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ABSTRACT

In chapter 1, a thorough review of the literature identifies key shortcomings in prior
cellulose nanocrystal (CNC) composite research. In chapter 2, poly(ethylene glycol)-
grafted CNCs are used as a model system for understanding the effects of polymer
molecular weight and grafting density on the resulting mechanical properties of
polymer-grafted CNC composites. In chapter 3, a method of functionalizing CNCs in the
melt is developed that takes advantage of dynamic hindered urea chemistry to generate
reactive isocyanate moieties in-situ, which can subsequently react with surface hydroxyl
groups on the CNCs to attach a wide variety of polymer chains. Chapter 4 utilizes the
fundamental lessons learned in chapters 2 and 3 to synthesize block copolymer-grafted
CNCs in the melt and investigate their effect on composite mechanical properties, with
a thorough analysis of grafting density with bulkier polymer chains. Finally, chapter 5
summarizes the work in more detail with personal perspectives and outlook for future
research.
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CHAPTER 1

INTRODUCTION TO CELLULOSE NANOCRYSTAL COMPOSITES

1.1 Summary

Plastic pollution concerns have catalyzed research into green materials with the specific
goal of accessing new bio-derived and bio-degradable polymers with improved property
profiles. One way to achieve these new materials is through the incorporation of
nanofillers into bio-based polymer matrices. Cellulose nanocrystals (CNCs), which are
extracted from biomass, have been investigated as one route to bio-based composites
with enhanced performance. The combination of the excellent reinforcement capabilities
of these bio-derived, nanosized particles along with relatively low production cost and
biodegradability makes cellulose-based nanocomposites an attractive and promising
approach to the next generation of green materials. Discussed herein is an overview of
the use of CNCs to access reinforced bio-based nanocomposites, with particular focus
on bio-available polyester and polysaccharide matrices. The characteristic changes
provided by the incorporation of the nanofillers into the bio-based materials and
their advantages and drawbacks are discussed. Specifically, the different parameters
influencing mechanical reinforcement and barrier properties, such as the nature of
processing, use of additives or CNC surface modifications are reviewed. Finally, the
benefits of using CNC fillers in a number of potential future application areas, including
polymer compatibilization, water purification, biomedical, and electronics are outlined.

1.2 Introduction

Ever since the existence of macromolecules was proposed 100 years ago by Hermann
Staudinger, polymeric materials have played an ever-growing role in our daily life
on account of their outstanding properties, which include robustness, light weight,
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versatility, facile processing and low cost.[1] As a consequence, there has been a meteoric
rise in production of commodity plastics since the Second World War, and worldwide
plastic production surpassed 340 million metric tons in 2017 (Figure 1.1).[2–4] When
these materials were developed, major efforts were focused on increasing their usable
lifetime and preventing degradation; however, with mass consumption of plastics, the
end-of-life of these materials has become a growing concern. It is currently estimated
that less than 10 % of all plastics produced are recycled, around 10 % are incinerated,
with the remaining 80 % accumulating in landfills or littered into terrestrial and aquatic
environments.[5] The majority of plastics produced today are petroleum-based, such as
polyethylene (PE), polypropylene (PP) and polystyrene (PS), and can take hundreds of
years to degrade. Furthermore, approximately ten tons of these plastics are discarded
into the ocean every minute.[6] As such, unless significant changes occur, the plastic
accumulation in our marine environment will continue to grow over the coming years, to
the point that it has been predicted that the amount of plastic in the ocean will outweigh
fish by 2050.[7] The increase of non-biodegradable plastics in the environment is an
ongoing global concern; for example, the 2019 Group of Twenty (G20) meeting on the
global environment for sustainable growth proposed a framework for action to reduce
marine plastic litter.[8]

Considering the continued rise in plastic consumption and impending depletion of
fossil fuel reserves, next generation plastic technologies need to keep the environment
in mind and take necessary actions to harmonize with it. Towards this goal, the
development of “sustainable” polymeric materials has attracted much attention in recent
years.[11–15] By definition, these materials should be produced from non-damaging,
renewable feedstocks (a “green birth”) and be able to be easily recycled (a “green
rebirth”) or quickly degraded into non-harmful components under mild environmental
conditions (a “green death”).[16,17] While such considerations are a good starting point
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Figure 1.1: Graph showing the increase in global plastic production (black), global plastic
waste (red), and bio-derived plastic production (green) from 1950 to 2017.[9,10]

for defining sustainability, it is important to recognize that one must also consider
the wide range of factors that can play a part in the total emissions generated by a
material over its entire life cycle, from initial planting to final degradation. For example,
the use of pesticides during biomass growth and the energy needed to isolate the
monomer/polymer from the feedstock are two factors that are not commonly considered
and can push the total negative environmental impacts of bio-based materials beyond
those of their fossil fuel counterparts.[18] As such, while not the focus of this review, it is
important to note that any “sustainable” material system aiming for commercialization
will need a full life cycle assessment to determine whether or not it is truly “more
sustainable” than the existing solutions.

Additionally, while many bio-degradable polymers have been developed and
commercialized as “environmentally friendly” plastics, most of these plastics are not
currently sourced from renewable feedstocks. For example, polycaprolactone (PCL),
poly(butylene adipate terephthalate) (PBAT) and poly(butylene succinate) (PBS)
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are biodegradable, but predominately use fossil fuel-based chemicals to access their
monomers on a commercial scale.[19] Some small-scale operations produce a minor
portion of these monomers from biomass fermentation;[20] but, while this is a step in
the right direction, it is not yet at a scale to make the polymers’ life cycle sustainable.
Increasing the percentage of these polyesters that are obtained from biomass-derived
monomers is an active area of research.[21] If this can be achieved on a commercial
scale, such polymers represent a significant advancement over their non-biodegradable
alternatives. However, these polymers do not span the property profiles that are available
from the wide range of commercially available petroleum-based plastics.

Today there are two major classes of fully bio-based polymers that are commercially-
viable: alkyl polyesters – predominantly poly(lactic acid) (PLA)[22] but also polyhy-
droxyalkonates (PHA),[23] and carbohydrate-based plastics.[24] Unfortunately, these
materials have relatively low thermal, physical, and/or mechanical performance relative
to their petroleum-based counterparts, which limits their use in many applications.[25]

Indeed, the production percentage of bio-degradable and/or bio-based polymers was
less than 3 % of the total plastics market in 2017.[26] While growing public concerns
about the environment will continue to push the development and commercialization
of sustainable polymers, improved material properties at a competitive cost will be a
controlling factor in driving the growth of these “eco-friendly” plastics.

Among the different strategies used to improve the mechanical properties of
sustainable polymers, the addition of nanofillers, such as graphene, titanium dioxide,
calcium carbonate, silica, etc., appears to be a promising approach.[27–30] By controlling
geometric dimensions, polymer-nanofiller interactions, and particle dispersion, the
incorporation of a small amount of nanofillers (usually less than 10 wt. %) has been
shown to dramatically change bulk material properties, such as improving strength,
thermal resistance, and gas permittivity.[19,31] However, the integration of non-bio-based
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or non-bio-degradable fillers into sustainable polymers diametrically opposes the
material’s sustainability and complicates recycling or composting processes. Thus, a
focus on the development of sustainable bio-based nanofillers with renewable and
degradable characteristics is of importance to achieve nanocomposite materials with
sustainable lifecycles.

Among the various bio-based nanofiller materials, cellulose holds a key position as
an abundant raw organic material that can be obtained from virtually inexhaustible
biomass feedstocks, capable of meeting the increasing demand for green and bio-based
products.[32] The use of cellulose as a material has been known since the beginning of
civilization, from clothes and paper to its use in construction materials, yet over the
past few decades there has been renewed interest in cellulose as a nanomaterial.[33] A
variety of nanoparticles can be extracted from cellulose owing to its hierarchical structure
and semi-crystalline nature (Figure 1.2). Nanocelluloses are generally categorized
by their size, aspect ratio, and crystallinity, most often being divided into cellulose
nanofibers (CNFs), which have relatively low degrees of crystallinity (ca. 60–80 %) and
dimensions of nanometers in width and microns in length, and cellulose nanocrystals
(CNCs) which are more crystalline (ca. > 85 %) but with aspect ratios generally less
than 100. While CNFs have been employed as natural fillers for many polymer matrices
including bio-based polymers, there have been a number of recent reviews that have
summarized this work[34–37] and the interested reader is directed to these reviews for
more information.

The focus of this thesis is on the other category of nanocellulose, namely cellulose
nanocrystals and in particular on the use of CNCs to reinforce commercially-viable 100
% bio-based plastics. CNCs are isolated by extraction of the crystalline domains from
the bio-sourced cellulosic material, usually by a combination of mechanical and chemical
processes.[42] Commonly, to obtain CNCs from the biomass cellulose, acid hydrolysis is

5



Figure 1.2: Hierarchical structure of cellulose and transmission electron micrographs of
cellulose microfibrils, nanofibers and nanocrystals.[38–41]

carried out to degrade the amorphous connecting regions between crystals (Figure 1.2).
Broadly, CNCs are needle or rod-like nanoparticles that can be produced from diverse
starting bio-sources (Table 1.1), such as wood, plants (bamboo, straw and grass, e.g.
Miscanthus x. giganteus[43,44]) and select living organisms (e.g. bacteria, algae and sea
tunicates). For clarity, a consistent naming scheme will be used throughout this review
when discussing CNCs and their composites (Table 1.1). CNCs will be described by
“bio-source-CNC-functionality”, so a tunicate CNC with sulfate half esters on its surface
will be described as t-CNC-SO3-.

