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Abstract

Cellulose nanocrystals (CNC) are rod like polymer nanoparticles that can be extracted from a
wide variety of biosources. CNCs have been investigated extensively in the past decade as
important building blocks for the development of novel functional materials. This growing interest
in CNC based materials is not only related to CNCs’ sustainability and bioavailability, but also
their inherent properties, such as high elastic modulus, high aspect ratio, high surface area and low
density. With the presence of a large number of hydroxyl groups on the surface, CNCs provide a
platform for various surface functionalization with the goal of tuning their surface properties or
introducing new functionalities which further extends their use in highly sophisticated applications.

This dissertation focuses on the fabrication and characterization of functionalized CNC based
polymer nanomaterials with the goal of understanding how the surface functionalities impact the
macroscopic properties of the materials.

In the first part of the work (Chapter 2 and 3), CNCs were covalently functionalized with
alkylamines of different alkyl chain length to increase their hydrophobicity, and the resulting alkyl-
functionalized CNCs have been investigated as particle stabilizers for oil-in-water Pickering
emulsion. The results have shown that the hydrophobic/hydrophilic balance of the functionalized
CNGCs is critical to lower the interfacial tension between the oil and water phase, which allowed
access to stable emulsions with droplet sizes of only a few hundred nanometers. The CNC
stabilized nano-emulsions can be polymerized into latex nanoparticles, which were further
fabricated into latex nanocomposite films. Microscopy analysis of the latex nanocomposites
revealed a unique CNC network structure formed by excluded volume effect of the latex particles.
The excluded volume lead to the formation of percolation networks at a much lower CNC

concentration. As a result, the latex nanocomposites containing functionalized CNCs demonstrated
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a higher plateau modulus. When this percolating CNC-rich network was disrupted by melt pressing,
a significant decrease in mechanical properties of the films was observed.

The second part of the work (Chapter 4-6) focus on the preparation of CNC based polymer
nanocomposites with water enhanced mechanical gradient properties inspired by the squid beak
biomodel. The first-generation bio-inspired nanocomposite was fabrication based on allyl-
functionalized CNCs embedded into a polyvinyl acetate matrix. The functionalized CNC fillers
can be covalently crosslinked using UV initiated thiol-ene chemistry to yield composite films with
tunable mechanical properties with a modulus contrast of 7 (E'sif/E'so=7) when swelled in water.
With the goal of further improving the modulus contrast, polymer containing alkene functionalities
were employed as matrix for the preparation of second-generation bio-inspired nanocomposite.
Through crosslinking both the CNC fillers and the polymer matrix, it is possible to access larger
wet mechanical contrasts upon crosslinking (E'sif/E'sor=ca. 20). Finally, the third-generation
nanocomposite was prepared based on carboxylic acid functionalized CNCs embedded into a
partially hydrolyzed poly(vinyl acetate-co-vinyl alcohol) matrix with covalent crosslinking formed
between the hydroxyl groups from both the CNC filler and polymer matrix. Owing to the strong
hydrophilic nature of the material which effectively decreases the modulus of soft uncrosslinked
materials (E'sont), the third-generation nanocomposites demonstrated a wet modulus contrast over

2 order of magnitude (E'sit/E'sor>400) upon swelling in water.
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Chapter 1. Introduction.

1.1 Cellulose

Cellulose, which is the most abundant biopolymer on earth with an annual production of ca. 75
billion tons, has been widely studied as renewable materials.'?> As a type of polysaccharide,
cellulose is mainly present in wood, cotton and other plant-based materials, although it can also be
found in sea animals (tunicate), marine plants (algae), and bacteria.*® The polymeric structure of
cellulose consists of repeating cellobiose of two anhydroglucose units (AGU) connected through
a covalent B-1,4-glycosidic bond between the C1 anomeric carbon and the C4 oxygen atom.” Every
second AGU ring is rotated at 180 degree in the plane as opposed to the adjacent AGU unit in
order to form a sterically stable structure.® The cellulose chain is also directionally asymmetric,
with a hemiacetal unit on one end of the chain (also called reducing end) and a pendant hydroxyl
group on the other end (also called non-reducing end) (Figure 1.1).” The hydroxyl groups on the
equatorial positions of the ring lead to the formation of strong intramolecular and intermolecular
hydron bonding interactions which effectively pack the cellulose chains into highly crystalline

structure that is no longer soluble in water and most other common solvents.’

Nonreducing end Cellobiose Reducing end

Figure 1.1 The chemical structure of cellulose.’



In nature, cellulose chains organize themselves into a multi-level fibrillar bundles with a
hierarchical structure, which consists of cellulose fibers (diameter 20-50 pm), microfibrils
(diameter 4-35 nm) and elementary fibrils (diameter 2-20 nm). The elementary fibrils are the basic
building blocks in plants and typically consists of 20-40 cellulose chains assembled into highly
ordered crystalline domains and disordered domains (also called amorphous domains).!%!! The
amorphous domains are distributed along the fibrils as a result of the dislocations of cellulose
chains which is known to cause distortion and twist of the fibrils.” While the crystalline domains
are resulting from tightly packed cellulose chains. The hydrogen-bonding network and molecular
orientation in cellulose varies widely with the source and isolation method.!? The crystal structures
in native cellulose, which is called cellulose I, are consisting of cellulose chains that are orientated
parallel to each other.!3 This is in contrast to cellulose II structure which exists in regenerated or
derivatized cellulose where an anti-parallel chain orientation is adopted.'* Cellulose I comprise
two polymorphs, namely cellulose Ia with triclinic unit cell and cellulose I with a monoclinic
unit cell.'”® Cellulose Io mainly exists in algae and bacteria,'®!® while cellulose I is dominant in
plant cell walls such as cotton and in tunicates.®

Natural cellulose has been used in the form of wood and plant fibers as energy source, building
materials and clothing for thousands of years.!” During the past 200 years, materials based on
cellulose and its derivatives have been industrialized in large scale and utilized in a wide range of
applications including food, coatings, films, membranes, pharmaceuticals.?’ Some of the most
widely known cellulose materials include celluloid (base on nitrocellulose, discovered in 1870),
cellophane (based on regenerated cellulose, discovered in 1900) as well as carboxymethyl

cellulose (used as food additives).



1.2 Cellulose nanomaterials

Cellulose nanomaterials (CNM), or nanocellulose (NC), refers to cellulose particles with at least
one dimension in the nanometer range (1-100 nm).?! Cellulose nanomaterials combine the
excellent properties of cellulose, such as high specific strength, low density, hydrophilicity and
available surface hydroxyl groups for functionalization, with specific properties of nanoscale
materials, such as high aspect ratio and high surface areas. Therefore, the use of cellulose
nanomaterials as building blocks in modern material design offers countless opportunities for the
development of high-performance materials.?'2> Besides, with the worldwide demands for
renewable and non-petroleum based materials, cellulose nanomaterials have received a
considerable amount of interests as a result of their availability, sustainability and
biodegradability.?6” Cellulose nanomaterials can be isolated from a wide range of bio-sources via
both top-down methods including chemical/physical/enzymatic process, as well as bottom-up
approaches using certain type of bacteria.?® Based on their dimensions and preparation methods,
cellulose nanomaterials can be classified into two major categories, cellulose nanocrystals (CNC)

and cellulose nanofibers (CNF).

1.2.1 Cellulose nanofibers (CNF)

Cellulose nanofibers (CNF) are flexible nano-scale fibers with a high aspect ratio, which contain
both crystalline and amorphous regions distributed along the long axis.?>*® CNF can be extract
from plant cell walls under mechanical treatments, including high-pressure homogenization,
grinding or high intensity ultrasonication which can break down the cellulose microfibrils into
individual nanofibers.’'> However, the isolation of CNF using pure mechanical treatment

requires significant amount of energy input and results in materials which still contains a lot of



aggregated fiber bundles. Therefore, different pretreatment methods are applied prior to the
mechanical disintegration to facilitate the isolation process, which includes chemical treatments
and enzymatic degradation.’®3” One of the most commonly used chemical treatments is 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation, which introduces negatively charged
carboxylate groups to the surface of the fibers to aid the delamination process.***° The resulting
nanofibers have a typical dimension between 3-20 nm in width, with lengths from hundreds of
nanometers to a few micrometers, and form a highly viscous suspension in water even at low solid
content (1-2 wt%) due to high aspect ratio and flexibility of the nanofibers (Figure 1.2).*° As such,
CNF has been investigated as rheological modifiers and can be potentially utilized in food,
cosmetic, pharmaceutical and mining industry.*' In the dry state, transparent films with high
mechanical integrity and excellent oxygen barrier properties can be prepared with pure CNF.#>-44
Besides, CNF can be used as reinforcing agent in polymer composites which significantly enhance

the mechanical properties of the materials. 27-2-3

Figure 1.2 TEM image of TEMPO oxidized cellulose nanofibers. Insert: typical aqueous
dispersion of the oxidized CNF. (Figure reproduced from ref*)



1.2.2 Cellulose nanocrystals (CNC)

Cellulose nanocrystals (CNC) are rod like nanoparticles, which are reminiscent of the crystalline
regions within the elementary nanofibrils of cellulose. In 1947, Nickerson and Habrle reported the
first hydrolysis of cellulose fibers using aqueous hydrochloric acid or sulfuric acid, where they
found out that the disordered intercrystalline regions appeared to be dissolved first as opposed to
the crystalline sections.*® This observation lead to the first successful isolation of the crystalline
particles as a colloid suspension by Ranby in 1949.47 The nanocrystals were later visualized by
electron microscope, and their crystal structure was confirmed by X-ray diffraction to be the same
as the cellulose fibers.*®*° Various types of aqueous inorganic acid have been utilized for the
hydrolysis of CNCs which yields nanocrystals with different surface functionalities. Nanocrystals
prepared by sulfuric acid hydrolysis display a good colloid dispersibility in water as a result of the
more negatively charged sulfate ester groups introduced onto the surface during hydrolysis.>°
Whereas hydrochloric acid®' or hydrobromic acid>? hydrolysis yields CNC with uncharged
surfaces and poor dispersibility in water. Phosphoric acid has also been used for the hydrolysis
reaction, and the resulting CNCs show a good dispersity in polar solvents due to the negative
charged phosphate groups, as well as a much higher thermal stability as compared to the sulfonated
CNCs.»

CNCs can be isolated from a wide range of biosources, including wood pulp,>* cotton,> ramie,®
sisal,” tunicates,® bacteria,>® etc. The dimension of the nanocrystals is approximately 5 to 25 nm
in cross-section, and hundreds of nanometers to microns in length, which varies widely depending

on the source that they are isolated from and the isolation methods.%%%!

For example, CNCs from
wood are 3-5 nm in width and 100-200 nm in length, while cotton CNCs are 5-10 nm in width and

100-300 in length. CNCs isolated from tunicates and bacteria are much longer, with a width of 10-



20 nm in length and 500-2000 nm in length for tunicate CNCs, and a width between 10-50 nm and
100 a length between 100-2000 nm for bacteria CNCs (Figure 1.3). The most important property
of the CNCs isolated from different sources is their aspect ratio (defined by the ratio of crystals

length and the width) which can affect the reinforcing potential in composite materials.

Figure 1.3 TEM images of CNCs isolated from a) bacteria,*® b) tunicate,' ¢) cotton®? and d) wood
(USDA Forest Lab, WI).

The main benefits attributed to CNCs are their high aspect ratio, low density, and high tensile
strength (with a theoretical predicted elastic modulus of about 150 GPa that is comparable to

steel).®* Therefore, the most significant efforts have been focused on the application of CNCs as



reinforcing materials in polymer nanocomposites to significantly improve the mechanical property

of the materials.®* ¢

By carefully tuning the functionalities on the surface for the nanocrystals,
their applications in catalyst, energy storage devices, membranes, Pickering emulsions and

biomedical materials have also been explored.6”-%3

1.3 Surface functionalization of Cellulose Nanocrystals

Due to the abundance of surface hydroxyl groups, chemical modifications have been carried out
to control the surface properties of the nanocrystals with the goal of increasing colloid stability,
improving compatibility between CNC and polymer in composite materials, or introducing
specific functionality for the development of functional materials. A wide range of chemistries
have been attempted, including oxidation, amidation, esterification, etherification, silylation,
polymer grafting, etc. Noncovalent functionalization, such as electrostatic interactions, absorption
of surfactants and polymers, have also been explored. The surface functionalization of CNCs have
been review extensively in several publications.?*%>’" The main challenge for the surface
functionalization of CNCs is to only react the surface hydroxyl groups without affecting the
integrity of the crystal structure. It should also be noted that the majority of the hydroxyl groups
on the cellulose chains are buried inside the crystals and do not participate in the surface

functionalization reaction.

1.3.1 Noncovalent functionalization
The first report of a noncovalent functionalization of CNC was done by Heux et al. who mixed
CNC aqueous suspension with surfactants containing alkylphenol tails.”' The surfactants were

shown to form a thin layer of 15 A at the surface of the CNCs, and the surfactant-modified CNCs



can be dispersed in nonpolar solvents.”!"?

Cationic surfactants are commonly used in literatures,
since the surface charges of CNCs are generally negative (after sulfuric acid hydrolysis or
TEMPO-mediated oxidation) so the positive charges from surfactants could form electrostatic
interaction with the CNCs.”>”7> Uncharged polymers were also shown to be able to selectively
absorb at the surface of CNCs.”®7° For example, Ben Azouz reported that adding CNCs to an
aqueous solution of polyethylene oxide (PEO) could decrease the viscosity of the suspension
which indicates there is an interaction between the PEO chains and the surface of the
nanocrystals.”” The PEO-coated CNCs were then used to reinforce low density polyethylene, and

the nanocomposites showed good dispersity of nanofillers as well as an improved thermal stability

compared to neat CNC-based nanocomposites.

1.3.2 TEMPO-mediated oxidation

Oxidation remains one of the most commonly used surface modification techniques which
introduces aldehyde or carboxylic acid groups.”®7%80 Two of the most widely performed
oxidation reactions on CNCs include periodate oxidation which cleaves C2-C3 bonds of glucose
rings and selectively oxidizes C-2 and C-3 vicinal hydroxyl groups into 2, 3-dialdehyde,?' and
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation which selectively oxidizes the
primary C6 hydroxyl groups into carboxylic acid groups.®?

TEMPO oxidation was first reported by Nooy et al.,®* the process generally required a catalytic
amount of stable nitroxyl racial (TEMPO) in the presence of sodium hypochlorite (NaOCl) and
sodium bromide (NaBr), at pH 10-11 where the reactions showed good selectivity for primary
alcohols (Figure 1.4).8% This process had been applied to CNCs isolated using HC1 hydrolysis by

Araki et al.,3* where negatively charged carboxylic acid groups can be introduced to the surface of



CNCs which increases the stability in aqueous suspension through electrostatic repulsion. Report
by Habibi et al. showed that the morphological integrity and crystallinity of the HCI hydrolyzed
tunicate CNCs were not affected by TEMPO oxidation reaction.®> The results in both works also
indicate that the degree of oxidation can be controlled by the concentration of primary oxidant,
NaOC]1.84# In addition to promoting the dispersibility of CNCs in water and other polar organic
solvent (DMF, DMSO, NMP), the surface carboxylic acid moieties also served as reactive sites

that can be used for further surface functionalization.®¢
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Figure 1.4 Schematics of TEMPO-mediated oxidation mechanism of primary alcohols.87
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1.3.3 Amidation

The carboxylic acid groups obtained after TEMPO oxidation allows subsequent coupling
reaction using amine derivatives to synthesis CNCs with new functionalities. The amidation
reaction involves the activation of the carboxylic acid group using a carbodiimide compound in
the presence of N-hydroxysuccinimide (NHS) through the formation of stable N-

hydroxysuccinimidyl ester intermediate, followed by reaction with primary amine to yield the final



product (Figure 1.5).%8 Araki et al. first reported the amidation reaction on TEMPO oxidized CNCs
with a primary amine terminated polyethylene glycol (PEG-NH:) using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) to
prepare PEG-grafted CNCs.®* Various amine derivatives such as hexylamine, ethylene diamine,
Jeffamine, amine terminated poly(oligo(ethylene glycol)monomethyl ether (meth)acrylates)
(POEG(M)A) were attached to the CNCs.®? It is worth pointing out that the carbodiimide-
mediated amidation can be carried both in water and in polar solvent such as DMF. It is reported
that the favorable pH range is 7.5-8.0 for the amidation reaction of CNCs in water, while the pH
is less important for reactions proceeded in DMF. Azzam et al. conducted amidation reactions of
TEMPO-oxidized cotton CNC with Jeffamine in both water and DMF, and reported that the
reaction is favored in DMF with a higher degree of coupling.®?> The result is believed to be a limited

competition between solvent and polymer with the surface of CNC in DMF compared to water.”?
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Figure 1.5 Mechanism for carbodiimide mediated amidation reaction.”®



Although the carbodiimide coupling agent is popular and effective, the carbodiimide-mediated
amidation reaction of CNCs is still suffering from a relatively low coupling efficiency and
difficulty in byproduct removal. Recently, a promising coupling agent, 4-(4,6-Dimethoxy-1,3,5-
triazin-2-yl)-4-methylmorpholinium chloride (DMTMM), has been reported as coupling agent for
the amidation reaction of alginate oligosaccharides (AOS) with amino acid.”* DMTMM was
shown to have a higher reactivity which lead to a higher coupling efficiency, the byproduct is also
fully soluble in water and easy to remove.’>*®* DMTMM can potentially be used for the amidation

reaction of CNCs to further improve the degree of amine coupling.

1.4 CNC stabilized Pickering emulsions
1.4.1 Pickering emulsions

An emulsion is a mixture of two immiscible liquids with one dispersed in another continuous
liquid phase that is usually stabilized by a surface active compound (surfactant). Conventional
surfactants are low molar mass molecules or polymers that contain a balance of both hydrophilic
and hydrophobic groups. The surface tension between the two liquid phase is decreased by the
surfactant so the emulsion can be stabilized without phase separation. A different class of
emulsions are the Pickering emulsions which are stabilized by solid colloid particles. Pickering
emulsion was discovered in the early 1900’s,””%® but the research on the subject only starts to
regain interest in the past two decades due to its excellent properties in food, pharmaceutical and

cosmetic applications.”’
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Figure 1.6 Schematic illustration of the effect of particles contact angle on the result emulsion.'®

Unlike traditional surfactants which have to be amphiphilic to absorb at the oil-water interface,
colloid particles in Pickering emulsion that have partial wettability in both immiscible liquid
phases will preferentially orientate at the interface.!?’'> The wettability at the solid/oil/water
interface is evaluated by the three-phase contact angle Qo (Figure 1.6).!9 Particles that have a
better affinity to the water phase will show a Bow lower than 90° when absorbed at the interface.
Therefore, the curvature of the interface will change such that the phase where the particles resides
(water) become continuous phase, which leads to an oil-in-water emulsion. On the other hand,
water-in-oil emulsion can be achieved using particle that have a better affinity to the oil phase
where the three-phase contact angle O,w is greater than 90°. The particles adsorption at the interface
tends to be irreversible as indicated by the relatively large energy (on the order of 10° kgT for a
100 nm particle) required to remove them from the interface.'®® Therefore, Pickering emulsion

demonstrate better stability against coalescence with the particle layer act as a mechanical barrier.

1.4.2 Pickering emulsions stabilized by unfunctionalized CNCs
Most of the work on particle stabilized emulsions are based on inorganic and organic spherical

particles.!%+1%> While emulsions are of great interests for their application in food, pharmaceuticals,
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and cosmetics, colloid particles derived from biomass, such as starch, chitin and cellulose-based
particles, are preferred. The first report of an emulsion stabilized with solid cellulose particles were
published by Oza and Frank, who showed that heavy mineral oil-in-water emulsions could be
stabilized with microcrystalline cellulose.!* Various microfibrillated cellulose (MFC) and bacteria

107

cellulose nanofibrils have been successfully used as emulsifiers.”’ However, these high aspect

ratio fibers do not efficiently pack the interface which leads to the formation of bigger emulsion

droplet sizes, and poor long term stability since a large portion of the interface are left unprotected.
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Figure 1.7 Schematic representation of a) the crystal planes of CNCs and b) the orientation of
CNCs at the oil/water interfaces. (Figure reproduced from ref!®® and ref!®)

Therefore, the shorter and well-defined cellulose nanoparticles are good potential candidates for
interfacial stabilization. Capron group has pioneered the work on using unmodified/sulfated CNCs
as solid stabilizers to access stable oil-in-water Pickering emulsions.!®-!!! Studies on the crystal
structures suggests that the CNCs are inherently amphiphilic with one of the crystal planes (200)
being more hydrophobic (on account of the axial C-H methine groups) and others being
hydrophilic.''? The Capron group suggests that the sulfated CNCs can be preferentially absorbed
at the interface with the (200) plane orientated towards the oil phase and stabilize the emulsion

though Pickering emulsion mechanism (Figure 1.7).!% This was further proved by a recent study
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using neutron scattering where they also found the nanocrystals have little-to-no change to the
interface.!!3 The result also implies that the wetting behavior at the interface tend to bend the rigid

crystals in order to accommodate the curvature of the droplet.

Figure 1.8 SEM images of polymerizes styrene-in-water emulsions stabilized by cotton CNC (a,
d), bacterial CNC (b, e), and Cladophora algae CNC (c, f) revealing the coverage variation as a
function of aspect ratio. (Figure reproduced from ref!'4)

The surface charge density of CNCs were also shown to significantly impact the stability of the
emulsions. CNCs with a surface charge density (sulfate half ester) above 0.03 e/nm? were not able
to stabilize the interface, presumably because higher charges will promote electrostatic repulsion
at the interface which destabilized the emulsions.'?” The Capron group also showed that the aspect
ratio of CNCs directly affects the coverage behavior of CNCs at the interface (Figure 1.8). Cotton
CNCs with lower aspect ratio could more densely pack the surface with a coverage of 84%, while
Cladophora CNCs with higher aspect ratio tend to span between droplets and only a minimum of

44% coverage is needed to access stable emulsions.'!!
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1.4.3 Pickering emulsions stabilized by functionalized CNCs

Owing to the strong hydrophilic nature of the cellulose nanocrystals, only oil-in-water emulsions
can be stabilized by unfunctionalized CNCs. However, the surface of the crystals can be
functionalized to increase the hydrophobicity which makes them suitable to stabilize water-in-oil
emulsions. Limousin et al. functionalized the surface of CNCs with long hydrophobic alkyl chains
using lauroyl chloride and showed that water-in-oil emulsion can be obtained as a result of the
increased hydrophobicity of the CNCs.!!> The functionalization can be done in a simple manner
by physical adsorption of surfactant molecules or polymers to alter the surface properties of the
CNCs. Saidane et al. mixed TEMPO oxidized CNCs with quaternary ammonium salts solution
and showed that the resulting noncovalently modified CNCs could be used to stabilized water-in-
oil emulsions.!'"® Cranston and co-workers have reported the use of surface active polymers
(hydroxyethyl cellulose, methyl cellulose) or cationic surfactants, didecyldimethylammonium
bromide (DMAB) and cetyltrimethylammonium (CTAB), to functionalized the CNCs.'!'”-!!8 They
reported these polymer or surfactant functionalized CNC can reduce the interfacial tension
between the oil and water phase as a result of the surface active molecules absorbed at the surface,

which resulted in an enhanced emulsion stability.

1.5 CNC based polymer nanocomposites

Polymer nanocomposites are multiphase system, where one of the phases has at least one
dimension less than 100 nm. Polymer nanocomposites usually consist of nanosized fillers
distributed into a polymer matrix. The properties of the polymer nanocomposites are noticeably
different from the matrix polymer, which can be affected by a number of factors, such as the

inherent properties of both the filler and the matrix, the size, shape, aspect ratio, and distribution
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of the filler, as well as the filler-filler and fill-matrix interactions.!'” On account of the high elastic
modulus, low density, high aspect ratio, high surface area, as well as available surface for further
functionalization, CNCs have been widely explored as filler materials to reinforce a number of
polymer matrices. Adding CNCs have been shown to dramatically alter the thermomechanical and
dynamic mechanical properties of the materials. The first report of using CNC as fillers to fabricate
polymer nanocomposites was performed by Favier et al., who mixed aqueous suspensions of
sulfuric acid-hydrolyzed tunicate CNCs with a commercial aqueous poly(styrene-co-butyl acrylate)
latex.'?® The resulting polymer nanocomposites demonstrated a significant enhancement in
mechanical properties, which is attributed to the formation of a percolating CNC filler network.
Much of the work to date has been extensively reviewed.'?!~!23 It is important to note that optimal
reinforcement requires the nanocrystals to be uniformly dispersed within the polymer matrix. It
remains a challenge to disperse unfunctionalized CNCs that are hydrophilic into some hydrophobic

polymers.

1.5.1 Bio-inspired stimuli-responsive mechanically dynamic nanocomposite

Polymer nanocomposites are frequently used by nature to create biological materials with a wide
range of exceptional properties. Adoption of nature’s design strategy allows for the development
of novel polymer nanocomposites that either mimic the excellent properties of the biological
materials or improve the performance of the current synthetic materials. The inner dermis of the
sea cucumber is an interesting example of a biological composites with stimuli-responsive
behavior.'?* The dermis of the sea cucumber transitions from a soft to stiff state within millisecond
when the animal is threatened (Figure 1.9). Several studies have shown that the defense mechanism

of the dermis is enable by a nanocomposite structure consisting of rigid, high-aspect ratio collagen
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fibrils embedded into a low modulus fibrillin matrix. The sea cucumber releases glycipriteins when
threatened, which chemically crosslink the rigid collagen fibrils and form a percolating network

to reinforce its soft matrix. The process is fully reversible through proteinases.

Figure 1.9 Photos of sea cucumber in the a) relaxed and b) stiff state.!'?>

Inspired by the stimuli-responsive behavior of the sea cucumber dermis, Capadona et al. reported
the preparation of the first synthetic polymer nanocomposite that mimic the mechanically
switchable behavior by embedding rigid tunicate CNCs into a soft EO-EPI
(ethyleneoxide/epichlorohydrin) copolymer matrix.'? In the dry state, the strong hydron-bonding
interaction between the CNC fillers (may also aid by CNC-matrix interactions) lead to the
formation of a reinforcing, percolating network, resulting in stiff materials. Dynamic mechanical
analysis (DMA) results demonstrated an increase in the tensile storage modulus as the volume
fraction of CNCs increased (Figure 1.10). The data fits nicely with the percolation model, which
is used to predict the storage modulus of the nanocomposites, assuming strong interactions
between the rigid fillers.'?® The result is consistent with the formation of rigid filler networks.
Exposing the nanocomposite to water will lead to a mechanical softening of the materials, on
account of the disengagement of the CNC interactions (and presumably also reduction of CNC-

matrix interactions) via competitive hydrogen bonding between the CNCs and water molecules.
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As aresult, the modulus decreases from ca. 800 MPa to 20 MPa for 19 vol.% CNC nanocomposites.
The modulus of the wet films fit to the Halpon-Kardos model,'?” which is used to describe the
modulus of nanocomposites in which the filler is homogeneously dispersed but do not display

filler-filler interactions. Using the same design strategy, Rowan and co-workers have fabricated

mechanically dynamic nanocomposites using a wide range of polymer matrices.!?8-130

10° 4 B Dry nanocomposites (never swollen) ﬁ
O Swollen with deionized water

O Swollen with deionized water and dried
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Figure 1.10 Tensile storage moduli (E’) versus volume fraction of CNC filler in EO-EPI
nanocomposites in the dry and wet state. Dry state data was fit to the Percolation model (solid line)
and wet state data was fit to the Halpin-Kardos model (dotted line).!?

1.5.2 Bio-inspired water-enhance mechanical gradient nanocomposite

The squid beak is another interesting natural nanocomposite which displays a water-enhanced
mechanical gradient property that bridges between the stiff tip of the beak (rostrum) to the squid’s
soft muscle tissues (buccal) (Figure 1.11).13! In order to protect the soft buccal tissue (elastic

modulus 50 MPa) from damaging by the high interfacial stresses generated at the stiff rostrum
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(elastic modulus 5 GPa) during feeding, a mechanical gradient that spans two orders of magnitude
in stiffness is required. Research performed by Waite, Zok, Miserez and coworkers have shown
that the squid beak is consist of chitin, proteins and water.!*!"!*2 The excellent mechanical gradient
property of the beak is achieved by varying the degree of covalent crosslinking within the protein

matrix and the degree of hydration along the structure.!33:134
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Figure 1.11 Photos of a dissected beak embedded within its soft buccal mass (left) and a lower
beak (right).'3*

Fox et al. have reported the preparation of polymer nanocomposites that mimic the water-
enhanced mechanical gradient property of the squid beak biomodel.'*> By embedding allyl-
functionalized tunicate CNCs into a polyvinyl acetate matrix along with a tetra thiol crosslinker
(pentaerythritol tetrakis(3-mercaptopropionate), PETMP) and photoinitiator, the CNC fillers can
be covalent crosslinked via photo-induced thiol-ene chemistry. The amount of UV exposure can
be used to control the degree of crosslinking which allows access to materials with tunable
mechanical properties. In the dry state, the original hydrogen bonding interactions between the

CNC fillers can be augmented with covalent crosslinks which results in a slight increase in storage
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modulus. However, in the wet state, the covalent crosslinks between CNCs will be permanently
“switch-on” and as such can greatly reduce the mechanical softening effect of the nanocomposites.
As a result, films with a storage modulus of over 100 MPa in the wet state can be achieved, as
compared to ca. 30 MPa for unexposed composites that only contain noncovalent interactions
which can be easily disrupted by the presence of water. By carefully controlling the UV exposure
along the composite films, materials with a gradient in stiffness can be achieved (Figure 1.12).
These materials can be potentially used in biomedical applications where a stiff therapeutic implant

device is in immediate contact with soft biological tissues, such as intracortical microelectrodes.

Stiff

Figure 1.12 Photos of wet nanocomposite samples twisted by half turn. Top: gradient exposed film.
Bottom: uniform crosslinked film.!*3

1.6 Dissertation Scope

The aim of this dissertation is to incorporate surface functionalized CNCs into different polymer
matrices and investigate the relationship between the CNC surface functionalities and the
macroscopic material properties of the nanocomposites.

Chapter 2 will focus on CNCs functionalized with alkylamines of different alkyl chain length to
increase the hydrophobicity. The resulting alkyl-functionalized CNCs have been investigated as

solid particle surfactants to stabilize oil-in-water emulsion. The relationship between the
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hydrophobic/hydrophilic properties of the CNCs and the stability and size of the emulsion is
investigated.

Chapter 3 will focus on the properties of the latex nanocomposites fabricated by polymer latex
nanoparticles stabilized with hydrophobically functionalized CNCs. The thermomechanical
properties and microstructures of the films are studied and related to the type and amount of
stabilizers as well as the processing conditions.

Chapter 4 will focus on the effect of processing conditions on the mechanical properties of bio-
inspired nanocomposite based on allyl-functionalized CNCs embedded into polyvinyl acetate
matrix. The effects of UV crosslinking conditions, films processing conditions as well as film
thickness on final mechanical properties of the films are studied.

Chapter 5 will focus on the mechanical properties of the nanocomposites fabricated by alkene-
containing polymer, poly(vinyl acetate-co-vinyl pentenoate), with either carboxylic- or ally-
functionalized CNCs. The effect of the placement of the covalent crosslinks (i.e. within matrix
only or also between the matrix and filler) on the wet mechanical properties of the films are
evaluated.

Chapter 6 will focus on the preparation of bio-inspired nanocomposites based on carboxylic acid
functionalized CNCs and partially hydrolyzed poly(vinyl acetate-co-vinyl alcohol) matrix. The
effect of UV initiated covalent crosslinking between the hydroxyl groups on the wet mechanical

properties as well as the water swelling behavior of the films are investigated.
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Chapter 2. Nano-emulsions and Nano-latexes Stabilized by Hydrophobically

Functionalized Cellulose Nanocrystals.”

2.1 Abstract

Carboxylic acid cellulose nanocrystals (CNC-COOHs) that have been covalently functionalized
(via peptide coupling chemistry) with a range of different hydrophobic groups have been
investigated as nanoparticle surfactants to stabilize styrene-in-water nanoemulsions. It is shown
that the size and stability of these nanoemulsions depend on both the amount of surface carboxylic
acid groups as well as the amount and type of hydrophobic alkyl groups on the CNC surface. Two
different biosources for the CNCs, microcrystalline cellulose (MCC) and Miscanthus x. Giganteus
(MxQ), were investigated to see the effect that the CNC aspect ratio has on these nanoemulsions.
Stable oil-in-water (o/w) Pickering emulsions with particle diameters of only a few hundred
nanometers can be accessed using these hydrophobic functionalized CNCs, and the resulting
emulsion can be further polymerized to access nanometer sized latexes. The
hydrophobic/hydrophilic balance of the functionalized CNCs was found to be critical to lower the
interfacial tension between oil and water, allowed access to stable emulsions with droplet
diameters < 1 um. The ability to stabilized nano-sized emulsions and latexes extends the potential
of CNCs as green surfactants for numerous technological applications, such as food, cosmetics,

drug delivery systems and coatings.

