then presumably longer reaction times in the
autogels should yield stiffer products. If polymer mobility is the limiting factor in stiffness
of autogels as it seems to be in stiffness of UV-initiated hydrogels, and the structures of
autogels are chemically identical to the structures of UV-initiated hydrogels, then given
enough time, autogels should be able to form with the same stiffness seeing as they have
the same reactant concentrations.
If identical structures are being formed in both systems, then autogels should have
similar degradation profiles to UV-initiated hydrogels. Degradation analysis of autogels is
made in Fig. 3-3. Fig. 3-3a shows the degradation curves of autogels which are summarized
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in Fig. 3-3c and Fig. 3-3d. Fig. 3-3b show the degradation profile of UV-initiated hydrogels
made with a 1:4 thiol:norbornene ratio for comarison.

Fig. 3-3 Autogel Degradation. Degradation curves of a) autogels of cCMC and DEG
made with thiol:norbornene ratios of 1:1 and 1:2 and b) UV-initiated hydrogels with
a thiol:norbornene ratio of 1:4 for comparison. The c) burst release of polymer from
the autogel and d) subsequent daily degradation rates of those autogels. MLOP is
given as percentage of total polymer in hydrogel when formed. Error bars depict
95% confidence intervals (n=4).
Comparing Fig. 3-3a and Fig. 3-3b, the vertical scales of degradation are consistent
so the rates of degradation are of the same order of magnitude, and the curves both express
a quick burst MLOP followed by a more gradual daily MLOP. Specifically, the degradation
curve of the 1:2 thiol:norbornene autogel has a similar burst MLOP at 40% and final
degradation after 28 days at about 60% MLOP as the UV-initiated hydrogel made with a
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1:4 thiol:norbornene ratio that was irradiated for 15 seconds. The 1:1 thiol:norbornene
autogel is more stable that any if the 1:4 thiol:norbornene UV-initiated hydrogels, ad is
actually more comparable to 1:2 thiol:norbornene UV-initiated hydrogels irradiated for 15
seconds shown earlier in Fig. 2-7b with a burst MLOP of 15% and a final total MLOP of
about 20%. Just like with UV-initiated hydrogels, the stiffer autogels with greater effective
crosslink densities exhibited slower degradation. The similar degradation profiles establish
that crosslinks holding autogels and UV-initiated hydrogels together break at roughly the
same rate under the same conditions, which strongly suggests that they are breaking at the
same kind of junction - an ester.
A follow-up experiment is required to confirm that the same chemical products are
formed in the spontaneous reaction as in the UV reaction. This would seem unlikely at
first, as spontaneous reaction between thiols and alkenes under the conditions examined is
rarely reported and in more cases, inhibition is the issue of concern. However, the
degradation profiles are compelling and it is possible that previously published research in
literature saw spontaneous reaction as a side-effect to avoid rather than investigate. It is
also possible that this is unlikely to happen in other materials and that this is a niche system.
Preliminary studies did not show a comparable reaction between CMC functionalized with
methacrylate groups and DEG, indicating that the spontaneous reaction is selective based
on the alkene.
3.3.2. Small Molecule NMR
To approximate the reaction products as best as possible, a model reaction was
prepared for both UV-initiated hydrogels and auotgels. Hydrogels are technically water
insoluble, which makes them very difficult to see in NMR spectroscopy. CMC also has a
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proton NMR spectrum that makes a large area of interest very difficult to see and interpret
between 3.0 ppm and 4.5 ppm. To avoid these issues, systems were devised without CMC,
instead using the hydrolyzed version of carbic anhydride: carbic diacid. It was expected
that carbic diacid and DEG would interact much the same way in solution as cCMC carbic
groups and DEG, however it also was expected that carbic diacid would be more sterically
available than cCMC carbic group because the group to which an ester is bound is
necessarily bulkier than the simple carboxylate or carboxylic acid alternative. The greater
availability would cause a greater extent of reaction to be seen in the carbic diacid reaction
than the cCMC gelation reaction. Fig. 3-4 and Fig. 3-5 show the proton NMR spectra of
the UV-initiated small molecule system and the spontaneous small molecule system,
respectively. These systems contain the same concentrations of carbic group, DEG, and
I2959 (in the case of the UV system) in water as the hydrogels that they simulate.