As shown in Table 1.1, the length, diameter, and aspect ratio of CNCs vary between
100-3000 nm, 3-50 nm, and 5-200 respectively, depending on the biological source and
isolation protocol.[60] Removal of the non-crystalline cellulose results in CNCs having
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Table 1.1: List of common sources used to access CNCs, CNC nomenclature used in this
article along with their corresponding approximate length, width and aspect ratio.

Bio-source Abbreviation Length Width Aspect Ratio Reference
Wood w-CNC 100–200 3–5 20–60 [45,46]
Cotton (Filter Paper) c-CNC 100–300 5–15 10–40 [47,48]
Ramie Fiber rf -CNC 50–250 5–10 5–40 [40,49]
Tunicate t-CNC 500–3000 10–30 10–200 [50,51]
Bamboo bamboo-CNC 50–400 5–20 15–20 [52,53]
Bacteria b-CNC 100–1000 5–50 5–200 [54,55]
Phormium tenax ph-CNC 100–200 5–15 10–20 [56,57]
flax f -CNC 100–500 10–30 10–50 [58,59]

a high degree of crystallinity, generally around 85 % or greater.[61] Depending on the
bio-source and the isolation protocol, CNCs can have a single-crystal modulus as high
as 140 GPa, a density of about 1.5 g/cm3 and a specific modulus around 90 GPa g-1

cm3.[62] This combination of size and strength gives the CNCs outstanding reinforcing
potential and renders them competitive with other commercially available nanofillers,
such as silica,[63] carbon nanofibers,[64] and nanoclays,[65] as a strong candidate for
nanocomposite applications. In fact, wood-based CNCs have already begun production
on a plant scale and are commercially available.[66]

The relatively high aspect ratio (AR) of CNCs when compared to spherical particles
is an advantage for reinforcing polymers matrices as it defines the CNC loading required
to form a percolating network throughout a material (higher AR means lower filling
fractions are required for percolation).[67] A dramatic increase in mechanical stiffness
is observed when percolation is achieved, making it an important consideration for
the material’s final properties. Despite these promising characteristics, there are still
significant challenges to the use of CNCs in composite materials. In particular, the
existence of hydroxyl groups on the surface of CNCs makes them hydrophilic in nature
with a strong propensity for interparticle hydrogen bonding, causing agglomeration in
polymer matrices, which significantly limits their reinforcement capability. However,
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it is important to note that most CNCs that are commercially available and reported
in the literature are negatively-charged, which enhances their dispersion in water and
polar organic solvents. The surface negative charges are usually obtained during the
CNC isolation procedure. As mentioned above CNCs are submitted to an acid treatment
in order to remove the non-crystalline cellulose. If that acid treatment is sulfuric acid,
then the surface of the CNCs will contain charged sulfate half-esters (CNC-SO3-).
Another common negatively-charged CNC is carboxylate CNCs (CNC-COO-), usually
prepared via a TEMPO/bleach oxidation process from uncharged CNCs (obtained
through the use of HCl during the isolation process). The dispersibility of these charged
CNCs in aqueous and polar solvents renders solvent casting a powerful strategy to
optimize their dispersion in polymer matrices, and for this reason solvent casting is
currently the most employed approach to prepare CNC nanocomposites.[68] In fact,
CNC-based nanocomposites can be traced back to the pioneering work of Cavaillé,
Chanzy, and coworkers in the mid-1990s.[69–72] In these studies, they showed that
sulfate functionalized CNCs obtained from either wheat straw or tunicin could be
dispersed in an aqueous latex (of a styrene and butyl acrylate copolymer) solution
and that a nanocomposite could be obtained by solution casting. The resulting film
exhibited significant improvements in the mechanical strength of the material. Key to the
success of this approach is both the latex and CNCs are dispersible in water, resulting in
homogenous dispersions.

It is important to note that the surface hydroxyl groups of CNCs can be functionalized
using various synthetic strategies to make the CNCs more dispersible in hydrophobic
solvents and polymers, however, one must remember that functionalization will also
impact the reinforcement capability of the CNCs by altering the interactions of the
nanofillers with themselves and the matrix.[73]

CNCs, by their bio-derived nature, are already present in our ecosystems, albeit
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usually embedded in a composite structure with other components, such as lignin,
amorphous cellulose, and hemicelluloses. Nonetheless an important aspect that needs
to be studied is their potential impact on human and environmental health. While, the
complete story is not yet known and much more work remains to be done in this area
to better understand their effects, this aspect of CNC research is starting to become
more active. For example, Vartiainen and coworkers looked into w-CNF toxicity and
found that no significant negative effects were observed in mouse and human cell
viability tests.[74] An ecotoxicity test (V. fischeri) showed no effects of the w-CNFs
below 300 mg/L and EC50 (effective concentration) values could not be obtained up to
2500 mg/L, meaning that the materials are safe unless concentrations are higher than
those expected in worst-case environmental scenarios. More relevant to this review,
the ecotoxicity of w-CNC-SO3- has been investigated by Kovacs and coworkers in nine
different aquatic species, with most species not being significantly affected. A greater
than 25 % reduction in the reproduction in one species (the fathead minnow) was
observed only at high concentrations of the w-CNC-SO3- (> 290 mg/L).[75] Preliminary
studies into human/mammalian health have shown little-to-no oral toxicity, no dermal
toxicity and generally low cytotoxicity at low concentrations.[76] However, perhaps the
biggest concern with any nanomaterial is its pulmonary toxicity.[77] Using a 3D in vitro
triple cell coculture model of the human epithelial airway barrier, Rothen-Rutishauser
and Weder observed that c-CNC-SO3-, when delivered as an aqueous suspension, do
elicit dose-dependent cytotoxicity and (pro-)inflammatory response, but at a level that is
significantly lower than multiwalled carbon nanotubes or crocidolite asbestos fibers.[78]

However, other studies by Shvedova and coworkers on w-CNC-SO3- have shown that
different and more adverse pulmonary outcomes can occur depending on whether the
CNCs are in a suspension or are a freeze-dried powder.[79]

Part of the challenge here is that there is not enough data at the moment to fully
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understand the effects of CNCs. Further complications arise as not all CNCs are created
equal. For example, size and shape of the CNCs, as well as the nature of the functional
groups on the CNCs will undoubtedly play a role in any ecological or biological
effects. In addition, CNCs can be isolated using a range of protocols involving the use
of different chemicals and different levels of purification, therefore leading to the fact
that the different CNCs used in these studies may well have different levels of (toxic)
contaminants. As such, there is certainly a need for more research in this area, the results
of which will play an important role in the future of sustainable CNC composites.

1.3 CNC-reinforced bioderived polymers

1.3.1 Polysaccharide-based composites

Polysaccharides such as cellulose, starch, chitin, chitosan, alginates, and various naturally
occurring gums have attracted great interest as a source of sustainable polymers on
account of their abundant supply, low cost, renewability, biodegradability, and ease of
chemical modification.[80] In addition, some polysaccharides and their derivatives also
have good solubility in water, which readily disperses negatively-charged CNCs, thus
allowing for relatively facile access to composite materials.

1.3.1.1 Chitosan and alginate-based composites with negatively-charged

CNCs

Chitosan, derived from chitin – the second most abundant natural polysaccharide after
cellulose, is a natural linear polysaccharide consisting of (1→4)-2-amino-2-deoxy-β-
D-glucan and is soluble in acidic water (Figure 1.3). Chitosan has been investigated
for use in a variety of different applications including biomedical, packaging, and as a
thickening agent.[81–83]
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Figure 1.3: a) Molecular structure of chitosan. b) Graphic showing the tensile modulus
and the elongation at break of chitosan composites loaded with different w-CNC-SO3-
content.[84]

Chitosan/w-CNC-SO3- composite films have been prepared by simple aqueous
mixing of a suspension of w-CNC-SO3- with a 1 % w/v chitosan acidic solution followed
by solvent casting. The resulting composites show a roughly 80 % higher tensile modulus
(ca. 3 vs. 1.6 GPa) and a 50 % reduction in elongation at break (4.0 vs. 8.6 %) with the
inclusion of 5 wt. % w-CNC-SO3- when compared to the neat chitosan films.[84] The
increase in the mechanical strength was ascribed to the formation of strong ionic bonding
interactions between the negatively-charged w-CNC-SO3- and positively charged amine
groups on chitosan. Additionally, the same filler content loading has been shown to
lower the water vapor permeability by 25 % (2.4 vs. 3.3 g·mm/m2/day/kPa), consistent
with increased crystallinity induced by the incorporation of the CNCs. In fact, there
are numerous reports that show mechanical property improvements in chitosan-based
materials when CNCs are incorporated,[85,86] specifically for applications in drug
delivery,[87] gas barrier,[88] and filtration materials.[89]