* This chapter is adapted from: Zhang, Y.; Karimkhani, V.; Makowski, B. T.; Samaranayake, G.; Rowan, S. J.
Macromolecules 2017, 50 (16), 6032—6042
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2.2 Introduction

An emulsion is a mixture of two immiscible liquids with one liquid dispersed in another, that is
usually stabilize by a surface-active compound (surfactant). Conventional surfactants are small
molecules or polymers that contain a balance of both hydrophilic and hydrophobic groups. A
different class of emulsions are the Pickering emulsions in which solid colloidal particles are the
surface-active stabilizer.!> Studies have shown that if the solid nanoparticles have partial
wettability in both phases, they will preferentially assemble at the interface to form a (densely)
packed particle layer. The particle adsorption at the interface tends to be irreversible and as such
the resulting Pickering emulsions can show enhanced stability against coalescence and require a
reduced amount of the stabilizer.>~> Various inorganic and organic materials have been utilized to
access stable Pickering emulsions, including silica,® Laponite,” calcium carbonate,® carbon
nanotubes,” polystyrene latex,'® polymeric microgel particles,'' and cellulose nanocrystals.!?
Emulsions are of great interests for their application in food, pharmaceuticals, cosmetics and
coatings, and a lot of effort has been made to develop environmental friendly, biobased-materials
in particular for these applications.!>'> As such, cellulose-based particles are good potential
candidates on account of their sustainability, nontoxicity and biodegradability.'®

Cellulose is the most abundant biopolymer on earth, and it can be isolated from a variety of
different plant and animal sources, such as wood, cotton, bacteria, tunicate, etc.'” It occurs
naturally as fiber bundles which contain highly ordered crystalline regions connected by less
ordered regions. Through selective mechanical and chemical processing it is possible to obtain a
range of different types of micron and nano-sized cellulose particles, including microcrystalline
cellulose, microfibrillated cellulose, nanofibrillated cellulose, cellulose nanofibers and cellulose

nanocrystals.'® The first study on using a solid cellulose particle as a surfactant was reported by
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Oza and Frank, who showed that heavy mineral oil-in-water emulsions could be stabilized by food
grade microcrystalline cellulose.'® Other types of cellulose particles have also been investigated,
such as microfibrillated cellulose (MFC) and bacteria cellulose nanofibrils.?’ As a consequence of
the hydrophilic nature of the cellulose materials, only oil-in-water emulsions can be stabilized by
unmodified cellulose, therefore studies on hydrophobic modification of cellulose have been carried
out in order to access water-in-oil emulsion. Studies involving silylation of cellulose fibrils,?!->*
esterification of bacteria cellulose nanofibrils,>* acetylation of cellulose nanofibrils,?
carboxymethylation of cellulose fibers,?® and cellulose nanofibrils modified with octadecylamine
and poly(styrene-co-maleic anhydride).?’” One feature of all these cellulose particles is the long
length of the fibers, which can limit their ability to efficiently pack at the droplet surface, resulting
in the formation of bigger emulsion droplet sizes (in the range from 10-500 pm), hindering their
utility for some applications.

Conceptually, in order to better pack at the droplet surface, cellulose particles should be prepared
in shorter and more uniform size. It is known that acid hydrolysis of cellulose fibers will selectively
dissolve the less ordered/amorphous regions and leave only highly crystalline particles known as
the cellulose nanocrystals (CNC). CNCs are rod-like crystals, which have a rough dimension of 5
to 25 nm in cross-section, and hundred nanometers to microns in length, depending on the
biosource it is isolated from.?® In some very elegant work the Capron group have studied the ability
of using unmodified/sulfated CNCs as the surface-active particle to access stable o/w Pickering
emulsions.!>?73! Studies on crystal structures of CNCs have shown that after the acid hydrolysis
process they are inherently amphiphilic with one of the crystal faces (200) being hydrophobic (on
account of the axial C-H of the six-membered ring) and the other crystal faces being

hydrophilic.??*3 The Capron group suggest that sulfated CNCs can be preferentially absorbed at
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the o/w interface and as such can stabilize oil-in-water microemulsions, presumably with the
hydrophobic 200 edge orientated towards the oil phase.’* They also showed that the surface
(sulfate half ester) charge density significantly affects the stability of the emulsion, presumably
because higher charges on the CNC surface will cause electrostatic repulsion between neighboring
CNCs, destabilizing the interface. In a separate study using CNCs with different aspect ratios, the
Capron group showed that the CNCs with lower aspect ratio (cotton CNCs) could more densely
pack the surface with an estimate coverage of 84%, while higher aspect ratio Cladophora CNCs
tended to span between different emulsion droplets and only a minimum of approximately 44%
coverage is needed to access stable emulsions.?” However, it is important to note that the smallest
emulsion diameters reported in this work is around 4 um, irrespective of the aspect ratio and
surface charge density of the CNC used.

The use of chemically modified CNCs to stabilize emulsions has also been studied, and by
introducing different functionalities to the surface of CNCs, the properties of emulsions can be
adjusted. Capron and co-workers functionalized CNC with lauroyl chloride to introduce relatively
long hydrophobic alkyl chains, and showed that instead of accessing o/w emulsions, that w/o
emulsions could be obtained as a result of the increased hydrophobicity of the CNCs, and a o/w/o
double emulsion could also be formed by combing the modified and unmodified CNCs.?’ In other
work published by the Capron group, TEMPO oxidation of the CNCs to access carboxylic acid
functionalized CNCs followed by mixing with stearyltrimethylammonium chloride surfactant
solution showed that the resulting non-covalently modified CNCs could be used to access stable
w/0 micron-sized emulsions.?® Rojas and co-workers functionalized the CNCs with the thermally
responsive polymer, poly(N-isopropylacrylamide) (PNIPAM), and showed that the micron-sized

o/w emulsions (40 um) stabilized by PNIPAM-g-CNCs exhibited a temperature responsive
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behavior; the emulsions where destabilized when the temperature was raised above the lower
critical solution temperature (LCST) of PNIPAM.?’ In related work Tam and co-workers, used
poly[2-(dimethylamine) ethyl methacrylate] (PDMAEMA) grafted CNCs to allow access to o/w
emulsions, with droplet size between 8 to 20 um, that are responsive to both pH and temperature.®
Cranston and co-workers have used physical adsorption of surface active water soluble polymers
(hydroxyethyl cellulose, methyl cellulose) or commercial low molecular weight cationic
surfactants didecyldimethylammonium bromide (DMAB) and cetyltrimethylammonium bromide
(CTAB) to modify the CNCs, and showed that the interfacial tension could be significantly
reduced by these non-covalently modified CNCs with the help of either the hydrophobic part of
the surfactant or the surface active polymers, which leads to an enhanced emulsion stability.34°
As a result, droplet sizes as small as 1.9 um was obtained for dodecane-in-water emulsions
stabilized by the CNC-methyl cellulose system, and a double phase inversion from o/w to w/o and
then back to o/w was observed for the CNC-DMAB system with increasing concentration of
DMAB. In other work, Fe;04 modified CNCs were prepared by heating a CNC solution with iron
chloride, and the resulting CNCs were shown to stabilize palm olein-in-water emulsions with
droplet sizes ranging from 11.9 pm to 109 um, depending on the pH of the environment.*' Lingyu
and co-workers also modified the oxidized cellulose nanocrystals surface with
phenyltrimethylammonium chloride through electrostatic interactions, and these charged
surfactant modified CNCs can stabilize hexadecane-in-water emulsions with droplet diameters of
ca. 2.4 um.*

A critical factor in numerous applications of emulsions and latexes is the resulting particle size.
In fact, nanoemulsions with size in the 20-500 nm range offer unique properties and open the door

to different applications, compared to microemulsions.*** O/W nanoemulsions have been utilized
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in the food industry, where a reduction in droplet size has been shown to enhance the
bioavailability of the encapsulated flavor/ingredients during digestion.*> Furthermore, researchers
have also shown that nanoemulsions can serve as a more efficient delivery vehicle for hydrophobic
drugs on account of their small sizes.***” In cosmetic products, nanosized emulsion droplets have
been shown to facilitate absorption through the skin.*® In addition, nanosized emulsion droplets
can be polymerized (mini-emulsion polymerization) and utilized as building blocks for polymer
synthesis and nanoparticle fabrication.*® The prior work (vide supra) has shown that it is possible
to access particle sizes only above 1 pm using CNCs as the only droplet stabilizing agent. There
are reports of nanosized emulsions that contain CNCs but in all cases additional low molecular
weight surfactant (such as sodium dodecylsulfate, SDS) is employed.’®3! A key aspect in
determining the droplet size of an emulsion is the design of the particle stabilizer which should
exhibit good wettability at the interface, i.e. both surface active and amphiphilic.>? Such systems
have been investigated using Janus particles (JPs), which possess two different polarity sides.>
Binks et. al. proposed that the desorption energies increase three times compared to homogeneous
particles, when the amphiphilicity of a JP is optimized, resulting in a better wettability at the
interface.>* The use of JPs to stabilize emulsions has been reported, including w/o emulsions
stabilized by gold/iron oxide JP,> amphiphilic silica JP,’® and o/w emulsions stabilized by PLGA
JP,>7 and PS-PMMA JP.%® The experiments show that amphiphilic JPs can lower the interfacial
tension between the two immiscible phases and result in a higher emulsion stabilization. The goal
of this work is to see if changing the CNC hydrophobic/hydrophilic balance by covalent surface
functionalization of the hydrophilic faces of the CNC particles would allow access to emulsions

and latexes with particle diameters <500 nm.
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2.3 Experimental Section

Materials

Microcrystalline cellulose (MCC) (trade name: Lattice® NT) was received from FMC
Corporation (Newark, DE). Miscanthus x. Giganteus (MxG) stalks were donated by Aloterra
Energy LLC (Conneaut, OH). Styrene monomer was purified by passing through a basic alumina
packed column to remove the 4-tert-butylcatechol inhibitor. NaOCl was received from Alfa Aesar
with 14.5% available chlorine. All other reagents were purchased from Sigma-Aldrich and used

as received.

Synthesis of mCNC-COOH via TEMPO oxidation of MCC

TEMPO oxidation was carried out following the previous published procedure with minor
modifications.’® 5 g of MCC was stirred in 250 mL of DI water overnight and then ultrasonicated
for 4 hrs in an ice bath using a Q500 QSonica Ultrasonic Processor at 40% amplitude. The MCC
suspension was then diluted by adding an additional 250 mL DI water and transferred to a 3-neck
flask equipped with an overhead stirrer. TEMPO (4 g, 25.6 mmol), NaBr (40 g, 388.7 mmol) and
NaOCl (30 g, 403 mmol) were added into the solution while stirring, and an additional NaOCl (10
g, 134.3 mmol) was added in order to maintain the pH at 10-11. The pH of the solution was
monitored, and 10 M NaOH solution was added to keep the pH above 10. The reaction was finished
when the pH did not change during a 15-minute period, and 25 mL of methanol was then added to
eliminate the residual NaOCI. The final CNCs aqueous dispersion was centrifuged and the
supernatant, which contains the water-soluble oxidized CNCs, was precipitated in excess methanol
and centrifuged again to yield the mCNC-COOH as a white precipitate. The product was further

washed with methanol and DI water using successive centrifugation before being dialyzed against
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DI water for 2 days. The oxidized CNCs were recovered (yield 60%) through lyophilization for 4

days using a VirTis benchtop K lyophilizer.

Isolation and oxidation of MxG-CNCs

MxG-CNC-OH was isolated from Miscanthus x. Giganteus stalks and hydrolyzed using
hydrochloric acid according to previously published methods.®® TEMPO oxidation was performed
using the same procedure in the literature to yield MxG-CNC-COOH. The yield for HCI hydrolysis

and TEMPO oxidation of MxG are 85% and 90%, respectively.

Conductometric titration

The amount of surface carboxylic groups was determined through conductomeric titrations for
all the functionalized CNCs. In a typical titration experiment, between 25-50 mg of either CNC-
COOH or CNC-alkyl-COOH was dispersed in 80 ml of DI water via overnight sonication in a
Branson CPX sonication bath. Then 15 pL of concentrated (33%) HCI1 was added under stirring to
drop the pH of the dispersion below 3 and the titration was performed using 0.01 M NaOH solution
under a Accumet XL benchtop pH/conductivity meter (Fisher Scientific). The conductivity was
plotted against the volume of NaOH consumed, and the difference in NaOH volume between the
start and the end of the plateau region was determined from where the trend lines intersect, which
represents the volume of NaOH used to neutralize the carboxylic acid groups. The results can be

calculated using the following equation:

Carboxylic acid density (m}:;"l) — AVXCnaon 1)

m

where AV is the difference in NaOH volume for the plateau region, Cy.own is the concentration

of NaOH and m is the mass of the CNCs used in the titration.
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Functionalization of CNCs with alkyl groups

The oxidized CNC-COOH were reacted with different alkyl amines (propylamine, n-butylamine,
amylamine, hexylamine and heptylamine) using the previously published related peptide coupling
methods with a few slight modifications.®'~% Sample procedure for the synthesis of mCNC-hexy!-
COOH: mCNC-COOHszo (200 mg, 0.104 mmol of carboxylic acid moieties) was dispersed in
DMF via overnight sonication. 1-Ethyl-3-(3-(dimethylamino)propyl) carbodiimide hydrochloride
(EDC) (299.0 mg, 1.56 mmol, 15 equiv.) was added and the reaction was allowed to stir for 5 min.
Then N-hydroxysuccinimide (NHS) (179.7 mg, 1.56 mmol, 15 equiv.) was added and the reaction
was stirred for a further 30 min. Hexylamine (210.8 mg, 2.08 mmol, 20 equiv.) was then slowly
added and the reaction was allowed to stir at room temperature for 16 hrs. The reaction mixture
was precipitate in excess methanol and then centrifuged. The residual was washed with methanol
(three times) and DI water (three times) under successive centrifuge, dialyzed against DI water
and finally lyophilized to yield mCNC-hexyl-COOH. The sample was titrated again to determine
the residual amount of carboxylic acid groups, and the amount of hexyl groups was calculated by
the difference in the number of carboxylic acid before and after the reaction. Same reaction

procedure was adopted for the synthesis of the other alkyl amine functionalized CNCs.

Transmission electron microscopy (TEM)

All the CNC samples for TEM measurement were dispersed in water at a concentration of 1
mg/mL. About 10 pLL of CNC sample was drop cast on an ultrathin holey carbon coated copper
grid, and stained with 2wt% uranyl acetate solution. The stained sample was allowed to dry in

vacuum oven overnight and imaged using a FEI Technai F30 TEM.
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Emulsion preparation

mCNCs and MxG-CNCs with different surface functional groups were dispersed in water at the
desired concentrations via ultrasonication prior to making the emulsions and used as the aqueous
phase. 3.5 g of styrene monomer was added as the oil phase to 6.5 g of the CNC aqueous dispersion,
to make an oil/water ratio of 35/65, and the mixture was shaken by hand before being
ultrasonicated (using a QSonica Q500 ultrasonicator equipped with a 12.7 mm probe) for 60 s
under pulse mode (3 s on, 3 s off), at 40% amplitude by positioning the tip 2 mm below the surface.
The average droplet size was measured by dynamic light scattering (DLS) using either a
Brookhaven 90 plus particle size analyzer ora WYATT Mobiiis DLS detector. To make the sample
for DLS, 40 pL of emulsions sample was diluted in 3 mL of 0.1wt% SDS aqueous solution to
prevent agglomeration. The use of SDS has been reported to facilitate the measurement of
individual particles without changing the average diameter, since the SDS was added after the

emulsion or latex was formed.?°

Latex particles preparation

10 g of styrene-in-water emulsion with 35/65 ratio was ultrasonicated first and purged with
nitrogen for 10 min, and then immediately sealed and stirred in an oil bath set at 40 °C. Ammonium
persulfate (11.41 mg, 0.0625 mmol), sodium metabisulfide (23.86 mg, 0.125 mmol) were
dissolved in 0.5 mL of water, and added into the emulsion dropwise as initiators. The
polymerization was carried out at 40 °C for 2 hrs and then the temperature was ramped up to 65 °C
and left for another hour. After polymerization, the reaction was allowed to cool down to room

temperature. 40 uL of the resulting polystyrene particle suspension was diluted in 3 mL of 0.1wt%
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SDS aqueous solution, and drop cast on carbon tape for scanning electron microscopy (SEM)
measurement. The sample was sputter coated with 5 nm of Pd/Pt, and then characterized using a

Zeiss Merlin SEM at 5 kV acceleration voltage.

Interfacial tension measurement

The interfacial tension between the CNC aqueous phase and styrene phase was measured with
a Kruss DSA15 drop shape analyzer using the pendant drop method.® 3 mL of neat styrene was
added into a quartz cuvette, then a pendant drop (10 puL) of the CNC aqueous dispersion at
10mg/mL was formed at the end of a needle that was immersed into the styrene. The oil/water
interface was allowed to equilibrate for 20 min, and the interfacial tension data then calculated by

fitting the shape of the droplet using the Young-Laplace model.

2.4 Result and Discussions
2.4.1 Isolation and functionalization of the Cellulose Nanocrystals
Two types of CNCs with different aspect ratios were isolated and oxidized in order to study
how aspect ratio as well as surface functionalization impacts the size and stability of the resulting
oil-in-water (O/W) CNC Pickering emulsions. Microcrystalline cellulose (MCC) is partially
depolymerized cellulose synthesized from an alpha-cellulose precursor, and the raw MCC is a
white dry powder consisting of large agglomerates ranging from 5-80 um. Mechanical treatment
(ultrasonication) followed by TEMPO oxidation, to introduced charged carboxylate groups to the
surface (Scheme 2.1), was carried out to access the cellulose nanocrystals (mCNC-COOH). The
dimensions of the crystals were measured using AFM height images, and found to have an

average size of 100 nm in length, 5.3 nm in height and therefore an aspect ratio of ca. 19 (

43



Figure A2.1). Conductometric titrations on these carboxylic acid functionalized CNCs show a —
COOH density of 520 mmol/kg (mCNC-COOHs20, the functional group density in mmol/kg is

shown in subscript).

OH OH
H OoH
HO, 5 o O 4Ho o) O o
w0 0 HO o O HO ~
OH OH OH OH

TEMPO,
NaBr, RT
NaOCI | water

EDC,
R=(CH,),CHg; n=2-6 NHS, | RT 16h
R-NH,

OH OH
OH OH
HO O oHO o]
HO,C oy O o
NH
R
Scheme 2.1 Chemistry used to access the functionalized CNCs.

Recently, we have reported a procedure to isolate CNCs from Miscanthus x. Giganteus (MxQG)
stalks in good yield.®® MxG is a fast growing, non-invasive plant which is a potential
commercially-viable biosource for producing CNCs in large quantities at relatively low cost. Of
interest for this study is that MxG-CNCs have a higher aspect ratio than mCNCs. These MxG-
CNCs were converted into carboxylic acid CNCs (MxG-CNC-COOH) through standard TEMPO
oxidation procedures (Error! Reference source not found.). The size of the MxG-CNC-

COOHs used in this study were estimated from AFM images (
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Figure A2.1c), to be around 300 nm in length, and an average 3.4 nm in height (Note: SANS
data suggests that MxG-CNC have a more rectangular/ribbon-like cross section with a width of
8.5 nm and height of 2.8 nm), it is possible that the wider edge of the crystals are in contact with
the mica substrate and as such the height measured by AFM is the size of the shorter edge.
Conductometric titrations showed that these CNCs have a surface carboxylic acid density of 920

mmol/kg (MxG-CNC-COOHoy).

Figure 2.1 TEM images of a) mCNC-COOHsz, b) MxG-CNC-COOHjgo, ¢) mCNC-hexyls2o-
COOH209 and d) MxG-CNC-hexyls11-COOHjs9.

With the goal of tailoring the hydrophobicity of the CNCs the CNC-COOHs were
functionalized with different alkyl amines using standard peptide coupling chemistry (Scheme
2.1). The amount of hydrophobic alkyl groups attached was then calculated by the difference

between the amount of carboxylic acid groups before and after functionalization, as measured via

45



conductometric titration. TEM and AFM characterization of the functionalized mCNC-alkylx-
COOHy and MxG-CNC-alkylx-COOHy (Figure 2.1c and d,

Figure A2.1b and c¢) show that approximate length of both the CNCs remain unchanged after the
reaction, although some of the crystals appear to be thicker which maybe on account of reduced
water dispersibility. As such the coupling reaction does not significantly change the dimensions of
the crystals and the modified CNCs are still hydrophilic enough to be dispersible in water as
primarily individual crystals. In fact, the modified CNCs were stable in aqueous suspension at least
for several days without any visible precipitation. Table 2.1 summarizes the samples prepared
using the different alkyl amines (n =2-6, Error! Reference source not found.). The subscripts x
and y refer to the density of those functional groups in mmol/kg (based on the amount of -COOH
measured by conductometric titrations). To further prove that the alkyl amines were covalently
attached to the surface of the CNCs, a Kaiser test was performed on all the functionalized CNC
(detailed procedure in the supporting information). The Kaiser test is a widely-utilized technique
that is very sensitive to the presence of primary amines; if primary amines are present in a sample
the test solution will turn blue.® The results for all the functionalized CNCs show no color change
(e.g. Figure A2.2a). For comparison, hexyl amine was mixed with 1 wt.% dispersion of both
mCNC-COOHs;0 and MxG-CNC-COOHjgyo in water at a level that would be the equivalent to 20
mmol/kg w.r.t. the CNCs (i.e. about 10% of what is measured to be covalently attached to the
mCNCs). Kaiser test of these mixed samples showed a blue color (Figure A2.2b), confirming that
this method is able to detect free alkyl amines in the presence of the CNC-COOHs and confirming
that there is little-to-no non-covalently attached alkyl amines present in the modified CNCs.

The degree of crystallinity of the oxidized CNCs as well as the hydrophobic functionalized

CNCs were also measured and the X-ray diffraction patterns are shown in the supporting
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information (Figure A2.3). The percent crystallinity was calculated using the amorphous
subtraction method.®® For mCNCs, the percent crystallinity dropped from 78% for mCNC-
COOHs20 to 73% for mCNC-hexyls20-COOH200, while the MxG-CNC samples have almost the
same percent crystallinity before (83% for MxG-CNC-COOHo,0) and after functionalization (82%
for MxG-CNC-hexyls11-COOHsg9). The results also confirm that the oxidation and hydrophobic

functionalization do not significantly change the crystalline nature of the materials.

Table 2.1 Summary of the hydrophobic functionalized CNC samples

Sample Original Residual Alkyl group Ratio of
COOH density COOH density CH»/CHj3 to
(mmol/kg) density (mmol/kg) COOH
(mmol/kg)

mCNC-propylass-COOHaso 520 230 290 3.78
mCNC-butylzgo-COOHi79 520 170 380 8.94
mCNC-amylz00-COOHzz0 520 220 300 6.82
mMCNC-hexyls20-COOHao0 520 200 320 9.6

mCNC-heptyls1s-COOHos 520 205 315 10.76
mCNC-butyl309-COOH3i; 620 311 309 3.97
MxG-CNC-hexylsss-COOH33s 790 335 455 8.15

MxG-CNC-propylzsi-COOHs3o 920 539 381 2.12
MxG-CNC-butylsso-COOHa47, 920 471 449 3.81

MxG-CNC-amylss-COOHyoz 920 492 428 4.35

MxG-CNC-amyles7-COOHz63 920 263 657 12.49
MxG-CNC-hexyls11-COOHso 920 509 411 4.84
MxG-CNC-heptylszs-COOHass 920 485 435 6.28
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Oil Phase: Sonication
Styrene ©/\ ——)

Water Phase:
MCNC or MxG-CNC

Figure 2.2 Schematic representation of the styrene-in-water emulsion stabilizing process using
modified mCNCs or MxG-CNCs as the surfactant.

2.4.2 Oil-in-water emulsions stabilized by CNC-COOH

Most of the literature reports using CNCs to access stable o/w Pickering emulsions employ
sulfated CNCs, which have half ester sulfate groups on the CNC surface. Thus, initial experiments
were carried out to see if the carboxylic acid CNC (mCNC-COOHsz0 or MxG-CNC-COOHg20)
would allow access to stable emulsions. For all the emulsions studied here, styrene is employed as
the oil component, and the aqueous component consists of either mCNC-COOHs29 or MxG-CNC-
COOHgyo dispersed in DI water at the desired concentrations (supporting information). After
mixing the styrene and the CNC aqueous dispersion at a 35/65 ratio the emulsions were
ultrasonicated. Figure 2.3a and ¢ shows pictures of the o/w emulsions stabilized by mCNC-
COOHs,0 and MxG-CNC-COQOHojg», respectively at concentrations ranging from 0.5 mg/mL to 15
mg/mL and show that with these CNC-COOHs stable o/w emulsions are formed at all the

concentrations.
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The average diameter of the emulsion droplets was then determined by Dynamic Light
Scattering (DLS) and the results are plotted against the concentration of CNC-COOH dispersed in
the aqueous phase in Figure 2.4. For the o/w emulsions stabilized by both mCNC-COOHs» or
MxG-CNC-COOHg»o, the average diameters decrease as the concentration of CNCs in the aqueous
phase is increased until it reaches a plateau value of around 3.5 pm at 7.5 mg/mL for mCNC-
COOHsz0 and 10 mg/mL for MxG-CNC-COOHgo. These size limitations are in accordance with
the results that Capron and coworkers found for the sulfated CNCs, which they assumed is related
to the characteristic of CNCs based on the limited coalescence theory,Frror! Bookmark not defined. J¢ jg
worthwhile noting that at the same concentration, the size of the emulsion droplets stabilized by
mCNC-COOHsy is smaller (especially at lower concentrations) than the droplets stabilized by
MxG-CNC-COOHg»o. Previous studies have proposed that different crystal dimensions have no
impact on the bending capacities of the crystals at the interface, but the higher aspect ratio of MxG-
CNC-COOHog, as well as the enhanced electrostatic repulsion on account of the higher COOH
density, may make it more difficult for them to pack efficiently at the droplet interface, resulting
in lower coverage than the mCNC-COOQOH sy¢s, Frror! Bookmark not defined. \[oregver, the high density of
carboxylic acid moieties on the MxG-CNC-COOHg, surface will make them more water soluble,
which presumably also reduces the amount of MxG-CNC-COOHogy at the interface.

In order to confirm that the CNCs were absorbed at the interface, the resulting emulsions were
examined using polarized optical microscopy (POM) and confocal microscopy with the addition
of a fluorescence dye that adsorbs onto the cellulose (supporting information). A birefringence
pattern can be seen around the larger droplets under POM (Figure A2.5a) which, along with the
high fluorescence intensity at the droplet surface under confocal microscopy (Figure A2.5b), is

consistent with the majority of CNCs being selectively orientated/adsorbed at the o/w interface.
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Figure 2.3 Styrene-in-water emulsions stabilized by mCNC-COOH,, (a, b) and MxG-CNC-
COOH920 (c, d) at different CNC/aqueous concentrations (from left to right, 0.5, 1.0. 2.5, 5.0, 7.5,

10.0 and 15.0 mg/mL), before (a, ¢) and after (b, d) centrifugation.
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Figure 2.4 DLS results of the average diameters of the o/w emulsion droplets stabilized by mCNC-
COOHs,0 and MxG-CNC-COOHoy at different concentrations.

To test the stability of the CNC-COOH stabilized emulsions they were subjected to a 10-min
centrifuge at 4000g and the emulsions were visually evaluated. The strong centrifugation force
accelerates the creaming process of the emulsions, and coalescence will happen if the emulsions
are less stable. As can be seen from Figure 2.3b, the emulsions stabilized by 0.5, 1.0, 2.5 and 5.0
mg/mL of mCNC-COOQOHs» all showed phase separation of the styrene and the water layer, while
the 7.5, 10 and 15 mg/mL samples remained stable with the emulsion layer creamed on top of the
water layer, but no phase separation was observed. A similar trend was also observed for the
emulsions stabilized by MxG-CNC-COOHogzo. Thus, a concentration of 7.5 mg/mL of either
carboxylic acid functionalized mCNC or MxG-CNC in the aqueous phase is required to obtain
stable o/w emulsions.

It is worthwhile pointing out that in the emulsion samples after centrifugation the bottom

aqueous layers are semi-transparent in the sample containing a higher wt% CNC. As there exists
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a distribution in the size and charge density of the CNCs, then it is certainly possible that some of
the longer/highly charged CNCs are too hydrophilic to go to the o/w interface. If this is true, then
subtracting the amount of water dispersed CNCs from the original CNC batch would result in a
more accurate determination of the amount of CNCs that are absorbed at the o/w interface.
Therefore, the bottom aqueous layers (after centrifugation) were separated from the emulsion layer
and dried in the vacuum oven allowing the residual amount of CNCs in the water phase to be
determined. The amount of wt.% CNCs obtained by this method was between 46-74 wt.% for
mCNC-COOHszo and 55-77 wt% MxG-CNC-COOHgo (see supporting information for details)
suggesting that a significant amount of these CNC-COOHs are not involved in stabilizing the
interface. None-the-less the results of particle size vs. the effective amount of CNC at the interface
are shown in the supporting information (Figure A2.6) and a similar trend in observed, i.e. the m-
CNCs showed smaller particle diameters at lower concentrations (relative to the MxG-CNCs),
which maybe a result of high charged MxG-CNC-COOHoy,¢ de-stabilizing the interface.

It is possible to get an estimation of the theoretical coverage of the CNCs at the droplet interface

by using equation (2):

myD
6hpV

coverage =

)

where my,, is the effective amount of CNCs that were absorbed at the interface, D is the average
diameter of the emulsions measured by DLS, 7 is the height of the CNC:s, p is the density of the
CNCs (1.49 g/cm? for both CNCs) and V is the volume of the styrene phase stabilized by CNCs.%’
The results can then be plotted against the effective amount of CNCs per mL of styrene stabilized
(my/V) (see supporting information Figure A2.7). It is worth pointing out that the height and width
of the cross-section of mCNC-COOHsyo crystals are similar, so the 5.3nm obtained from AFM

height image was used as the height in the calculation. The calculated coverage for mCNC-
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COOHsy increase linearly with the concentration of nanocrystals used as the surfactant, with the
highest percentage coverage approaching 80%.The data suggests that stable emulsions are
obtained if the mCNC-COOHsyo surpasses 40% coverage, which is consistent with the results
discussed in Capron’s work.? It is harder to get good, reliable coverage data for the MxG-CNC-
COOHagy as our prior work had shown that the cross-section of these CNCs is more ribbon shaped,
with dimensions of 2.8 nm x 8.5 nm (as measured by small angle neutron scattering).%® At the
moment it is not known how the MxG-CNCs are orientated at the o/w interface. Figure A2.7 does
show the calculated theoretical coverage using both 2.8 nm and 8.5 nm as the height of the CNCs
as two possible extremes. Not surprisingly, the calculated coverage data is very different
depending on which height data used in the calculation and it is certainly possible that the
orientation of the CNCs at the interface changes with CNC concentration. As such using this
approach it is not possible to get a good indication of the surface coverage with the available
current data. However, as can been seen in Figure A2.7, even taking the lowest calculated coverage

data, it appears that the MxG-CNCs also require about 40% coverage to form stable emulsions.

2.4.3 Oil-in-water emulsions stabilized by CNC-alkyl-COOH

Emulsion samples with the same 35/65 o/w ratio were prepared using aqueous solutions that
consisted of 10 mg/mL of the CNC-alkyl-COOHs. Gratifyingly, all the emulsions showed good
stability and the average diameters of the emulsions were measure by DLS and plotted against the
length of alkyl groups for both mCNC-alkyl-COOH and MxG-CNC-alkyl-COOH (Figure 2.5a).
As can be seen all the emulsions stabilized with the alkyl functionalized CNCs show droplet
diameters much less than one micron, with the emulsions stabilized with mCNC-butylsgo-COOH 7o,

showing an average diameter as low as 250 nm, significantly smaller than the 3.5 pm stabilized
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by the oxidized mCNCs. A centrifuge test was also performed on the emulsion stabilized by
mCNC-hexyls20-COOH200 and no free oil layer was observed confirming the stability of the
emulsion (Figure A2.8). Although it has been shown that no free alkyl amines were present in the
modified CNCs, additional control studies were carried to examine if the alkyl amines themselves
could stabilize styrene-in-water emulsions. To this end hexyl amine was dissolved in water at
Iwt%. After addition of styrene and sonication, the water phase did appear cloudy (Figure A2.9a),
but phase separation of the oil (styrene) phase can be clearly observed consistent with little-to-no
emulsion formed (DLS did not show the presence of any stable droplets). Furthermore, after
centrifugation the oil phase completely separated from the aqueous phase (Figure A2.9b)
confirming that alkyl amines do not have the ability to form stable o/w (nano)emulsions under
these conditions.