Fig. 3-4 UV Analog HNMR Spectrum. Proton NMR Spectrum of a mixture of carbic
diacid, DEG, and I2959 representing a hydrogel. The mixture was irradiated with
365 nm UV light for 60 seconds to react. Starting materials are color-coated with
their structure. Reactant concentrations were the same as those found in a 4 wt% 30
functionalized cCMC hydrogel with a thiol:norbornene ratio of 1:1. Uncolored peaks
are products.

71

Fig. 3-5 Autogel Analog HNMR Spectrum. Proton NMR Spectrum of a mixture of
carbic diacidand DEG representing am autogel. The mixture was incubated at 37 ºC
for two hours to react. Reactant concentrations were the same as those found in a 4
wt% 30 functionalized cCMC autogel with a thiol:norbornene ratio of 1:1. Starting
materials are color-coated with their structure. Uncolored peaks are products.
The differences between NMR spectra shown in Fig. 3-4 and Fig. 3-5 are limited
to starting materials. The carbic diacid peaks attributable to starting materials are colored
red at chemical shifts of 1.25, 3.0, 3.25, and 6.2 ppm. DEG starting materials are colored
blue at 2.55 and 3.5 ppm. And I2959, solely in Fig. 3-4, is colored green at 1.4, 3.79, 4.04,
6.89, and 7.92 ppm. There is also a large water peak (as samples for both model systems
were run in D2O) at about 4.6 ppm, and Fig. 3-5 has a small acetone contamination peak at
2.29 ppm. All the remaining peaks left uncolored cannot be attributed to starting materials
and are assumed to be the result of products of the UV-initiated and the spontaneous
reactions. Interestingly. the peaks are in near exactly the same place in both spectra Fig. 34 and Fig. 3-5. The product peaks appear between the ranges of 10 ppm and 4.0 ppm. This
region so shown in more detail in Fig. 3-6, a zoomed-in version of Fig. 3-5.
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Fig. 3-6 Proton NMR Spectrum of Autogel Model Reaction. Chemical shift range
andjusted to 1.0 ppm to 3.8 ppm. Red peaks are attributable to carbic diacid starting
material and blue peaskes are attributable to DEG. Product peaks are uncolored.
Magenta chemical structure depicts proposed product to correspond with magenta
labels for proposed proton peak assignments.
Fig. 3-6 depicts several product peaks. The proposed product is the exo-added
thioether from DEG onto carbic diacid. The alkene is gone from the carbic group and the
protons in the half of the DEG molecule on the side of the reaction is expected to express
discernable peaks from those on a non-reacted side, which are expected to remain
effectively unchanged from the starting DEG. Ha and Hb should be the least altered of the
DEG protons, so they appear near 3.60 ppm and 3.65 ppm respectively. Hi and Hj are
similar to the bridge protons in carbic diacid, which formed a paired system of peaks at
1.28 ppm and 1.32 ppm. A new apparently paired system is seen at shifts of 1.37 ppm and
1.61 ppm, so Hi and Hj are assigned to those peaks. The "most alkane" proton then available
is He which is therefore believed to appear at 1.1 ppm. A new peak that could be attributed
to the thio-ether appears at 3.21 ppm that is believed to be Hd while the other axial proton
Hf is seen at 1.98 ppm. Bridgehead protons are in slightly different environments and split
from one another with Hh and Hg at 3.08 ppm and 3.02 ppm. The remaining peaks at 2.72
ppm, 2.50 ppm, and 2.43 ppm are expected to be attributable to Hc, Hl, and Hk.