Alginate is another water-soluble polysaccharide (this time in basic solutions)
from which CNC composites have been prepared and studied. For example, algi-
nate/w-CNC-SO3- composite films prepared by solvent casting from an aqueous
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mixture of sodium alginate and w-CNC-SO3- showed improved tensile strength
relative to neat alginate. The tensile strength increased with w-CNC-SO3- content
up to the addition of 5 wt. % (tensile strength of ca. 80 MPa vs ca. 55 MPa for neat
alginate).[92] The presence of carboxylate moieties on the alginate means that alginate
gels can be formed through the addition of Ca2+ ions on account of the formation of
carboxylate-Ca2+-carboxylate salt bridges (Figure 1.4a).[90] A number of reports in
the literature investigate alginate/CNC hydrogels and aerogels crosslinked with Ca2+

ions.[93–95] As an example, alginate/CNC-based aerogels have been prepared by adding
an aqueous Ca2+ solution to a lyophilized mixture of alginate and c-CNC-COOH (10
wt. % CNCs).[91] The resulting ionically-crosslinked gels were then lyophilized to
yield the aerogel (Figure 1.4b). Mechanical properties of both the alginate/Ca2+ and
alginate/c-CNC-COOH/Ca2+ aerogels showed that the addition of CNCs enhanced the

Figure 1.4: a) Molecular structure of alginate composed of guiuronate and mannuronate
units and the proposed resulting crosslink structure upon addition of calcium cations. b)
Scheme depicting the preparation of a crosslinked alginate sponge.[90,91]
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compressive strength by ca. 190 % at 70 % compressive strain (compressive strength of
ca. 130 kPa vs ca. 45 kPa for alginate/Ca2+ aerogel), and that carboxylic acid CNCs had
a higher reinforcement effect relative to sulfated CNCs (ca. 100 kPa).

The incorporation of CNCs is not only a benefit for mechanical reinforcement; they
can also be used to alter other properties of the material. For example, Tam et al.
reported the use of CNC-containing alginate aerogel beads for the adsorption of the
cationic dye methylene blue.[96]. Alginate/w-CNC-SO3-/Ca2+ (1 wt. % CNCs) hydrogel
beads were prepared by dropping the aqueous mixture of alginate and w-CNC-SO3- into
Ca2+ solution followed by freeze drying to obtain the aerogel material. The adsorption
of methylene blue, conducted by stirring the aerogel beads in methylene blue aqueous
solutions, showed that the dye removal increased from 20 % to 60 % by adding CNCs
into the aerogel, presumably (at least in part) because of the increase in negative charges
in the composite system.

1.3.1.2 Cellulose-based composites with negatively-charged CNCs

As mentioned before, cellulose is the most bio-available polysaccharide and historically,
numerous cellulose derivatives have been produced and sold on a commercial scale. In
particular, cellulose esters and cellulose ethers, produced by chemical modification of
cellulose, have found use in a wide variety of applications.[97] For example, cellulose
acetate butyrate (CAB) is one of the most commonly used cellulose esters in the coatings
industry on account of its enhanced solubility relative to cellulose, its chemical resistance,
and the fact that it is compatible with other polymers.[98] Furthermore, it is possible to
tune the properties of these materials by altering the ratio of butyrate to acetate moieties
on the cellulose backbone. Although the addition of CNC fillers may be expected to
improve some of the properties of CAB, its general insolubility in water or polar solvents
makes it difficult to prepare homogeneous CAB/CNC composite films.
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As will been seen throughout this introduction, the insolubility of a polymer matrix
in water or polar solvents is a recurring challenge in accessing many CNC composites.
One way to tackle this difficulty is to use a solvent-exchange method. This approach
involves the dispersion of the CNCs in water followed by the addition of an organic
solvent that both dissolves the polymer and is miscible with water. The mixture is then
centrifuged, the supernatant removed, more organic solvent is added to the remaining
gel, and the system agitated. This process can be repeated to result in CNC-organic
solvent dispersions that have limited temporal stability (Figure 1.5). To access the
nanocomposites, a solution of the polymer dissolved in the organic solvent is added to
the organic solvent-suspended CNCs and films are obtained by solution casting.

As an example, Oksman et al. reported CAB/w-CNC-SO3- composite films prepared
via a solvent-exchange procedure (from water to acetone, a good solvent for CAB)
followed by solution casting.[99] The CAB composite film with 10 wt. % w-CNC-SO3-

showed 30 times higher storage modulus (ca. 85 MPa) than that of pure CAB (ca. 3
MPa) at 155 °C, above the glass transition temperature (136 °C).

Figure 1.5: Scheme depicting a standard CNC solvent exchange process from aqueous so-
lution to a water-miscible solvent such as acetone.
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1.3.1.3 Starch-based composites with negatively-charged CNCs and plas-

ticizer

Starch is another commercially available biopolymer that can be obtained from a
number of renewable plant sources such as corn, potatoes, peas, rice, etc.[100,101] Starch
is comprised of two polysaccharides, amylose (20-25 wt. %) and amylopectin (75-80
wt. %), which are the linear and branched polymers of α-glucose respectively (Figure
1.6a). In its natural form, the two components combine to form a semi-crystalline,
hydrogen-bonded network, resulting in an insoluble material that is difficult to reprocess.
Solution processing of the natural material is difficult as starch is insoluble in cold water
and undergoes gelatinization in hot water, while melt processing is not possible as
thermal decomposition starts to occur before Tm. Dried starch is brittle and mechanically
weak, making it uninteresting as a replacement for any plastic.[102] While water is known
to plasticize starch, the resulting material has poor properties that include high water
vapor permeability and low tensile strength.[103] In addition, starch is hygroscopic, so its
water content is often difficult to control. Nonetheless, starch is cheap and has generated
considerable attention as a biodegradable granular filler in commodity plastics; however,
such starch-based fillers generally have low reinforcing capability.[104]

Plasticizers other than water (such as polyols, urea, formamide, etc.) can be used to
access more mechanically flexible and melt processable starch-based materials.[105] As
such, these plasticized starches are able to be manufactured using traditional methods
employed for synthetic plastics giving access to cheap and renewable bio-degradable ma-
terials that can be used in short-lived applications, such as packaging.[106] Unfortunately,
the use of a plasticizer to improve processability comes at the cost of mechanical strength
and usually does not improve water sensitivity issues. Thus, the use of a renewable filler
such as CNCs as a reinforcing agent is one strategy to cope with the poor mechanical
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Figure 1.6: a) Molecular structure of the two polymers present in starch: the linear form –
amylose, and the branched form – amylopectin. b) Strain-stress curves of starch/glycerol
(ca. 35 wt. % of starch)/f -CNC-SO3- nanocomposite films with (a) 0 wt. %, (b) 5 wt. %,
(c) 10 wt. %, (d) 15 wt. %, (e) 20 wt. %, (f) 25 wt. %, and (g) 30 wt. % of f -CNC-SO3-. c)
The tensile strength (▲), Young’s modulus (■), and elongation at break (●) of the same
nanocomposite films. The composite films were kept at 43 % relative humidity.[109]

performance of plasticized starch while maintaining eco-friendly characteristics. Various
reports have demonstrated a high compatibility between starch and CNC fillers,
presumably as a consequence of the strong hydrogen bonding interactions between the
two polysaccharide structures.[107,108]

Glycerol is a commonly used plasticizer to access thermoplastic starch,[110,111]

although it has to be remembered that water also plays a role in such materials.[112]

Interestingly, the addition of glycerol to starch yields a phase separated material (a
glycerol-rich and amylopectin-rich phase) as highlighted by the presence of two
glass transitions (ca. -50 and 40 °C).[112] Figures 1.6b and c show the effect that the
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incorporation of f -CNC-SO3- has on the mechanical properties of starch/glycerol
(ca. 35 wt. % of starch) composites.[109] Such CNC composites can be accessed by
mixing starch granules, glycerol, and f -CNC-SO3- in water before gelatinizing via
heat treatment. Drying of the gels results in composite films which exhibit properties
commonly observed in CNC reinforced materials: increases in tensile strength (from 4 to
12 MPa) and Young’s modulus (ca. 30 to 500 MPa) along with decreases in elongation
at break (ca. 70 to 10 %) with varying CNC content from 0 to 30 wt. %, respectively. In
comparison to multi-walled carbon nanotubes (MWCNT), a less sustainable filler that is
also often used to reinforce polymers, the starch/CNC system performs just as well, if not
better. While exact comparisons are difficult to make on account of variances in source
materials and processing methods, the starch/glycerol/MWCNT materials showed
around 40 % increase in Young’s modulus, compared to nearly 250 % increase with
f -CNC-SO3- at the same 5 % loading.[113] An advantage the CNCs have over MWCNTs
from a mechanical reinforcement perspective is they are water dispersible and, as such,
are generally easier to process from aqueous solutions to yield composites with more
homogenous nanofiller dispersions.