There will be numerous factors that impact the stability and size of these CNC Pickering
emulsions, including the increased hydrophobicity from the alkyl chains and the reduced density
of charged groups on the surface of the CNCs. However, it is hard to draw any direct conclusions
as to the relative importance of these effects from the data in Figure 2.5a since each set of CNCs
has different alkyl chain lengths, different amounts of alkyl chains, as well as different amounts of
residual charged (carboxylate) groups. In order to better see if the hydrophobic/hydrophilic balance
impacts the size of the emulsions, the average droplet diameter was plotted against the ratio of the
grafted CHo>/CH3 groups to the residual carboxylic acid groups (Figure 2.5b). Doing this analysis,
it appears that increasing the CH»/CH3:COOH ratio from 0 to 8 results in the average droplet
diameter decreasing irrespective of the aspect ratio of the CNCs used. Interestingly, however, the
average droplet diameter starts to increase again when the CH»/CH3:COOH ratio is greater than 9.

Given the nature of the synthetic protocol it can be expected that there will be a distribution in the
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degree of functionalization (of both carboxylic acid and hydrophobic moieties) within each of the
samples. Thus, at higher CH>/CH3:COOH ratios there will be a larger fraction of the CNC that are
too hydrophobic to disperse in the aqueous phase (or are too soluble in the oil phase), which
consequently reduces the amount of CNCs at the interface, resulting in larger droplet sizes.
Therefore, a critical hydrophobic/hydrophilic ratio is important in designing the modified CNC
system to access nanosized emulsions droplets (as would be expected). This result is in accordance
with the well-known Bancroft rule, which states that the emulsifier should be more soluble in the
continuous phase.®® It is also worth pointing out that this critical ratio will presumably change for
different oil phases. When comparing the mCNC and MxG-CNC samples, even though they show
the same trend, the droplets stabilized by mCNCs are always smaller than those of MxG-CNCs at
the same CH2/CH3:COOH ratio, which is consistent with the hypothesis of the packing behavior
of the different aspect ratio nanoparticles at the interface. To the best of our knowledge, this is the
first report of utilizing the CNCs alone as a surfactant to make stable oil-in-water Pickering

emulsions with sizes in the hundreds of nanometer range.
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Figure 2.5 Dynamic light scattering (DLS) results of the average diameter of the emulsions
stabilized by mCNC-alkyl-COOH and MxG-CNC-alkyl-COOH verse (a) the length of the alkyl
chain grafted to the CNC and (b) the ratio of CH»/CH3 groups to the residual COOH groups on the

surface of the CNCs.

As mentioned in the introduction researchers have increased the hydrophobicity of the CNCs by
either reacting very long alkyl chains or absorbing low molecular weight surfactants/or polymers

onto the surface of the CNCs, however usually water-in-oil emulsions or o/w/o double emulsions

1 2 3 4 5 6 7 8 9 10 1 12 13 14
Ratio of CH,/CH, groups to COOH group
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are obtained,Frror! Bookmark not defined. Error! Bookmark not defined. Here we show that by using relatively
short alky chains (< seven carbons) and by keeping the amount of alkyl functionalization relatively
low (through only partial reaction of one position of the anhydroglucose repeat unit), it is possible
to access stable submicron-sized o/w emulsions. The theoretical coverage of the CNC-alkyl-
COOHs on the emulsion droplet surfaces were calculated using equation (1) and values between
13-23% are obtained (for the mCNCs), which is about half of the minimum average coverage
observed in the stable emulsions using the CNC-COOHs. It is worthwhile pointing out that stable
Pickering emulsions with a calculated average surface coverage of less than 10% have been
reported in the literature before.®”-¢>- None-the-less it became of interest to investigate if there were
possibility additional mechanisms at play that aided in the stabilization of nano-sized emulsions
with the alkyl-modified CNCs. In the case of spherical Janus particles (JP), the mechanism in
stabilizing emulsion is a combination of the Pickering effect (the formation of a densely packed
particle layer at the interface to prevent coalescence) and reduction of the surface tension-similar
to a small molecule surfactant. This raises the question, do the rodlike CNC-alkyl-COOHs impact
the interfacial tension, which in turn would play a role in stabilization of these nanoemulsions?
Thus, interfacial tension measurements were undertaken between styrene and an aqueous phase
that contained 10 mg/mL of the CNCs used in this study (oxidized mCNC-COOH or MxG-CNC-
COOH as well as the hydrophobically-modified mCNC-alkyl-COOHs or MxG-CNC-alkyl-
COOHs) using the pendent drop method.Frror! Beokmarknotdefined. The interfacial tension was measure
over a period of 20min with the assumption that the kinetics for these rodlike crystals to diffuse to
the interface may well be slower than for small molecule surfactants. From the results shown in
Figure 2.6a and b, most CNC samples equilibrated within 5 min, and, as expected, both the mCNC-

COOH and MxG-CNC-COOH did not significantly lower the interfacial tension. However, the
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interfacial tensions drop significantly with either set of the alkyl functionalized CNCs (mCNC-
alkyl-COOH and MxG-CNC-alkyl-COOH). Interestingly, there is a good correlation of the
interfacial tension data with the DLS data, and a general trend can be seen that a lower interfacial
tension will lead to a smaller droplet diameter for the styrene-in-water emulsions (Figure 2.6c).
For example, the smallest particle sizes (ca. 250 nm) are obtained using mCNC-butylzgo-COOH 170
which also reduces the interfacial tension most effectively, from 33 mN/m to around 18 mN/m.
Thus is appears that energy output from the ultrasonication method used here is sufficient to break
the oil phase into nanosized droplets, however coalescence between neighboring droplets takes
place immediately to minimize the surface area until it can be stabilized by the CNCs. By using
the alkyl functionalized CNCs as stabilizers, the reduced interfacial tension indicates that the
hydrophobically-modified CNCs have better wettability at the interface, therefore smaller size

droplets with larger surface area can be stabilized against further coalescence.
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Figure 2.6 Interfacial tension between styrene and hydrophobically-modified (a) m-CNC or (b)
MxG-CNC aqueous dispersions and (c) the interfacial tension vs. average diameter of the styrene
droplet size (as measured by DLS).

Unlike sulfate groups, carboxylate groups are sensitive to the pH of the environment, and exist

as both carboxylic acid and negatively charged carboxylate anions in DI water at neutral pH. All
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the previous studies on the CNC-COOH and CNC-alkyl-COOH are done in DI water without
adjusting the pH (~6), so the actual amount of charge is presumably slightly smaller than the
number determined from the titration. Thus, it was decided to study how the pH of the environment
would affect the size of the o/w emulsion. MxG-CNC-butylsso-COOH471 were dispersed in 20mM
buffer solutions at pH 3, 4, 5, 6 and 7 (the ionic strength of the buffer were kept the same by adding
additional NaCl), and these were used as the water phase for the o/w emulsions. DLS studies of
the styrene:MxG-CNC-butylsso-COOH471 (35:65) emulsions show average diameters of the
droplets decreased slightly from 479 nm at pH 3 to 438 nm at pH 4, but then started to increase to
700nm as the pH of the buffer changed from 4 to 7 (Figure A2.10). It is worth mentioning here
that the pKa of the surface COOH groups on wood CNCs is ca. 4.5,7° therefore the overall negative
charge of the CNCs decrease at lower pH as a consequence of the protonation of carboxylate
groups and increases at higher pH when the carboxylic acid moieties are deprotonated, while the
amount of alkyl groups remains unaffected. This result is consistent with prior work that the size
of the emulsion droplets can be affected by the nature of the charge on the CNCs and (at least to a
point) lower charge favors smaller droplet sizes. Thus, it is possible to “fine tune” the droplet size

of the emulsions stabilized by CNC-alkyl-COOH by simply changing the pH of the environment.

2.4.4 Nanolatexes via the polymerization of the oil phase

One important application of oil-in-water emulsions is as a route to access particle suspensions,
or latexes, which have uses in numerous applications (e.g. food, cosmetics, coatings etc.). As the
oil phase used in this study is styrene it was of interest to see if these nanoemulsions could be
converted into nano-sized latexes. The styrene-in-water emulsions stabilized by mCNC-hexylso-

COOH200 and MxG-CNC-hexylsss-COOHzss were therefore thermally polymerized using
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ammonium persulfate and sodium metabisulfide. The resulting latex particles can be clearly
visualized under SEM (Figure 2.7), and the average diameters estimated from SEM images (248
nm with mCNC-hexyl320-COOHz2p0 and 230 nm with MxG-CNC-hexylsss-COOH3s35) match up
with the latex particle size measured by DLS (280 nm with mCNC-hexyl320-COOH209 and 270 nm
with MxG-CNC-hexylsss-COOH33s). The DLS data of the emulsion droplets (i.e. before
polymerization) were also compared with the size of the latex particles (Figure A2.11), which
confirms that the droplets were stable during the polymerization process without significant
coalescence. The CNCs are clearly visible on the surface of the polystyrene particles by SEM
confirming that they are absorbed at the interface and act as particle stabilizers. Zeta potential of
the latex particles were also measured, with values of -50.8+0.9 mV and -44.4+1.5 mV being
obtained for the latex stabilized by mCNC-hexyls20-COOH200 and MxG-CNC-hexylsss-COOH335
respectively, consistent with both latexes exhibiting good stability as a result of the electrostatic

repulsion through the negatively charge CNCs at the surface of the particles.

61



Figure 2.7 SEM images of the polystyrene latex particles stabilized by (a) mCNC-hexyls2o-
COOH2z0 and (b) MxG-CNC-hexylsss-COOH33s.

2.5 Conclusion

Styrene-in-water emulsions stabilized by carboxylic acid and alkyl modified CNCs have been
prepared using CNCs from two different biosources. Both the carboxylic acid functionalized
mCNC-COOHs and MxG-COOHs can be used as nanoparticle surfactants and the resulting o/w
emulsions are stable at CNC aqueous concentrations higher than 7.5 mg/mL. After partial
modification of the carboxylic acid groups with alkylamines of different alkyl chain length to
increase the hydrophobicity of the CNCs, the resulting mCNC-alkyl-COOH and MxG-CNC-alkyl-
COOH were able to reduce the interfacial tension between the styrene and the water phase, and

allow access to stabilized emulsions with droplet sizes of only a few hundred nanometers. The
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ratio CH>/CH3 groups to residual COOH groups was found to be critical for the wettability of
CNCs at the o/w interface, and an CH2/CH3:COOH ratio of ca. 9 for the butyl functionalized
mCNC-butylzgo-COOH170, accessed emulsions with the smallest diameters (ca. 250 nm). The
polymerization of the styrene-in-water emulsions to form nanosized latexes was also successfully
achieved, and the emulsions showed good stability during the polymerization process with the size
of the latex particles consistent with those of the emulsion droplets. The ability of using
hydrophobically-modified CNCs alone as a surfactant to access nanosized emulsions and latexes

opens the door to these being used as novel green stabilizers for making e.g. coatings products.

2.6 Appendix

Atomic Force Microscopy (AFM)

The dimensions of CNC-COOHs as well as the CNC-alkyl-COOHs were measures by AFM
using a Bruker Multimode 8 instrument equipped with a Nanoscope 5 controller. CNCs were
dispersed in water and dilute to 0.1 mg/mL, then a drop of CNC aqueous dispersion was placed on
a freshly cleaved mica surface, and excess liquid was rinsed off with water. The images were
acquired using scan assist mode, and the length and thickness of the CNCs were analyzed using

the height image by Gwyddion software.

Kaiser Test

A Kaiser test was performed on finalized CNCs to further prove no free amine was left in the
samples after coupling reaction. The Kaiser test reagents were purchased from Sigma Aldrich,
which consists of three solutions. Functionalized CNCs were dispersed in water at 1wt% via

sonication. One drop of the CNC aqueous dispersed was added into a small vial, then three drops

63



of each of the three Kaiser test solution were added. The solution was mixed well before heating
at 120 °C for 5 min. The solution turns dark blue when free primary amine is present, and the it
stays yellow if no free primary amine is present. To test the sensitivity of the Kaiser reagents,

oxidized mCNC-COOH,,, and MxG-CNC-COOHoo were first dispersed in water at 1wt%, then

hexyl amine was mixed with the CNC aqueous dispersion at a ratio of ca. 20 mmol /kg compared
to the total amount of CNCs in the solution. The whole solution was sonicated and then analyzed

using the Kaiser test reagents.

X-ray diffraction (XRD)

The XRD measurement was performed using a Bruker D8 Discover GADDS with Vantec-2000
2-demension detector, with cupper K-alpha source at a voltage of 40 kV and a 40 mA power. The
degree of crystallinity was calculated using the amorphous subtraction method. The crystalline
peaks were masked using Origin software, and the rest of the spectrum was fitted using a Gaussian
function with X mas set at 20° to be the amorphous region. Then the amorphous region was
subtracted from the original spectrum to yield the crystalline region. The amorphous region and
the crystalline region were both integrated, and the area under the curve was used to calculate the
percent crystallinity using the following equation:

s Crostallinity — Crystalline area % 100
o Lrystallinity = Crystalline area + Amorphous area

Polarized optical microscopy (POM)

mCNC-COOH,,, was dispersed in water at 5 mg/mL (0.5wt%) and used as the aqueous

component. Styrene was used as oil component, and the two components were mixed at 35/65
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ratio. After ultrasonacating for 60 s, the resulting emulsion was characterized using a Leica DM

2700P polarization microscope under transmittance light.

Confocal microscopy

mCNC-COOH,, was dispersed in water at Smg/mL (0.5wt%) with 1wt% (compared to CNCs)

of Calcofluor White fluorescence dye. The CNC/aqueous dispersion was mixed with styrene at
35/65 ratio, and ultrasonicated to form emulsion. The resulting emulsion was characterized using

a Leica TCS SPE confocal microscope.
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Figure A2.1 AFM height image of (a) mCNC-COOHs, (b) mCNC-hexyl320-COOHao, (¢) MxG-

CNC-COOHgz and (d) MxG-CNC-hexyls11-COOHsp9. The average length of each samples
measured directly using the image were shown in histogram next to the AFM image.
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Figure A2.2 Photos of the Kaiser test of (a) mCNC-hexyl;,-COOH,y (left) and MxG-CNC-
hexyly;1-COOHso (right) and (b) mixed sample with hexyl amine and mCNC-COOH520 (left) and

MxG-CNC-COOHy,, (right).

(a) (b)

MxG-CNC-hexyl, ,,-COOH, o
amh a

\ MxG-CNC-COOH, mCNC-COOH,,,
-/\/\ mCNC-hexyl,,-COOH, ]
0 ) 2‘0 )

3I0 ) 4I0 ) 50 1I0 ) 2I0 ) 3I0 ) 4I0 ) 50
2 Theta (°) 2 Theta (°)

1

Figure A2.3 X-ray diffraction pattern of (a) mCNC and (b) MxG-CNC after oxidation (red) and
after hydrophobic functionalization with hexyl amine (black).
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Figure A2.4 CNC/aqueous dispersion at different concentrations (from left to right, 0.5, 1.0. 2.5,
5.0,75,10.0 and 15.0 mg/mL) for (a) mCNC-COOH_  and (b) MxG-CNC-COOH,

Figure A2.5 (a) Polarized optical microscope (POM) image and (b) confocal microscope image
(with Calcofluor White fluorescence dye added) of the styrene-in-water emulsion stabilized by
mCNC-COOH,_

Calculation of effective amount of CNCs at the interface

mCNC-COOHs;o and MxG-CNC-COOHgyo were dispersed in water at 0.5, 1.0. 2.5, 5.0, 7.5,

10.0 and 15.0 mg/mL. The initial amount of CNCs in the water phase were calculated based on

concentration and amount of water. After the emulsion was formed, a brief centrifugation was
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performed and emulsion was separated into two layers, a condensed emulsion layer on top (free
oil layer if emulsion is unstable) and a water layer at the bottom. The water layer at the bottom
may contain residual amount of CNCs that were not stabilize at the interfaces. Therefore, the
bottom water layer was collected and dried in vac oven to determine the amount of residual CNCs,
and the effective amount of CNCs at the interface was calculated by subtracting the residual
amount from the initial amount dispersed in water phase. The results are summarized in Table

A2.1 and Table A2.2Error! Reference source not found..

Table A2.1 Calculation of effective amount of mCNC-COOHs, at the o/w interface

Concentration Amount Initial CNC Residual CNC Effective CNC
(mg/mL) of Water g amount (mg) amount in water amount at interface

(mg) (mg)

0.5 4.3 22 1 1.2
1 4.3 4.3 3 1.3

2.5 4.3 10.8 8 2.8

5 4.3 21.5 15 6.5

7.5 4.3 323 19 13.3

10 4.3 43.0 28 15.0

15 4.3 64.5 39 25.5

Table A2.2 Calculation of effective amount of MxG-CNC-COOHo;¢ at the o/w interface

Concentration Amount Initial CNC Res1d1}al CNC Effectn{e CNC
(mg/mL) of Water g amount (mg) amount in water amount at interface

(mg) (mg)
0.5 5.2 2.6 2 0.6
1 5.2 5.2 4 1.2
2.5 5.2 13.0 8 5.0

5 5.2 26.0 14 12.0

7.5 5.2 39.0 21 18.0

10 5.2 52.0 29 23.0

15 5.2 78.0 45 33.0
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Figure A2.6 DLS results of the average diameters of the o/w emulsion droplets stabilized by
mCNC-COOHs,, and MxG-CNC-COOHy,, versus the effective concentration of CNC-COOH at
the interface (i.e. after subtraction of water soluble fraction) per mL of styrene.
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Figure A2.7 Theoretical coverage versus the effective concentration of CNC-COOH at the
interface (i.e. after subtraction of water soluble fraction) per mL of styrene.
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Figure A2.8 Styrene-in-water emulsions stabilized by mCNC-hexyls;,-COOH,, (a) before and (b)
after centrifugation.

Figure A2.9 Styrene-in-water emulsions stabilized by 1wt% hexyl amine (a) before and (b) after
centrifugation.
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Figure A2.10 DLS results of the average diameters of the o/w emulsions stabilized by dispersed
MxG-CNC-butyly-COOHy,5; in phosphate buffer at different pH (the ionic strength of all buffers
was set to S0mM by adding additional NaCl).
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Figure A2.11 DLS results of the average diameters of the o/w emulsions after sonication and the
average diameters of the latex particles after polymerization for (a) mCNC-hexyl320-COOH200 and
(b) MxG-CNC-hexylsss-COOH33s.
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Chapter 3. Surfactant-Free Latex Nanocomposites Stabilized and Reinforced

by Hydrophobically Functionalized Cellulose Nanocrystals.”

3.1 Abstract

Stable poly(styrene-co-2-ethylhexyl acrylate) latex particles with diameter less than 600 nm
were prepared by the miniemulsion polymerization of Pickering emulsions stabilized with hexyl-
functionalized cellulose nanocrystals (CNC-hexyl-COOHs). Polymer nanocomposites were
fabricated by casting of the CNC stabilized latex particles, and the thermomechanical properties
and microstructures of the films were studied and related to the type and amount of stabilizer as
well as the processing conditions. Compared to the latex films stabilized with low molecular
weight sodium dodecyl sulfate (SDS) surfactant, or using a combination of SDS and carboxylic
acid CNC-COOHs, films stabilized solely with the alky-functionalized CNC-hexyl-COOHs
showed much higher storage moduli in the rubbery regime and lower water uptake. Scanning
electron microscopy (SEM) revealed a CNC network structure that is formed by excluded volume
effects of the latex particles which concentrates the CNC-hexyl-COOHs into the interstitial space
during solvent evaporation. This effect results in the formation of a percolation network at lower
CNC concentration within the latex composite films. The network can be further reinforced by
increasing the concentration of CNCs through an “ex-situ” process where CNC-hexyl-COOHs
stabilized latex particles were mixed with CNC-COOH aqueous dispersions before film casting.
The ability to replace low molecular weight surfactants in water-based latexes with alkyl-

functionalized CNCs that are not only biosourced but also act to reinforcing agents, offers

* This chapter is adapted from: Zhang, Y.; Yang, H.; Naren, N.; Rowan, S. J. ACS Appl. Polym. Mater. 2020, 2 (6),
2291-2302
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opportunity to expand the property profile of a variety of commercial products, such as paints,

coatings and adhesives.

3.2 Introduction

Polymer latexes consist of microscopic polymer particles dispersed in a continuous liquid media
(commonly water) and are used in a wide range of applications, such as additives, cosmetics,
adhesives, paints and coatings.' They can be formed by the polymerization of an emulsion in which
the non-continuous phase contains monomers. If the latexes are composed of relatively low glass
transition (T,) (co)polymers then it is possible to form a uniform film upon evaporation of the
continuous phase.>? As such, water-based latexes have been studied and used extensively in
commercial coating and adhesive products to replace solvent-based materials with the goal of
reducing environmental impact. However, latex-based coating films generally suffer from
relatively low mechanical properties as a consequence of the low T, polymer in the formulation
and the presence of the low molecular weight surfactant that is used to stabilize the emulsion/latex.
One strategy that can be used to improve the performance of a latex film is the introduction of
nanofillers into the latex dispersion, such as various inorganic nanoparticles (ZnO, TiO2, Al,O3,
Si02),47 nanoclays,? carbon nanotubes,’ as well as cellulose nanocrystals (CNCs).!%'* These latex
nanocomposites showed enhanced thermal, mechanical and adhesive properties which further
broaden their applications in commercial products. '

Among all the potential nanofillers, cellulose nanocrystals (CNCs) have gained a considerable
amount of attention for the preparation of more environmentally friendly polymer
nanocomposites.'® CNCs are rod-like organic nanoparticles which can be isolated from a variety

of renewable bio-sources through selective mechanical and chemical treatment.!”"'* On account of
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their sustainability, excellent mechanical properties and low density, CNCs have been widely
explored as a green filler to reinforce a number of polymer matrices.?*?> The significant
enhancement in mechanical properties of the nanocomposites is attributed to the formation of a
percolating CNC filler network within the polymer matrix through strong hydrogen-bonding
interactions between the nanocrystals and/or between the matrix and filler.??” Optimal
reinforcement requires the nanocrystals to be uniformly dispersed within the polymer matrix, but
it remains a challenge to mix unfunctionalized CNCs that are primarily hydrophilic with some
hydrophobic polymers. The incompatibility between CNCs and such polymers can lead to phase
separation and result in poor mechanical reinforcement.

To better disperse CNCs into a hydrophobic polymer matrix, nanocomposites can be prepared
by mixing pre-synthesized polymer latexes with aqueous dispersions of CNCs, or by incorporating
CNCs in-situ during the polymerization to yield the latex, followed by casting and drying. Early
work by Favier et al. showed it was possible to access polymer nanocomposites by mixing aqueous
suspensions of sulfuric acid hydrolyzed tunicate CNCs with a commercial aqueous poly(styrene-
co-butyl acrylate) latex stabilized with surfactants.?® An increase in thermal stability and
mechanical properties above the glass transition temperature T, were observed as a result of the
incorporation of the CNCs.?’?® The effect of different processing methods on the mechanical
properties of the latex-based nanocomposites has also been investigated in follow-up studies.?®3?
For example, results showed that composites fabricated by casting, as opposed to freeze drying

t.2931 Similar results were

followed by melt processing, gave the highest mechanical reinforcemen
observed in a study by Annamalai et al., where CNCs were added to a commercial low molecular

weight surfactant-stabilized styrene-butadiene rubber (SBR) latex and the resulting CNC

reinforced SBR composites prepared by casting demonstrated higher storage moduli than the
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composites prepared by compression molding.?* The higher reinforcement observed in both works
suggested there is a different CNC network structure within the latex nanocomposites. It was
hypothesized in both studies that the excluded volume of the latex particles concentrates all the
CNGCs into the interstitial areas during water evaporation, which leads to the formation of a robust
percolation network as well as a decrease in percolation threshold relative to the case where CNCs
are uniformly dispersed in the polymer matrix.*>* However, no clear microscopic evidence for
such CNCs network structures were shown. Koning and co-workers reported the fabrication of
conductive polymer nanocomposites by mixing PEDOT:PSS coated CNCs with pre-synthesized
polystyrene latex particles that were stabilized with SDS, and demonstration the percolation
threshold of PEDOT:PSS conducting polymer decreased from 2.2 wt% to only 0.4 wt% with the
addition of 0.8 wt% of CNCs.?* The author attributed the low threshold to the CNC network formed
in the interstitial areas by PS latex templating effects which was observed by SEM. More recently,
Ballard and coworkers showed that a honeycomb microstructure can be observed after mixing and
drying negatively charged CNCs (length ca. 120 nm) with positively charged latex particles (size
530 nm, stabilized with cationic surfactant) on account of electrostatic interactions and latex
templating.®>> Such film structure leads to a significantly higher Young’s modulus and ultimate
tensile strength, consistent with the mechanical properties being heavily affected by the composite
microstructure. It is worth pointing out that in the mixing approach to fabricate latex
nanocomposites, low molecular weight surfactants are required to help stabilize the latex particles
from aggregation. However, such surfactants are less favorable for film applications since they can
lead to an increasing sensitivity to water and a decrease in gloss or adhesion properties by

migrating to the interface or by forming aggregates.’¢-38
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As an alternative to the mixing approach utilized in these prior studies (which has been termed
ex-situ), composite films prepared from latexes that were synthesized with the CNCs present
during the polymerization of the emulsion show enhanced mechanical properties.'®!! This in-situ
method appears to promote better interactions between the CNCs and the polymer matrix through
either better physical absorption or covalent grafting of the polymer from the surface of the
CNCs.**40 The presence of CNCs at the interface also helps in stabilizing the monomer droplets
by acting as a mechanical barrier to prevent particles from coalescing. In fact, it has been reported
that sulfated CNCs can be used as solid stabilizers to access stable oil-in-water Pickering
emulsions as a consequence of the amphiphilic character of the nanocrystals (one of the crystal
faces (200) is hydrophobic).*'#” However, to achieve nano-sized emulsions with enhanced
stability, covalent or noncovalent surface modification of CNCs is generally required.*3-’
Electrostatic interactions between charged surfactants and negatively charged CNCs has been
shown to be an effective way to non-covalently modify the CNCs resulting in enhanced wettability
at the o/w interface. For example, Dubé and co-workers successfully synthesized CNC/poly(n-
butyl acrylate-co-methyl methacrylate) latex nanocomposites for pressure sensitive adhesive (PSA)
applications by using CNCs and the anionic surfactant sodium dodecyl sulfate (SDS) as co-
stabilizers during emulsion polymerization.’®>® They observed an improved mechanical
performance (tack, peel strength and shear strength) of the composite PSA films by increasing
CNC concentration from 0 to 1 wt.%, and the level of reinforcement is better relative to
nanocomposites prepared by simply mixing the CNCs with pre-synthesized P(BA-co-MMA) latex
particles in water and drying (i.e. the ex-situ approach).’® The better reinforcement was attributed
to the possible polymer grafting of the CNCs during in-situ emulsion polymerization as indicated

by a high gel content of the nanocomposites (61.6 wt.%). It is worth mentioning that in this case
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the latex interface will be stabilized by both the surfactant molecules as well as the CNCs. In other
work reported by Boufi and co-workers, comonomers such as y-methacryloxypropyl
trimethoxysilane (MPS)'*% and low molecular weight poly(ethylene glycol) methacrylate
(MPEG)!!! were added to the oil phase in order to facilitate the absorption of CNC to the surface
of droplet during in-situ polymerizations. A 2-fold increase in storage modulus in rubbery regime
and a 230% increase in adhesive strength of poly(vinyl acetate) nanocomposites (with 8 wt% of
CNCs and 5 wt% of MPEG) were observed.'! However, no details of the how the microstructure
of the composite films impacted their properties was discussed.

Although the above research shows that hydrophobic polymers can be reinforced with CNCs
through a latex approach, in all cases low molecular weight surfactants are still required to help
stabilize the formation of nanoemulsions. However, being surface active low molecular weight
surfactants tend to migrate to the surface or to the substrate interface during the drying of the films.
The aggregation of surfactants at the surface leads to leaching, discoloration of the coatings, and a
reduction in water resistance properties, barrier properties as well as adhesion behavior.?
Therefore, it would be of interest to synthesize surfactant-free polymer latex composites that are
stabilized only by functionalized CNCs. Thus, the specific goal of this research is to build upon
our prior work which showed that alkyl-modified CNCs can be used to replace low molecular
weight surfactants in o/w emulsions.’ The alkyl-CNCs help to stabilize the emulsion by not only
acting as Pickering stabilizers but also by dropping the interfacial energy between the oil phase
and aqueous phase. However, these prior studies did not investigate how the use of these alkyl-
CNCs as the only stabilizing agent impacts film properties.  Thus, reported herein is the
preparation of low-molecular weight surfactant-free stabile oil-in-water emulsions and latexes

using styrene and 2-ethylhexyl acrylate (and 1 wt.% methacrylic acid) as the oil phase, and hexyl
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modified CNCs as both the emulsion/latex stabilizer and reinforcing agent. Latex nanocomposite
films were fabricated by simple casting from CNC-stabilized latex particle dispersions and their
mechanical properties as well as microstructures were investigated. The microstructures formed
by in-situ polymerization of the latexes stabilized with hexyl modified CNCs were found to be
critical for the strong mechanical reinforcement effect. In addition, these results are compared to
the mechanical properties of low molecular weight surfactant (in this case sodium dodecyl sulfate,
SDS) stabilized latexes as well as SDS/CNC stabilized latexes to evaluate the effect that removing

the low molecular surfactant has on the properties of these latex films.

3.3 Experimental Section

Materials

Styrene and 2-ethylhexyl acrylate monomers were purchased from Sigma-Aldrich and purified
by passing through a basic alumina packed column to remove inhibitors. Methacrylic acid, N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS),
hexylamine, sodium metabisulfite, tert-butyl hydroperoxide solution (70% in H»O), D-(-)-
Isoascorbic acid, sodium dodecyl sulfate (SDS) and dialysis membranes (14 kDa molecular weight
cutoff) were all purchased from Sigma-Aldrich and used as received. Hydrochloric acid, sodium
hydroxide (NaOH), potassium persulfate (KPS) were purchased from Fisher Scientific and used
without further purification. Microcrystalline cellulose (MCC) (trade name: Lattice® NT) was
received from FMC Corporation (Newark, DE). Miscanthus x. Giganteus (MxG) stalks were

donated by Aloterra Energy LLC (Conneaut, OH).

Synthesis of m-CNC-COOH via TEMPO oxidation of MCC
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Oxidation of MCC was performed by adapting the previous published procedure.*® 5 g of MCC
was dispersed in 500 mL of DI water via sonication for 4 hrs using a Q500 QSonica Ultrasonic
Processor at 40% amplitude. TEMPO (4 g, 25.6 mmol), NaBr (40 g, 388.7 mmol) and NaOCl (30
g, 403 mmol) were added into the dispersion while stirring. An additional NaOCl (10 g, 134.3
mmol) was added in order to maintain the pH of the reaction between 10-11. After the addition of
NaOCl, 10 M NaOH was used to maintain the pH above 10. The pH of the solution was closely
monitored and the reaction was quenched by adding 25 mL of methanol when the pH stayed
unchanged during a 15-minute period. The CNC dispersion was centrifuged, and the supernatant
was precipitated in excess methanol and collected via centrifugation. The product was further
washed with methanol and DI water using successive centrifugation before being dialyzed against
DI water for 2 days. Finally, m-CNC-COOH was recovered through lyophilization for 4 days using

a VirTis benchtop K lyophilizer.

Isolation and oxidation of MxG-CNCs

MxG-CNC-OH was isolated from Miscanthus x. Giganteus stalks and oxidized according to
previous published methods.%? Ground up MxG powder (8 g) was soaked in 250 mL of 2 wt%
sodium hydroxide solution for 24 hrs. The base treatment was repeated twice in the same
concentration of sodium hydroxide solution at 100 °C for 24 hrs. The solid was filtered and washed
thoroughly with DI water after each treatment. The remaining solid was re-dispersed into 180 mL
of 2 wt% sodium chlorite solution with 12 mL of glacial acetic acid, and the dispersion was allowed
to heat to 70 °C for 2 hrs under stirring before being filtered and washed. The white MxG pulp
was further hydrolyzed in 100 mL of 1 M HCI solution at 75 °C for 15 hrs. The resulting pulp was

thoroughly washed with DI water until neutral pH. The product was subjected to dialysis against
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DI water and collected via lyophilization. 1 g of hydrolyzed MxG-CNC-OH was dispersed in 150
mL of DI water via ultrasonication before TEMPO (0.123 g), NaBr (1.23 g) and NaOCl (1.23 g)
was added. The reaction was stirred at room temperature for 4.5 hrs while the pH of the solution
was maintained above 10 with the addition of 1 M NaOH solution. The reaction was quenched by
adding excess methanol and the oxidized product MxG-CNC-COOH was recovered as white
precipitate after centrifugation of the solution. Finally, the product was subjected to dialysis against

DI water and collected via lyophilization.