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The exo product shown in Fig. 3-6 is expected as a result of the hyperconjugation
of norbornene causing the slightly opened book on the exo side in addition to the endo
carboxylic acids on the opposite side of the norbornene ring that would sterically hinder
the endo approach (Spanget-Larsen and Gleiter 1982, 1983). The product peaks are
consistent with such a product as shown, and support the formation of the same product in
both the case of the autogelation and the UV-initiated gelation.
3.3.3. Thiol and Norbornene Concentration Effects
In rheology, the loss modulus and storage modulus can be tracked to determine the
point at which a mixture turns from a liquid to a solid. The loss modulus follows the energy
that is lost to flow of material during deformation. The dependence on flow makes it
analogous to the fluid character of the material. The storage modulus tracks the energy
stored during deformation due to an elastic characteristic. The storage modulus is therefore
tracks the solid character of the material. If the loss modulus is greater than the storage
modulus the material can be considered predominantly fluid, but if the storage modulus is
greater than the loss modulus, the material is predominantly solid. By tracking both moduli
over time, the point at which the storage modulus overtakes the loss modulus is declared
the point of gelation - the point where the material changes from a solid to a gel as shown
in Fig. 3-7, indicated by a red circle.
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Fig. 3-7 Autogelation Rheology Plot. A representative rheological plot of
4 wt% 30% functionalized cCMC mixed with DEG to form a
thiol:norbornene ratio of 1:1 in PBS at 37 ºC. Note that the y axis is
logarithmic. The red circle notes the point that the storage modulus
crosses the loss modulus while increasing rapidly.
In the rheological plot shown in Fig. 3-7 three regions can be seen. Starting at the
far left of the plot at early time points, the loss modulus is greater than the storage modulus
at about 0.2 Pa and 0.05 Pa respectively (note that the y axis is logarithmic on most
rheological plots). There is greater noise in the lower value as it is more difficult for the
rheometer to effectively read the lower of the two values while measuring both at once.
The storage modulus is slightly masked by the loss modulus, causing the noise. Moving
along the time axis from this region, there is a brief point where the storage modulus
increases very sharply. At this point, a critical crosslink density where the material is
transitioning very quickly from a solution to a gel. There is a still sudden but less significant
increase in loss modulus at the same time that can be attributed to greater energy loss to a
more viscous fluid that is also the result of crosslinking. After this point of gelation, the
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storage modulus continues to rise, though more slowly than during gelation. The loss
modulus remains relatively stable though is obscured by some noise.
Autogels were measured by time to gelation - the amount of time required on the
rheometer to observe gelation. while measuring effects on time to gelation, many of the
parameters investigated were similar to those investigated in compression tests. Percent
functionalization of cCMC was tested for effects on time to gelation with a consistent
thiol:norbornene ratio of 1:2 shown in Fig. 3-8.