The starch/f -CNC-SO3- composites also exhibited two glass transitions (Tgs) (similar
to the unreinforced matrix) with both transitions shifting to slightly higher temperatures
with higher CNC content. Wide-angle x-ray scattering (WAXS) measurements showed
the appearance of a new amylopectin crystal peak in the starch/glycerol/f -CNC-SO3-

composite materials, implying that the CNCs also act as a nucleating agent. The authors
suggested that the glycerol (and water) rich phase would localize near the CNC
surfaces[50,114] potentially leading to a two-fold effect: (1) the local plasticization of amy-
lopectin chains near the CNCs, aiding in transcrystallization, and (2) antiplasticization
of the amylopectin phase, reducing the overall material ductility.

The use of sorbitol in place of glycerol as a plasticizer for starch yields materials
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that only exhibit one Tg, which has been ascribed to a decrease in mobility of the
sorbitol. Starch/sorbitol (ca. 30 wt. % of starch) composite films containing t-CNC-SO3-

have been prepared by solvent casting. Interestingly, these materials neither exhibit
transcrystallization of amylopectin nor show a significant antiplasticizing effect,
suggesting that sorbitol does not accumulate near the CNCs.[115] Compared to pure
plasticized starch/sorbitol films, a starch/sorbitol/t-CNC-SO3- (ca. 25 wt. %) composite
film showed an increase in tensile strength from ca. 5 MPa to 40 MPa and Young’s
modulus from ca. 50 MPa to 750 MPa (measured at 43 % relative humidity), while
elongation at break of films with and without CNCs was low (below 10 %).[116] Overall
the starch/sorbitol/t-CNC-SO3- materials showed better mechanical reinforcement than
the starch/glycerol/t-CNC-SO3- composites. The authors suggested that the absence of
sorbitol accumulation near the CNCs allows more effective stress transfer between CNCs
and the starch matrix, leading to composites that exhibit a significant increase in the
modulus and tensile strength relative to pure glycerol-plasticized materials.

1.3.2 Poly(lactic acid)-based composites

Poly(lactic acid) (PLA) (most commonly the L-lactide enantiomer, PLLA) is currently
one of the most commercially relevant bio-based polymers on account of its easy,
and relatively cheap, accessibility on a large scale as well as its overall eco-friendly
properties, being bio-degradable, renewable, non-toxic, and compostable.[117–119]

PLA can be prepared via ring opening polymerization of lactide monomers, which
can be readily obtained via distillation from corn, sugar cane, and other fermentation
crops.[120] Additionally, unlike other bio-sourced polymers, PLA can be melt-processed
by extrusion, thermoforming, or injection molding into fibers, films, or other functional
forms.[121]

While PLA has the potential to be a promising replacement for some commodity
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petroleum-based plastics, it is limited in its mechanical and thermal properties, as with
other bio-based polymers. For example, its heat distortion temperature (HDT, the
temperature at which the polymer deforms under a specific load) is low (55 °C) which,
along with its brittleness (strain at break ∼2.5 %) and poor impact resistance (impact
strength ∼2.6 kJ/m2), limits its utilization in a range of applications.[117] Nonetheless,
PLA has already been used in some commercial applications, including packaging
material (e.g. corn chip bags). However, the poor barrier properties of the neat
material (oxygen transmission rate over 30 cm3/m2/day compared to most commercial
materials with less than 15 cm3/m2/day) prevent application in air and water-tight
systems.[122,123] Since plastic packaging was a $260 billion market in 2013, it is clear why
improving these properties could make a major impact in the industry.[7]

A range of strategies have been developed to overcome these issues and improve
PLA’s overall properties, such as copolymerization, stereocomplexation, polymer blend-
ing, and addition of plasticizers and/or nanofillers.[124–127] While all of these approaches
result in the enhancement of either thermomechanical or barrier properties of PLA, some
of them require the addition of unsustainable components to the sustainable matrix,
reducing the eco-friendly aspects of the material. The use of cellulose nanocrystals as a
nanofiller, on the other hand has the potential to address the material drawbacks while
maintaining the green nature of the material.

1.3.2.1 Poly(lactic acid)-based composites with negatively-charged

CNCs

As discussed above, solution processing is the most common way to access CNC
composites. Unfortunately, PLA is not soluble in water and as such, direct mixing with
aqueous CNC suspensions is not possible. The most common solvent used for solution
processing PLA in the literature is chloroform, however, good dispersion of CNCs in this
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solvent is difficult. As discussed in Section 1.3.1.2, solvent exchange processes (Figure
1.5) can be used to access dispersions of CNCs in organic solvents. As chloroform is not
miscible with water, the aqueous dispersion of CNCs needs to be first solvent exchanged
into a water miscible organic solvent (e.g. acetone) and then exchanged to chloroform.
Lagaron et al. investigated if such a solvent exchange process aids the dispersion of CNCs
in a PLLA matrix.[128] To do this, chloroform dispersed w-CNC-SO3- were prepared
either by the solvent exchange process or by adding in freeze-dried w-CNC-SO3- (from
water) directly to chloroform followed by sonication. The two different chloroform CNCs
suspensions were independently mixed with PLA in chloroform and cast to furnish
nanocomposites loaded with 1, 2, 3, and 5 wt. % w-CNC-SO3-.

No matter how the CNCs were dispersed in chloroform, the modulus and tensile
strength of the composites were reduced relative to neat PLLA suggesting inhomoge-
neous dispersion[128] and that solvent exchange into chloroform does not appear to be a
viable route to homogenously dispersed CNCs in PLA. Nonetheless, the incorporation of
CNCs by either route did result in an increase in the crystallinity of the PLLA (e.g. from
ca. 9 % for neat PLLA to 15 % with 1 wt. % of freeze-dried w-CNC-SO3-) as well as to an
increase in water and oxygen barrier properties (from 1.37 × 10-17 m3·m/s·mm2·Pa of O2

for neat PLLA down to 0.23 × 10-17 m3·m/s·mm2·Pa with 1 wt. % of freeze-dried CNCs),
suggesting that the CNCs act as a nucleating agent for PLLA.[129]

These latter observations have been made in a number of studies and as such,
the ability of CNCs to enhance the barrier properties is one of the advantages of the
PLA/CNC composites. It has been shown that the degree of barrier improvement for
PLA-based CNC nanocomposites depends on the surface modification of the CNCs and
the processing methods.[130,131] In addition, it was also reported that the type of CNC
polymorph (cellulose I vs. cellulose II) employed can play a role in barrier properties.
Dhar et al. showed that the incorporation of 3 wt. % bamboo-CNC-SO3- (either in the
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cellulose I or cellulose II form) into PLLA by solvent exchange into chloroform (via
acetone) and casting, resulted in films with different oxygen permeation properties;
14.0 cm3/m2/day for cellulose I CNC composites and 7.8 cm3/m2/day for cellulose
II CNC composites.[122] A common hypothesis used to explain why CNCs improve
barrier properties is that the addition of these non-permeable crystals results in a more
tortuous pathway for transport of gas or water molecules through the film, whereas the
matrix without crystals does not hinder this transport (Figure 1.7).[132] In addition, the
increased PLLA crystallinity induced by the nucleating effect of the CNCs reduces free
volume between chains and creates more internal impermeable barriers that further limit
the diffusion of small molecules.[133] It is worth noting that improved barrier properties
have been observed upon incorporating CNCs into other bio-based matrices such as
alginate, polyhydroxybutyrate (PHB), and starch.[134–138]

Petersson et al. investigated a slightly different protocol to access PLA/CNC
composites. In this case the w-CNC-SO3- were solvent transferred from water to
t-butanol and the t-butanol CNC dispersion was then freeze-dried. Those freeze-dried
CNCs were then dispersed in chloroform by ultrasonication.[139] t-Butanol has a melting
point of 23–25 °C, which was expected to accelerate the freezing of the suspension and
thereby limit the aggregation of the CNCs during the freezing process. The mechanical

Figure 1.7: The presence of non-permeable crystals (e.g. CNCs) in the polymer matrix
(left) increases the permeant tortuosity/path length, thus reducing permeability of water
vapor and oxygen relative to an amorphous polymer matrix (right).[132]
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properties of PLA/CNC composites prepared from chloroform suspensions of either
t-butanol freeze-dried w-CNC-SO3- or water freeze-dried w-CNC-SO3- showed that
there is indeed a better mechanical reinforcement when using the t-butanol freeze-dried
w-CNC-SO3- (Figure 1.8a). At 60 °C there is 64 % increase in storage modulus (E’) for 5
wt. % t-butanol freeze-dried w-CNC-SO3- relative to a 23 % increase when using water
freeze-dried w-CNC-SO3-. In addition, there is a shift to higher temperatures in the tan δ

peak by 15 °C with the t-butanol freeze-dried w-CNC-SO3- films (compared to the films
made with water freeze-dried w-CNC-SO3-), indicating a more pronounced effect on the
segmental motion of PLA chains in these composites (Figure 1.8b) which is consistent
with a better dispersion.