Functionalization of CNCs with hexyl amine

m-CNC-COOH (1 g, 0.72 mmol of carboxylic acid moieties) was dispersed in 200 mL of DMF
via overnight sonication. EDC (0.60 g, 3.6 mmol, 5 equiv) was added and the reaction was allowed
to stir for 5 min. Then NHS (0.414 g, 3.6 mmol, 5 equiv) was added and the reaction was allowed
to stir for another 30 min. Hexylamine (0.364 g, 3.6 mmol, 5 equiv) was slowly added, and the
reaction was allowed to stir at room temperature for 16 hrs. The reaction was stopped by adding
100 mL of methanol and the white precipitate was collected by centrifugation. The product was
further washed with methanol (three times) and DI water (three times) under successive
centrifugation, dialysis against DI water, and finally lyophilized to yield m-CNC-hexyl-COOH.
The same reaction was adopted on MxG-CNC-COOH (1g, 0.92 mmol of carboxylic acid moieties)
for the synthesis of MxG-CNC-hexyl-COOH. Kaiser test was performed on the functionalized

CNCs to make sure that free amine had been completely washed out.

Characterization of hexyl-functionalized CNCs
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Conductometric Titration. The content of surface carboxylic groups of CNC-COOH and CNC-
hexyl-COOH was determined through conductometric titrations. Around 25 mg of CNC-COOH
or 50 mg of CNC-hexyl-COOH was dispersed in 80 mL of DI water via overnight sonication in a
Branson CPX sonication bath before titration. The pH of the dispersion was adjusted to below 3
by adding 15 pL of concentrated HCI (33%) and the titration was performed by adding 0.01 M
NaOH solution using an Accumet XL benchtop pH/conductivity meter (Fisher Scientific). The
conductivity was plotted against the volume of NaOH consumed, and plateau region was used to
determine the volume of NaOH used to neutralize the carboxylic acid groups, which then can be
further used to calculate the content of carboxylic groups. The amount of hexyl groups was
calculated by the difference in the number of carboxylic acid groups before and after
functionalization.

Fourier Transform Infrared Spectroscopy (FTIR). FTIR studies of CNCs were performed using
a Shimadzu IRTracer-100 FTIR spectrometer. Freeze dried CNC-hexyl-COOHs were placed
directly on the ATR crystal, and the spectra were averaged from 45 scans between 400 to 4000
cm’! with a resolution of 4 cm’!.

Atomic Force Microscopy (AFM). Suspensions of CNCs at a concentration of 0.01 wt.% were
drop-casted on freshly cleaved mica surfaces which has been pretreated with polylysine solutions.
The samples were imaged using a Bruker Multimode 8 AFM instrument using ScanAsyst mode.

The AFM images were processed by Gwyddion software.

Emulsion and latex particle preparation

m-CNC-hexyl-COOH or MxG-CNC-hexyl-COOH were dispersed in 7 g of DI water at desired

concentrations (1wt.%, 2wt.% and 3wt.% based on monomers) via ultrasonication. 2 g of acrylate
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monomer mixtures which consist of styrene, 2-ethylhexyl acrylate and methacrylic acid at a weight
ratio of 54:45:1 were added to the CNC/aqueous dispersion, and the mixture was ultrasonicated
(Branson Sonifier SFX 550) for 60 s under pulse mode (3 s on, 3 s off) to form emulsion. The
emulsion was purged with nitrogen for 10 min, and then sealed and heated up to 40 °C. Potassium
persulfate (20 mg) and sodium metabisulfite (20 mg) were dissolved in 0.5 mL of DI water
separately and injected dropwise as initiators. The polymerization was carried out at 40 °C for 2
hrs and then the temperature was ramped up to 65 °C and left for 4 hrs. Tert-butyl hydroperoxide
solution (2 mg, 70% aqueous solution) was diluted in 0.2 mL of DI water, added into the reaction
and stirred for 30 min. This was followed by the addition of 0.2 mL of D-(-)-Isoascorbic acid
aqueous solution (1 mg) and the polymerization was allowed to continue for another 30 min.

Finally, the reaction was cooled down to room temperature.

Characterization of Latex Particles

Dynamic Light Scattering (DLS) and Zeta Potential. The average diameter of the polymer latex
particles was measured by dynamic light scattering. Samples were prepared by diluting 10 puL of
latex particle suspension after polymerization in 2 mL of DI water. DLS, electrophoretic mobility
and zeta potential measurements were carried simultaneously using a WYATT Mobiiis DLS
detector.

Conversion. The conversion of the miniemulsion polymerization was measured gravimetrically.
An aliquot of latex samples after polymerization was weighted and the weight percent (wt.%) of
polymer were calculated after drying the sample in vacuum oven for 24 hrs at 100 °C. The
conversion was calculated as the ratio between the wt.% of polymer vs the theoretical wt.% of

monomer according to the formulation.

89



Latex films preparation

Solution Casting of Latex Films. As-cast latex films were prepared by directly casting the
polymerized latex aqueous dispersion into PTFE dishes (diameter ca. 10 cm). Latexes were first
dried in fume hood for 24 hrs to evaporate most of the water, and then furthered dried at 90 °C in
a vacuum oven for another 24 hrs to fully remove water and unreacted monomers. Homogeneous
films with thickness between 200-300 nm were formed.

Melt processing of latex films. The as-cast films were also compression molded between two

PTFE support films at 90 °C and 4000 psi for 10 min using a Carver laboratory press.

Characterization of Latex Films

Scanning Electron Microscopy (SEM). The cross-section of the latex films was imaged by SEM.
Films were first frozen in liquid nitrogen for 30 s and fractured to expose the cross-section areas.
The fractured surfaces were then sputter-coated with 5 nm of Pd/Pt and imaged under a Carl Zeiss
Merlin SEM.

Mechanical Properties. Latex films were cut into rectangular samples with an approximate
dimension of 30 mm by 4 mm. The viscoelastic properties of the latex films were then analyzed
using an RSA-G2 solid analyzer (TA Instrument, DE) equipped with a tension clamp. The modulus
of the samples was analyzed using a temperature sweep method from -20 °C to 80 °C at a heating
rate of 3 °C /min, with a fixed frequency of 1 Hz and a strain of 0.1%. All the DMA tests were

performed in triplicate and the standard deviations were reported as error bars.
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Swelling Test. Latex film samples were first weighted to obtain the dry mass before placing in
vials filled with DI water. After 48 hrs the samples were removed from water, gently blotted using

filter paper and weighted to obtain the wet mass. The degree of water uptake can be calculated by

Wet mass — Dry mass

%Swelling = Dry mass x 100

3.4 Result and Discussion
3.4.1 Acrylate emulsions and latexes stabilized by hydrophobically functionalized CNCs

In prior work it has been shown that alkyl-modified CNCs better stabilize the o/w interface
relative to carboxylic acid-functionalized CNCs.>® Therefore, carboxylic acid-functionalized
CNCs from both microcrystalline cellulose (MCC) (m-CNC-COOH) and Miscanthus x. Giganteus
(MxG-CNC-COOH) were functionalized with hexyl groups to increase the hydrophobicity of the
nanocrystals. Both m-CNC-COOH (length ca. 100 nm, height 5.3 nm by AFM) and MxG-CNC-
COOH (length ca. 300 nm, height 3.4 nm by AFM) (Figure A3.1) were selected here with the goal
of studying the effect of aspect ratio of the nanofillers on the mechanical reinforcement of latex
nanocomposites. Reaction of hexylamine with the CNC-COOHs using standard peptide coupling
conditions (EDC/NHS) results in the formation of the hexyl functionalization CNCs (CNC-hexyl-
COOH). FTIR (Figure A3.2) of the oxidized CNC-COOHs shows a peak at 1600 cm™ which is
consistent with the formation of carboxylate moieties on the CNC surface. A new peak at 1645
cm’! showed up after hydrophobic modification which is consistent with the formation of the
amide bond, while the peak at 1720 cm™' corresponds to the carbonyl peak of the residual
carboxylic acid moieties. The formation of the amide bond is further confirmed by an increase in
the nitrogen content (0.75% for m-CNC-hexyl-COOH, 1.40% for MxG-CNC-hexyl-COOH) as

determined by elemental analysis after functionalization (Table A3.1). Conductometric titrations
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showed that the carboxylic acid CNCs have a surface carboxylic acid density of 725 and 920
mmol/kg for m-CNC-COOH and MxG-CNC-COOH, respectively. After reaction with hexyl
amine the residual carboxylic acid density dropped to ca. 270 mmol/kg for m-CNC-hexyl-COOH
and 360 mmol/kg for MxG-CNC-hexyl-COOH, consistent with a hexyl group density of ca. 455
mmol/kg and 560 mmol/kg for m-CNC and MxG-CNC, respectively. This corresponds to a
CH»/CHj3 (from the alkyl units) to COOH ratio of ca. 10.1 (m-CNC-hexyl-COOH) and 9.3 (MxG-
CNC-hexyl-COOH), which is close the optimum ratio (ca. 9) that was found to give the smallest
droplet sizes in the prior study.*®

A mixture of styrene, 2-ethylhexyl acrylate and methacrylic acid at a weight ratio of 54:45:1
was employed as the oil phase with the goal of synthesizing low Tg copolymer latexes that are
similar to those used in water-based paints and coating applications (Scheme 3.1). The small
percent of methacrylic acid was included in the monomer phase as it is commonly used in coating
formulations to further aid latex stability. In this study, the oil/water ratio is kept at 20/80 (w/w)
and the amount of hexyl-modified CNCs in the aqueous phase was varied between 1, 2 and 3 wt.%
based on the mass of monomers. In addition, emulsions stabilized with MxG-CNC-COOH and/or
low molecular surfactant SDS were prepared for comparison. Miniemulsion polymerization
reactions were carried out with the different types and concentration of stabilizers, and the
properties of the final latex particles (sizes, conversion, zeta potential) are summarized in Table

3.1.
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Scheme 3.1 Synthesis of poly(styrene-co-2-ethylhexyl acrylate) latex particles via in-situ
miniemulsion polymerization stabilized using CNC-hexyl-COOH.

The poly(styrene-co-2-ethylhexyl acrylate) latexes stabilized by m-CNC-hexyl-COOH or MxG-
CNC-hexyl-COOH at different concentration are formed in good yield (>80%), except for the
latex polymerized with the presence of 1wt.% of MxG-CNC-hexyl-COOH which has a conversion
of ca. 76%. A small amount of coagulation is observed which decreases the overall yield of the
stable emulsion, and is attributed to unoptimized stirring conditions in the small sample vials. The
particle sizes of the latex stabilized with CNCs are all in the 100’s of nanometer range. While there
is no clear correlation between the concentration of CNC-hexyl-COOH and the particles sizes, the
yield of latex obtained did increase with increasing CNC concentration. It is worth pointing out
that the theoretical CNC coverage of the particles can be roughly estimated by the average size of

the latex particles and the dimension of the CNCs assuming that all CNCs in the aqueous phase
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are absorbed at the interfaces (see Appendix). For m-CNC (h=5.3 nm), the calculated coverage for
the 1, 2 and 3 wt% latexes based on the average particle size from DLS are ca. 10, 27 and 34%,
respectively, while the calculated coverage for the MxG-CNC (h=3.4 nm) latexes, are ca. 19, 38
and 53% (for 1, 2 and 3 wt% respectively). The absorption of more CNCs at the surface of latex
particles can be further demonstrated by their higher negative zeta potential with increasing CNC
concentration, on account of the negatively charged COO- ions on the surface of CNCs (Table
A3.1). It should be noted that particularly at low CNC wt.% these coverage numbers are lower
than has been suggested to stabilize similar CNC-stabilize latex particles (ca. 40%). The main
difference here is the inclusion of 1wt.% methacrylic acid in the oil formulation which presumably
helps to stabilize the particles even at low CNC coverages. These results are consistent with the
hexyl-functionalized CNCs acting as a stabilizer at the oil/water interface preventing significant
coalescence during polymerization.

In the case where MxG-CNC-COOH was used as stabilizer, the emulsion immediately showed
phase separation after ultrasonication with a clear oil phase forming on top of the aqueous phase.
Moreover, the latex was obtained in a relatively low yield (ca. 55%) after polymerization which is
consistent with the reduced stability of the emulsion. None-the-less, latex particles with an average
size of ca. 440 nm are obtained which are presumably stabilized by the negative charges from the
methacrylate acid monomer and the decomposed persulfate (KPS) initiators.* To test out the
hypothesis, the same monomer mixture was mixed with water without using any surfactant (CNC
or otherwise), and the emulsion showed same phase separation behavior, particle size and emulsion
yield as observed with the MxG-CNC-COOH experiments. This result indicates that the size and
stability of these methacrylic acid-containing latexes are not significantly impacted by the presence

of the MxG-CNC-COOH. This is consistent with results from a previous study that shows that
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these alkyl-modified CNCs can reduce the interfacial tension between the oil and aqueous phase,
while carboxylic acid CNCs have little-to-no effect on the interfacial energy.®® It is important to
note that the inclusion of the methacrylic acid monomer (1 wt.%) and the use of persulfate initiator
will help to prevent coalescence of the oil droplets, but the concentrations used in these
experiments is not sufficient to stabilize the entire monomer phase which is required to achieve
high yielding formation of the latex. Tuning the hydrophobic/hydrophilic balance of the CNCs
(through reaction with hexyl amine) allows the CNC-hexyl-COOHs to better stabilize the
monomer/water interface and act as mechanical barriers to prevent further coalescence which
result in the formation of stable emulsions and latexes with an increase in yield of 20-30%. As a
final control an emulsion stabilized with the low molecular weight surfactant SDS was also
polymerized and as expected resulted in much smaller particles sizes and higher conversion

relative to the functionalized-CNC:s.

Table 3.1 Summary of the P(St-co-EHA) latexes stabilized with different type of stabilizers.

Concentration Size (nm) Conversion Zeta
(%) Potential (mV)
m-CNC-hexyl-COOH 1wt.% 443.7+£5.8 82.1 --
m-CNC-hexyl-COOH 2wt.% 590.4+25.3 83.7 -21.4+0.9
m-CNC-hexyl-COOH 3wt.% 517.8+16.1 86.5 -33.5+0.3
MxG-CNC-hexyl-COOH 1wt.% 490.5+£14.3 75.5 --
MxG-CNC-hexyl-COOH 2wt.% 541.0+£7.2 84 -28.5+1.1
MxG-CNC-hexyl-COOH 3wt.% 522.6+8.9 87.8 -33.0+0.5
SDS 2wt.% 98.8+0.3 97.4 -21.6=0.7
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Table 3.1 Summary of the P(St-co-EHA) latexes stabilized with different type of stabilizers.

MxG-CNC-COOH 2wt.% 444 .2+4 .8 55.5 -38.1+1.7

No surfactant 0 426.3+4.8 53.3 -

--: not measured

3.4.2 Mechanical properties of latex films

Latexes stabilized with different concentrations of the hexyl-functionalized CNCs were cast
from their water dispersions, to yield mechanically robust latex composite films after evaporation
of the continuous phase. Figure 3.1 shows the images of the CNC stabilized latex nanocomposites
at different loadings of CNCs. The films become less transparent as the concentration of
nanocrystals increases from 1 to 3 wt.% for both m-CNC-hexyl-COOH and MxG-CNC-hexyl-
COOH. The temperature dependency of the storage modulus (E') of the latex nanocomposites
containing the various types and concentration of stabilizers was measured by dynamic mechanical
analysis (DMA) studies (Figure 3.2). The storage modulus (E’) shows a transition between 20-
40 °C, which is attributed to the glass transition of the P(St-co-EHA) matrix (glass transition
temperature, Ty varied between 26-31 °C, Table 3.). At temperatures lower than 20 °C (i.e. below
the Ty), all latex films showed a similar storage modulus, regardless of the type and concentration
of the stabilizers used, indicating that the mechanical properties are dominated by the stiff polymer
matrix. However, at temperatures above Tg, the latex films containing the hexyl-functionalized
CNCs exhibited a much higher plateau storage modulus relative to the latex films stabilized only
with low molecular weight SDS surfactant. The plateau modulus also increases as the CNC
concentration increases from 1 to 3 wt.% for both m-CNC-hexyl-COOH and MxG-CNC-hexyl-

COOH containing films. The mechanical reinforcement is consistent with the formation of a
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percolating CNC network akin to what has been reported in other CNC/polymer

nanocomposites.?’-28.64

Figure 3.1 As-cast latex nanocomposites stabilized by a) 1 wt.%, b) 2wt.%, c¢) 3wt.% of m-CNC-
hexyl-COOH and d) 1 wt.%, e) 2 wt.%, f) 3 wt.% of MxG-CNC-hexyl-COOH (dimension of films:
ca. 40 mm by 40 mm).
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Figure 3.2 DMA temperature sweep study of the storage modulus (£’) of the latex composite films

stabilized with different type and concentration of stabilizers (heating rate 3 °C/min, frequency 1
Hz, strain 0.1 %). Loss modulus (£"') and tan 6 peak are shown in Appendix (Figure A3.3).

For latex composite films containing the same amount of alkyl-CNCs isolated from two different
biosources, the plateau storage modulus is slightly higher for films stabilized with MxG-CNC-
hexyl-COOH than the films stabilized with m-CNC-hexyl-COOH. The CNCs isolated from MCC
have an aspect ratio of ca. 19 while the MxG-CNCs have an aspect ratio of ca. 65.5%% Therefore
the enhanced reinforcement effect of MxG-CNC-hexyl-COOHs may be attributed to the higher
aspect ratio of the MxG nanocrystals, as is predicted by the percolation model for fiber composites
(see Appendix).?# However, comparing the plateau modulus between the films containing alkyl-
CNCs and SDS, the mechanical reinforcement effect by the alkyl-CNCs results in a modulus
increase by up to two orders of magnitude (for the 3 wt% MxG-CNC-hexyl-COOH). Even in the
case when the amount of CNCs in the latex is less than the percolation threshold (as predicted by
the aspect ratio of the filler) significant reinforcement is still observed. For example, the
percolation threshold for the m-CNC is ca. 3.7 vol.% (see Appendix for details), and as such no
significant mechanical reinforcement is expected below 3.7 vol.% (or ca. 5.4 wt.% for the P(St-

co-EHA) nanocomposites). However, the latex film stabilized with only 1 wt.% of m-CNC-hexyl-
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COOH demonstrated a mechanical reinforcement with a storage modulus (£’) of 7.0 + 0.2 MPa at
60 °C that is ca. 15 times higher than the storage modulus of SDS stabilized latex film at the same
temperature (E’'=0.48 £+ 0.05 MPa). Of course, the higher aspect ratio of MxG-CNCs means they
have a lower percolation threshold (1.1 vol.% or ca. 1.6 wt.%) and the percolation model predicts
a storage modulus at 60 °C of ca. 4.4 MPa and 9.7 MPa for nanocomposites containing 2 and 3
wt.% of MxG-CNC, respectively (see Supporting Information for details). However, the MxG-
CNC-hexyl-COOHs latex films show enhanced reinforcement relative to the model (£'= 25.9 +
8.3 MPa and 44.5 + 4.1 MPa for 2 and 3 wt.% respectively), suggesting that there is something
else going on other than a simple homogeneously distributed CNC network that is assumed in the
model.

With the goal of better understanding this reinforcement effect, the internal microstructures of
the latex nanocomposites were characterized by SEM (Figure 3.3). From SEM images of the cross-
sectional areas, a clear interconnected network structure can be observed within the films stabilized
by either m-CNC and MxG-CNC. As the CNCs are predominately organized at the surface of the
latex particles, the polymer particles act as an excluded volume where no CNCs are present. The
deformation of low Ty latex particles concentrates the CNCs into the interstitial space between the
particles resulting in the formation of an interconnected network. It is important to note that given
its dimensions the “honeycomb” network observed in the SEMs presumably consists of a mixture
of CNCs and polymer with the darker regions being predominantly a polymer only phase. Similar
honeycomb-like network structures have also been observed before with Laponite and silica
stabilized latex films.6”*8 Such excluded volume effect allows the CNCs to form percolating
network structures at a much lower concentration than would be predicated in a composite where

the filler is well dispersed and as such have an enhanced reinforcement effect. It is important to
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note that the structures that the SEM image of the cross-sectional area of the latex films stabilized

with SDS does not reveal any such network structures (Figure A3.4).

Figure 3.3 SEM images of the cross-sectional areas of latex composite films stabilized using a) 2
wt.%, b) 3 wt.% of m-CNC-hexyl-COOH and c) 2 wt.%, d) 3wt.% of MxG-CNC-hexyl-COOH.

Table 3.2 Summary of the storage modulus (£") and glass transition temperature (Ty) of the latex
composite films stabilized with different type and concentration of stabilizers.

As-cast Melt-pressed
Stabilizer type Concentration  E’at 60 °C E'at 60 °C
T, T,
(MPa) (MPa)
m-CNC-hexyl-COOH 1wt% 7.0+0.2 30.5 1.0+0.1 315
m-CNC-hexyl-COOH 2wt% 17.1+1.7 28 1.2+0.1 314
m-CNC-hexyl-COOH 3wt% 32.9+10.8 283 1.5+04 31.8
MxG-CNC-hexyl-COOH 1wt% 145+2.4 27 1.0£0.1 284
MxG-CNC-hexyl-COOH 2wt% 25.9+48.3 26.3 1.5+0.1 30.3
MxG-CNC-hexyl-COOH 3wt% 44 5+4.1 279 22403 332
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Table 3.2 Summary of the storage modulus (E') and glass transition temperature (Tg) of the latex
composite films stabilized with different type and concentration of stabilizers.

SDS 2wt% 0.48+0.05 295 0.76 32.6
m-CNC-COOH/SDS 2wt% 11.1£1.8 29.1 -- --
MxG-CNC-COOH/SDS 2wt% 12.7+1.6 30.8 -- --

T, determined from the peak of tan .

A number of reports in the literature*®*%% have focused on accessing latex/CNC
nanocomposites by taking advantage of non-covalent interactions between the CNCs and
traditional surfactants, and utilized surfactant and/or surfactant coated CNCs as the stabilizers to
access stable oil-in-water emulsions. As such latexes with the same monomer mixture but
stabilized by a combination of CNC-COOH and SDS were prepared in order to compare their film
properties to those of the alkyl-CNCs latex films. To this end, 2 wt.% of m-CNC-COOH or MxG-
CNC-COOH (with respect to monomer) were dispersed in water along with SDS (10 mM, above
CMC).*® The monomer phase was then added, and the polymerization of emulsions was carried
out using the same initiator systems to yield stable polymer latex particles with diameters of 172
+ 10.5 nm (m-CNC-COOH/SDS) and 166 + 8.0 nm (MxG-CNC-COOH/SDS) (Table A3.2).
Nanocomposite films formed from the latexes stabilized with CNC-COOH/SDS (Figure A3.5)
showed a lower storage modulus in the rubber regime compared to CNC-hexyl-COOHs at the
same CNC loadings (2 wt.%) (Figure 3.4, Figure A3.6). The E' of the m-CNC-COOH/SDS
stabilized films at 60 °C is 11.2 + 1.8 MPa (c.f. 17.7 MPa for m-CNC-hexyl-COOH), while the £’
of the MxG-CNC-COQOH/SDS stabilized films at 60 °C is 12.7 £ 1.6 MPa (c.f. 25.9 MPa for MxG-
CNC-hexyl-COOH). It is worthy of note that SEM images of the CNC/SDS films (Figure A3.7)

revealed no interconnected structures of the nanofillers. A possible explanation for the difference
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in microstructures is that the surface of the monomer droplets is predominantly stabilized with low
molecular weight surfactants rather than the CNCs. Therefore, the coalescence and interfusion of
latex particles during film formation does not lead to the formation of the honeycomb like network
structures compared to the latexes which were covered only with CNC:s. It is also possible that the
some of the SDS in the formulation coats the CNCs making them more dispersible in the oil phase.

In addition to the mechanical properties, surfactant/CNC formulation may be expected to be
more hydrophilic compared to the hexyl-functionalized CNC which will impact the water-swelling
behavior of the latex composite films. Indeed, latex films stabilized with CNC-COOH/SDS uptake
more water relative to the hexyl-modified CNCs. The equilibrium water uptake is ca. 35 wt.% and
49 wt.% for the latex films stabilized with m-CNC-COOH/SDS and MxG-CNC-COOH/SDS,
respectively (Table A3.2), while latex films containing CNC-hexyl-COOH only swell ca. 3 wt.%
for either m-CNC-hexyl-COOH or MxG-CNC-hexyl-COOHs. Such a reduction in water uptake
offers advantages for the CNC-hexyl-COOH latex films particularly in some coating formulations
where water uptake generally leads to a reduction in the film property profile or coating
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Figure 3.4 Comparison of the storage modulus (£') at 60 °C of as-cast latex composite films
stabilized with various type and concentration of stabilizers.
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3.4.3 Effect of microstructures on the mechanical properties

Since the above study suggests that the large reinforcement effect of the CNC/latex
nanocomposites is attributed to the network structures formed by the latex templating effect. It is
of interest to study how the mechanical properties will be affected if the microstructures are altered.
To this end, the solution cast films of the latex particles stabilized with alkyl-CNCs were melt-
pressed at 90 °C with the goal of disrupting the pre-formed CNC honeycomb structure. The melt-
pressed films appear homogeneous without any visible phase separation (Figure A3.8). A slight
shrinkage in the film was observed on account of the elasticity of the polymer matrix, and this
shrinkage was minimized in films with an increased amount of CNCs. SEM characterization was
performed to investigate how the microstructures were affected by melt pressing. As can be seen
from the SEM of the cross-sectional areas of the films (Figure 3.5a and b), the honeycomb network
structure formed by the CNCs and latex particles has been significantly disrupted by the melt
pressing process. The viscoelastic properties of the melt-pressed films were studied using DMA
(Table 3.). For the latex films containing only SDS as the stabilizer, the plateau storage modulus
at 60 °C increased from 0.48 + 0.05 MPa to 0.76 MPa after melt pressing. The slight increase in
storage modulus is presumably a consequence of the formation of a more compact structure within
the films through melt pressing. On the other hand, the plateau storage modulus for the films
stabilized with either m-CNC-hexyl-COOH (Figure A3.9) and MxG-CNC-hexyl-COOH (Figure
3.5¢) both decreased dramatically as a result of the melt processing. It can be seen from the DMA
results that the melt-pressed films containing 1 wt.% m-CNC-hexyl-COOH or MxG-CNC-hexyl-
COOH now exhibit similar storage modulus to the film containing SDS, which indicates that the

nanofillers (at these loadings) now have little-to-no reinforcement effect in these melt-pressed
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latex films. This result supports the hypothesis that the network structure of the CNCs formed by
latex templating is key to the strong reinforcement effect observed in the solution-cast latex
composite films and a disruption of such network structure leads to a significant decrease in storage

modulus of the melt-pressed films.

C) i —e— SDS 2% melt pressed
g —m- MxG-CNC-hexyl 1% melt pressed
—A— MxG-CNC-hexyl 2% melt pressed
<g. > MxG-CNC-hexyl 3% melt pressed
g b MxG-CNC-hexyl 3% as-cast

T
B
B S I S

Storage Modulus (Pa)
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Figure 3.5 SEM images of the cross-sectional areas of melt-pressed latex composite films
stabilized using a) 3 wt.% m-CNC-hexyl-COOH and b) 3 wt.% MxG-CNC-hexyl-COOH. ¢c) DMA
temperature sweep study of the storage modulus (£") of the latex composite films stabilized with

MxG-CNC-hexyl-COOH and SDS after melt pressing. Loss modulus (£") and tan 6 peak are
shown in SI (Fig. S10).

3.4.4 Addition of CNC-COOH to the CNC-hexyl-COOH stabilized latexes

For nanocomposites containing rigid nanofillers, the mechanical reinforcement is also a function
of the volume fraction of the rigid filler particles, but the relative modulus increase is greatly
diminished upon reaching higher filler content. In the case of the alkyl-CNCs latex composite films

a significant reinforcement effect is observed even at a relatively low filler content (1-3wt.%).
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None-the-less, it was of interest to see whether the network can be further reinforced by increasing
the CNC loading in the film. Since the ratio of monomer to aqueous phase is kept at 20:80 (w/w),
one way to increase the CNC content relative to the monomer is to increase the CNC concentration
in the aqueous phase. However, these hydrophobically functionalized CNCs have reduced
dispersibility in the aqueous phase, and the viscosity of the CNC aqueous dispersion also increases
rapidly as the CNC concentration increases making it difficult to access stable oil-in-water
emulsions at higher CNC content. Therefore, pre-synthesized latex particles stabilized with 3 wt.%
of m-CNC-hexyl-COOH or MxG-CNC-hexyl-COOH were mixed with a CNC-COOH aqueous
dispersion (10 mg/mL) such that the total amount of CNC-COOH equals ca. 10 wt.% w.r.t. the
monomer phase. After stirring the mixtures for 3 hrs, the latex suspensions were cast into
composite films with a total CNC weight fraction of 13 wt.%. Both latex composite films contain
higher concentration of m-CNC-COOH or MxG-CNC-COOH showed no visible phase separation,
however the films were more brittle at room temperature (for example Figure A3.11shows that
there is cracking of these films around the cut edges). The mechanical properties of the latex
composites were investigated by DMA and the results showed that there is a significant increase
in the modulus in the rubbery regime, with a storage modulus £’ of 1040 + 31 MPa and 988 + 23
MPa at 60 °C for the films stabilized with 13 wt.% m-CNC and 13 wt.% MxG-CNC, respectively
(Figure 3.6a). The plateau modulus is more than 2000 times higher than the SDS latex films
(without CNCs). It is also worth pointing out that the difference in storage modulus between films
stabilized with m-CNCs and MxG-CNCs is not significant, suggesting that in these systems the
aspect ratio of individual nanocrystals becomes less important. Similar to the CNC latex films
discussed above the storage modulus of these 13 wt.% composite films show a significant decrease

in plateau modulus after melt pressing. The £’ at 60 °C decreases to 25 + 7 MPa and 39 + 14 MPa
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for the melt-pressed composites films contain 13 wt.% of m-CNC and MxG-CNC, respectively.
The massive decrease in storage modulus is presumably also a consequence of the disruption of

the network structures formed within the films as a result of the melt pressing.

a) —e— M-CNC 13 wt% as-cast
—y —e— m-CNC 13 wt% melt-pressed
---- . —a MxG-CNC 13 wt% as-cast
= & - MxG-CNC 13 wt% melt-pressed
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Figure 3.6 a) Comparison between the storage modulus of as-cast and melt-pressed latex
composite films stabilized with 13 wt.% total of m-CNCs or MxG-CNCs. Loss modulus (£") and
tan 0 data are shown in the SI (Fig. S12). SEM image of the cross-sectional areas of latex composite
film stabilized with 13 wt.% MxG-CNCs b) as-cast and c) after melt-pressing.

With the goal of understanding the mechanical reinforcement effect, the internal structures of
the latex composites stabilized with 13 wt.% of MxG-CNCs was also investigated by SEM (Figure
3.6b). As shown in the SEM image of the cross-sectional area of these films, a more layered
microstructure (of what appears to be CNC rich and polymer rich layers) can be observed as
opposed to the honeycomb network structure observed in films stabilized with 3 wt.% of MxG-

CNC-hexyl-COOH. The lack of any macroscopic phase separation suggests that the polymerized
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latex particles stabilized by hexyl functionalized MxG-CNCs and the extra MxG-CNC-COOHs
are compatibilized with each other during the ex-situ aqueous mixing process. The higher
reinforcement effect is again attributed to the formation of CNC network structures within the
composite films by latex templating effect. But in this case, the concentration of CNCs in the
interstitial areas (the CNC rich layers observed in SEM) is much higher compared to the network
formed within the latex film stabilized with 3 wt% MxG-CNC-hexyl, which resulted in a further
enhancement of the film mechanical properties. Furthermore, the network structure could also be
disrupted by melt pressing as indicated by the SEM images of the melt-pressed films (Figure 3.6c).
This is consistent with the large decrease in storage modulus observed by DMA experiment and is
consistent with the previous study that the microstructures formed by the latex particles are crucial

for the mechanical reinforcement of the nanocomposites.

3.5 Conclusion

Low molecular weight surfactant free poly(St-co-EHA) latex particles with submicron sizes
were successfully synthesized by miniemulsion polymerization using hexyl-modified CNCs as
stabilizers. These latexes formed films that showed enhanced mechanical properties in the rubber
regime relative to the films formed from SDS stabilized latexes even at relative low CNC loadings
(1 wt.%). The strong mechanical reinforcement is attributed to the formation of CNC filler
networks within the latex composite films as well as better interactions between alkyl-CNCs and
polymer matrix on account of the in-situ polymerization. The excluded volume of the latex
particles results in the formation of a percolating “honeycomb” CNC-rich phase that reinforces the
film even at low CNC concentrations. Disruption of this percolating CNC-rich network by melt

pressing lead to a significant decrease in mechanical properties of the films. Importantly, these
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alkyl-CNC stabilized latexes where shown to form more mechanically robust films that also have
lower water uptake than those prepared from corresponding latexes stabilized with a combination
of SDS and CNCs, highlighting some key advantages of being able to remove the low moleculaer
weight surfactant from the formulation. Finally, it was also shown that the mechanical properties
of the latex composite films can be further enhanced by the addition of CNC-COOHs to the pre-
synthesized CNC-stabilized latexes. The ability of using alkyl modified CNCs to access latex films
without the need of a low molecular weight surfactant to access films with enhanced mechanical
properties (even at low CNC loading) and reduced water uptake makes these CNCs an attractive

option as a combined green surfactant and reinforcing agent in coating and adhesive applications.