Fig. 3-8 cCMC Functionalization Effect of Autogelation. Time to gelation
measured using 4 wt% of various funtionalizations of cCMC using
thiol:norbornene ratios of 1:2. Autogels formed at 37 ºC using the standard
cone-plate geometry assembly. Error bars depict 95% confidence intervals
(n≥4).
Increased carbic functionalization results in decreased time to gelation; gels formed
faster with greater carbic functionalizations as would be expected. Greater concentration
of carbic groups leads to greater chances for crosslinks to form, which form quicker as a
result. Further, it would appear from Fig. 3-8 that the increase in cCMC functionality from
29% to 40% reduces the time to gelation by 43% while a similar jump in functionalization
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from 17% to 29% reduces the time to gelation by only 10%. Similar results are seen in Fig.
3-9 with varied thiol:norbornene ratio.

Fig. 3-9 Thiol Concentration Effect on Autogelation. Time to gelation
measured in solutions of 4 wt% 30% functionalized cCMC that was mixed
with varied thiol concentrations to achieve the thiol:norbornene ratios shown.
Hydrogels were formed at 37 ºC. Error bars depict 95% confidence intervals
(n≥5).
Increasing the thiol:norbornene ratio - increasing the thiol concentration of the
autogel formulation - increased the speed at which crosslinks formed and decreased the
time taken for autogels to form. The time to gelation reduction for the increased thiol
concentration is greatest for the first few equivalents, as doubling thiol from 1:2 to 1:1
reduces the time to form an autogel by 73%, but after that, time decreases are less
noticeable. Increasing thiol:norbornene ratio from 1:1 to 2:1 reduces the time to gelation
by only 36%. Increasing even further to 5:1 results in another slighter time decrease of 25%
At thiol ratios of 5:1 and higher for 30% functionalized cCMC, the solution becomes
cloudy, indicating that DEG is not fully soluble at these concentrations. At this point,
further increases in thiol concentration does not decrease autogelation time as only so much
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DEG is effectively in solution - making the high thiol:norbornene labels potentially
misleading.
Both carbic functionalization and thiol concentration (expressed through
thiol:norbornene ratio) result in an increased availability for crosslinking and therefore
increase the overall rate of reaction, which decreases the time to gelation.
3.3.4. Temperature Effects
It was noticed early on that temperature had an effect on the rate of autogelation.
Preliminary autogels formed in microcentrifuge tubes seemed to form either over the
course of hours at room temperature, but when placed in an incubator seemed to autogel
after about 20 minutes. Similarly, some materials were partially used in other experiments
and the remainder was then stored in the laboratory refrigerator at 2 ºC. It was found that
those solutions in the refrigerator gelled after several days. A series of temperaturecontrolled experiments were performed to confirm the effect of temperature on
autogelation as shown in Fig. 3-9.
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Fig. 3-10 Temperature Effect on Autogelation. Temperature responses of autogelation
of 4 wt% 30% functionalized cCMC with thiol:norbornene ratio of 1:1. Rheology
performed with a 40 mm cone-plate assembly. Error bars represent 95% confidence
intervals (n=5).
As can be seen, increased temperatures correlate with decreased times to gelation.
It is expected that the increase in temperature is a simple kinetic effect that drives the
reaction forward, increasing the effective rate of reaction which leads to hydrogels forming
more quickly. This follows the same pattern seen in increasing the reactant concentrations.
Yet increasing the temperature should remove oxygen solubility from the mixture, which
indicates that the TOCO reaction (introduced in section 1.4.2.) is not necessarily at play
here. The alternative is that the increase in kinetics overshadows the lost availability of
oxygen in the system.
3.3.5. Dissolved Oxygen Effects
Often times polymerization or crosslink reactions are affected by molecular oxygen
dissolved in the reaction solution. Oxygen in its lowest energy state is a triplet which is
technically a diradical, which makes it reactive with certain compounds through radical
pathways. Unintended radical reaction beginning with molecular oxygen is not unheard of,

79

and is sometimes protected against, but it is more common that molecular oxygen inhibits
radical reaction by reacting with and quenching other readily formed radical species (Lee
et al. 2004).
Oxygen was removed from all the individual components of the autogel mixture as
thoroughly as possible and components were mixed in a nitrogen environment. Oxygen
could not be entirely excluded because the solution had to be exposed to atmosphere in
order to be tested on the rheometer, however the deoxygenated solution likely had a lower
oxygen content compared to the standard mixture. Fig. 3-10 shows the results of
deoxygenation on autogelation.