Petersson et al. also investigated the use of surfactants as an alternative to improve
the dispersion of the CNCs in PLA. It was assumed that the surfactant would hinder
the hydrogen bonding between the CNCs during the freeze-drying process and result
in a better distribution within the matrix. The selected surfactant, Beycostat A B09
(BNA), a phosphoric ester of polyoxyethylene(9)nonylphenyl ether, had been employed
earlier by Heux et al. as a coating for c-CNC-SO3- and t-CNC-SO3- to yield birefringent

Figure 1.8: Storagemodulus and tan delta curves determined byDMAmeasurements of a)
a comparison of neat PLA, PLA/CNC, and PLA/t-butanol freeze-dried CNC composites
and b) a comparison of neat PLA, PLA/BNA surfactant, and PLA/CNC/BNA surfactant
composites.[139]
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toluene suspensions.[48] The surfactant coated w-CNC-SO3- also showed birefringence
when dispersed in chloroform (which was not observed with the t-butanol freeze-dried
w-CNC-SO3- discussed above), highlighting the benefit of the surfactant to improve the
dispersion of the nanofillers. The composites where made by simple solution casting,
resulting in a transparent film upon melt pressing, consistent with good dispersion of
the CNCs in the matrix. Comparison of dynamic mechanical analysis (DMA) curves of
PLA/surfactant composites with the PLA/surfactant/w-CNC-SO3- composites showed
that the CNC composite materials had an 83 % greater storage modulus at 20 °C.
However, it is important to note that both materials show reduced modulus relative to
neat PLA at this temperature. In fact, while there is a shift in tan δ of ca. + 20 °C for
the surfactant containing materials relative to PLA, there is only a small increase in
modulus for the PLA/w-CNC-SO3-/surfactant composites relative to PLA observed
above 55 °C. Overall, while these CNCs may be well dispersed in the matrix, the
mechanical studies are indicative of the surfactant coating on the CNCs preventing direct
interactions between the PLA and the CNCs. As such, while it is important to obtain well
dispersed CNCs in a matrix, this in and of itself is not enough to obtain good mechanical
reinforcement. Ensuring good interfacial adhesion between the filler and matrix and/or
good filler-filler interactions are also important considerations.

One application-focused benefit of surfactant addition is the blocking of hydrophilic
groups on the CNC surfaces, which can reduce water uptake and transport. Reduced
water vapor permeability (WVP) prevents bacterial growth in packaging materials, but
the hydrophilic nature of negatively-charged CNCs can be antithetical to this goal.[140]

In one study, Fortunati and coworkers showed that the reduction in WVP caused
by increased tortuosity and crystallinity in a PLA matrix was offset entirely by the
hydrophilicity of w-CNC-SO3- at 1 wt. % loading.[141] Adding surfactant (Beycostat A
B09) blocked the hydrophilic surface groups from associating with water molecules and

23



decreased WVP by 34 % relative to the negatively-charged w-CNC-SO3- composites at
the same 1 wt. % loading.

Water uptake of PLA-based materials can have significant effects on their material
properties. The degradation rate of PLA has been shown to be influenced by the relative
humidity of the surrounding environment, with more humid environments causing PLA
to degrade more quickly.[142] More rapid degradation of PLA/cellulose fiber composites
has been observed with both macrocellulose (wood pulp and wood fibers)[143] as
well as nanocellulose[144] composites, where the rate changes are attributed to the
increased water uptake caused by the hydrophilic cellulose. To further back up this
hypothesis, the use of surfactant-coated CNCs at a 1:1 surfactant to CNC weight ratio
resulted in a reduced PLA degradation rate under composting conditions with 5 wt. %
w-CNC-SO3-/surfactant in a PLAmatrix.[144] While not extensively investigated in many
matrices, it may be possible to somewhat tune the degradation rate of CNC sustainable
composites through the hydrophilic or hydrophobic modification of the nanocrystal
surface, broadening the application window for bio-based CNC composite packaging
materials.

The future of packaging materials is trending toward more active materials which,
for example, have antimicrobial characteristics built into the packaging, reducing
the likelihood of bacterial build up over the lifetime of the product. Unmodified
negatively-charged CNCs have few to no antimicrobial properties, but the addition
of other additives, such as silver nanoparticles, can impart these desired effects.[141]

Unfortunately, the same hydrophobic surface modifications that have been used to
reduce water uptake have also been shown to have negative effects on antibacterial
nanoparticle migration and leeching. Fortunati and coworkers showed enhanced
leeching in PLA films filled with w-CNC-SO3- coated with an ethoxylated nonylphenol
surfactant and silver nanoparticles,[145] presumably on account of increased mobility
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in the hydrophobic surfactant layer. In some cases, as much as a 10-fold increase in
nanoparticle leeching was observed relative to the neat PLA films or PLA loaded with
unmodified w-CNC-SO3-.

Surfactants are not the only additives that have been investigated to access improved
PLA/CNC composites. Oksman et al. studied the use of N,N-dimethylacetamide
(DMAc) with LiCl for the preparation of CNC-based PLA nanocomposites.[146] It is
important to note that DMAc/LiCl mixtures with high LiCl content dissolve cellulose,
generating individual cellulose macromolecules.[147,148] However, DMAc containing a
lower amount of LiCl (0.5 wt. %) can be utilized to separate individual w-CNC-SO3-

frommicrocrystalline cellulose (MCC) with ultrasonication and allow access to relatively
concentrated w-CNC-SO3- suspensions (10–17 wt. %). Oksman et al. investigated
melt mixing of PLA with the concentrated DMAc/LiCl/w-CNC-SO3- suspensions.
The CNC suspensions (enough to obtain 5 wt. % CNCs in the final composite) were
pumped directly into an extruder containing molten PLA at 170-200 °C. The extruder
was equipped with several venting systems that allowed the removal of vapors upon
heating (Figure 1.9a).[146] However, using this melt processing technique resulted in
brown/degraded materials. To address this issue processing aids, such as polyethylene
glycol (MW = 1,500 g/mol) (15 wt. %) or maleated PLA (PLA-MA, 2.2 % maleic
anhydride) (10 wt. %), were incorporated into the molten PLA to decrease the viscosity
or act as a coupling agent, respectively.

Figure 1.9b shows the stress-strain curves of three different compositions of the melt
processed PLA using this technique. PLADMAc is the film formed by simply injecting
a DMAc/LiCl solution (i.e. no CNCs) into molten PLA and shows stress at break and
strain at break similar to neat PLA. Adding in the DMAc/LiCl/w-CNC-SO3- suspension
to a molten mixture of PLA and PLA-MA results in a film that exhibits almost double
the tensile strength relative the PLADMAc (ca. 78 and 40 MPa, respectively) and an
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Figure 1.9: a) Scheme showing the different compartments (feeding zone, venting zone
and vacuum zone) of an extruder used to process CNC composites, and b) the com-
parison of the measured tensile stress strain curves of PLA/PLA-MA/CNC, PLA/PLA-
MA/PEG/CNC, and PLADMAc.[146]

increase in Young’s Modulus (3.9 vs. 2.9 MPa). These values compare well with PLA
composites containing maleic anhydride-modified multi-walled carbon nanotubes
(MA-MWCNT).[149] The PLA/MA-MWCNT material showed a tensile strength of
around 76 MPa at a similar 4 parts per hundred loading, showing that the CNC-based
composites offer a competitive, renewable alternative to MWCNTs in this case.

Interestingly the addition of PEG (1500 g/mol) to the melt processed PLA/PLA-
MA/PEG/w-CNC-SO3- films yields a more ductile material that exhibits an eight
times increase in the strain at break (up to 18 %) while also showing a slight increase
maximum tensile strength relative to PLADMAc. No explanation was provided on why
the PEG improved the ductility of this PLA/PLA-MA/PEG/w-CNC-SO3- composite.
However, similar effects have been observed previously in other PEG/CNC-containing
composites and have been attributed to the interactions between the low molar mass
PEG and CNCs, reducing CNC-CNC interactions and improving their dispersion in
the matrix.[150] While the use of DMAc/LiCl/w-CNC-SO3- does allow access to melt
processable PLA/CNC composites, the DMAc/LiCl appears to result in the degradation
of the w-CNC-SO3- at high temperatures,[146] as was suggested by the brown-colored
composites obtained. As such, optimization in the compounding process would require
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the use of a feed medium which does not cause CNC (or PLA) degradation at the
high temperatures required for processing. Additionally, this study highlights how the
addition of a coupling/compatibilizing agent (in this case the PLA-MA) into the polymer
melt can be used to prevent/inhibit the re-aggregation of the CNCs upon removal of the
dispersing medium.[151,152]

The use of plasticizers has been investigated as a way to access more flexible
PLA/CNC composites. For example, the natural compound limonene has been shown
to plasticize PLA (20 wt. % blended into PLA drops the Tg from 58 to 42 °C), lower
its crystallinity, and improve its barrier properties, which are important factors in
packaging films. To access PLA/limonene/CNC composites, the PLA and limonene
were melt blended (15–25 wt. % of the plasticizer at ca. 180 °C) prior to the direct
addition of 1 or 3 wt. % of ph-CNC-SO3- (dried at 40 °C overnight) to the molten
polymer.[57,153] The resulting films were transparent and exhibited a single Tg (DSC)
at ca. 34 (1 wt. %) or 32 °C (3 wt. %). The DSC also revealed a decrease in the cold
crystallization temperature (Tcc) of PLA in the composites consistent with the dispersed
ph-CNC-SO3- promoting the crystallization of the matrix in the plasticized PLA.[154] The
PLA/limonene/ph-CNC-SO3- composites revealed high values of elongation at break
288 % (1 wt. % CNC) and 272 % (3 wt. % CNC) primarily as a consequence of the
plasticization effect of the limonene (PLA/limonene has an elongation of break ca. 250
%). As such, adding ph-CNC-SO3- (up to 3 wt. %) to the PLA/limonene system appears
not to significant effect the mechanical properties.