3.6 Appendix

Percolation model

The Percolation model can be used to predict the storage modulus £’ of the nanocomposites.
This model assumes the rigid filler particles (£') form a percolating network within the soft
polymer matrix (E's). The level of reinforcement of the CNCs in the nanocomposite is a function
of the volume fraction (X,), aspect ratio (AR) and the modulus of the rigid filler particles (E').

According to the percolation model, the modulus of the composite £’ can be expressed by:

(1—2¢ +YX,)E'sE'r + (1 - X, )YE',
(1 - XT)E,T + (Xr - lp)E,S

E' =

where 1 is the percolation volume fraction of filler particles, which is:
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X, — X,
=X 0.4
11[} T( 1 _ XC )
The critical concentration that the network starts to from is called the percolation threshold (Xc),
which it is related to the aspect ratio (AR) of the filler particles (X. = 0.7/AR).
The values used for the prediction of storage modulus of CNC/P(St-co-EHA) latex
nanocomposites are: modulus of rigid filler £'.= 3 GPa, modulus of soft polymer matrix E's = 0.48

MPa, density of rigid filler p=1.49 g/cm?, density of polymer matrix p=1.01 g/cm?, aspect ratio of

m-CNC AR=19 and MxG-CNC AR=65.

Coverage study

The theoretical coverage of CNCs at the particle surface can be calculated by:

coverage = 6th

where m,, is the amount of CNCs absorbed at the interface, D is the average diameter of the latex
particles, 4 is the height of the CNCs (determined by AFM), p is the density of the CNCs (1.49
g/cm? for both CNCs), and V is the volume of the monomer phase stabilized by CNCs. Assuming
all the CNC were absorbed at the interface (which is the ideal case), for m-CNC (h=5.3 nm), the
coverage for 1, 2 and 3 wt% based on the average size from DLS are ca. 10, 27 and 34%. For
MxG-CNC (h=3.4 nm), the coverage for 1, 2 and 3 wt% are ca. 19%, 38%, 53%. In reality, the

coverage number will probably be smaller since not all CNC will be absorbed at the interface.
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Table A3.1 Elemental analysis and zeta potential study of oxidized m-CNC-COOH and MxG-
CNC-COOH, and hydrophobic functionalized m-CNC-hexyl-COOH and MxG-CNC-COOH.

Elemental Analysis Zeta Potential
Sample

Carbon (%) Hydrogen (%) Nitrogen (%) (mV)
m-CNC-COOH 41.36 5.64 0.14 -79.7+1.3
MxG-CNC-COOH 41.07 5.68 not found -91.34£0.8
m-CNC-hexyl-COOH 41.9 5.4 0.75 -55.540.8
MxG-CNC-COOH 41.48 5.71 1.03 -55.1+£0.8

@ 1 (b)] Sraem
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—e— SDS 2% no CNC

—a— m-CNC-hexyl 1% e
= m-CNC-hexyl 2%
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Loss Modulus (Pa)
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Figure A3.3 DMA temperature sweep study of the a) loss modulus (E'") and b) tan o of the latex
composite films stabilized with different type and concentration of stabilizers.
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Figure A3.4 SEM images of the cross-sectional areas of latex films stabilized with SDS only.

Figure A3.5 Latex composite films stabilized with SDS coated a) m-CNC-COOH and b) MxG-
CNC-COOH.
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Table A3.2 Comparison of the size of the latex particles and the mechanical properties and water
swelling of the latex composite films stabilized with CNC-alkyl-COOH and CNC-COOH/SDS.

E'at 60 Water
Stabilizer Concentration SDS Size (nm)
(MPa) Swelling (%)
m-CNC-hexyl-
2wt% 0 590.4+25.3 17.1x1.7 2.9
COOH
m-CNC-COOH 2wt% 10 mM 172.9+10.5 11.2+1.8 35
MxG-CNC-hexyl-
2wt% 0 541.0+£7.2 259+8.3 3.2
COOH
MxG-CNC-COOH 2wt% 10 mM 165.6+8.0 12.7£1.6 49
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Figure A3.6 DMA temperature sweep study of the a) storage modulus (E'), b) loss modulus (E")
and c) tan & of the latex composite films stabilized with SDS/m-CNC-COOH and SDS/MxG-
CNC-COOH compared to covalent functionalized CNC-hexyl-COOH.

Figure A3.7 SEM images of the cross-sectional areas of latex composite films stabilized using
SDS coated a) 2 wt% m-CNC-COOH and b) 2 wt% MxG-CNC-COOH.
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Figure A3.8 Melt-pressed latex nanocomposites stabilized by a) 1 wt%, b) 2wt%, ¢) 3wt% of m-
CNC-hexyl-COOH and d) 1 wt%, e) 2 wt%, f) 3 wt% of MxG-CNC-hexyl-COOH.
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Figure A3.9 DMA temperature sweep study of the a) storage modulus (E'), b) loss modulus (E")
and c) tan O of the latex composite films stabilized with SDS or m-CNC-hexyl-COOH after melt.
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Figure A3.10 DMA temperature sweep study of the a) loss modulus (E'") and b) tan 6 of the latex
composite films stabilized with MxG-CNC-hexyl-COOH after melt pressing.
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Figure A3.11 Latex composite films containing 13 wt.% (10wt% CNC-COOH and 3 wt.% CNC-
hexyl-COOH) of a) m-CNC and b) MxG-CNCs.
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Figure A3.12 DMA temperature sweep study of a) loss modulus (£') and b) tan 6 of the composite
films containing 13 wt.% (10wt% CNC-COOH and 3 wt.% CNC-hexyl-COOH) m-CNC and MxG.
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Chapter 4. Effect of Processing Conditions on the Mechanical Properties of

Bio-inspired Mechanical Gradient Nanocomposites.”

4.1 Abstract

Photo-induced thiol-ene crosslinking of allyl-functionalized cellulose nanocrystal
(CNC)/polymer nanocomposites allows access to films that mimic the water-enhanced mechanical
gradient characteristics of the squid beak. These films are prepared by mixing the functionalized
CNCs and polymer in a solvent before solution casting and drying. The photocrosslinking agents
are then imbibed into the film before UV exposure. Reported herein are studies aimed at better
understanding the effect of the film preparation procedure, film thickness and the conditions under
which the UV treatment is carried out. It was found that when the film is heated at a temperature
higher than its glass transition temperature (Tg) during the UV irradiation step there is a greater
enhancement in the mechanical properties of the films, presumably on account of more efficient
crosslinking between the CNC fillers. Moreover, composite films that were compression molded
(at 90°C) before the imbibing step displayed lower mechanical properties compared to the as-cast
films, which is attributed to phase separation of the CNC fillers and polymer matrix during this
additional processing step. Finally, the film thickness was also found to be a critical factor that
affects the degree of crosslinking. For example, thinner films (50 um) displayed a higher wet
modulus ca. 130 MPa compared to ca. 80 MPa for the thicker films (150 pm). Understanding the
processing conditions allows access to a larger range of mechanical properties which is important

for the design of new bio-inspired mechanical gradient nanocomposites.

* This chapter is adapted from: Zhang, Y.; Edelbrock, A. N.; Rowan, S. J. Eur. Polym. J. 2019, 115, 107-114
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4.2 Introduction

The rapid development of modern technologies continues to push the demands for materials
with improved properties and functionalities. When designing and fabricating high-performance
synthetic materials, nature provides ample inspiration' and natural materials often demonstrate
remarkable properties which distinguish them from their synthetic counterparts®. To obtain such
properties, biological systems have optimized their complex hierarchical structures over multiple
length scales”!?. One use of these hierarchical structures is to connect materials with different
mechanical properties''™'4. A squid’s beak is an ideal example of how nature seamlessly bridges
between the stiff tip of the beak (rostrum) and the soft foundation tissue (buccal) that spans 2
orders of magnitude in stiffness'>~!”. Squid beaks are composed of chitin fibers, water and matrix
proteins that are chemically crosslinked, where both the relative concentration of each component
as well as the degree of crosslinking varies spatially!’. It is proposed that the hydrophobic,
histidine-rich proteins (DgHBPs) form coacervate solutions that diffuse into the chitin-binding
protein (DgCBPs) scaffold and induce crosslinking between histidine residues with both 4-
methylcatechol and peptidyl catechol moieties (L-DOPA). Near the rostrum, a higher fraction of
protein is found with a high crosslink density resulting in high stiffness and less hydration (~15
wt%). Inversely, the buccal region of the beak contains a lower amount of protein and fewer
crosslinks yielding a softer material with significantly more water (~ 70 wt%). In dehydrated
samples, the difference in modulus between the rostrum and buccal regions is only a factor of 2
times (5 to 10 GPa), indicating that water swelling is critical in defining the mechanical gradient
of the squid beak. When hydrated, the chitin-rich soft base swells significantly, while the rostrum’s

highly-crosslinked network saturated with hydrophobic and H-bonding catechol moieties prevents
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significant swelling. This produces an impressive mechanical gradient with a two order of
magnitude increase in stiffness across the beak.

Adoption of nature’s gradient strategies offers new and interesting ways to design synthetic
mechanical gradient materials®>. These materials can be used as a modulus buffer where stiff
therapeutic implant devices are in immediate contact with soft biological tissues, such as glucose
sensors for diabetics'®, osseointegrated prosthetic limbs for amputees'®, long term intravascular
interfaces?’, as well as biocompatible intracortical microelectrodes?'~23. There are a few prior
studies published on bioinspired mechanical gradient materials. For example, previous reported
approaches to lateral gradient materials have controlled the relative concentration of the stiff and
soft components, e.g. with different PDMS elastomers?* or cellulose nanofibrils/polymer mixtures,
along the lateral direction of the films?®. Alternatively, controlling the degree of alignment of
carbon nanotubes (CNT), from well-aligned to random, along the films?® also yields gradient
materials. Finally, more akin the squid beak mechanism, gradient films have been developed by
varying degree of crosslinking along the film e.g. using catechol-functionalized chitosan with iron
oxide nanoparticles?’, chitosan fillers with L-dopa?®, or imidazole-containing polymers with metals
ions?. Although these synthetic materials all showed mechanical contrasts, they lack facile control
of a continuous transition in stiffness, suffer from a small range of mechanical contrast, and/or
required special equipment or time-consuming steps to access.

In prior work, Rowan and Weder have developed mechanically dynamic polymer
nanocomposites which were inspired by the stimuli-responsive behavior of the inner dermis of the
sea cucumber®®. By embedding cellulose nanocrystals (CNCs) in different polymer matrices, a
series of polymer nanocomposites that exhibit water-responsive mechanically adaptable behavior

were accessed?! 3¢, CNCs are highly crystalline nanofibers, which are approximately 5 to 25 nm
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in cross-section, and hundreds of nanometers to microns in length, depending on the biosource
they are isolated from3’~*!. It has been proposed that when processed correctly CNCs can form a
percolating network within the polymer matrix through strong hydrogen bonding interactions*?,
which results in a significant enhancement of the mechanical properties of dry composites.
Immersion of these nanocomposites into water allows the materials to switch from stiff to soft, on
account of the disengagement of the CNC network (and presumably also reduction of CNC-matrix
interactions, depending on the nature of the matrix) via competitive hydrogen bonding between
the CNCs and water molecules. Another attractive feature of CNCs is that their surface properties
can be tailored for different applications by functionalization of the surface hydroxyl groups*—8.
Inspired by the squid beak model, previous studies have shown that selective photo-irradiation
of an allyl-functionalized CNC/polymer (Poly(vinyl acetate), PVAc)) nanocomposite film
embedded with a tetrathiol crosslinker (pentaerythritol tetrakis(3-mercaptopropionate), PTMP)
and photoinitiator allow access to water-enhanced mechanical gradient materials (Scheme 4.1)°.
By introducing crosslinkable functionalities onto the surface of the CNC nanofillers, the original
hydrogen bonding interactions can be augmented with covalent crosslinks. The CNC-CNC
interactions would then be permanently “switched on” and thus the degree of mechanical softening
of the composite materials upon exposure to water could be greatly reduced. As a result formation
of a permanent covalent CNC crosslinked network allows access to films with a wet modulus of
over 100 MPa, relative to ca. 30 MPa for composites that only use the noncovalent interactions
that are disrupted by the presence of water. Furthermore, by utilizing UV-initiated thiol-ene
chemistry it was shown that the degree of swelling and the magnitude of the wet modulus

(presumably by controlling the amount of crosslinking) could be controlled by irradiation time.
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Scheme 4.1 Schematic of the procedure used to access the squid beak mimetic composites and the
proposed photo-initiated thiol-ene crosslinking reaction of the CNC nanofillers.

Though polymer nanocomposites with a water-activated mechanical gradient have been
successfully achieved, the level of mechanical contrast (Esi/Esoni ca. 5) is still relatively low
compared to the mechanical gradient of the squid beak, which ranges from ca. 50 MPa to 5 GPa.
Furthermore, during studies following this initial work, it was found that the final wet modulus of
the films was very sensitive to a number of processing and film factors which lead to inconsistent

results. Specifically, this includes the temperature of the film and the nature of the supporting
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substrate during the UV curing step, as well as the how the uncured films are processed and their
resulting thickness. The work reported herein was aimed at investigating some of these aspects in

more detail with the goal of producing a more robust protocol.

4.3 Experimental Section

Materials

Cellulose nanocrystals were isolated from sea tunicates (Styela Clava) that were harvested from
floating docks in Warwick Marina (Warwick, RI) and were cleaned and bleached following
previously published procedures**. NaOCl was received from Alfa Aesar with 14.5% available
chlorine. Poly(vinyl acetate) (PV Ac) with weight—average molecular weight, My=100 000 g/mol,

and all the other reagents were purchased from Sigma-Aldrich and used as received.

Synthesis of tCNC-COOH via TEMPO oxidation

Dry, bleached tunicate mantles were hydrolyzed using hydrochloric acid and then oxidized using
TEMPO, NaBr and NaOCl to yield tCNC-COOH according to literature procedures®®. The tCNC-
COOHs were titrated using conductometric titration in order to determine the amount of surface
carboxylic groups. Briefly, 25 mg of tCNC-COOH was dispersed in 80 ml of DI water by
sonication overnight in a Branson CPX sonication bath. 15 pL of concentrated HCI1 (33 wt%) was
added under stirring to drop the pH of the dispersion below 3 and the titration was performed using
0.01 M NaOH solution. The conductivity was plotted against the volume of NaOH consumed and

the plateau region was used to determine the carboxylic acid group content.

Synthesis of allyl-functionalized CNCs (tCNC-allyl-COOH)
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Allyl functionalization was performed using similar EDC and NHS peptide coupling methods
used previously>® with slight modifications (Scheme 4.2). Oxidized CNCs (200 mg, 0.2 mmol of
carboxylic acid moieties) were dispersed in 40 mL of DMF and bath sonicated overnight. 1-Ethyl-
3-(3-(dimethylamino)propyl) carbodiimide hydrochloride (EDC) (383.4 mg, 2 mmol, 10 equiv.)
was added to the dispersion and the reaction was stirred for 5 min. Then N-hydroxysuccinimide
(NHS) (230.2 mg, 2 mmol, 10 equiv.) was added and stirred for a further 30 min. Finally,
allylamine (228.4 mg, 4 mmol, 20 equiv.) was slowly added and the reaction was allowed to stir
for 16 hrs at room temperature. The resulting mixture was precipitated in excess methanol and
then centrifuged at 10000 rpm for 10 min. The residual was washed with methanol (3X) and DI
water (3X) under successive centrifugation. Functionalized CNCs were re-dispersed in DI water,
dialyzed and lyophilized to yield tCNC-allyl-COOH. This ally functionalization was repeated
again under the same conditions to enhance the degree of functionalization. The final product was
titrated again to determine the residual mount of carboxylic acid groups, and the amount of allyl
groups was calculated by the difference in the number of carboxylic acids groups before and after

the reaction

Characterization of tCNC-COOH and tCNC-allyl-COOH

Atomic Force Microscopy (AFM). The dimensions of tCNC-COOHs and tCNC-alll-COOHs
were measured by AFM. Aqueous suspensions of tCNC-COOHs and tCNC-allyl-COOHs with a
concentration of 0.1 mg/mL were drop cast on freshly cleaved mica surface. The samples were
imaged in scan assist mode using a Bruker Multimode 8 instrument equipped with a Nanoscope 5
controller. The length and thickness of the CNCs were analyzed using the height image by

Gwyddion software.
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X-ray Diffraction (XRD). The degree of crystallinity before and after allyl-functionalization was
measured by XRD. Lyophilized samples were tightly packed inside plastic washers and were held
in place between two pieces of Kapton tape. The XRD patterns were recorded using a SAXSLAB
GANESHA 300 XL system with Cu Ka source (A=0.154 nm) at a voltage of 40 kV and 40 mA

power. The crystallinity index (C.1.) was calculated according to the following equation:

C.1. = 200714 o 100% (1)

200

Where I is the intensity of the (200) reflection and Iam is the intensity at 20=18°,
corresponding to the minimum between the planes (200) and (110).

X-ray Photoelectron Spectroscopy (XPS). The XPS data were collected using the AXIS Nova
spectrometer equipped with a monochromatic Al Ka X-ray source. The Al anode was powered at
10 mA and 15 kV. Instrument base pressure was ca. 1 X 1071% Torr. For calibration purposes, the
binding energies were referenced to C-C/C-H peak in the C 1s signal at 285.0 eV. Lyophilized
tCNC-COOH and tCNC-allyl-COOH samples were pressed into pallets and adhered to conductive
carbon tape before loading into the instrument.

Elemental Analysis. tCNC-COOH and tCNC-allyl-COOH were wash with 0.1 M HCI to
protonate all the carboxylic groups. The samples were then lyophilized, and the carbon, hydrogen

and nitrogen contents were measured at Midwest Microlab (Indianapolis, Indiana, USA).

Fabrication of CNC/PVAc nanocomposites

PVAc was dissolved in DMF (50 mg/mL) by stirring for 4 hrs, while tCNC-allyl-COOH was
homogeneously dispersed in DMF (3 mg/mL) by ultrasonication. The nanocomposite mixture was
prepared by mixing appropriate amounts of the PVAc solution and CNC dispersion and

ultrasonicating for 30 min before casting into PTFE dishes. The samples were heated at 60 °C in
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a vacuum oven for 5 days to fully remove the DMF. The amount of CNC in the final
nanocomposites was set at 15 wt% in this study. Thermogravimetric analysis (TGA) was used to
confirm the removal of DMF. The dried nanocomposite films were removed from the PTFE dishes
and either used as-cast or were compression molded at 90 °C at 4000 psi for 10 min to yield 150
um thick films. In the case of the as-cast films, the thickness was controlled by adjusting the

amount of CNC/PV Ac solutions that were cast into the PTFE dish (diameter 10 cm).

Imbibing Process

The imbibing procedures were adapted from previously published methods with minor
modification®. CNC/PV Ac nanocomposites were cut into rectangular strips with an approximate
dimension of 30 mm by 4 mm. Stock solutions of the photoinitiator (Phenylbis(2,4,6-
trimethylbenzoyl)phosphie oxide) (2 mM) and crosslinker (pentaerythritol tetrakis(3-
mercaptopropionate), PTMP) (10 mM) were prepared by dissolving the reagents in DCM. Then
each strip was weighed individually to calculate the amount of allyl groups within the strip based
on weight fraction of CNCs and the amount of allyl functionalities on the CNC surface. The
required amount of stock solution of photoinitiator (5 mol% of ally groups) and crosslinker (25
mol% of ally groups) were mixed. The imbibing was performed by slowly pipetting the initiator
and crosslinker co-solution onto the composite strips until the solution was absorbed. The imbibed
films were then placed on PTFE dishes and annealed in a desiccator filled with saturated DCM
vapor for 24 hrs in a dark environment. The goal of the solvent annealing step is to ensure a more
homogeneous distribution of the photoinitiator and crosslinker within the film. Finally, the strips
were dried under reduced pressure at room temperature for 24 hrs to remove any residual DCM.

TGA was used to confirm the complete removal of DCM.
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Photo-crosslinking procedure

The nanocomposite films were irradiated with a 320-390nm UV light using a Honle Bluepoint
UV source at an intensity of 60 mW/cm? for different times ranging from 2 to 40 min. During the
irradiation procedure the films were supported on different substrates, including an aluminum
block, foam block or hot plate. All films were turned over at the midpoint of the exposure time to
make sure both sides were exposed with the same amount of UV light. All the films were
subsequently soaked in 2-propanol for 2 hrs after irradiation to remove any unreacted crosslinkers.
This washing step was repeated twice with fresh 2-propanol before the films were dried in vacuum

oven for 24 hrs at room temperature and 48 hrs at 40 °C, respectively.

Water Swelling of Nanocomposites

All films were first weighed to obtain the dry mass after removal from the oven. The films were
then placed in vials filled with DI water, and the vials were placed in a temperature-controlled
water bath at 37 °C. After 18 hrs the films were removed, gently blotted using filter paper and

weighed to obtain the wet mass. The degree of swelling was calculated by:

Wet mass—Dry mass

% Swelling = x 100 2)

Dry mass

Dynamic mechanical analysis (DMA) characterization of nanocomposites

The viscoelastic properties of nanocomposites were analyzed using a RSA-G2 solid analyzer
(TA Instrument, DE) equipped with a tension clamp and submersion chamber allowing the
measurements to be conducted while the films were immersed in water. The wet modulus of the

samples was analyzed using a temperature sweep method from 18 °C to 45 °C at a heating rate of
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3 °C /min, with a fixed frequency of 1 Hz and a strain of 0.1%. For characterizing the dry modulus
of composite films, only the tension camp was used and the same test procedure was used except
for the temperature, which was varied from 0 °C to 90 °C. All the tests were performed in triplicate

and the standard deviations were plotted as error bars.

4.4 Results and Discussion
4.4.1 Fabrication of bio-inspired nanocomposites with allyl-functionalized CNCs.

To access allyl-functionalized CNCs, CNCs were first isolated from tunicate mantles using
hydrochloric acid hydrolysis. TEMPO mediated oxidation was subsequently performed to oxidize
some of the primary OH groups into carboxylic acid moieties. Conductometric titrations on these
oxidized CNCs show a carboxylic acid density of 1000 mmol/kg (tCNC-COOHioo0, where the
subscript is the functional group density in mmol/kg). The tCNC-COOHipo were then
functionalized with allylamine using standard peptide coupling chemistry (Scheme 4.2). The
functionalized CNCs showed a residual carboxylic acid density of 200 mmol/kg as measured by
conductometric titration, suggesting that 800 mmol/kg of the carboxylic acid groups were
functionalized with allylamine (tCNC-allylgoo-COOHa200). FTIR studies of tCNC-COOH 1000 show
a characteristic peak at 1600 cm™!' which is associated with the carboxylate moieties. The formation
of the amide bond in tCNC-allylgo-COOHaz¢o is confirmed by the appearance of a new carbonyl
peak at 1650 cm’!, while the peak at 1600 cm™! is associated with the residual carboxylate moieties
(Figure A4.1). Further verification of the functionalization of the CNCs was obtained by XPS and
elemental analysis. XPS spectra of the tCNC-allylgoo-COOH20 sample (Figure A4.2a) shows a
signal corresponding to nitrogen (N 1s: 402 eV). Furthermore, after fitting the high-resolution XPS

spectra of the C 1s signal using the peak positions reported by Lin and Dufresne that utilized the
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same EDC-NHS chemistry®!, a characteristic C-N (286.2 eV) peak is present in the tCNC-allylsoo-
COOHz00 sample but not in the tCNC-COOHigoo starting material (Figure A4.2b and c). Taken
together with the elemental analysis results (Table A4.1 in Appendix), which shows a nitrogen
content of 0.6% for tCNC-allylgoo-COOHa0, the data is consistent with the successful reaction of
allylamine onto the surface of CNCs. The average dimensions of the crystals before and after
functionalization were measured using AFM height images (Figure A4.3). The tCNC-COOH ;0008
were found to have an average length of 1186 = 643 nm and height of 10.2 + 2.4 nm. The tCNC-
allylgoo-COOH200s showed similar dimensions (length 985 + 454 nm and height 10.3 + 1.9 nm)
confirming that the functionalization did not significantly impact the size of the CNCs and that the
tCNC-allylgoo-COOH200s maintained an aspect ratio of ca. 100. The changes in crystallinity
before and after allyl-functionalization were measured by XRD (Figure A4.4). The crystallinity
index (C.I.) only changes slightly, from ca. 95.5% to 94% for tCNC-COOH 00 and tCNC-allylsoo-
COOHazoo respectively, confirming the integrity of the cellulose nanocrystals after
functionalization.

In the prior studies the effect of irradiation time and the amount of allyl-functionalized CNCs
embedded in a poly(vinyl acetate) (PVAc) matrix on the mechanical properties of these photo-
crosslinkable nanocomposites was studied™. In this work, PV Ac nanocomposites containing 15wt%
of tCNC-allyl-COOH were prepared in order to study the effect that UV irradiation curing
conditions, film processing conditions, as well as film thickness, have on the mechanical properties
of the crosslinked composite films. All nanocomposites were fabricated by mixing an appropriate
amount of a tCNC-allylgoo-COOH2¢0 dispersion in DMF and a PVAc DMF solution followed by

casting and drying in a vacuum oven.
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Scheme 4.2 Chemistry used to access the allyl-functionalized CNCs.

4.4.2 Effect of UV irradiation conditions

In order to more precisely control the thickness of the films the dried composites were first
compression molded (at 90°C) into a smooth and clear film with thickness around 150 pm, and
then imbibed with the photoinitiator and the pentaerythritol tetrakis(3-mercaptopropionate)
(PTMP) crosslinker at a 20:20:1 molar ratio of alkene:thiol groups:initiator. The films were then
irradiated with UV light (intensity 60 mW/cm?) for different times ranging from 2 to 40 mins in
order to initiate the thiol-ene reaction. It is important to note that the relatively high-intensity UV
source can generate heat during the UV irradiation step. Given that the dry composite films have
a Ty at ca. 50 °C, as can be seen from the peak of tan 6 on the DMA curves (Figure A4.5), it is
reasonable to expect that such heating may have an effect on the amount of curing. Thus, initial
studies focused on reducing the effect the UV light induced heat by supporting the composite film
on an aluminum block which acts as a heat sink to aid dissipation of any heat generated by the UV

light. Films were irradiated for varying time periods up to 40 min (20 min each side). After washing
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with 2-propanol to remove any residual crosslinker/photoinitiator and drying in a vacuum oven,
all films were immersed in water and mechanical testing was conducted on the water swollen films
(wet state) after they reached equilibrium swelling. Figure 4.1a shows the temperature dependency
of the storage modulus (£") of the nanocomposites films as measured by DMA temperature sweep
studies. The wet storage modulus (£’) shows a transition at ca. 22 °C for all samples which is
attributed to the glass transition temperature (7y) of the PVAc matrix. It should be noted that the
T of dry PVAc polymer is around 50 °C, but in the wet state water acts as a plasticizer decreasing
the T of the polymer matrix. The storage modulus (£") at a temperature higher than 7, (37 °C) was
used to evaluate the wet mechanical properties of the films after different UV exposure times. Data
in Figure 4.1a shows that the £’ increased from 10 MPa for un-irradiated sample to 22 MPa for
samples irradiated for 40 min. However, based on the prior work on the 15 wt% tCNC-allyl-
COOH/PVAc nanocomposites which showed a wet modulus above 100 MPa, the level of
mechanical reinforcement observed in Figure 4.1a was relatively low, presumably on account of a

limited degree of covalent crosslinking of the CNC fillers.
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Figure 4.1 Representative DMA temperature sweeps of wet 15wt% tCNC-allylgoo-COOH200/PV Ac
nanocomposites irradiated on a) aluminum block (heat sink) and b) hotplate set at 60 °C.

One possible reason for this observation is that the UV-initiated thiol-ene reaction is too slow in
the bulk film at temperatures lower than the 7, of PVAc polymer matrix (50 °C), on account of
the reagents being locally trapped in the glassy polymer matrix. To test this hypothesis, a series of
UV curing experiments were carried out under three different conditions: 1) the films were
supported on a non-thermally conducting substrate (foam block); 2) the films were pre-swollen
with water to lower the 7, of the polymer to around room temperature (22 °C) before being

irradiated with UV; and 3) the films were placed on a hot plate set to 60 °C. Figure 4.2a shows the
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comparison of wet £ at 37 °C for samples irradiated for 40 min using different conditions. There
i1s no significant difference in the £’ (23-25 MPa) of the films supported on either a thermal
conducting aluminum substrate or a non-thermal conducting foam substrate, suggesting that under
these specific experimental conditions the heat generated by the UV source is not enough to warm
up the films to above their 7,. In the case of the water-swollen samples, the temperature at which
they are irradiated with UV is now very close to the 7, of the polymer matrix, and as a result, the
E' of the crosslinked film increases to 30 MPa. However, the biggest increase in mechanical
reinforcement was observed for films supported on the hot plate set to a temperature (60°C) higher
than the 7; of the polymer matrix. The wet modulus increased from 10 MPa before irradiation to
50 MPa after irradiating for 40 min (Figure 4.1b). This could be explained by the increase in chain
mobility facilitating the diffusion of reagents and resulting in a higher level of crosslinking. A
comparison of the £’ at 37 °C versus irradiation times for films supported on aluminum or on a
60°C hotplate is shown in Figure 4.2b, which clearly shows that the kinetics of the thiol-ene
crosslinking reaction had been improved by heating the films above their 7, during UV irradiation.
As aresult, the mechanical contrast is significantly improved from E's;/E’sos: ca. 2 to E'si/E'sof ca.

5.

139



a) 60
1
50 - T
® 40
g 40
£
© 304
N~
“ T
@ T
i 20
104
0 T T T T
Aluminum  Foam substrate Water-swelled Hotplate
substrate
®  Aluminum substrate
b) 60 ® Hotplate (60 °C)
50 E
-
© 40
o
< L)
o =
o 304
5 L)
_(8) 204 E L} -
w -
E o
104 %
O T T T T T T T T T
0 5 10 15 20 25 30 35 40

Irradiation time (min)

Figure 4.2 Comparison of the wet storage modulus (£”) at 37 °C of a) the composite films irradiated
for 40 min under different conditions and b) composite films supported on an aluminum substrate
or hotplate (at 60 °C) and irradiated for different times ranging from 2-40 min.

4.4.3 Effect of film processing condition

The above studies used tCNC-allyl-COOH/PV Ac nanocomposite films that were compression
molded before UV curing. Interestingly, while the films appeared smooth and optically clear after
melt processing (Figure A4.6), when the films were immersed in water the films appeared slightly
inhomogeneous (Figure A4.7). It has been shown that melt processing of CNC composites can
induce some phase segregation, and this certainly would be expected to have a negative impact on

the mechanical reinforcement of the CNC filler’? as well as the ability of the light to penetrate
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evenly through the wet film. Thus, a new batch of composite films were prepared and were used
as-cast (after the films were dried in the vacuum oven) without any compression molding/melt
processing. Upon exposure to water, the as-cast films showed more homogeneous swelling relative
to the melt processed films (Figure A4.7). Therefore, it is important to study how the different film
processing method impacts the mechanical reinforcement of these bio-inspired nanocomposites. It
should be noted that the as-cast films should be carefully prepared to ensure they are free of any
defects or bubbles, and that the film thickness can be controlled by varying the amount of materials
added into the PTFE dish.

As-cast films with a thickness of approximately 150 pm (which matches the thickness of the
melt-processed films) were imbibed using the same method as mentioned above. The samples were
then placed on a hot plate set at 60 °C and irradiated with UV light at an intensity of 60 mW/cm?
for times ranging from 2 to 40 mins. As was seen in the prior studies, DMA temperature studies
of these films in the wet state (Figure 4.3a) confirm that there is an increase in the wet storage
modulus (E") upon UV crosslinking. However, these as-cast crosslinked films show a higher
magnitude of mechanical reinforcement relative to the melt-processed films (Figure 4.3b),
suggesting that there is an overall improvement in the degree of covalent crosslinking with the
more homogeneous as-cast films. It is also important to point out that the degree of crosslinking
could be well-controlled by varying the UV irradiation time resulting in a wet £’ ranging between
ca. 15 MPa and 80 MPa for the least and most crosslinked sample respectively. As hypothesized
above, the inhomogeneity after melt processing should not only disrupt the CNC filler network,
but could also limit the amount of UV that can penetrate through the film. One way to test this
effect is to measure how the UV intensity changes as it passes through the different films. Results

showed that the intensity (preset to 60 mW/cm?) decreased to 45.2 + 0.8 mW/cm? after penetrating
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through as-cast films, whereas it dropped to 21.3 £ 0.7 mW/cm? for melt-processed films.