Fig. 3-11 Dissolved Oxygen Effects on Autogelation. Effects of deoxygenation of solution
on autogelation. Oxygen was removed using ultrasonication and nitrogen purging.
solutions were both made with 4 wt% 30% functionalized cCMC and DEG crosslinker
with a 1:1 thiol:norbornene ratio. Error bars depict 95% confidence intervals over time to
gelation (n=4).
Deoxygenation of solution did not stop autogelation, but did delay it. An increase
in time to gelation of about 200 seconds was observed in autogels that had been
deoxygenated prior to being placed on the rheometer. This increase in time to gelation in a
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solution with less dissolved oxygen indicates that dissolved oxygen may have had a part in
initiating or propagating a reaction between DEG and cCMC. The autogelation of the
materials discussed in Fig. 3-11 is not solely a result of oxygen that was reintroduced during
rheology experiments, as extra material that was not measured on the rheometer was also
observed undergoing autogelation without reexposure to oxygen. The deoxygenation
results do suggest that some TOCO reaction could be taking place, though if the TOCO
reaction were the exclusive case, it would be expected that so much oxygen removal would
have had a greater effect delaying autogelation, especially in the hydrogels not measured
on the rheometer. Freeze-pump-thaw methods described in section 3.2.5. are common in
effectively preventing oxygen reactions in other polymer/radical systems (Wallace and
Bard 1979; Baum and Brittain 2002), so that they would have had such a small effect in
the autogelation system is surprising.
3.3.6. Hydroquinone Effects
Hydroquinone is often used as a radical inhibitor. It is capable of scavenging two
moles of radical species per mole of hydroquinone as it oxidizes to benzoquinone.
Hydroquinone was added by mass rather than by stock solution because hydroquinone
readily oxidizes in water over the course of a couple hours. Making stock solutions would
have been wasteful, so a scatterplot was created comparing gelation time to actual
hydroquinone concentration in a 4 wt% of 30% functionalized cCMC and 1:1
thiol:norbornene ratio autogel formulation to be analyzed with a linear regression as shown
in Fig. 3-11.
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Fig. 3-12 Effects of Added Hydroquinone on Autogelation. Added hydroquinone (as
measured in molar equivalents to DEG) on the time to gelation of autogels that formed
from 4 wt% 30% functionalized cCMC and DEG with 1:1 thiol:norbornene at 37 ºC.
Fig. 3-11 does is not show an especially strong trend that demonstrates
hydroquinone affecting the rheological properties of autogel formation, but the slope
generated is statistically significant and demonstrates increased hydroquinone
concentration results in increased time to. This experiment was originally conducted using
hydroquinone:DEG equivalents of 0 to 10, but a later hydroquinone-saturated system was
used to test the limits of the effect at 28 equivalents, which is roughly the equivalent of 1.3
M hydroquinone, the saturation point of hydroquinone in water. In both cases - including
and excluding the hydroquinone saturated case - the trend was significant.
The apparent effect of hydroquinone on autogelation indicates that the
hydroquinone radical scavenging activity is able to inhibit the process to an extent and that
autogelation is a radical process. However, hydroquinone is used typically in
comparatively small amounts as a radical inhibitor. When hydroquinone was first patented
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to use in inhibiting radical oxygen reactions in boiler feedstock waters, it was used with a
"maximum" concentration of 35 ppm which was found to inhibit 97% of oxygen activity.
The autogel with most concentrated hydroquinone had a hydroquinone concentration of
77,000 ppm, which makes it seem unlikely that a hydroquinone saturated system would be
able to react via a radical pathway - especially one in which the radical source is oxygen.
This seems to suggest that there may only be a partial radical effect on autogelation, or that
the radical species would have occurred as either a minor or tangential reaction
intermediate.
3.3.7. pH Effects
The effects of pH were investigated by mixing otherwise standard autogel solutions
in aqueous solvents with various pH levels. The final pH values would be slightly different
from the solvent due to the carboxylic acids of cCMC, but the general effect persisted as
tested with disposable litmus paper strips. The effects of pH are shown in Fig. 3-13.

Fig. 3-13 pH Effects on Autogelation. Autogels were prepared using 4 wt% 30%
functionalized cCMC in solution with 1:1 thiol:norbornene ratio of DEG. Error bars
depict 95% confidence intervals (n≥3) except for pH=12 condition in which n=1.
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Basicity slows autogelation as evidenced by the increase in time to gelation at
higher pH - especially the sample mixed at a pH of 12. Time to gelation increases seem
much more moderate at lower pH but beyond pH of 7.4 - PBS, the standard solvent for
these cCMC hydrogels - gelation times appear to increase rapidly. Higher pH systems were
not tested extensively and do not display error bars because the basic solution began to
react with the rheometer hardware, but when autogelation was observed after such a long
time with an otherwise acceptable rheological profile, the value was accepted.
This pH sweep indicates that the autogelation mechanism at play is either acidcatalyzed or base-inhibited. It is unlikely that this is the result of an indirect oxygen content
effect, because increased pH usually correlates with increased oxygen content (Makkaveev
2009), which would have accelerated the autogelation. So, it does appear that there is a pH
effect in the mechanism causing autogelation. The trend that increased pH inhibits
autogelation finally wipes-out the case for Michael addition which is base and nucleophile
catalyzed. This pH trend is also not supported by the TOCO reaction mechanism which is
not directly pH sensitive, though it does not rule out a TOCO pathway at other reaction
conditions. pH could be affecting the non-dissociated thiol concentration. If the complete
thiol is needed for the reaction to proceed, in which case lower pH would promote the
reaction by increasing the concentration of the reactant.
3.3.8 Conclusions
Autogelation is accelerated by higher concentrations of thiol and norbornene,
higher temperatures, dissolved oxygen in solution, and acidic conditions. Autogelation can
also be slowed by hydroquinone, low temperatures, and degassing, but cannot be halted by
these conditions. Michael addition is not the mechanism by which autogelation proceeds,