The above discussion shows that it is possible to utilize different processing tech-
niques and/or additives to enhance the dispersion of the CNCs in PLA. However, to date
the amount of mechanical reinforcement in such composites has not been optimized. The
use of plasticizers/surfactants may enhance the mobility of PLA chains in the matrix,
benefiting elongation at break, but they can also block CNC-CNC interactions along with
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filler-matrix interactions. As such, while the organization of such agents at the CNC
surfaces may improve dispersion, it can also reduce the ability for stress transfer from
the matrix to the filler, limiting mechanical reinforcement. Thus, a key challenge here is
how one effectively quantifies the level of dispersion of the CNCs within the matrix.
Does one method provide better dispersion than another? Given that the different
processes discussed above add in a variety of different components, it is hard to isolate
the simple effect of the added component from the effect of CNC dispersion on the
material properties. Instead, one must rely on less objective evidence, like birefringence
in solution and transparency of materials, but neither of these provide a quantifiable
level of homogeneity. In the end, what is important is how well does a given processing
technique improve the properties of the composite, but there is certainly an argument to
be made for the development of more comprehensive methods for measuring the CNC
filler dispersion.

1.3.2.2 Poly(lactic acid)-based composites with polymer-grafted CNCs

Given the challenges of dispersing CNCs in PLA, primarily on account of the differences
in polarity of the filler andmatrix, covalent functionalization of the CNCs is an alternative
strategy to adding additives to aid their dispersion in PLA. Most of the work in this area
has focused on grafting polymers to the CNCs and investigating the resulting PLA com-
posites. It has been demonstrated that the grafting of polymer chains to the CNC surface
can not only improve the dispersion of the CNCs within the matrix but can also enhance
the interfacial adhesion between the filler and matrix.[155,156] Grafting of polymers to the
CNCs prevents aggregation of the nanocrystals through steric hindrance and the nature
of the interactions between the grafted polymer and matrix can be used to facilitate dis-
persion within the matrix.

Polymer grafting to the CNCs can be achieved by either a “grafting-to” approach,
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where a pre-formed polymer chain is reacted with functional groups on the CNC surface,
or “grafting-from” method, where an initiating site on the surface is used to polymerize
the monomer directly from the CNCs. For PLA specifically, the “grafting-from”
approach has generally been employed in the preparation of the modified fillers,
predominantly through the use of the surface -OH groups as initiating sites for ring
opening polymerization (ROP).[157–160] Not surprisingly, the most common polymer
grafted from the CNCs in this context is PLA (Figure 1.10a). This is most commonly
achieved using tin(II)-based catalysts and, through the variation of the monomer
concentration, time, and/or the addition of “free” OH groups, the molecular weight of
the grafts can be somewhat controlled.[161]

Figure 1.10: a) Synthetic path of a ring opening polymerization of poly(lactic acid) ini-
tiated on the surface of the CNC in the presence of catalyst, tin(II) 2-ethylhexanoate
(Sn(Oct)2). b) Scheme illustrating an acetylation procedure to partially functionalize the
surface of the CNCs.[157]
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Generally, it is expected that grafted chains with higher molecular weight will
penetrate deeper into a polymer matrix, assuming a constant matrix molecular weight
and neutral or favorable interactions between the polymer graft and the matrix.[162]

This should enhance the interfacial adhesion between the matrix and filler and result in
better stress transfer from the matrix to the nanomaterial when load is applied. While
not on CNCs, Lönnberg et al. have shown that polycaprolactone (PCL) composites
(matrix Mn ca. 80,000 g/mol) containing 10 wt. % PCL-grafted microfibrillated cellulose
(MFC-g-PCL) exhibited better mechanical reinforcement with MFC-g-PCL that have
longer grafts (Young’s Modulus ca. 325 MPa for graft with Mn ca. 2200 g/mol and 290
MPa for graft with Mn ca. 700 g/mol). This compares to a Young’s modulus of 190
MPa for the neat PCL and 260 MPa for the PCL reinforced with unmodified MFC.[163]

However, this increase in stiffness does come at a cost of ductility, where the neat material
had an elongation at break of roughly 900 % while all of the 10 wt. % composite materials
fractured at less than 25 % strain. Chapter 2 of this thesis will investigate the effects of
varying grafted polymer molecular weight and grafting density in-depth.

Goffin et al. prepared rf -CNC-g-PLLA by carrying out the ROP of L-lactide in
toluene-dispersed rf -CNC-SO3-, obtained via a solvent exchange process. The polymer-
grafted rf -CNC-g-PLLA were shown to result in more stable chloroform suspensions
after 3 days than the unmodified rf -CNC-SO3- or a blend of PLLA with rf -CNC-SO3-,
thus highlighting the benefits of the polymer modification for compatibility with
non-polar media.[158] Composites were prepared by melt-blending rf -CNC-g-PLLA
in PLLA with up to 8 wt. % filler, which resulted in nearly colorless materials with
varying degrees of transparency depending on the CNC content (more CNCs resulted
in hazier materials). Comparatively, materials prepared with rf -CNC-SO3- showed the
expected thermal degradation upon melt processing at the same temperatures, 185–200
°C, suggesting that the polymer grafting aids the thermal stability of the CNCs. As seen
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in Section 1.3.1.3 with negatively-charged CNCs, these functionalized CNCs are also
capable of acting as nucleating agents in semi-crystalline matrices.[164] DSC analysis
of the PLLA/rf -CNC-g-PLLA composites showed an increased in crystallinity and
a decreased crystallization half-time (the time at which the extent of crystallization
reaches 50 % completion) with the addition of rf -CNC-g-PLLA. At room temperature, no
reinforcing effect is observed; however, reinforcement above Tg is seen and is primarily
attributed to the increased PLLA crystallinity restricting the polymer chain mobility.[165]

Interestingly, DMA showed a drop in the glass transition temperature at 8 wt. % loading,
suggesting that the filler may also have a plasticizing effect on the matrix.

Braun et al. have investigated the use of CNCs with a lower polymer grafting
density.[157,166] This was achieved by acetylation of freeze-dried CNCs (w-CNC-Ac)
resulting in blocking/protecting many of the possible -OH initiation sites. This proce-
dure gave access to w-CNC-Ac with up to 60–70 % of the OH groups functionalized
according FTIR (Figure 1.10b). The group conducted grafting-from ROP reactions from
freeze-dried w-CNC-Ac in either toluene solution or in the bulk monomer (L-lactide)
to yield the polymer-grafted acetylated CNCs (w-CNC-Ac:-g-PLLA). The acetylation
and PLLA grafting were confirmed by the appearance of characteristic ester carbonyl
peaks at 1736 cm-1 for the acetate and 1760 cm-1 for the polymer (Figure 1.11a).
PLA/w-CNC-Ac:-g-PLLA composites were prepared by mixing a PLA solution in
chloroform with a chloroform suspension of w-CNC-Ac:-g-PLLA to create films with
up to 25 wt. % w-CNC-Ac:-g-PLLA. After evaporation of the solvent, the resulting
composites were compression molded and resulted in highly transparent materials,
suggestive of a good dispersion of the modified fillers within the matrix (Figure
1.11b). Composites prepared with the solution-functionalized w-CNC-Ac:-g-PLLA had
a substantially greater heat distortion temperature (150 °C at a filler loading of 15 wt.
%) compared to composites made with the bulk-functionalized w-CNC-Ac:-g-PLLA

31



(115 °C at the same loading). This is compared to 70 °C for the neat PLA and 80 °C
for the PLA/w-CNC-Ac composites (Figure 1.11c). The difference between the two
w-CNC-Ac:-g-PLLA nanocomposites highlights the importance in considering the
polymer grafting methodology, which will impact the amount and molecular weight of
the grafted polymer, factors that can play a significant role in the final properties of the
composites.