Considering both films have similar thickness (approximately 150 um), the results suggest that the

inhomogeneity of melt processed films does indeed block more UV light which, in turn,

presumably contributes to a lower degree of crosslinking.
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Figure 4.3 a) Representative DMA temperature sweeps of wet as-cast composite films before and
after UV irradiation. b) Comparison of the wet storage modulus (£') of melt-processed films
(approximately 150 pm) and as-cast films (approximately 150 um) at 37 °C plotted against

irradiation times.
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It can be expected that as the degree of crosslinking increases then there should be a decrease in
the degree of water swelling. Therefore, the water uptake of both the melt-pressed films and as-
cast films after crosslinking were measured, and the equilibrium swelling data versus irradiation
time were plotted in Figure 4.4. As expected, the degree of swelling decreased from 60% to 24%
after exposure of the as-cast films to UV irradiation, which is much lower than the degree of
swelling observed in the cured melt-pressed films (50%), further supporting the fact that a higher
degree of crosslinking is observed in the as-cast films. The viscoelastic properties of the
crosslinked melt-pressed film and as-cast film in the dry state were also studied (Figure A4.8
Figure A4.9). As expected, unlike the wet films, the storage modulus of the dry films at
temperatures higher than 7, of the matrix show only a slight relative increase after covalent
crosslinking. Interestingly, comparison of the dry state £’ for the as-cast and melt-processed
crosslinked films (ca. 730 MPa vs. ca. 520 MPa, respectively) shows that the as-cast film exhibits
a higher plateau modulus. Since the dry modulus above the Ty is significantly impacted by the
percolating CNC network, this result is also consistent with melt processing resulting in some

disruption of the CNC network.
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Figure 4.4 Equilibrium swelling data versus irradiation time of 150 um thick melt-processed and
as-cast films.
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4.4.4 Effect of film thickness

A key aspect of any photocuring process is the ability of the light to penetrate through the film.
In fact, if these films are only irradiated on one side they curl when exposed to water, presumably
on account of different degrees of water swelling of the top and bottom surfaces. This can be
explained by the limited penetration of the UV light through the composite film resulting in an
uneven distribution of crosslinking across the film thickness. The hypothesis is further backed up
by measuring the intensity of the UV light that penetrates through the composite films (Figure 4.5),
which clearly shows a drop in penetrating UV intensity with increasing composite film thickness.
It is worthy of note that a similar study on neat PVAc films (without any CNCs) shows little-to-
no effect on UV light penetration irrespective of the film thickness studied (intensity only decrease
from 60 mW/cm? to 58.3 £ 0.1 mW/cm? going from ca. 50 — 150 um). This suggests that the
decrease in UV intensity for the as cast composite films can be attributed to the scattering of UV
light by the CNCs. As such, even though the above films are irradiated on both sides, the limited
UV penetration depth could still lead to an uneven distribution of crosslinking between the
composite film’s surface and center. Such an effect should be more pronounced in thicker films.
As the original work was carried out on ca. 60 um films>® and the above work focused on much
thicker 150 um films, it is important to understand the effect that film thickness has on the wet
mechanical properties of the crosslinked materials.

To this end, composite films with approximate thickness of 50 pum, 75 um and 100 pm were
fabricated and used as-cast. These films were imbibed and crosslinked under the same conditions
as the 150 um films in the above study. All the films were then swollen in water, and their wet

state storage modulus after irradiation with UV for 40 mins was measured by DMA. Figure 4.5
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shows the wet state storage modulus of the films at 37 °C versus film thickness, clearly
demonstrating that film thickness does have a significant impact on the wet mechanical properties
of these crosslinked films. The wet storage modulus increases from ca. 80 MPa to ca. 130 MPa as
the film thickness decreases from 150 pum to 50 um. This is consistent with the hypothesis that
under the same UV irradiation conditions thinner films form a more homogenous covalent
crosslinking network through the thickness of the film relative to the thicker films, which in turn
results in better overall mechanical properties of the wet films. Even so it is important to note that
the 50 um films are extremely delicate in the wet state making them difficult to handle which was
why it was of interest to target the thicker films. The more homogenous networks within thinner
films (50 pm) also result in a slight increase in the dry storage modulus (ca. 970 MPa compared
with ca. 735 MPa for 150 um films, Figure A4.10). It is also worthwhile pointing out that there is
no significant difference in water swelling for these composite films at the different thickness
(between 22%-24%, data not shown here), even though the wet E’ show that thinner films have

more homogenous crosslinking.
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Figure 4.5 UV intensity measured after penetrating through as-cast composite films (contain 15wt%
tCNC-allyl-COOH), and a comparison of the wet storage modulus (£") at 37 °C after 40 min UV
irradiation versus film thickness. Dash line indicates the original output UV intensity at 60
mW/cm?,

4.5 Conclusion

Bio-inspired nanocomposites based on allyl-functionalized tunicate CNCs embedded in a PVAc
matrix were prepared. The functionalized CNC fillers can be covalently crosslinked using UV
initiated thiol-ene chemistry to yield composite films that show tunable mechanical properties
upon swelling in water. In order to develop a more reproducible protocol for accessing these films
the effects of UV crosslinking conditions, films processing conditions as well as film thickness on

the resulting mechanical properties of the films were studied. These conditions were shown to have
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a significant impact on the final mechanical properties of crosslinked films. The highest level of
mechanical reinforcement in the wet state (E= 130 MPa at 37 °C) was achieved by using 50 um
thick as-cast films, which were heated at 60 °C during UV irradiation. In these films a mechanical
contrast (E'wi/E'son)) > 7 of the wet films was observed which is slightly higher than observed in
the original work (E'si#/E'sor ca. 5)°°, indicating how the processing conditions can be used to
optimize the wet modulus contrast of these materials. Considerations such as these are beneficial
for the development of the next generation of squid beak bio-inspired nanocomposites, potentially
allowing access to larger mechanical contrasts that more precisely mimic those observed in the

squid beak.
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4.6 Appendix
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Figure A4.1 FTIR spectra of tCNC-COOH¢o0s and tCNC-allylgoo-COOH200.

Table A4.1 Elemental analysis results of tCNC-COOH 900 and tCNC-allylgoo-COOH20o.

Carbon Hydrogen Nitrogen
Samples
% % %
tCNC-COOH 000 44.98 6.47 Not found
tCNC-allylgoo-COOH200 45.81 6.34 0.6
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Figure A4.2 a) XPS spectra for tCNC-COOH 00 and tCNC-allylgoo-COOH200. And high resolution
XPS spectra of the C 1s signal for b) tCNC-COOH ;00 and c) tCNC-allylgoo-COOH200.
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Figure A4.3 AFM height images of a) tCNC-COOH o0 and b) tCNC-allylgoo-COOH20o.
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Figure A4.4 X-ray diffraction pattern of tCNC-COOH 900 and tCNC-allylgoo-COOH200.
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Figure A4.5 Representative DMA temperature sweep curves in the dry state of a) dry storage

modulus and b) tan 6 for both the neat PVAc polymer matrix and the 15wt% tCNC-allyl-
COOH/PV Ac composite film.

Figure A4.6 Photograph of the 15wt% tCNC-allyl-COOH/PVAc composite film after melt
processing.
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Figure A4.7 Photographs of the melt-processed composite films (left) and as-cast composite films
(right) upon exposure to water.
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Figure A4.8 Representative DMA temperature sweeps of the 150 pm melt-processed films in the
dry state before and after UV irradiation on a hotplate (at 60°C) for times ranging from 2 to 40
min.
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Figure A4.9 Representative DMA temperature sweeps of the 150 um as-cast composite films in
the dry state before and after UV irradiation on a hotplate (at 60°C) for times ranging from 2 to 40
min.
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Figure A4.10 Comparison of the dry storage modulus (E£’) at 80 °C versus film thickness for as-
cast films after UV irradiation on a hotplate for 40 min.
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Table A4.2 Comparison of the wet storage modulus (£") (as measured by immersion DMA) and
the mechanical contrast for films prepared with different conditions and thickness.

Wet Modulus
E'at 37 °C (0 min) E'at 37 °C (40 min) Estiff Esofi

Melt-processed (150 um) 10 MPa 50 MPa 5.2

150 pm 17.8 MPa 83 MPa 4.7

100 pm 16.1 MPa 89 MPa 5.5

As-cast
75 um 19.2 MPa 110 MPa 5.7
50 pm Not measured* 130 MPa 7.3%%

* Films were too delicate to be measured.

** Esi/Esonr 1s calculated using the average E' at 37 °C (17.7 MPa) for as-cast films at other

thickness.
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Chapter 5. Squid Beak Inspired Crosslinked Cellulose Nanocrystal

Composites.”

5.1 Abstract:

Bioinspired crosslinked polymer nanocomposites that mimic the water-enhanced mechanical
gradient properties of the squid beak have been prepared by embedding either carboxylic acid- or
allyl-functionalized cellulose nanocrystals (CNC) into an alkene-containing polymer matrix
(poly(vinyl acetate-co-vinyl pentenoate), P(VAc-co-VP)). Crosslinking is achieved by imbibing
the composite with a tetrathiol crosslinker and carrying out a photo-induced thiol-ene reaction.
Central to this study was an investigation on how the placement of crosslinks (i.e. within matrix
only or also between the matrix and filler) impacts the wet mechanical properties of these materials.
Through crosslinking both the CNCs and matrix it is possible to access larger wet mechanical
contrasts upon crosslinking (E st/ E 'sor=ca. 20) than can be obtained by just crosslinking the matrix
alone (where contrast E'sir/E'sor of up 11 are observed). For example, in nanocomposites
fabricated with 15 wt.% of allyl-functionalized tunicate CNCs and P(V Ac-co-VP) with ca. 30 mole
percent of the alkene containing VP units, an increase in the modulus of the wet composite from
ca. 14 MPa to ca. 289 MPa at physiological temperature (37 °C) can be observed after UV
irradiation. The water swelling of the nanocomposites is greatly reduced in the crosslinked
materials as a result of the thiol-ene crosslinking network which also contributes to the wet
modulus increase. Given the mechanical turnability and the relatively simple approach which also

allows photo-patterning the material properties, these water-activated bio-inspired

* This chapter is adapted from: Zhang, Y.; Pon, N.; Awaji, A.; Rowan, S. J. Biomacromolecules. Submitted.
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nanocomposites have potential uses in a broad range of biomedical applications, such as

mechanically compliant intracortical microelectrodes.

5.2 Introduction

Polymer nanocomposites that consist of nanosized fillers embedded within a polymer matrix,
are frequently utilized in natural systems to create biological materials with a broad range of
exceptional physical properties.'™ Examples of biological nanocomposites include nacre which
demonstrates remarkable toughness,® the dermis of the sea cucumber which shows mechanical
adaptability when threatened,*® and the club of the mantis shrimp which exhibits exceptional
damage tolerance.”'® Understanding the mechanism of such biological systems allows for the
development of new composites that either directly mimic the function and properties of natural
materials or employ nature’s design strategies to enhance the performance of synthetic systems.''~
17 Such bio-inspired nanocomposites have already been designed and used in a number of

! intracortical sensors,*? and

applications, such as structural materials,'®2° functional coatings,?
energy harvesting membranes.?

The beak of the Humboldt squid is another interesting example of a biological composite. In this
case the beak displays a water-enhanced mechanical gradient to seamlessly join the stiff tip of the
beak (rostrum) to the squid’s soft muscle tissues (buccal).?*?°> The rostrum is one of the stiffest
wholly organic materials with an elastic modulus of 5 GPa, and so in order to protect the soft
buccal tissues (elastic modulus 50 MPa) from damage a mechanical gradient that spans two orders
of magnitude in stiffness is required to allow dissipation of stress.?* Waite, Zok, Miserez and

coworkers have studied this natural nanocomposite in detail and shown that the beak is composed

of chitin nanofibers embedded in a protein matrix.?*?> The excellent mechanical gradient
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properties of the beak are achieved by changes in the degree of covalent crosslinking and water
hydration between the stiff rostrum and the soft buccal base.?° Specifically, the beak contains two
types of proteins, a family of chitin-binding proteins (DgCBPs) and another family of histidine-
rich proteins (DgHBPs).?’~2° The soft buccal region is mainly composed of water-hydrated chitin
(ca. 80 wt.% water) with a small percent of DgCBPs. Moving closer to the rostrum region, the
water is gradually replaced with hydrophobic DgHBPs, which after crosslinking (via histidine
groups and catechol moieties from both low molecular weight and peptidyl catechol compounds)
results in a crosslinked protein network that interpenetrates the chitin filler network. The formation
of a densely crosslinked protein network as well as the dehydration of the chitin network both play
a key role in defining the extraordinary stiffness of the rostrum. It is worth pointing out that in a
dehydrated squid beak (i.e. not a natural environment for the squid), the 100-fold mechanical
gradient between the rostrum and buccal regions is greatly diminished (modulus ranging from 10
GPato 5 GPa).

The better understanding of the squid beak (and other examples of mechanical gradient systems
in nature) as a material has led to increased interest in new bio-inspired synthetic materials'!-2!-30-
33 which, for example, could serve as modulus buffers that can bridge soft tissue and stiff implants

3435 and intracortical

in some biomedical engineering applications, such as orthopedic implants
microelectrodes.?>3%7 However, there is still a noticeable gap between the engineered composites
and the biological materials with regard to the mechanical contrast and the stiff modulus when the
material is wet. Rolandi and coworkers reported the fabrication of chitosan nanocomposites by
crosslinking chitosan with L-3,4-dihydrophenyl-alanine (L-dopa) through an oxidation reaction

initiated by sodium periodate.’® The materials demonstrated tunable mechanical properties by

varying the amount of L-dopa. However, the gradient and stiff modulus in these hydrated samples
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is relatively low (elastic modulus from 26 MPa to 55 MPa) compared to the squid beak bio-model.
To-date-the largest mechanical contrast observed in synthetic materials has been reported by Guan
and co-workers who, inspired by the jaw of the polychaete worm, used imidazole-containing
polymer networks crosslinked by metal ions.’! The degree of crosslinking was controlled by
varying the concentration of metal ions which resulted in a gradient that spans across 0.5 to 100
MPa in dry low T films.

In prior work, we have reported bio-inspired mechanically-adaptive polymer nanocomposites
that have been designed to mimic the hydration-enhanced mechanical gradient behavior of the
squid beak.*®* By embedding allyl-functionalized cellulose nanocrystals (CNC) into a poly(vinyl
acetate) (PVAc) matrix along with a tetrathiol crosslinker (pentaerythritol tetrakis(3-
mercaptopropionate), PETMP), the CNC fillers can be covalent crosslinked via photo-induced
thiol-ene chemistry, and the degree of crosslinking can be controlled by UV irradiation exposure
which allows access to films with mechanical gradient properties. In the dry state, hydrogen
bonding interactions between the CNC fillers and between the filler and matrix result in a
significant increase in the mechanical properties of the composites. However, in the hydrated state,
the modulus of the uncrosslinked composites drops dramatically (to < 20 MPa) on account of
disruption of the hydrogen bonding between the CNC (and CNCs and matrix) by the water
molecule as well as water plasticization of the polymer matrix. However, covalent crosslinking
between the CNCs reduces the degree of water softening yielding a wet modulus of ca.130 MPa
at maximum degree of crosslinking. As such, it was possible to obtain water-activated mechanical
gradients with a wet modulus contrast, E's;/E’sos, of ca. 7 between crosslinked and uncrosslinked

materials.?®
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While this initial study showed that it was possible to access water-activated mechanical
gradients in CNC composites, the wet mechanical contrast achieved in these first-generation bio-
inspired nanocomposites is still far away from the gradient observed in squid beak materials
(E'su/E'sorr ca. 7 vs 100). For many applications it is important to be able to access modulus
gradients that span across larger mechanical contrasts while at the same time being able to access
stiffer wet films (larger E'y). As such it is of interest to investigate different approaches in
materials design and/or crosslinking strategies to further improve this class of bio-inspired
nanocomposites. One possible route is to introduce matrix-matrix and CNC-matrix crosslinks
(which have been shown to improve the mechanical stiffness of CNC-based nanocomposites**4?)
instead of the CNC-CNC only crosslinks used in the prior study. In fact, the impressive wet
stiffness in the rostrum area of the squid beak is achieved through a densely crosslinked protein
matrix. Furthermore, a much higher mol% of alkene crosslinking groups can be incorporated into
the matrix than is possible through functionalization of the nanofiller which should result in much
higher degrees of crosslinking and therefore wet stiffness. As such, reported herein are
investigations of two types of thiol-ene crosslinkable CNC nanocomposites, one where
crosslinking occurs primarily within the polymer matrix and one where crosslinking can occur
between matrix and CNCs (in addition to within the matrix and between the CNCs themselves).
The goal here is to better mimic the wet mechanical contrast of the squid beak and develop a better
understanding of this class of bioinspired composites. In addition, the possibility of photo-

patterning of these nanocomposites is explored to access water-activated shape-changing films.
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Scheme 5.1 Schematic of the preparation of bio-inspired nanocomposites based on matrix-matrix
crosslink and matrix-filler crosslink approaches.

5.3 Experimental Section

Materials

Oxalyl chloride, 4-(dimethylamino)pyridine (DMAP), 4-pentenoic acid, triethylamine
phenylbis(2,4,6-trimethylbenzoyl)phosphine  oxide (BAPO), pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP), Poly(vinyl acetate) (PVAc, Myw=100 000 g/mol) were purchased
from Sigma-Aldrich and used as received. Hydrochloric acid, sodium bicarbonate, and all the other
solvents were purchased from Fisher Scientific and used without further purification. TEMPO-
oxidized cellulose nanocrystals (-CNC-COOH) with a charge density of 1000 mmol/kg, allyl-

functionalized cellulose nanocrystals (--CNC-allyl-COOH) with an allyl functionality of 800
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mmol/kg and a residual charge density of 200 mmol/kg were obtained from sea tunicate mantles

using the procedures published in previous work.33

Synthesis of Poly(vinyl acetate-co-vinyl alcohol) P(VAc-co-VA)

P(VAc-co-VA) copolymers were prepared by partial hydrolysis of PVAc under acidic
conditions. PVAc (15g, Mw=100 000 g/mol) dissolved in a 9:1 (v/v) methanol/water mixture (250
mL) was heated to 50 °C for 1 hr. 12M HCl is added to the reaction mixture until the concentration
of the HCl is 0.2M and the hydrolysis reaction was carried out for 2, 4 or 6 hrs at 50 °C. After the
reaction, the solution was concentrated to ca. 50 mL and precipitated in excess DI water. The
product was rinsed with DI water, re-dissolved in 50 mL of methanol and re-precipitated in water.
The degree of hydrolysis of the P(VAc-co-VAx) (where x is 10, 21 or 29 corresponding to the mole

fraction of VA units) was calculated via '"H NMR peak integration (see Appendix).

Synthesis of 4-pentenoyl chloride

To a solution of 4-pentenoic acid (10.01 g, 100 mmol) in 150 mL of anhydrous dichloromethane
(DCM) was added oxalyl chloride (13.96 g, 110 mmol) and one drop of anhydrous
dimethylformamide (DMF). The reaction was stirred for 6 hrs at room temperature. Excess solvent
was fully removed by rotary evaporation at 40 °C. The resulting 4-pentenoyl chloride product was

confirmed by NMR (Figure A5.3) and used without further purification (yield 95%).

Synthesis of Poly(vinyl acetate-co-vinyl pentenoate) P(VAc-co-VP)

Sample procedure for the synthesis of P(VAc-co-VPio) copolymer: P(VAc-co-VAio) (5 g, 6.11

mmol of OH groups) was dissolved in 200 mL of anhydrous tetrahydrofuran (THF). DMAP (0.07

167



g, 0.61 mmol) and triethylamine (3.09 g, 30.56 mmol) were dissolved in anhydrous THF separately
and transferred to the reaction under argon. The reaction vessel was placed in an ice bath and
cooled before 4-pentenoyl chloride (1.45 g, 12.23 mmol) in 25 mL of THF was added dropwise
over 30 mins. The reaction was then allowed to continue for 3 hrs at room temperature followed
by 16 hrs at 60 °C. The THF was fully removed by rotary evaporation, and the products were re-
dissolved in ethyl acetate (EtOAc). The mixture was washed with saturated sodium bicarbonate
solution (five times), followed with 0.1 M HCI solution (five times), and finally with DI water
(five times). The product was further purified by dissolving in THF and passing through a silica
packed column. Finally, the purified polymer was precipitated in hexane and dried in a vacuum
oven. '"H NMR spectra of the copolymer in CDCls is shown in Figure A5.4. A new peak appeared
between 5.6-5.9 ppm corresponding to the alkene group’s internal proton (-CH=CHb>) in the VP
units. The mole fraction of VP units was characterized by NMR integration (see Appendix).
Similar procedures were carried out for the synthesis of P(VAc-co-VP22) and P(VAc-co-VP3) by
using P(VAc-co-VA21) (5 g, 12.89 mmol of OH) and P(VAc-co-VA9) (5 g, 20.44 mmol of OH),

respectively. The isolated yield of the esterification reactions was all above ca. 75 %.

Fabrication of t-CNC/P(VAc-co-VP) nanocomposites

t-CNC-COOH/P(VAc-co-VPyx) and t-CNC-allyl-COOH/P(V Ac-co-VPx) nanocomposites with
different mole percent VP were prepared by solution casting from DMF. For a target
nanocomposite containing 15 wt.% of CNC fillers, 510 mg of P(VAc-co-VPy) (x=10, 22, 30) was
dissolved in DMF at 50 mg/mL by stirring at room temperature for 4 hrs, and 90 mg of +~-CNC-
COOH or #-CNC-allyl-COOH was homogeneously dispersed in DMF at 3 mg/mL via

ultrasonication for 30 mins. The nanocomposites were prepared by mixing the polymer solution
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with the CNC dispersion, and submitting to ultrasonication for ca. 30 min before casting into a
PTFE dish (diameter 12 cm). The solvent was fully removed in a vacuum oven at 60 °C for 5 days.
Thermogravimetric analysis (TGA) was used to confirm the removal of DMF. The dried
nanocomposite films were removed from the PTFE dishes and used as-cast without any melt

processing.

Imbibing Process

Dried nanocomposite films were cut into rectangular strips with approximate dimensions of 30
mm by 4 mm. Stock solutions of the photoinitiator (Phenylbis(2,4,6-trimethylbenzoyl)phosphine
oxide, BAPO) (5 mM) and crosslinker (pentaerythritol tetrakis(3-mercaptopropionate), PETMP)
(50 mM) were prepared by dissolving the reagents in DCM separately. The exact volume of stock
solution of initiator and crosslinker were measured (initiator - 5 mol% with respect to alkene
groups and crosslinker - 25 mol% with respect to alkene groups, calculated with reference to the
molar amount of total alkene groups from both CNCs and polymer matrix) and combined, and the
co-solution was slowly and evenly pipetted onto the film until the solution was absorbed. The
imbibed films were then supported on a PTFE dish and annealed in saturated DCM vapor for 24
hrs with the exclusion of light, with the goal of ensuring a more homogeneous distribution of the
photoinitiators and crosslinkers within the film. Finally, the film strips were carefully dried in a

dark environment under reduced pressure for 24 hrs to remove any residual DCM.

Photo crosslinking process

UV-induced thiol-ene crosslinking was performed using a Honle Bluepoint UV source with an

intensity of 60 mW/cm? measured in the wavelength interval 320 nm to 390 nm. Composite films
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supported on a piece of Teflon film were placed on a hot plate set at 60 °C before being irradiated
for different times ranging from 2 to 40 min. Each sample was turned over at half of the exposure
time to expose both sides to the UV irradiation. The irradiated films were soaked in 2-propanol
immediately after exposure in order to remove any unreacted initiator and crosslinker. The 2-
propanol was refreshed three times during a 24 hr soaking period. Finally, the samples were
removed from 2-propanol and allowed to dry in a well-ventilated hood overnight before the

removal of any residual solvent under reduced pressure at 40 °C for 48 hrs.

Characterization

Nuclear Magnetic Resonance (NMR) Spectroscopy. '"H NMR measurements were performed
using a Bruker Avance I1 500 spectrometer operating at 500 MHz. Spectra are collected at room
temperature with a minimum of 16 scans. Spectra were calibrated to the residual solvent peak of
CDCls (7.26 ppm 'H NMR). Data were treated with MNova software.

Fourier Transform Infrared Spectroscopy (FTIR). FTIR studies of nanocomposite films were
performed using a Shimadzu IRTracer-100 FTIR spectrometer. Film samples were placed directly
on the ATR crystal, and the spectra were collected in transmission mode between 400 to 4000 cm-
1 with a resolution of 4 cm’!.

Differential scanning calorimetry (DSC). DSC measurements were performed using a TA
Instruments Discovery DSC 2500. All samples were first heated to 100 °C and cooled down to -
20 °C at a rate of 10 °C min"'. And then the samples were heated back up again from -20 °C to

100 °C at a rate of 10 °C min™!. The second heating cycle was used for data analysis.

170



Water swelling. Swelling tests were performed by placing the composite samples into vials filled
with DI water and left in a water bath at 45 °C for 48 hrs. The degree of swelling was calculated
by:

) wet mass — dry mass
%swelling = dry mass x 100

Dynamic mechanical analysis (DMA). The viscoelastic properties of nanocomposites were
analyzed using a RSA-G2 solid analyzer (TA Instrument, DE) equipped with a tension clamp and
a submersion chamber. Dynamic temperature sweep measurements were performed with a fixed
frequency of 1 Hz, a strain of 0.1%, a preload force of 0.1 N, and 125% force track. For
characterizing the dry modulus of the composite films, the tension clamp was used and the modulus
was measured while the temperature increased from 0 °C to 100 °C at a heating rate of 3 °C min-
!. The wet modulus was measured using the submersion chamber which allows the measurements
to be conducted while the films were fully immersed in water during the tests. The temperature of
the water was increased from 17 °C to 50 °C at a heating rate of 3 °C min’!. It is worth pointing
out that in the case of the submersion test, all samples were pre-swollen in water for 48 hrs before
the test. All the DMA tests were performed in triplicate and the standard deviations were plotted

as error bars.

5.4 Results and Discussion
5.4.1 Synthesis and characterization of P(VAc-co-VP)

As the initial work discussed above focused on using poly(vinyl acetate), PVAc, as the polymer
matrix it was decided to target poly(vinyl acetate-co-vinyl pentenoate) (PVAc-co-VP), with
various amounts of vinyl pentanoate repeat units, as the thiol-ene crosslinkable matrix. As such,

commercially-available PVAc was partially hydrolyzed to poly(vinyl acetate-co-vinyl alcohol)
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(P(VAc-co-VA)) using acidic conditions as it has been reported that this allows for good control
of the degree of hydrolysis and results in a copolymer whose VA repeat units are randomly
distributed along the polymer backbone.**** The degree of hydrolysis was controlled by varying
the reaction time to target copolymers with ca. 10 mol%, 20 mol% and 30 mol% of VA units.*
The final degree of hydrolysis was estimated by '"H NMR (Figure A5.1) to be 10%, 21% and 29%
for PVAc hydrolyzed for 2 hr, 4 hr, and 6 hr, respectively (Table A5.1). Furthermore, after partial
hydrolysis of PVAc, a new peak appeared in the FTIR spectra at 3300 cm! corresponding to the -

OH groups of the P(VAc-co-VA) copolymer (Figure A5.2).
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Scheme 5.2 The synthesis of a) poly(vinyl acetate-co-vinyl pentenoate), P(VAc-co-VP), in two
steps from poly(vinyl acetate), PVAc and b) allyl-functionalized CNCs (--CNC-allyl-COOH) from
carboxylic acid-functionalized CNCs (--CNC-COOH).

Poly(vinyl acetate-co-vinyl pentenoate) (P(VAc-co-VP)) copolymers were then prepared by the
esterification of the hydroxyl groups of the different P(VAc-co-VA)s with 4-pentenoyl chloride.

The molar fraction of VP units on the polymer can be calculated via '"H NMR (Figure A5.4) to be
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ca. 10, 22 and 30 %, as shown in Table A5.2 Calculation of the ratio of VP:VAc units and the
measured and predicted 7 of the P(VAc-co-VP) copolymers.(P(VAc-co-VPyx), where x, which
corresponds to the mole fraction percent of VP units, is 10, 22 or 30). Conversion of the VA units
to VP units was also confirmed by FTIR (Figure A5.2), as the -OH peak at 3300 cm™' disappeared
after esterification reaction and new peaks at 920 cm™! (=C-H) and 1647 cm™ (C=C) appear.

The glass transition temperature (7;) of the copolymers was investigated by DSC. All P(VAc-
co-VPy) copolymers showed a single glass transition temperature that decreases with increasing
percentage of VP units (Figure AS.5). The measured 73’s are close to the values calculated via the
Fox equation (Table AS5.2), consistent with a random distribution of VP units along the polymer

backbone.

5.4.2 Nanocomposites with only crosslinked polymer matrix

As mentioned above prior work on the first-generation of these bioinspired composites focused
on understanding the effect of only crosslinking the CNC nanofiller.*33° However, crosslinking of
the protein matrix is a critical feature of the squid beak bio-model.?* In addition, the placement of
the alkene moiety in the matrix polymer dramatically increases the potential number of
crosslinking sites in the composite. For example, in the first generation 15 wt.% -CNC-allyl-
COOH/PVAc composites the amount of alkene units in the film corresponds to ca. 0.12x107
mmol/mg. However, the use of the P(VAc-co-VPx) matrix with 15 wt.% ~-CNC-COOH results in
composites that contain an order of magnitude higher concentration of alkene moieties, namely
0.94x10-* mmol/mg, 1.99x103 mmol/mg and 2.60x10-* mmol/mg alkene moieties for x = 10, 22
and 30, respectively. Thus, a series of materials were prepared to examine how crosslinking only

the matrix with these much higher levels of potential crosslinking sites would impact the properties

173



of these bioinspired synthetic films. To this end, -CNC-COOHs (with no alkene units attached)
were embedded into the three different P(VAc-co-VPx) copolymer matrices. These
nanocomposites were fabricated by mixing a DMF solution of the polymer and a dispersion of the
t-CNC-COOHs in DMF. After solution casting and solvent evaporation, optically clear composite
films with a thickness between 100 and 120 um were obtained. In the prior studies it was shown
that melt processing of the CNC composites can induce phase segregation which disrupts the CNC
filler network and negatively impacts the mechanical properties.’® Therefore, all the composite
films fabricated in this study were used as-cast without any melt processing. The nanocomposites
were subsequently imbibed with a tetra-thiol crosslinker, pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP), and a photo-initiator, phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (BAPO), in order to form thiol-ene crosslinks upon UV
irradiation. It is worth pointing out that in each composite sample the imbibed amount of PETMP
crosslinker was adjusted based on the total amount of alkene groups within the polymer matrix to
maintain a constant 1:1 thiol to alkene mole ratio. Exposure of these films to UV irradiation results
in crosslinking, which was initially confirmed upon sonicating both UV exposed and unexposed
films in DMF; the UV unexposed films dissolve while the exposed films remain intact (Figure
AS5.6).

A key advantage of using the UV-induced thiol-ene crosslinking approach is that it is possible
to control the degree of crosslinking by the amount of exposure to UV irradiation.*®*” As such the
imbibed P(VAc-co-VPx)/t-CNC-COOH films (where x = 10, 22 or 30 wt.%) were irradiated with
UV light (60 mW/cm?) for times ranging from 2 min to 40 min. Prior studies have shown that the
CNCs can scatter the UV light limiting its penetration depth through the composite films during

the photocuring process.?® Thus, to ensure a more even distribution of UV exposure through the
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film’s thickness the samples were irradiated on both sides (films were flipped at the halfway point
of exposure). Finally, the irradiated samples were swollen in 2-propanol for 24 hrs to remove
unreacted initiator and crosslinker before being dried under reduced pressure for further
characterization. A control sample (unexposed to UV light) was also prepared by directly washing
the imbibed composite strip in 2-propanol followed by the same drying procedures.

The thermomechanical properties of these bio-inspired nanocomposites were characterized by
dynamic mechanical analysis (DMA) in both dry and wet states. Representative DMA temperature
sweep curves showing the temperature dependency of storage modulus (£) and tan & of P(VAc-
c0-VP30)/t-CNC-COOH nanocomposites in the dry state before and after UV irradiation are shown
in Figure 5.1a. The storage modulus exhibits a transition between 30-60 °C, attributed to the glass
transition temperature, 7, of the P(VAc-co-VP) matrix and a rubbery plateau at higher
temperatures. After UV irradiation, a shift of the tan d peak to higher temperatures as the exposure
time increases can be observed. For example, the tan d peak of unexposed P(VAc-co-VP30)/t--CNC-
COOH nanocomposites increased from ca. 43 °C to ca. 58°C after 40 min UV irradiation (Table
5.1), consistent with covalent crosslinking of the polymer matrix.*® Similar behavior is also
observed in the P(VAc-co-VPi9)/t-CNC-COOH and P(VAc-co-VP2)/t-CNC-COOH
nanocomposites (Figure A5.7). It is worthy of note that in the first-generation of these bio-inspired
nanocomposites in which crosslinking only occurs between the CNC:s, there is no change in the 7

of the PVAc matrix after UV irradiation.3%-*°
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Figure 5.1 a) Representative DMA temperature sweep study of P(VAc-co-VP30)/t--CNC-COOH
nanocomposites in the dry state before and after UV irradiation. b) Storage modulus, £’, at 80 °C
of various P(VAc-co-VP)/--CNC-COOH nanocomposites after different UV irradiation times.
(DMA conditions: heating rate 3 °C/min, frequency 1 Hz, strain 0.1 %.)