84

and TOCO is only supported by vaguely by dissolved oxygen content results, which
indicates that it may play a role, but that other reactions are responsible for autogelation as
well.
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CHAPTER 4
CONCLUSIONS AND FUTURE WORK
4.1. Conclusions
4.1.1. UV Hydrogels and cCMC
CMC can be functionalized with carbic anhydride to yield cCMC, a cellulose
derivative with attached norbornene groups for added specialized reactivity. The extent to
which CMC is converted to cCMC can be controlled using reaction parameters such as pH
and carbic anhydride concentration and measured via proton NMR spectroscopy.
Realistically, functionalizations between 10% and 40% are easy to achieve, though
hydrolysis in water is a potential drawback.
Hydrogels based on cCMC can be made easily employing the thiol-ene reaction
using DEG as a dithiol crosslinker and I2959 as a radical initiator. 365 nm UV light at 10
mW/cm2 was sufficient for crosslinking after 30 seconds of exposure on samples that were
about 2 mm thick with a microscope glass coverslip as a cover. Thiol:norbornene ratios of
1:2 were mostly sufficient for creating hydrogels of usable stiffness (about 70 kPa) in range
for biomedical applications (Denisin and Pruitt 2016) for sound dressings or drug delivery
and with degradation rates under 0.2% MLOP per day. This material could also potentially
be utilized in agriculture as a soil additive, especially if higher wt% hydrogels can be made
even stiffer.
4.1.2. Autogels
Solutions of cCMC and DEG are able to crosslink spontaneously despite previous
literature indicating a general need for a radical initiator. These so-called autogels are
usually less stiff (25 kPa) and more quick to degrade (0.5% MLOP per day) due to their
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lesser effective crosslink density - roughly halved -

formed at the same reactant

concentrations as UV-initiated hydrogels. Autogels with this lower effective crosslink
density are also suitable for use as absorbents where products are distributed dry and
swelling potential is paramount over mechanical durability (Sannino et al. 2009).
Regardless of the differences in the reaction, the same products appear to form in
autogels as those made by the UV induced reaction. And mechanical properties can also
be controlled by the same properties controlled in UV-initiated hydrogels - carbic
functionalization and DEG crosslinker concentration.
The rate of gelation of autogels can also be controlled by temperature, solution pH,
oxygen content, and hydroquinone concentration as an inhibitor. These may give insight
into the mechanism of reaction between DEG and the carbic group, which is yet
undetermined. Evidence such as oxygen removal and pH seem to support the conventional
TOCO reaction scheme, however solution temperature doesn't necessarily follow suit.
Hydroquinone radical inhibitor technically has the right relationship to seem to support the
TOCO reaction, but the concentrations of hydroquinone were so great that it seems at first
too slight an effect for TOCO to be wholly responsible as it is currently understood.
4.2 Future Work
Future investigations into UV-initiated cCMC with DEG - or other conventional
radically induced systems - should investigate biocompatability and drug loading of the
cCMC-DEG hydrogels. This material would be especially simple to use as a wound
dressing if it expressed beneficial traits in both these fields. The cellulose base also makes
cCMC-DEG hydrogels very appealing for agricultural use if the hydrogels themselves and
the byproducts of degradation showed to be compatible with plant life and other
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environmental components. Other potential work could be investigated in growing cells
within cCMC-DEG hydrogels. This system appears to be set for seeking application.
The autogels of the same material could presumably benefit from the same
application-specific investigations as the conventionally-initiated system. However, the
autogelation reaction is especially interesting and seems to be unique in the realm of thiolene reactions. The first experiment that would be most useful for this investigation would
be electron paramagnetic resonance (EPR) spectroscopy. EPR could help to determine the
source of radical species in the hydrogel solution and potentially the location of radicals on
intermediates in the autogelation reaction. This could determine the steps of the mechanism
that are currently unclear, or eliminate possibilities that may currently be leading astray
from reality.
Once the mechanism for autogelation can be determined, other uses for the system
may prove very helpful. Investigations could be done into how this solution could be
injected sub-dermally and how or if hydrogels would form, which may be a very helpful
system in drug delivery without causing too much physical stress on a system and with the
ability to create a hydrogel of any shape without further intervention to initiate gelation.
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