As before, the crystallization half-time of the PLA composites with 5 wt. % w-CNC-
Ac:-g-PLLA quenched to 110 °C from the melt was 45 s compared to 90 s for neat PLA
(Figure 1.11d). A further reduction of the crystallization half-time, down to 15 s, was
observed upon increasing the CNC loading to 15 and 20 wt. % (Figure 1.11d). This is a
useful result as one of the challenges of PLA from an industrial perspective is its slow
crystallization time.[167]

An aspect of PLA that we have not yet touched upon is its ability to form stereocom-
plexes.[168] PLLA has a melting point of 170–190 °C and a Tg of 50–65 °C, while racemic
PLA is amorphous with a Tg ca. 50–60 °C. PDLA/PLLA blends form semi-crystalline
stereocomplexes that have a melting point at 220–240 °C and a Tg ca. 65–70 °C, showing
thermal improvements over the individual components.[168] Thus, conceptually, one can
envisage grafting one stereoisomer (i.e. D-lactide) from the CNC and incorporating it in
a matrix of the other (i.e. L-lactide) to obtain a material with enhanced properties. Zhang
and coworkers employed this approach and obtained transparent PLLA/c-CNC-g-PDLA
composite films by solvent casting from chloroform, which suggested that the modified
filler had good dispersion within the matrix.[169] The composites also exhibited
significant improvements in heat distortion resistance (40 % strain for the 10 wt. %
composite after 10 min at 80 °C with a load of 50 g vs. 220 % for neat PLLA under
the same conditions), but Tg shifted to lower temperatures as c-CNC-g-PDLA content
increased from 0 to 10 wt. %.

32



Figure 1.11: a) Comparison of FTIR spectra of PLA (black), w-CNC-Ac (red), PLA/w-
CNC-Ac (blue) and w-CNC-Ac:-g-PLLA (green). Dotted lines indicate PLA signals that
do not overlap with peaks originating from the CNCs. b) Melt-pressed films of PLA/w-
CNC-Ac:-g-PLLA nanocomposite with 10 wt. %w-CNC-Ac:-g-PLLA loading. c) Compar-
ison of the obtained heat distortion temperature for nanocomposites prepared by in situ
polymerization in-solution and in-bulk comparedwith solution-blended nanocomposites,
as a function of CNC weight loading. d) Comparison of the fraction of crystallinity over
time for PLA composites with solution-polymerized w-CNC-Ac:-g-PLLA when the mate-
rials are quenched from the melt to 110 °C. The crystallization half-time as a function of
the content of CNC is plotted in the inset.[157]

Another key challenge for PLA is to develop ways to improve its toughness. While
toughness improvements can be achieved by blending soft, ductile polymers, such as
natural rubber or poly(butylene succinate) (PBS), into the matrix,[170] an alternative
approach has utilized PLA’s stereocomplex characteristics.[168] Muiruri et al. grafted a
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random copolymer block of ϵ-caprolactone (CL) and D-lactide (DLA) on w-CNCs in
toluene followed by a homo-D-lactide block to act as a compatibilizing block between the
filler and the matrix.[171] The inclusion of CL into the grafted polymer was intended
to act as a rubbery phase to absorb deformation energy and improve toughness of
the composite material. The nanocomposites were prepared by solution casting a
mixture of PLLA and 2.5 wt. % w-CNC-g-P(CL-r-DLA-b-DLA) in chloroform and
subsequently melt processing by injection molding. The stereocomplexation of the
grafted D-lactide chains with the L-lactide matrix, enhanced filler–matrix interactions
and inclusion of 2.5 % of the filler increased the toughness by 20 times, but decreased
the tensile strength and modulus on account of plasticization. Scanning electron
microscopy (SEM) and small-angle X-ray scattering (SAXS) measurements showed the
major toughening mechanisms to be fibrillation and crazing during deformation of the
nanocomposites.[171] Such a biodegradable and tough CNC-filled PLA nanocomposites
could open up new application avenues for PLA-based materials and will be discussed
further in Chapter 4 of this thesis.

1.3.3 Poly(3-hydroxybutyrate)-based composites with negatively-charged

CNCs

Poly(3-hydroxybutyrate) (PHB) is a thermoplastic polyester belonging to the family
of polyhydroxyalkanoates which can be produced by bacteria or from sources such
as plants, sugar cane, etc.[172] As a result of its similar properties to petroleum-based
polymers like PP (such as melting temperature ca. 180 °C and tensile strength ca. 30
MPa), combined with biodegradability and biocompatibility, PHB has been widely
studied with a specific focus in biomedical[173,174] and food packaging applications.[175]

However, material brittleness and a narrow processing window (low degradation
temperature ca. 220 °C) still remain as challenges for broader implementation. One
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approach to overcome these issues is the addition of plasticizers and fillers, such as
CNCs, to tune the thermal and physical properties of PHB composites without altering
the overall material biodegradability.[176–178]

PHB is insoluble in water, making the processing of well dispersed PHB/CNC
materials a challenge, similar to most other CNC composite systems. As such, solvent
casting is most often done from organic solvents that can dissolve PHB, like DMF or
chloroform.[178] Simple composites of PHB with CNCs have been investigated, but
the expected increase in brittleness without improving thermal stability was observed,
which is why the use of other additives is also necessary.[178] For example, Orefice et al.
were able to achieve a birefringent dispersion of w-CNC-SO3- in a PHB matrix by using
low molar mass PEG (200 g/mol) as a dispersing agent and plasticizer.[179] At first,
w-CNC-SO3- were dispersed in PEG by evaporating the water from a PEG/w-CNC-SO3-

solution (Figure 1.12 inset), then the PEG/CNC blend was dissolved in a chloroform
solution containing 5 w/v % PHB. Homogeneous PHB/PEG/w-CNC-SO3- (constant 15
wt. % PEG relative to PHB) composite films, as visualized under SEM, were obtained
with varying CNC content by casting the mixture, evaporating off the solvent at room
temperature, followed by drying at 40 °C. These PHB/PEG/w-CNC-SO3- nanocomposite
films exhibited a significant increase of the elongation at break (50 times greater than neat
PHB and 25 times greater than PHB/PEG blends). While there was no significant loss
of tensile strength (ca. 15–20 MPa), these composite materials did exhibit a substantial
decrease in modulus (from > 600 to < 100 MPa from 0 wt. % to 0.45 wt. %) (Figure 1.12).
In addition to these mechanical changes, thermal stability was shown to be enhanced in
the PHB/PEG/w-CNC-SO3- systems when compared to the PHB/PEG materials. The
inclusion of CNCs was able to delay thermal degradation to be comparable to neat PHB,
with degradation onset around 270 °C, which is around 40 °C better than the PHB/PEG
system. All of these changes support the ability of CNCs to enhance the processing and
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Figure 1.12: The strain at break and Young’s modulus of PEG/PHB composite with
low CNC content. (Inset: PEG/CNC dispersion at 1 wt. %, observed between cross-
polarizers).[179]

application window of PHB.
PHB and PLA can be blended together to expand their property profile, resulting in

improvements in both mechanical and barrier properties.[180] As such, CNC composites
of these blended materials are also of interest.[141] Fortunati et al. melt-mixed 5 wt. %
w-CNC-SO3- or freeze-dried surfactant-coated (STEPFAC 8170, nonylphenol phosphate
ester)w-CNC-SO3- in 1:1 (w/w) with melt-blended PLLA/PHB (75:25 wt. %) plasticized
with 15 wt. % of acetyl tri-n-butyl citrate (ATBC) (relative to the PLLA/PHB blend).[181]

The ATBC was added to enhance the PLLA and PHB chain mobility and promote
the dispersion of the CNCs within the matrix.[182] The transparency of the resulting
materials suggested a good dispersion of the CNCs within the matrix for the composites
made with either unmodified or surfactant-coated CNCs. However, transmission
electron microscope images revealed some flakes within the PLLA/PHB/w-CNC-SO3-

system, while the surfactant-modified CNCs did not show the formation of such
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agglomerates. SEM micrographs of the fractured cross-sections revealed rough surfaces
and the formation of voids in the PLLA/PHB/ATBC materials, while the incorporation
of either unmodified w-CNC-SO3- or surfactant-coated w-CNC-SO3- eliminated these
voids. The authors suggest that the ATBC plasticizer resulted in a reduction of viscosity
in the system, which facilitated processing and ultimately promoted the dispersion of
CNCs in the polymer blend. However, the ATBC plasticizer does have side effects, as
noticed in the barrier properties of the films. The PLLA/PHB/w-CNC-SO3- transmitted
13 cm3/m2/day of oxygen while the plasticized PLLA/PHB/ATBC/w-CNC-SO3- showed
a rate of 23 cm3/m2/day, both compared to neat PLA at ca. 30 cm3/m2/day. A Tg
increase from 31 to ca. 45 °C with the incorporation of the CNCs into PLLA/PHB/ATBC
suggests good filler matrix interactions (Figure 1.13). In addition, two melting peaks are
observed for the plasticized blends, one for PLLA (149 °C) and one for PHB (172 °C).
However, there is only one melting peak at 147 °C in the PLLA/PHB/ATBC/w-CNC-SO3-

composites, suggesting a drop of the overall crystallinity in this material, possibility as
a result of the w-CNC-SO3- increasing compatibility between the PLA and PHB. The
incorporation of the w-CNC-SO3- to PLLA/PHB/ATBC resulted in almost no changes
to the Young’s modulus but did significantly reduce the elongation at break (27 vs. 90
%). However, the incorporation of surfactant modified w-CNC-SO3- into the polymeric
blends resulted in an increase in the elongation at break (up to 147 %) allowing access to
more ductile materials. These composite films showed a clear increase in degradation
rate when CNCs and/or plasticizer were included in the blend, cutting degradation time
in half for some samples. This is most likely attributable to the presence of more water
within the matrix making hydrolysis more likely.
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Figure 1.13: The suggested molecular interaction on the CNCs with PLA, PHB, and ATBC
in the composite.[181]