The formation of covalent networks within the P(VAc-co-VP)/--CNC-COOH nanocomposites
can be further demonstrated by the increase in plateau storage modulus (£”) after 2-40 min of UV
irradiation. The plateau £’ at 80 °C (ca. 20 °C higher than the highest 7,) were obtained from the
DMA temperature sweep curves and used to evaluate the effect of UV irradiation condition on the
mechanical properties. As can be seen from Figure 5.1b, all the nanocomposites showed an
increase in E’ (80 °C) with longer irradiation times. The composite samples fabricated using

P(VAc-co-VP30) demonstrate the highest plateau £’ (>600 MPa) after 40 min irradiation (Table

176



5.1), consistent with a higher level of crosslinking in this material. In all samples there is a

relatively small contrast in dry plateau storage modulus at 80 °C between uncrosslinked (0 min,

E'sof) and crosslinked samples (40 min, E'sifr). For example, P(VAc-co-VP30)/t-CNC-COOH

nanocomposites have a E'sir/ E'sor=1.6, slightly lower than the first-generation bioinspired

nanocomposites based on filler-filler crosslinks (E st/ E'soft =2).

Table 5.1 Summary of the thermal mechanical property of P(VAc-co-VP30)/t~-CNC-COOH in both
dry and wet state at different UV irradiation times.?

P(VAc-co-VP30)/t-CNC-COOH

Irradiation Dry E"at 80 °C Dry T Wet E"at 50 °C Wet T Water swelling
time (min) MPa °C MPa °C %

0 385+15 434+ 1.1 13+5 -- 86 +3.5

1 466 + 20 51.2+2.4 83+5 25.4+0.6 7+2

2 512+8 51.6 £ 0.6 101 £7 27.9+0.7 6.5+1

4 535+£19 52.0+1.9 120+ 10 28.1+0.4 6+09

6 549 + 25 532+£23 1308 28.6£0.3 5.8+0.9
10 582 +22 54.0+4.1 136 £7 29.3+£0.9 56£1.0
20 605 £ 30 553+2.6 143 +12 29.7+£0.2 55+£1.0
40 612 +21 57.6+3.4 145+ 14 302+0.2 53+0.7

2All data are based on DMA experiments.

Of course, as it relates to the squid beak bio-model, what is more important for this class of

materials is the mechanical properties of the wet composite films. In the wet state, a similar trend
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of increasing T, and plateau modulus is observed after exposure to UV light for 2-40 mins as can
be seen from the representative DMA temperature sweep studies of the P(VAc-co-VP30)/t--CNC-
COOH nanocomposites (Figure 5.2a). All the composite samples were pre-swollen in water until
equilibrium swelling was reached before testing, and the DMA characterization was carried out in
a submersion chamber. Compared to the dry films, a clear shift of the tan & peak to lower
temperatures can be observed in the wet materials, which is attributed to the water plasticization
of the polymer matrix. For example, while the 7} for the unexposed P(VAc-co-VP30)/t-CNC-
COOH composites in the wet state is too low to be obtained from the DMA study, the 7, of the
irradiated nanocomposite increased to ca. 30°C after 40 min UV irradiation. This result is
consistent with the successful crosslinking within the polymer matrix and is further supported by
the fact the increase in 7 is related to the amount of alkene moieties within the nanocomposite;
the P(VAc-co-VP22) and P(VAc-co-VP1o) nanocomposites show a Ty increase from ca. 17 to 28 °C

and from ca. 20 to 22 °C after 40 min UV irradiation, respectively (Figure A5.8).
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Figure 5.2 a) Representative DMA temperature sweeps of P(VAc-co-VP30)/t--CNC-COOH
nanocomposites in the wet state before and after UV irradiation. b) Storage modulus, E’, at 50 °C
and c) equilibrium water swelling of various P(VAc-co-VP)/--CNC-COOH nanocomposites after
different UV irradiation times. (DMA conditions: heating rate 3 °C/min, frequency 1 Hz, strain
0.1 %.)
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Importantly, the wet plateau E' can be controlled by varying the UV irradiation time as well as
the amount of crosslinkable groups in the matrix (Figure 5.2b). For the P(VAc-co-VP30)/t--CNC-
COOH nanocomposites, samples irradiated for 40 min show a wet plateau £’ of 145 MPa and in
this material the wet modulus contrast, E'sift/ Esoft, between the irradiated and unexposed films is
ca. 11. This compares to a contrast of ca. 7 with the PVAc/r~-CNC-allyl nanocomposites, where
crosslinking is predominantly occurring between the CNCs.?*

Interestingly, the wet mechanical contrast does not change significantly in the composites that
have a lower amount of alkene groups in the polymer matrix. Wet contrast values of ca. 12 and 13
are observed with the P(VAc-co-VPio) and P(VAc-co-VP22) composites, respectively. Although
of course in these materials the maximum wet modulus is lower at 75 MPa for P(VAc-co-VP1o)
and 121 MPa for P(VAc-co-VP2,) (Table S3, S4). A possible explanation is that while the wet
E'ir 1s larger in the P(VAc-co-VP30) composites on account of a higher crosslink density, the
higher mole percent of VP units increases the hydrophobicity of the matrix which limits the £’
of the unexposed materials in the wet state (which is 5.4, 9.2, 13.4 MPa for the P(VAc-co-VPx)
composites where x = 10, 22 and 30 respectively). This increased hydrophobicity of the
crosslinked matrix is seen in the degree of water swelling of the different composite systems
(Figure 5.2c). The unexposed P(VAc-co-VPio) nanocomposites with the lease amount of VP
moieties shows the highest amount of water uptake, ca. 180 wt.%. Water swelling significantly
decreases for the composites based on P(VAc-co-VP22) (ca. 140 wt.%) and P(VAc-co-VP3) (ca.
85 wt.%). All the composite samples displayed a dramatic decrease in water uptake after UV
irradiation which is again consistent with the formation of thiol-ene crosslinked networks. It is
worthwhile noting that the water uptake for all these composite samples after 40 min of irradiation

is between 5 to 10 wt.%, which is significantly lower than is observed for the first-generation bio-
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inspired crosslinked nanocomposites based on PVAc/t-CNC-allyl-COOH, whose swelling was

greater than 20 wt.%.°

5.4.3 Nanocomposites fabricated by crosslinking both the polymer matrix and CNC fillers
The above data shows that it is possible to access bio-inspired, controlled wet modulus
nanocomposites, with mechanical contrast >10 and stiff wet modulus > 140 MPa, by crosslinking
of the matrix. It was therefore of interest to investigate if the wet mechanical properties of the CNC
based nanocomposites can be further enhanced by introducing crosslinking between the matrix
and the CNCs, as well as within the matrix and between the CNCs. To this end, nanocomposites
were fabricated using allyl-functionalized CNCs (+~-CNC-allyl-COOH) as fillers embedded in the
P(VAc-co-VPyx) copolymer matrices investigated above. It is important to note that the addition of
the allyl-CNCs further increases the number of crosslinking sites in the composite, as discussed
above 15 wt.% t~-CNC-allyl-COOH contributes to 0.12x10 mmol/kg of alkene moieties in the
nanocomposites. A comparison of the total alkene content (in mmol/mg) of the different
nanocomposites is summarized in Table 5.2. Films were cast and imbibed under the same
conditions as described previously with the amount of PETMP crosslinkers adjusted based on the
total amount of alkene units (on both the +~-CNC-allyl-COOH nanofillers (800 mmol/kg) and the
P(VAc-co-VP) matrix) to maintain a 1:1 thiol to alkene molar ratio. Covalent thiol-ene networks
between the CNCs and the polymer matrix were formed by irradiating the composite films with
UV light using the same conditions as discussed above (60 mW/cm?, 2-40 min). Similar to the
nanocomposites made with -~-CNC-COOH, the successful crosslinking was initially confirmed by
DMF solubility tests using unexposed and crosslinked P(VAc-co-VP30)/t-CNC-allyl-COOH

nanocomposites (Figure AS5.9). Consistent with crosslinking, the sample irritated for 40 min
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remained intact after swelling and sonication in DMF, as compared to the unexposed showing a

complete dissolution in DMF.

Table 5.2 Comparison of the content of alkene moieties in nanocomposites.

Filler [alkene] [alkene] from Total

Sample Crosslink type ~ Content  from CNC polymer [alkene]
wt.% mmol/mg mmol/mg mmol/mg
PV Ac/t-CNC-allyl Filler-Filler 15 0.12x1073 0 0.12x1073
P(VAc-co-VPio)/t-
Matrix-Matrix 15 0 0.94x1073 0.94x1073
CNC-COOH
P(VAc-co-VP2)/t-
Matrix-Matrix 15 0 1.99x1073 1.99x1073
CNC-COOH
P(VAc-co-VP3)/t-
Matrix-Matrix 15 0 2.60x1073 2.60x1073
CNC-COOH
P(VAc-co-VPio)/t-
Matrix-Filler 15 0.12x1073 0.94x1073 1.06x1073
CNC-allyl-COOH
P(VAc-co-VP2)/t-
Matrix-Filler 15 0.12x1073 1.99x1073 2.11x1073
CNC-allyl-COOH
P(VAc-co-VP3)/t-
Matrix-Filler 15 0.12x1073 2.60x1073 2.72x1073

CNC-allyl-COOH
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DMA temperature sweep studies of P(VAc-co-VP30)/t-CNC-allyl-COOH nanocomposites
before and after UV irradiation in the dry state are shown in Figure 5.3a. In the dry state, the
general shapes of the storage modulus (£") and tan 6 curves of the P(VAc-co-VP)/r-CNC-allyl-
COOH films are similar to the composites containing the --CNC-COOH fillers. A shift of the tan
0 peak to higher temperatures (38.0 °C to 54.5 °C) and an increase of the plateau storage modulus
(337 MPa to 686 MPa at 80 °C) of the samples irradiated for 40 min can be observed (Table 5.3).
It is worthy of note that both the tan 6 peak (38.0 °C) and plateau modulus (337 MPa) for
unexposed P(VAc-co-VP30)/t-CNC-allyl-COOH films are lower relative to P(VAc-co-VP3)/t-
CNC-COOH composite films (43.4 °C and 385 MPa), possibly on account of reduced filler-filler
and filler-matrix (hydrogen bonding) interactions that occur as a result of the functionalization the
CNC:s surface with allyl groups.

After irradiation for 40 min, the plateau modulus for P(VAc-co-VP30)/t-CNC-allyl-COOH
nanocomposite increased to ca. 686 £ 18 MPa, which is slightly improved compared to P(VAc-
c0-VP30)/t-CNC-COOH (ca. 612 £ 21 MPa). The result is presumably a consequence of the

additional degree of crosslinking between the filler and matrix, as well as between CNC fillers.
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Figure 5.3 a) Representative DMA temperature sweep study of P(VAc-co-VP30)/t--CNC-allyl-
COOH nanocomposites in the dry state before and after UV irradiation. b) Storage modulus E' at
80 °C of various P(VAc-co-VP)/t-CNC-allyl-COOH nanocomposites at different UV irradiation
times. (DMA conditions: heating rate 3 °C/min, frequency 1 Hz, strain 0.1 %.)

As mentioned in the study above, the wet mechanical properties of these films are of more
interest given the squid beak exhibits its mechanical gradient in wet conditions. A representative
submersion DMA curve of P(VAc-co-VP30)/t-CNC-allyl-COOH sample is shown in Figure 5.4a
(DMA curves of P(VAc-co-VP2,)/t--CNC-allyl-COOH and P(VAc-co-VP1¢)/t-CNC-allyl-COOH
are shown in Figure A5.11). Relative to the nanocomposites with covalent crosslinks only within
the matrix, the introduction of the additional matrix-filler/filler-filler crosslinks yields an increase
in both the 7§ as well as plateau modulus after UV irradiation. For example, the 7 of P(VAc-co-

VP30)/t-CNC-allyl-COOH increased to ca. 34 °C after 40 min UV irradiation (cf. ca. 30 °C for
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P(VAc-co-VP30)/t-CNC-COOH), while the plateau £’ increased to ca. 200 MPa at 50 °C (cf. ca.
130 MPa for P(VAc-co-VP30)/t-CNC-COOH at 50 °C). As a result, the wet modulus contrast
before and after UV irradiation is improved (E'sit/E'sor=ca. 16) for P(VAc-co-VP30)/t-CNC-allyl-
COOH nanocomposites. The same trend can also be observed in the other two nanocomposites
with matrices containing lower mole fraction of pendant alkene groups (Figure 5.4b). The wet
plateau £’ arose from 9 MPa to 126 MPa for P(VAc-co-VP2)/t-CNC-allyl-COOH (E it/ E 'sor=ca.
14) before and after UV irradiation, while the contrast for P(VAc-co-VP1¢)/t-CNC-allyl-COOH is
from 5 MPa to 80 MPa with a E'yir/E'sort of ca. 15. Using the combination of the allyl-
functionalized CNC with the alkene-containing polymer matrix does result in an increase in the
wet plateau modulus of the highly crosslinked materials (£'s5), but, akin to what is observed for
the P(VAc-co-VP)/--CNC-COOH nanocomposites, the overall contrast is limited by a slightly
higher E'sonc of the unexposed materials on account of the increased hydrophobicity of both the
filler and matrix.

The equilibrium water swelling of the nanocomposite films containing crosslinks between
matrix and filler before and after UV irradiation are shown in Figure 5.4c. As expected, the
equilibrium water uptake drops dramatically as the UV irradiation time increases which is
consistent with the formation of covalent crosslinks. The equilibrium water uptake for these allyl-
functionalized CNC composites is decreased to 4-7 % relative to the 5-10 % for films containing
CNC-COOHs, which is presumably the consequence of the more hydrophobic (allyl) moieties on

the CNCs surface.
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Figure 5.4 a) Representative DMA temperature sweeps of P(VAc-co-VP30)/t--CNC-allyl-COOH
nanocomposites in the wet state before and after UV irradiation. b) Storage modulus £ at 50 °C
and c) equilibrium water swelling of various P(VAc-co-VP)/t-CNC-allyl-COOH nanocomposites
at different UV irradiation times. (DMA conditions: heating rate 3 °C/min, frequency 1 Hz, strain
0.1 %.)
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While the above-mentioned mechanical contrasts are all calculated based on the modulus in the
plateau region at 50 °C, it is worthwhile pointing out that at physiological temperature (37 °C) the
modulus contrast (E'sift/ E soft) is ca. 20 with a tunable £’ between 14 MPa and 289 MPa depending
on the degree of irradiation. Such bio-inspired nanocomposites with improved wet modulus

contrast could facilitate the design of novel intracortical microelectrodes.??36-37

Table 5.3 Summary of the thermal mechanical property of P(VAc-co-VP30)/t-CNC-allyl-COOH
in both dry and wet state at different UV irradiation times.?

P(VAc-co-VP30)/t-CNC-allyl-COOH

Irradiation  Dry E"at 80 °C Dry 7T, WetE'at50°C  Wet7, Water swelling

time (min) MPa °C MPa °C %

0 337+ 16 38.0 5.8 12.7+4 61.2+6.0
1 407 + 30 428448 1036 260+12  7.1+1.0
2 481 + 10 472+34 118 +8 281410  57+07
4 519 £ 10 48.6+3.6 139+ 4 292+05  5.6+0.5
6 570 + 24 49.7+2.6 146+ 6 30104  48+02
10 641 +7 50.3+3.9 155+ 7 309+1.5  4.9+0.1
20 654 + 13 517413  177+11 333+1.1 47402
40 686 = 18 54.5+2.1 197 + 4 335+1.1  42+04

2All data are based on DMA experiments.
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Figure 5.5 a) Comparison of the wet storage modulus E' at 50 °C of PV Ac/t-CNC-allyl-COOH,39
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of the wet storage modulus E' and ¢) degree of swelling at 50 °C of the different 15wt.% CNC bio-
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crosslinking (P(VAc-co-VPx)/t-CNC-COOH, x = 10, 22, 30) and matrix-filler (P(VAc-co-VPx)/t-
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CNC-allyl-COOH, x = 10, 22, 30) in the pre-crosslinked films.
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Figure 5.5a compares the wet storage modulus vs irradiation time for the three classes of CNC-
based nanocomposites that differ in both the degree and type of crosslinking (between the CNCs,
within the matrix or crosslinking of the matrix and CNCs). The data demonstrate that
nanocomposites containing matrix-fillers crosslinks (and the higher degree of crosslinking) show
higher plateau E’ after UV irradiation compared to composites containing only matrix-matrix or
filler-filler crosslinks. Of course the P(VAc-co-VP30) nanocomposites contain a much higher
content of alkene moieties relative to the PVAc based materials (CNC-CNC crosslinks only)
(Table 2). Therefore, the lower wet modulus in the filler-only crosslink material is presumably a
consequence of the limited number of crosslinking sites within the nanocomposites. For
comparison, Figure 5.5b and ¢ show the wet modulus (£') and degree of water swelling (after the
maximum amount of UV exposure) versus the alkene moiety content in the pre-crosslinked films
for the six films reported in this study and the previously reported PV Ac/t-CNC-allyl-COOH. As
would be expected in general the higher the alkene content the higher the wet modulus and lower
degree of swelling after crosslinking. While it is difficult to draw too many other conclusions from
this data it is worthwhile pointing that, even though the total alkene content in P(VAc-co-VP3)/t-
CNC-allyl-COOH (matrix-filler) is only slightly higher than P(VAc-co-VP30)/t-CNC-COOH
(matrix-matrix) (ca. 4.6 mol% increase), the wet mechanical properties show ca. 36% increase in

the wet E'y;r for these highly crosslinked samples.

5.4.4 Photo-patterning of bio-inspired nanocomposites

One advantage of using a photo-induced crosslinking approach is the ability to photo-pattern the

materials using a pre-designed photomask. For example, Kumacheva and coworkers have shown

189



the fabrication of a 3D shape transformation hydrogel by controlling the shrinkage and elastic
modulus within different regions of the material using photopatterning.*’ They showed that a
hydrogel sheet containing alternating stripe patterns of different crosslinked
poly(NIPAm)/poly(AMPS) can transform into a 3D helical shape when placed in hot water or a
NacCl solution on account of the variation in the degree of water swelling between the exposed and
unexposed regions. In addition, they showed that the pitch of the helix is proportional to the tilt
(tan O) of the stripes. Thus, to examine if these bioinspired nanocomposite films had a similar
capability they were photo-patterned using a mask. A P(VAc-co-VP30)/t-CNC-allyl-COOH
nanocomposite film (30 mm x 4 mm) was chosen as an example and was irradiated with UV using
a photomask for 20 min on only one side of the sample. The photomask contains alternating dark
and transparent strips that are 1 mm in width, and are tilted at a given angle to the long axis of the
film (either 30° or 60°) (Figure 5.6a). This procedure aims to transfer the strip patterns to the
nanocomposites to create alternating crosslinked (under transparent mask areas) and uncrosslinked
regions (under dark mask areas) with different mechanical properties and degrees of swelling.
After UV irradiation, the composite samples were placed in DCM, and the film transformed into
a helical 3D structure within a few minutes (Figure 5.6b and c). The shape transformation is
presumably a result of the difference in swelling between the crosslinked and uncrosslinked
regions. Consistent with the work of Kumacheva® the morphology of helix did depend on the
angle of the pattern, with a more compacted helical structure formed at a smaller angle (30°). It
can be expected that with the use of nanofabrication equipment and a properly designed and
fabricated photomask, more complex patterns and shapes can be fabricated which broadens the

application of these bio-inspired nanocomposites.
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Figure 5.6 a) Schematic representation of the photomasks. b) and ¢) Photos of the P(VAc-co-
VP30)/t-CNC-allyl-COOH nanocomposites after irradiation under a photomask and swelled in
DCM for 5 min. The labels on b and ¢ show the angle of the strip patters to the long axis.

5.5 Conclusion

Building on our previous squid beak inspired nanocomposites prepared with allyl-functionalized
CNCs embedded in a PVAc matrix, a next-generation of bioinspired nanocomposites have been
prepared and investigated using a crosslinkable alkene-containing poly(vinyl acetate-co-vinyl
pentenoate) P(VAc-co-VP) copolymer matrix. Both P(VAc-co-VP)/--CNC-COOH and P(VAc-
co-VP)/t-CNC-allyl-COOH nanocomposites were prepared, and the materials can be covalently
crosslinked using photo-induced thiol-ene chemistry to yield composite films. By using a polymer
matrix with pendant alkene groups, the covalent network formed by photo-induced thiol-ene
chemistry can be further extended to include matrix-matrix and matrix-filler crosslinks, which
improves both the wet stiffness and wet modulus contrast of the nanocomposite films compared
to the first-generation filler only crosslinked composite films. Specifically, nanocomposites

composed of 15 wt.% ¢t-CNC-allyl-COOH and P(V Ac-co-VP3¢) (matrix-filler crosslinks) with ca.
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30 mol% of alkene-containing repeat units exhibited a wet storage modulus at 50 °C that is tunable
between 13 MPa (uncrosslinked) and 197 MPa after 40 min of UV crosslinking (E'sit/E sof=ca.
16). The contrast in wet modulus is slightly higher relative to the matrix crosslinked
nanocomposites containing 15 wt.% ~CNC-COOH and P(VAc-co-VP39) which have a
E'siet/E'sor=ca. 11 (13 MPa to 145 MPa). It is also worthwhile pointing out that at physiological
temperature (37 °C), the wet composites of --CNC-allyl-COOH and P(V Ac-co-VP30) (matrix-filler
crosslink) demonstrate an even larger modulus contrast at E'sit/E'sori=ca. 20 (between 289 MPa
and 14 MPa) which is much higher relative to what was obtained in the original work
(E'siet/ E'son=ca. 7).%° Preliminary studies on the photopatterning of these composite films have
shown that it is also possible to control the mechanical properties and swelling behavior within
different regions of the materials by using a photomask, which opens the door to fabrication of

these materials with complex shapes or even with spatial mechanical gradients.

5.6 Appendix

NMR of Poly(vinyl acetate-co-vinyl alcohol) P(VAc-co-VA).

Commercially-available PVAc was partially hydrolyzed to access the poly(vinyl acetate-co-
vinyl alcohol) P(VAc-co-VA) copolymer using acidic conditions (see experimental section for
more details). The resonance peaks between 1.4-1.9 ppm correspond to the methylene protons (A,
C), the peaks between 1.9-2.2 ppm correspond to the methyl protons (E), and the peaks between
4.7-5.2 ppm correspond to the methine protons (B) of VAc unit. However, the methine proton
peaks of VA unit were too small to be observed. Based on the "H NMR, the molar fraction of VAc
can be calculated by the integration of methine peak of VAc (B) or by the integration of methyl

peak of VAc (E) (Table AS5.1).
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Figure A5.1 '"H NMR (500 MHz, CDCls) spectra of the different poly(vinyl acetate-co-vinyl
alcohol) P(VAc-co-VA) copolymers.

Table AS5.1 Degree of hydrolysis for P(VAc-co-VA) copolymer.

Degree of Hydrolysis (VA)

Sample H?/drolysis 2B 2E Average
Time (h) 1- 11C 1- m
P(VAc-co-VAi) 2 0.12 0.08 0.10
P(VAc-co-VAz) 4 0.22 0.19 0.21
P(VAc-co-VAy) 6 0.29 0.28 0.29
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Figure A5.3 '"H NMR (500 MHz, CDCls) spectra of 4-pentenoyl chloride.
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'H NMR of Poly(vinyl acetate-co-vinyl pentenoate) P(VAc-co-VP).

Poly(vinyl acetate-co-vinyl pentenoate) (P(VAc-co-VP)) copolymer with pendant alkene groups
was prepared by the esterification of P(VAc-co-VA) with 4-pentenoyl chloride. The new peaks
between 5.6-5.9 ppm correspond to proton (G) on the alkene group of the VP unit. The molar
fraction of VP as well as the residual amount of VAc can be calculated via peak integrations, as

shown in Table A5.2.
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Figure A5.4 '"H NMR (500 MHz, CDCl;3) spectra of the different poly(vinyl acetate-co-vinyl
pentenoate) (P(VAc-co-VP)) copolymers.
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Table AS5.2 Calculation of the ratio of VP:VAc units and the measured and predicted 7, of the
P(VAc-co-VP) copolymers.

VP Residual VAc Ty (°C)
Sample G o
1+c m Measured Predicted
P(VAc-co-VPy) 0.10 0.87 33.2 30.9
P(VAc-co-VPsy,) 0.22 0.79 22.8 21.4
P(VAc-co-VPs) 0.30 0.70 17.6 13.2

Estimation of the glass transition temperature of P(VAc-co-VP) copolymer.

The T of P(VAc-co-VP) copolymer was estimated by the Fox equation:

Where w; and w, are the weight fraction of poly(vinyl acetate) and poly(vinyl pentanoate),
respectively. And Ty ; and Ty, are the glass transition temperature of polyvinyl acetate (315 K)
and polyvinyl pentanoate (248 K), respectively. Both Ty ; and T , are acquired from Polymer

Properties Database.
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Figure AS5.6 Pictures of unexposed (a, ¢) and UV-irradiated (b, d) /P(VAc-co-VP30)/ t-CNC -
COOH nanocomposites after immersion in DMF for 24 hrs (a, b) followed by sonication for 6 hrs
(c, d). Sample shown in b and d was irradiated with UV light for 40 min.
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Figure A5.7 Representative DMA temperature sweep study of a) P(VAc-co-VP10)/t-CNC-COOH
and b) P(VAc-co-VP2)/t-CNC-COOH nanocomposites in the dry state before and after UV
irradiation. (DMA conditions: heating rate 3 °C/min, frequency 1 Hz, strain 0.1 %.)
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Figure AS5.8 Representative DMA temperature sweeps of a) P(VAc-co-VP10)/--CNC-COOH and
b) P(VAc-co-VP2)/t-CNC-COOH nanocomposites in the wet state before and after UV irradiation.
(DMA conditions: heating rate 3 °C/min, frequency 1 Hz, strain 0.1 %.)
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Table A5.3 Summary of the thermal mechanical property of P(VAc-co-VPio)/ t-CNC-COOH in
both the dry and wet state after different UV irradiation times.

P(VAc-co-VPip)/ t-CNC-COOH

Irradiation Dry £'at 80 °C Dry Tg Wet E"at 50 °C Wet T, Water swelling
time (min) MPa °C MPa °C %

0 400 £ 18 40.2 £ 0.8 5.4 19.9 177

1 431+5 425+1.3 43+ 8 204+1.5 18+2

2 446 £ 13 419+1.5 51+4 204+14 15+4

4 4577 43.9+0.6 56+5 20.5+1.3 13+£3

6 477 + 12 43.5+1.0 61 +2 203+ 1.5 12+3

10 487+ 10 43.8+1.0 65+3 213+1.5 11+2

20 501+ 13 443 +1.1 69 + 1 21.1+£24 11+2

40 510+ 13 449+ 0.9 75+ 5 21.8+1.7 10+1

Table A5.4 Summary of the thermal mechanical properties of P(VAc-co-VP2)/ --CNC-COOH in
both the dry and wet state after different UV irradiation times.

P(VAc-co-VPy)/ -CNC-COOH
Irradiation Dry E"at 80 °C Dry T, Wet £ at 50 °C Wet 7,  Water swelling

time (min) MPa °C MPa °C %

0 346 + 47 427+ 1.5 9.2+0.5 17.0+0.0 139 +4
1 437+ 7 455+1.3 5548 23.3+0.6 101
2 453+ 12 47.6 1.0 89+ 14 242 +0.2 84+1.0
4 473 £ 15 47.7+33 98+4 252+03 8.4+0.8
6 485+ 14 48.5+2.2 106 + 4 25.8+0.8 7.7+0.6
10 512+ 17 49.2+3.0 110+ 6 26.4+£0.8 7.3+0.2
20 521 +£10 50.6+3.0 115+5 275+ 1.1 6.9+0.5
40 543 +£8 50.7+2.9 121+ 5 283+£0.5 7.0+0.5
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Figure AS5.9 Pictures of unexposed (a, ¢) and UV-irradiated (b, d) /P(VAc-co-VP39)/ --CNC-allyl-
COOH composites after immersion in DMF for 24 hrs (a, b) and after sonication for 6 hrs (c, d).
Sample shown in b and d was irradiated to UV light for 40 min.
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Figure A5.10 Representative DMA temperature sweep study of a) P(VAc-co-VPi10)/t--CNC-allyl-
COOH and b) (VAc-co-VP2)/t-CNC-allyl-COOH nanocomposites in the dry state before and after
UV irradiation. (DMA conditions: heating rate 3 °C/min, frequency 1 Hz, strain 0.1 %.)
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Figure AS5.11 Representative DMA temperature sweeps of a) P(VAc-co-VPio)/t--CNC-allyl-
COOH and b) (VAc-co-VP2)/t-CNC-allyl-COOH nanocomposites in the wet state before and
after UV irradiation. (DMA conditions: heating rate 3 °C/min, frequency 1 Hz, strain 0.1 %.)
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Table A5.5 Summary of the thermal mechanical properties of P(VAc-co-VPio)/t-CNC-allyl-
COOH in both the dry and wet state after different UV irradiation times.

P(VAc-co-VPig)/ t--CNC-allyl-COOH

Irradiation Dry E"at 80 °C Dry Tg Wet E"at 50 °C Wet T, Water swelling
time (min) MPa °C MPa °C %

0 202 +3 41.9+22 53+0.1 19.5 101 +4

1 246+ 8 448 £ 1.5 49 + 4 22.9+0.9 17£2

2 298 £ 8 452 +0.9 56+6 23.1+04 13£2

4 370 £ 15 448 +1.8 62+5 23.4+0.3 10£2

6 395+8 457+1.2 66 +3 23.0+0.7 8+2

10 428 £ 8 453+£2.0 70£5 23.4+0.6 8+1

20 464 £ 20 46.6 +1.0 74 + 4 23.5+0.5 7+1

40 484 £ 29 473+3.0 80+ 1 245+0.3 6+1

Table A5.6 Summary of the thermal mechanical properties of P(VAc-co-VP2)/t-CNC-allyl-
COOH in both the dry and wet state after different UV irradiation times.

P(VAc-co-VPy)/ t--CNC-allyl-COOH

Irradiation Dry E"at 80 °C Dry Tg Wet E'at 50 °C Wet T Water swelling
time (min) MPa °C MPa °C %

0 254 +£29 35.9+3.7 9.2+0.1 17.1+0.6 92+ 11

1 314 £8.5 45.1+£4.2 83+4 264+0.3 13+0.5

2 371 £21 477 +1.7 96 +3 26.9+0.2 9+2

4 450 £ 27 48.6 0.9 102+3 274+03 7+0.5

6 497 £ 10 48.0+0.1 105+ 1 28.1+04 6.0+£0.1

10 527 + 31 49.5+0.5 113+£5 285+0.3 5.6 0.4
20 568 £12 51.0+1.0 120 £ 6.0 20.1+04 57+1.1
40 578 £12 542+ 14 126 £4.0 29.9+0.7 57+1.1
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Chapter 6. Bio-inspired Mechanical Adaptive Nanocomposite with Large

Modulus Gradient.

6.1 Introduction:

Evolution of biological systems has led to a great variety of biomaterials that display a wide
range of remarkable properties that have designed to overcome specific challenges.' Among
these properties, mechanical gradients are commonly utilized by nature to provide a smooth
transition between tissues with significantly different mechanical properties and are critical at
minimizing interfacial damage.*® These gradients are generally achieved by varying the local
chemical compositions of different components (chemical gradient),>” or controlling the
orientation, arrangement, and distribution of the building blocks (structural gradient).!%-!4
Mimicking the gradient structures offers new opportunities for scientists to develop synthetic
composite materials that can address a number of issues, such as increasing distribution of
mechanical stress at interface, improving connection of mechanical dissimilar components and
reducing contact deformation and damage.'>"'® These bioinspired composite materials are
particularly valuable for biomedical applications where stiff implants are commonly in close
contact with soft tissues.!*22

The potential of developing synthetic composite materials with mechanical gradient properties
has been well illustrated in the recent literature. Composite films with layered or lateral mechanical
gradients have been prepared using a segmented fabrication process in which the mechanical
properties of each segment are varied.>>¢ For example, Raghhavan and co-workers recently
reported the preparation of hybrid hydrogels containing mechanically distinct zones of

polydimethylacrylamide with a 100-fold difference in shear modulus between stiff and soft zones
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as controlled by varying the concentrations of laponite (LAP) and silane crosslinkers in the
hydrogel formaulation.?® However, only non-continuous gradients can be achieved using this
approach. Other reports have focused on the fabrication of a smooth transition in mechanical
properties, such as those that include controlling the degree of alignment of carbon nanotube (CNT)

2728 varying the concentration of nanofillers through magnetic field,?*-*°

along the lateral direction,
and controlling the degree of chemical crosslinking within the films.>!=¢ It should be noted that
many of these materials suffer from only a small contrast in mechanical properties (around 1 order
of magnitude), and/or required special equipment and process to fabricate. There is an interesting
work reported by Guan and co-workers on the preparation of mechanical gradient materials using
metal-ligand crosslinks which resulted in a continuous gradient that span over a 200-fold
difference in stiffness.’® However, the process relies on pulling the samples through a metal ion
solution with a syringe pump over two days to create the mechanical gradients, which is time-
consuming for large scale material synthesis and lacks the versatility to allow access to complex
gradient structures within the materials.

In prior work, we have reported the fabrication of polymer nanocomposites with water-enhanced
mechanical gradient properties that have been inspired by the beak of Humboldt squid.>’° The
squid beak is an interesting biocomposite that consists exclusively of chitin, proteins and water.*

4142 metal ion crosslinking® or protein

Unlike other biomodels which utilize biomineralization,
halogenation,* the extraordinary stiffness gradient that spans two order of magnitude between the
soft buccal base (elastic modulus 50 MPa) and stiff rostrum (elastic modulus 5 GPa) is achieved
by varying the level of hydration and degree of covalent crosslinking of the protein matrix along

the gradient.”**¢ To mimic such gradient properties, a synthetic analogue consisting of allyl-

functionalized cellulose nanocrystals (CNC) embedded into poly(vinyl acetate-co-vinyl-
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pentenoate) (PVAc-co-VP) polymer matrix along with a tetrathiol crosslinker (pentaerythritol
tetrakis(3-mercaptopropionate), PETMP) have been prepared.®® The degree of crosslinking
between the CNC fillers and the polymer matrix was controlled by photo-induced thiol-ene
chemistry which yield materials with tunable mechanical properties. In the dry state, the CNC
fillers can form a strong percolating network and good filler-matrix interactions through hydrogen
bonding interactions, resulting in significant mechanical reinforcement of the nanocomposites and
as such only a small increase in modulus is observed after crosslinking. However, the modulus of
the uncrosslinked materials drops dramatically upon exposure to water on account of the water
plasticization effect of the polymer matrix and a disruption of the hydrogen bonding between the
CNCs (and CNCs and matrix). The hydration-induced softening is greatly reduced with increase
in the degree of covalent crosslinking allowing access to stiff wet film with a modulus of 289 MPa
at 37 °C and a 20 times difference in wet modulus (E'sis/E'sort ca.20) between stiff (crosslinked)
and soft (uncrosslinked) materials.

It is worth pointing out that the PVAc-co-VP/tCNC-allyl-COOH based nanocomposites still
suffer from a relatively low modulus contrast as compared to what is achieved in the other synthetic
materials and the squid beak biomodel. The use of ally-functionalization of the CNCs along with
that addition of the vinyl-pentenoate repeat unit on the matrix backbone resulted in more
hydrophobic films that showed greatly reduced water uptake. As such the uncrosslinked films of
these more hydrophobic materials show limited water swelling and resulted in films with a higher
“soft state” modulus which limits the overall mechanical contrast that can be achieved. To address
these issues and further optimize the wet mechanical gradient of this class of bioinspired
composites, reported herein are the design and preparation of our next-generation bio-inspired

nanocomposites based on carboxylic acid functionalized tCNC-COOH and partially hydrolyzed
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poly(vinyl acetate-co-vinyl alcohol) (PVAc-co-VA) matrix. A commercially available glycoluril-
based crosslinker (1,3,4,6-tetrakis(methoxymethyl)glycoluril, TMMGU) was utilized and the
covalent crosslinking between the crosslinker with the hydroxyl groups from both the CNCs and
polymer matrix was initiated by a photoacid generator (PAG). Using poly(vinyl acetate-co-vinyl
alcohol) (PVAc-co-VA) as matrix can decrease the modulus in the soft uncrosslinked materials as
aresult of the strong hydrophilicity of the polymer which then further enlarge the modulus contrast
between the stiff and soft regions. The aim of this study is to have a better understanding of how
the UV irradiation conditions and the hydroxyl content influence the mechanical properties of the
PV Ac-co-VA/tCNC-COOH nanocomposite in both dry and wet states. The potential of accessing
continuous mechanical gradients and programming complex gradient by photo-patterning process

have also been investigated.
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Scheme 6.1 Schematic of the preparation of bio-inspired nanocomposites based on P(VAc-co-VA)
and tCNC-COOH, and the proposed photo-initiated crosslinking reactions between the polymer

matrix and CNC filler.

6.2 Experimental Section

Materials

1,3,4,6-Tetrakis(methoxymethyl)glycoluril (TMMGU) crosslinker was purchased from TCI

Chemical. The photoacid generator (PAG) 2-(4-Methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-
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triazine was purchased from Sigma-Aldrich. All the other solvents were purchased from Fisher
Scientific. TEMPO-oxidized cellulose nanocrystals (tCNC-COOH) with a charge density of 1000
mmol/kg were obtained from sea tunicate mantles using the procedures published in previous
work.?” Poly(vinyl acetate-co-vinyl alcohol) P(VAc-co-VA) copolymers with various degrees of

hydrolysis were synthesized and characterized in previous work.>

Fabrication of P(VAc-co-VA) films and P(VAc-co-VA)/tCNC-COOH nanocomposites

P(VAc-co-VA) copolymer films were prepared by compression molding between two PTFE
supporting sheets at 90 °C and 4000 psi for 10 min using a Carver laboratory press. A transparent
film with thickness between 100 and 150 um was obtained.

P(VAc-co-VA)/tCNC-COOH nanocomposites were fabricated by solution casting from DMF.
tCNC-COOH was dispersed in DMF at a concentration of 3 mg/mL via sonication overnight in a
bath sonicator follower by ultrasonication for 30 mins using a Branson SFX 550 Sonifier. P(VAc-
co-VA) was dissolved in DMF at a concentration of 50 mg/mL by stirring for 4 hrs. The
appropriate amount of tCNC-COOH dispersion and P(VAc-co-VA) solution were combined to
yield 15 wt.% of CNC in the final composite films and ultrasonicated for 30 min before casting
into PTFE dishes. The mixtures were dried in a vacuum oven at 60 °C for 5 days to fully remove
the DMF. The dried nanocomposite films were removed from the PTFE dishes and used as-cast
without any melt processing. Thermogravimetric analysis (TGA) was used to confirm the removal

of DMF.

Imbibing process

214



Nanocomposites were cut into rectangular samples with dimensions of 30 x 4 mm. Stock
solutions of the photoacid generator (PAG) 2-(4-Methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-
triazine (5 mM) and crosslinker (1,3,4,6-Tetrakis(methoxymethyl)glycoluril, TMMGU) (50 mM)
were prepared by dissolving the reagents in THF separately. The required amount of PAG (2 mol%
of OH groups) and TMMGU crosslinker (25 mol% of OH groups to give a 1:1 methoxy to OH
ratio) was calculated based on the molar amount of total hydroxyl groups from both the polymer
matrix and CNC fillers (surface hydroxyl groups ca. 1800 mmol/kg). Composite films were
supported on PTFE dishes, and the exact volume of stock solution and PAG and crosslinker were
evenly pipetted onto the film until the solution was absorbed. The samples were then annealed in
saturated THF vapor for 24 hrs to ensure a more homogeneous distribution of the PAG and
crosslinkers within the sample. Finally, the samples were removed from THF vapor and dried in a

dark environment under reduced pressure for 48 hrs.

UV curing process

The crosslinking reaction was performed by irradiating the imbibed samples using a Honle
Bluepoint UV source (320-390 nm) with an intensity of 40 mW/cm? for times ranging from 1 to
120 min. All films were irradiated on both sides by flipping the samples at the midpoint of the
reaction to endure a more homogeneous distribution of crosslinking throughout the thickness of
the film. The irradiated nanocomposites were then soaked in 2-propanol for 24hrs with the goal of
removing any unreacted species. The solution was exchanged twice with fresh 2-propanol during
this washing step. Finally, the films were removed and dried in a well-ventilated fume hood for 24

hrs before being placed in a vacuum oven for 48 hrs at 40 °C to remove any residual solvent.
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Characterization

Differential scanning calorimetry (DSC). DSC measurements were performed using a TA
Instruments Discovery 2500 DSC. All samples were first heated to 100 °C and cooled down to
0 °C at arate of 10 °C min’'. And then the samples were heated back up again from 0 °C to 100 °C
at a rate of 10 °C min"'. The second heating cycle was used for data analysis.

Dynamic mechanical analysis (DMA). The viscoelastic properties of nanocomposites were
analyzed using a RSA-G2 solid analyzer (TA Instrument, DE) equipped with a tension clamp and
a submersion chamber. Dynamic temperature sweep measurements were performed with a fixed
frequency of 1 Hz, a strain of 0.1%, a preload force of 0.1 N, and a 125% force track. For
characterizing the dry modulus of the composite films, only the tension camp was used and the
storage modulus, loss modulus as well as tan & were measured while the temperature increased
from 0 °C to 100 °C at a heating rate of 3 °C min"'. In the case of wet properties, all samples were
first pre-swollen in water for 48 hrs and the characterizations were performed using the submersion
chamber which allows the measurements to be conducted while the films were fully immersed in
water. The temperature of the water was heated from 17 °C to 50 °C at a rate of 3 °C min"' while
the wet mechanical properties were being measured.

Water swelling. Dry composite samples were weighed to obtain the dry mass before immersing
into DI water for 48 hrs at 45 °C. The samples were then removed, gently blotted using filter paper,
and weighed again to obtain the wet mass. The degree of swelling can be calculated by:

) wet mass — dry mass
%swelling = dry mass x 100
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6.3 Results and Discussion
6.3.1 UV-initiated crosslink of P(VAc-co-VA) copolymer matrix

Poly(vinyl acetate-co-vinyl alcohol) P(VAc-co-VAx) copolymers, where x is the mole percent
of VA, were prepared by partial hydrolysis of PVAc under acidic conditions.*® A series of P(VAc-
co-VAx) copolymers with different mole percent of VA units (x=10, 21, 29) were prepared with
the goal of controlling the amount of crosslinkable groups as well as optimizing the hydrophilicity
of the polymer. UV-initiated crosslinking reaction was first carried out on the copolymer films
(without any CNC filler) to demonstrate the possibility of forming covalent crosslink networks
with the TMMGU crosslinker. To this end, P(VAc-co-VAio), P(VAc-co-VA21) and P(VAc-co-
VA»9) were imbibed with the TMMGU crosslinking units and photoacid generator (PAG) and at
a mole ratio of OH : TMMGU: PAG = 100: 25 : 2, such that there is a mole ratio of one hydroxyl
moiety on the polymer per one methoxymethyl moiety (on the TMMGU crosslinker) . The imbibed
films were irradiated with 320-390 nm UV at an intensity of 40 mW/cm? for 240 s. After washing
in 2-propanol to remove residual crosslinkers followed by drying at 40 °C under vacuum, the
thermomechanical properties of the films were characterized by dynamic mechanical analysis
(DMA).

DMA temperature sweep studies of dry P(VAc-co-VA21) and P(VAc-co-V Axg) copolymer films
before and after UV irradiation were shown in Figure 6.1a. In the glassy regime, the dry P(VAc-
co-VA) films showed similar storage modulus (£") between 2.7 and 3 GPa (measured at 20 °C)
before and after UV irradiation. However, at higher temperatures, a rubbery plateau can be
observed for films after UV irradiation, consistent with the formation of a crosslink network. The
storage modulus (£') in the rubbery regime (measured at 80 °C) also increased from 0.7 MPa to

5.8 MPa for P(VAc-co-VA2i1), and from 0.9 MPa to 12.6 MPa for P(VAc-co-VAxo) as a result of
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the UV-initiated crosslinking. The higher plateau £’ for P(VAc-co-VAyo) films indicates that the
dry mechanical properties in the rubber regime are affected by the hydroxyl content within the
polymer. The successful formation of covalent crosslink networks can be further backed up by the
increase in glass transition temperatures 7 as measured by the peak of the tan & curve since the
covalent interactions can potentially hinder the polymer chain movements.*’” The T increased from
54 °C to 67 °C for P(VAc-co-VAz1) after UV irradiation, while the irradiated P(VAc-co-V Az9)
film exhibited an even higher 7 at 80 °C.

It is worth pointing out that the tan & curve of P(VAc-co-VAz1) and P(VAc-co-VAaz9) showed
similar peaks at ca. 54 °C, which is inconsistent with the fact that higher content of hydroxyl groups
could form hydrogen bonding interactions which increase the 7,. DSC analysis was then
performed on the as-synthesized copolymers, and the results revealed that increasing hydroxyl

contents indeed lead to an increase in 7, (Figure A6.1).
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Figure 6.1 DMA temperature sweep study of P(VAc-co-VA) film before (open symbol) and after
UV irradiation (close symbol) in both a) dry and b) wet state. (DMA condition: heating rate
3 °C/min, frequency 1 Hz, strain 0.1 %.)

The thermal-mechanical properties of wet films as measured by submersion DMA were shown
in Figure 6.1b. Characterization of the non-irradiated polymer films was not carried out since the
samples disintegrated in water during initial swelling on account for the strong hydrophilic nature
of these films. For irradiated films, the formation of covalent networks between the hydroxyl
groups successfully prevented the samples from disintegrating in water. A clear shift of the peak
of tan d to lower temperature (26-30 °C) can be observed as opposed to the dry films which is
likely a consequence of the water plasticization the copolymers. It can also be observed that
P(VAc-co-VAy) films with the highest content of VA units exhibited the highest 7§ after UV

irradiation. The plateau modulus (E’) of the wet crosslinked films (measured at 37 °C) also
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increased systematically from 2.9 MPa to 5.9 MPa as the VA content increased from 10 to 29 mol
percent. The DMA results indicated that the wet mechanical properties are affected by both the
hydrophilic nature of the polymer as well as the degree of covalent crosslinking. However, the
plateau moduli of the crosslinked polymer films are relatively low in both dry and wet states which
could limit their applications as functional materials. A possible route to further improve the
mechanical properties of the materials is to employ a polymer nanocomposite structure, which is

also commonly observed in biological systems.

6.3.2 Crosslink of P(VAc-co-VA)/tCNC-COOH nanocomposites

Having proved that covalent crosslinked networks can be successfully formed in the P(VAc-co-
VA) copolymer upon UV irradiation using PAGs and TMMGU crosslinkers, the next step was to
utilize this crosslinking process to prepare P(VAc-co-VA)/tCNC-COOH nanocomposites with
tunable mechanical properties. This was achieved using composite films containing 15 wt% of
tCNC-COOH embedded into P(VAc-co-VA) polymer matrix which was imbibed with PAGs and
TMMGU crosslinkers as described previously. The amount of TMMGU was adjusted with respect
to the total hydroxyl groups from both the copolymer matrix and the surface hydroxyl groups from
the CNC fillers (ca. 1800 mmol//kg calculated based on the crystal dimensions of tunicate CNC,
1000 out of the 1800 mmol/kg hydroxyl groups have been oxidized into carboxylate groups).*$+
The total hydroxyl and carboxylate groups from CNCs correspond to ca. 0.27x10-* mmol/mg based
on the weight of the nanocomposites, as opposed to the hydroxyl content from the P(VAc-co-VAx)

matrix which equals to 1.22x10~* mmol/mg, 2.58x103 mmol/mg and 4.09x10-* mmol/mg for x =

10, 21 and 29, respectively. The imbibed composite samples were irradiated with UV light on both
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sides for times ranging from 1 to 120 min with the goal of controlling the degree of crosslinking
with the composites.

Mechanical properties of these nanocomposites in both dry and wet states were characterized by
DMA and the effect of irradiation time on the tunability of storage modulus examined. The
temperature dependency of the storage modulus (£’) and tan 6 of nanocomposites with various
content of hydroxyl groups after UV irradiation in the dry state are shown in Figure 6.2 and Figure
A6.3. The DMA curves clearly show that UV irradiation leads to a change of the thermal-
mechanical properties of the nanocomposites which is consistent with the formation of covalent
crosslink networks, namely increasing the 7 (peak of tan d) and the plateau modulus (£”) at
temperatures higher than T,. Specifically, the peak of tan 6 shifted to a higher temperature with
the time of UV irradiation which is consistent with an increasing degree of crosslinking within the
films. The result is also in agreement with our previous work on nanocomposites crosslinked by
thiol-ene chemistry, where an increase 7, was observed with an increase degree of covalent
crosslinking between the polymer matrix as well as between matrix and fillers.* The relative
increase in 7 before and after UV irradiation was also impacted by the VA content in the P(VAc-
co-VA) matrix. For example, nanocomposites containing P(VAc-co-VA»i) exhibited an increase
of T from 50 °C to 60 °C after 120 min UV irradiation as opposed to P(VAc-co-V Az9) which had
a Ty of 62 °C under the same irradiation time. The slightly higher 75 is consistent with the expected

increase in the degree of crosslinking within the P(VAc-co-V Az9) nanocomposites.
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Figure 6.2 Representative DMA temperature sweep study of a) P(VAc-co-VA21)/tCNC-COOH
and b) P(VAc-co-VA29)/tCNC-COOH nanocomposites in the dry state before and after UV
irradiation (full DMA data with more time points is shown in Figure S2).

In addition to the increase in 7y, the plateau modulus (£") in the rubbery regime also increases
after UV irradiation. Figure 6.3 plots the plateau modulus (£') (measured at 80 °C) of the composite
samples versus UV irradiation time. As can be seen from the graph, the modulus of dry films can
be well-controlled by varying the time of UV irradiation. Comparison of the dry £’ before (0 min,
E'sort) and after UV irradiation (120 min, E'sirr) demonstrate a relatively small increase in the
plateau modulus as a result of the formation of covalent crosslink network. For example, the
plateau modulus (£') of the P(VAc-co-VA29)/tCNC-COOH nanocomposites increased from ca.
380 MPa to ca. 890 MPa after 120 min of irradiation which shows a mechanical contrast (E'sisf/

E’'sott) of ca. 2.3. Nanocomposites with lower content of VA units display a smaller mechanical
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contrast of ca. 2.0 and 1.7 for P(VAc-co-VA2) (E' increased from ca. 420 MPa to 840 MPa) and
ca. 1.7 for P(VAc-co-VAio) (E’ increased from ca. 450 MPa to 760 MPa), respectively. The result
is consistent with the above study on covalently crosslinking the polymer only which exhibited a
small increase in plateau storage modulus. However, in the CNC nanocomposites, the mechanical
properties are dramatically enhanced as a result of the strong hydrogen bonding interactions
between the polymer matrix and the CNC fillers as well as between CNC fillers in addition to the
matrix-matrix interactions. The plateau modulus was further improved after UV initiated crosslink

reaction on account for the additional covalent bonds formed along with the noncovalent networks.

400 —o— P(VAc-co-VA()/tCNC-COOH
& P(VAc-co-VA,)AICNC-COOH
—— P(VAc-co-VA)/tCNC-COOH

T T T T T
0 20 40 60 80 100 120
Irradiation Time (min)

Figure 6.3 Plateau storage modulus E’ at 80 °C of various P(VAc-co-VA)tCNC-COOH
nanocomposites at different UV irradiation times.

The covalent crosslink networks also promote changes to the mechanical properties of the wet
nanocomposites in a similar trend as compared to the dry crosslinked films. As can be seen from
the DMA temperature sweep studies of the water-swollen samples before and after UV irradiations
(Figure 6.4 and Figure A6.5), both the peak of tan ¢ and plateau storage modulus (£’) of the wet

films increased with the time of UV irradiation. However, the T, of the wet nanocomposites are
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much lower than the dry materials and only the 7 of nanocomposites irradiated longer than 80
min can be detected within the temperature range (16-50 °C) of the submersion DMA test. The
relatively low T for less-crosslinked samples is attributed to the water swelling of the composite
and plasticization of the polymer matrix as a result of the strong hydrophilic nature of the material.
The increased T of the wet composite films to ca. 20-22 °C after 80-120 min of UV irradiation is
presumably due to the covalent crosslink network formed within materials, as can be observed

from the decreasing in the degree of water swelling.
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Figure 6.4 Representative DMA temperature sweep study of a) P(VAc-co-VA21)/tCNC-COOH
and b) P(VAc-co-VA29)tCNC-COOH nanocomposites in the wet state before and after UV
irradiation (full DMA data with more time points is shown in Figure S2).
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The equilibrium water uptake and plateau storage modulus (measured at 37 °C) of various
P(VAc-co-VA)/tCNC-COOH composite samples as an effect of UV irradiation time is plotted in
Figure 6.5a. The results reveal that the water uptake is governed by both the VA content and the
length of irradiation which is consistent with the above study on the copolymer only films. For
instance, P(VAc-co-VA19)/tCNC-COOH with the lowest mole percent of VA exhibits an
equilibrium water uptake of 140 % before UV irradiation, which decreases to 14 % for the samples
irradiated at 120 min. Nanocomposites with a higher content of hydroxyl units display a much
larger water uptake at 174 % and 250 % for P(VAc-co-VA21) and P(VAc-co-VAzg) based
composites that were irradiated at 1 min, respectively. The swelling decreases dramatically with
the time of UV irradiation and reaches a minimum swelling between 7-8 % in the highly
crosslinked samples (120 min). It is important to note that the non-irradiated nanocomposites
swelled extensively in water and the films disintegrate preventing the collection of swelling and

DMA data.
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Figure 6.5 a) Equilibrium water swelling and b) b) wet storage modulus £’ at 37 °C of various
P(VAc-co-VA)/tCNC-COOH nanocomposites at different UV irradiation times.

The DMA results in Figure 6.5b demonstrate that the wet plateau modulus of the swollen
nanocomposite after UV irradiation is inversely proportional to the degree of water uptake. This
is in agreement with the water being able to disrupt the hydrogen bonding interactions in the
uncrosslinked materials as opposed to the dry films, while in the crosslinked composites the
covalent network formed between matrix-matrix and between matrix-filler drives water molecules
out of the crosslinked region which stiffens the material. The wet plateau modulus of P(VAc-co-
VA10)/tCNC-COOH nanocomposite increased from ca. 10 MPa to 219 MPa after UV irradiation,

which is a modulus contrast of ca. 22 between stiff and soft materials. This number is higher
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relative to the bio-inspired nanocomposites crosslinked via thiol-ene chemistry in prior studies
which has a maximum contrast ratio of 20.3° Furthermore, for P(VAc-co-VAz1) and P(VAc-co-
VA»9) based composites, which exhibit a larger degree of aqueous swelling (>150 %), a plateau
modulus < 1 MPa is obtained. The modulus gradually increased with the time of UV irradiation
until a maximum modulus > 250 MPa is obtained after 80-120 min of irradiation. Comparison of
the wet modulus before and after UV irradiation now shows a modulus contrast that is over two
orders of magnitude. Specifically, P(VAc-co-VA2)/tCNC-COOH nanocomposites possessed a
modulus change from 0.6 MPa (E’wf, 1 min) to 265 MPa (E'sitr, 120 min) with a modulus contrast
E'sitt/ E'sor that is over 400. P(VAc-co-V A29)/tCNC-COOH nanocomposites with a slightly higher
content of hydroxyl groups exhibited a similar modulus contrast (E'sis/ E'sor=ca. 390) with a wet
modulus that is tunable between 0.8 MPa (E'sof, 2 min) and 312 MPa (E'irr, 120 min). Films
irradiated for only 1 min were too soft to be accurately measured by DMA on account of the large
degree of water swelling (ca. 250 %). To the best of our knowledge, a 400-fold difference in
storage modulus between soft and stiff regions represents the largest modulus gradients ever seen
in a bioinspired synthetic material. In fact, the modulus gradient obtained in these materials is
larger than the squid beak bio-model which exhibits a contrast ratio of ca. 100 (50 MPa to 5 GPa)

in the wet state.

6.3.3 Mechanical gradient nanocomposites fabricated by photo-patterning.

After establishing a relationship between the time of UV irradiation and the mechanical
properties of the nanocomposites using individual samples, it is of interest to further investigate
the preparation of nanocomposites with a continuous modulus gradient within a single piece of

material. We have shown in previous work that nanocomposites based on thiol-ene crosslink can
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be photo-patterned using a printed mask under UV irradiation which allow access to programmed
gradients within the samples.*® Therefore, the same process was utilized here to first evaluate the
feasibility of patterning the P(VAc-co-VA)/tCNC-COOH nanocomposites with a mask. The
photomask was prepared by direct printing the patterns on a transparent acetate sheet using an
inject printer. The pattern contains alternating dark and transparent strips that are 1 mm in width
and are tilted at 45° angle with respect to the long axis (Figure 6.6a). P(VAc-co-VA21)/tCNC-
COOH nanocomposites film which displays the largest modulus contrast were chosen as an
example for this study. The film (30 mm x 4 mm) was first irradiate for 1 min (30s each side)
without a mask to prevent the less crosslinked region from falling apart in water. The sample was
then placed under the printed photomask and further irradiated for 10 min on only one side of the
sample with the goal of creating highly crosslinked (under transparent mask areas) and less
crosslinked (under dark mask areas) regions with different modulus and water swelling that are
adjacent to each other. As can be seen from the photo of the irradiated sample after 2-propanol
washing and drying, the pattern on the mask has been successfully transferred to the composite
sample with alternating clear and yellow strips which corresponds to less crosslinked (transparent)
and highly crosslinked materials (yellow) (Figure 6.6b). The yellow color is attributed to the
decomposition of PAGs which is also an indication of the degree of crosslinking reaction.
Immersion of the patterned sample into water results in a transformation from planar to a helical
structure after a few hours (Figure 6.6¢). The result is proven to be an effect of the difference in
modulus and water swelling degree between the neighboring regions which leads to a macroscopic

shape change of the film.
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Figure 6.6 a) Photograph of the printed photomask with alternating dark and transparent strips. b)
P(VAc-co-VA21)tCNC-COOH nanocomposite sample (30 mm x 4 mm) after 10 min UV
irradiation using the mask. ¢) Photograph of photo-patterned P(VAc-co-VA21)/tCNC-COOH
nanocomposite sample after immersion in water for 6 hrs.

The photo-patterning process can also be used to easily fabricate composite films with a
continuous gradient. A photomask with a linear grayscale pattern that seamlessly transits from
transparent to black was prepared as shown in Figure 6.7a. The goal is to gradually decrease the
UV intensities that penetrate through the photomask from the transparent side to the black side. A
piece of P(VAc-co-VA21)/tCNC-COOH nanocomposite sample (30 mm x 4 mm) were irradiated
for 10 min under the photomask. After irradiation, the sample was carefully washed in 2-propanol
to remove the residual PAG and crosslinkers. As excepted, a clear transition from dark yellow to
light yellow to transparent from the left end to the right end of the sample can be observed, which
is consistent with the direction of the grayscale pattern (transparent to black) from the photomask

(Figure 6.7b). The result is also in agreement with a decrease in the degree of crosslinking within
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the materials from the dark yellow side to the transparent side. As we learned from the above
studies, the storage modulus of the nanocomposites is directly related to the degree of crosslinking.
Therefore, it is assumed that the sample film which was irradiated using the grayscale mask
resulted in a continuous modulus gradient. More detailed characterizations of the modulus at
different locations of the sample need to be carried out to further verify the machinal gradient,
possibly by indentation study. The printed photomask is utilized here as a proof-of-concept
purpose, the approach can be easily adapted into photolithography process for the fabrication of

devices with much smaller size and complex features for biomedical applications.

Figure 6.7 a) Photograph of the printed grayscale photomask. b) P(VAc-co-VA21)/tCNC-COOH
nanocomposite sample (30 mm x 4 mm) after 10 min UV irradiation using the grayscale mask.

6.4 Conclusion
In this study, we have shown the preparation of bio-inspired nanocomposites with tunable
mechanical properties based on P(VAc-co-VA) copolymer matrix and oxidized tCNC-COOH

nanofillers. Covalent crosslink networks can be formed between the polymer matrix and the CNC
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fillers which leads to an increase in storage modulus in both dry and wet films after UV irradiation
as well as a decrease in water swelling. The new nanocomposite offers several key advantages as
compared to the original one based on thiol-ene chemistry. Firstly, the PVAc-co-VA polymer
matrix is more hydrophilic as opposed to the alkene-containing PVAc-co-VP, as such the wet
modulus of the less crosslinked samples (E'sf) can be further decreased on account of a higher
degree of water uptake. Moreover, the surface of CNC is rich in hydroxyl groups, using hydroxyl
based crosslinking chemistry results in a higher number of crosslinking sites from the CNC
nanofillers which further improves the wet modulus in the highly crosslinked samples (E'sifr). As
a result, the nanocomposites demonstrated a modulus contrast over 2 order of magnitude
(E'stitt/ E'sort> 400) upon swelling in water which is higher than the contrast observed in the squid
beak biomodel (E st/ Esott ca. 100). In addition, studies on photo-patterning of the nanocomposites
demonstrated that complex mechanical gradients can be easily programmed into the materials
using specifically designed photomasks. The large tunability in wet modulus as well as the ability
to control the modulus using a simple photo-patterning process makes these bio-inspired
nanocomposites attractive to be used as the substrate for the fabrication of implantable devices,
such as intracortical microelectrode. Future studies on using photolithography process to design
and fabricate prototype devices based on the nanocomposites with much more complex modulus

gradients and smaller feature sizes will be carried out.
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6.5 Appendix

Figure A6.1 DSC study of P(VAc-co-VA) copolymer with various content of VA units.

a)

b)

Figure A6.2 Representative DMA temperature sweep study of a) P(VAc-co-VA21)/tCNC-COOH
and b) P(VAc-co-VA29)tCNC-COOH nanocomposites in the wet state before and after UV

irradiation.
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Figure A6.3 Representative DMA temperature sweep study of P(VAc-co-VAio)/tCNC-COOH
nanocomposites in the dry state before and after UV irradiation.

4 -
a) 10* {P(VAC-co-VAL)ACNC-COOH — Tmin — 20 min
—_ E — 2 min == 40 min
© ] = 4 min == 80 min
o 103_= 6miq—120min
E E\ = 10 min
] 1.0
5 10°4
=]
3 o] ]
10 3
= o1
Q
o
©
1™
o
o)
(7]
T T T T T T
20 25 30 35 40 45 50
Temperature (°C)
b) JP(VAC-C0-VA2)ACNC-COOH —2min — 20mn
—_ 3 6 min = 80 mil
E 10 *% _1omr|r?in—1zg“r?1ir
£ 2]
o 1073 L1.0
= -
S 10 -
E )
S 0] 5
10 o
S
q 0.5
c 10
o
Fr -2
9N 10° 3
Jeeoms .'.'.-n.....,.,.,-.._._._ FANETIYY
10‘3 - T T T

T T T 7
20 25 30 35 40 45 50
Temperature (°C)

Figure A6.4 Representative DMA temperature sweep study of a) P(VAc-co-VA21)/tCNC-COOH
and b) P(VAc-co-VA29)tCNC-COOH nanocomposites in the wet state before and after UV
irradiation.
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Figure A6.5 Representative DMA temperature sweep study of P(VAc-co-VA19)/tCNC-COOH
nanocomposites in the wet state before and after UV irradiation.

Table A6.1 Summary of the thermal mechanical property of P(VAc-co-VP)/tCNC-COOH in both

dry and wet state at different UV irradiation times.

P(VAc-co-VA10)/tCNC-COOH

Dry E"at 80 °C Wet E"at 37 °C  Water swelling

Irradiation
time (min) MPa MPa %
0 453.29 + 6.66 9.85+6.43
1 523.41+0.90 34.64+4.64 53.60
2 549.50 +7.91 57.73 £ 8.73 37.00
4 600.62 +13.93  80.40+7.07 35.20
6 644.00 101.26 £ 1.65 29.30
10 660.18 £17.54 128.84+5.14 27.40
20 687.72 162.63 + 8.86 25.10
40 700.82 + 14.87 181.61 +10.31 17.75
80 729.02 + 18.82 206.85+12.20 14.70
120 762.66+5.70 219.31+4.16 14.10
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Table A6.1 Summary of the thermal mechanical property of P(VAc-co-VP)/tCNC-COOH in both
dry and wet state at different UV irradiation times.

P(VAc-co-VA2)tCNC-COOH

Dry E"at 80 °C Wet E"at 37 °C  Water swelling

Irradiation
time (min) MPa MPa %
0 424 .45 £ 17.50
1 49251 +1945 061 +£0.54 17423+2293
2 53937+1421 2370+2.97 113.85+36.27
4 599.32+£ 1847 5040+4.70  56.90 + 13.45
6 63550+ 2131 71.33+3.85 41.95+3.89
10 684.56 £32.77  98.60 +9.04 27.23+4.29
20 712.30£25.44  133.42+17.74  15.53 £2.57
40 746.66 £22.05 184.12+15.42 10.50 £+ 1.06
80 797.83 233.95+2.90 8.95+0.64
120 836.83 £9.57  265.15+19.30 7.70
P(VAc-c0-VA)/tCNC-COOH
Irradiation Dry £'at 80 °C Wet E'at 37 °C Water swelling
time (min) MPa MPa %
0 376.79
1 435.51 £20.74 250.40
2 467.13+£12.56  0.81 +0.28 165.55+£9.55
4 55448 +21.11  19.63 £2.72 113.60
6 57835+16.42 38.13+£2.69 68.8 +14.99
10 659.08 £9.93  76.03 +5.57 37.40
20 763.28 +£12.23 132.44 +18.28 17.5+0.42
40 811.07+4.65 197.50+19.49 9.75+0.78
80 860.71 £ 17.68 270.49 +23.02 8.80
120 894.35 312.06 7.80
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