1.4 Other potential applications of sustainable cellulose

nanocomposites

As covered in the previous sections, the ability for cellulose nanocrystals to positively
impact properties of bio-based polymers has received significant attention in the past
decade. While understanding the structure-property-processing relationships in these
sustainable composites is an important goal, a parallel question to be addressed is where
are the potential applications for such materials? The following section aims to highlight
selected application areas in which CNCs, and their bio-based composites, may show
promise that go beyond the mechanical reinforcement and packaging applications that
have been touched upon in the prior sections.
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1.4.1 Compatibilization of immiscible polymers

Most polymers are immiscible and as such, when they are blended together, the result is
a macrophase-separated material with poor physical properties. Compatibilization is the
process of stabilizing the interface between the two immiscible polymers, thus creating
a more homogenous material with improved properties. Compatibilizers include
surfactant-like molecules and block copolymers that are able to organize at the interface
and lower the surface energy between the two phases. From a recycling perspective, the
use of compatibilizers is attractive as it potentially offers a more facile route to processing
recycled polymers by reducing the need for costly separations.[183] Given that CNCs
can be used to reinforce polymer matrices, if they can be used as a compatibilizer, as
opposed to molecular or polymer-based surfactants, then the resulting recycled material
may show even more enhanced mechanical properties. This would create a potential
opportunity for upcycling plastic waste, which is when regenerated material has the
same or more value than the virgin supply.[184]

Habibi and coworkers reported an early example of immiscible polymer blends being
compatibilized by rf -CNC-SO3- in a PLLA/PCL system.[185] The ternary composites of
the PLLA/PCL blend along with either rf -CNC-SO3- or rf -CNC-g-PLLA-b-PCL showed
a 2 or 3 order of magnitude increase in the storage modulus (over 1000 MPa) when
compared to the binary PLLA/PCL system (ca. 5 MPa). The composite microstructure
appeared much more homogenous compared to the blend without CNCs (Figure 1.14).
Similar compatibilization effects of CNCs have also been observed in less sustainable
matrices, such as poly(vinyl alcohol)/PEO blends.[186] Such observations suggest that
is may be possible to utilize CNC-based fillers to combine the previously mentioned
mechanical, thermal, and barrier property improvements with compatibilization,
expanding the capabilities of both virgin and recycled blends.
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Figure 1.14: a) SEM image of PLLA/PCL (1:1) polymer blend showing clear phase inho-
mogeneity between the two polymeric materials and b) a PLLA/PCL (1:1) blend with 2
wt. % of rf -CNC-SO3- showing a much more homogenous morphology.[185]

1.4.2 Water filtration

As discussed earlier, hydrophilic CNCs enhance the diffusion of water into polymer
matrices, begging the question of whether these systems would be viable as membranes
and filters for water purification. If the CNCs are also functionalized with a binding
motif, such systems could be tailored for selective filtration and toxin removal. Saito
and Isogai were the first to show that TEMPO-oxidized c-CNC-COOH were capable of
metal ion adsorption from aqueous solutions by association of the metal ions with the
deprotonated carboxylate groups.[187] From that point, the field has expanded tremen-
dously with work towards enhancing uptake of targeted ions, such as lead, through
functionalization of the CNCs with specific binding motifs and towards stripping the
sequestered material in order to recover and reuse the filtration material.[188–190] In one
example, Mathew and coworkers made bio-based membranes by vacuum filtration of
a 1:1 gelatin/w-CNC-PO3- solution on a cellulose microfiber support followed by melt
pressing at 80 °C.[191] The resulting uniform membrane was capable of high flux (almost
3000 L/h/m2 at 1 bar) and high capacity uptake of metal ions such as Cu2+ (358 mg/g of
CNC in the filter) and Fe3+/Fe2+ (512 mg/g). For comparison, carbon nanotubes have a
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Cu2+ sorption capacity of 67.8 mg/g of filtration material.

1.4.3 Biomedical CNC-containing bio-based materials

CNCs have been investigated in a wide range of different biomedical materials. In this
regard there are a few biomedical application areas for which fully bio-based composites
have received some attention.[192,193]

One area where CNC-containing bio-based hydrogels have been investigated is as
drug delivery vehicles. For example, Dufresne and coworkers blended c-CNC-SO3- into
a crosslinked alginate core and subsequently adsorbed additional alginate onto the
surface to create double-layer hydrogel particles (Figure 1.15).[194] The pure alginate
outer layer showed relatively rapid degradation and drug release, while longer-term
sustained release of the active pharmaceutical ingredient was observed from the inner
alginate/c-CNC-SO3- sphere, which degraded at a slower rate. It was also suggested that
the CNCs may cause slower diffusion of the drug within the matrix.

Bio-based nanocomposites have also attracted interest in tissue engineering applica-
tions. For instance, CNCs have been shown to delay implant degradation, increasing the
amount of time cells that can grow into the scaffold before losing mechanical support.
For example, it has been shown that while cell proliferation in alginate/c-CNC-SO3- gel
composites was slowed relative to alginate gels, the improved mechanical strength and
slower degradation rate made the material a promising candidate for bone stents for
which rapid cellular growth is not required, but mechanical strength is needed.[195] In
a related example, Yang et al. created hydroxyapatite/gelatin/b-CNC-COOH hydrogel
composites where the amount of CNCs incorporated into the composite could be used
to control the gel’s degradation rate in simulated bodily fluid while maintaining tensile
strength.[196]

CNC-based materials have also been investigated as anti-microbial agents. For
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Figure 1.15: a) Drug release schematic for the release of the antibiotic ceftazidime hy-
drate loaded into the sodium alginate (SA) outer layer and human epidermal growth fac-
tor in the SA/CNC inner layer from double membrane alginate hydrogel particles. b)
Graph of drug release times showing rapid release of the antibiotic from the outer layer,
and a delayed onset release of growth factor . CNCs used were neat w-CNC-SO3-, CNCs
modified by chemical grafting of a positively charged small molecule (CNC-g-(+)), and
CNCs modified by physical adsorption of a positively charged polyelectrolyte polymer
(CNC/(+)).[194]
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example, CNCs have been grafted with a variety of molecules, such as rosin,[197]

porphyrin,[198] and polyrhodanine[199] to create films and particles that have shown
considerable success in reducing bacterial colony survival. While not composites, these
functionalized CNC nanomaterials have been proposed to be incorporated into fabrics,
papers, and coatings for the biomedical, food service, and packaging industries to access
more sustainable and biocompatible alternatives to current solutions.

The future role of CNCs in the biomedical industry relies on the continued investiga-
tion of biological interactions with the many different forms of CNCs and in a wide range
of environments. While some in vitro studies have been undertaken with CNC-based
systems,[76,200] we have only scratched the surface and a much better understanding of
in vivo interactions is necessary. Additionally, further degradation studies need to be
undertaken so that the long-term impact of CNCs on the body can be better understood.

1.4.4 Electronics

CNCs have been investigated in a range of electronic applications, further highlighting
their versatility as a nanomaterial. While not all of the materials used with the CNCs in
this section are sustainable, the key goal is to replace actively toxic materials that are
traditionally used in systems like batteries and solar cells, and as such, reducing the
non-trivial contamination issues upon disposal.[201,202]

In battery applications, nanocellulose based materials are interesting on account of
their mechanical strength and permeability.[203] Accordingly, studies have investigated
the potential of CNC composites as separators, electrolytes,[204] and electrodes[205] in
next-generation battery technologies. Dufresne and coworkers combined the needs of
a separator and electrolyte by solvent casting t-CNC-SO3- into a PEO film to create a
robust, conductive nanocomposite.[204] The material exhibited less than half an order of
magnitude loss in ionic conductivity at 60 °C when compared to neat PEO, while also
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achieving an order of magnitude increase in mechanical strength.
The complexity of electronic systems is one factor that makes fully sustainable

devices difficult to design, but CNCs provide a foundation that can be built upon.
Okahisa and coworkers used cellulose nanofiber mats dipped in various acrylic resins
to create substrates with low coefficients of thermal expansion (CTE) for deposition of
organic light-emitting diodes (OLEDs).[206] The low CTE, 12.1 ppm/K in the best case,
showed a 94 % decrease over the neat resin and was essential to prevent delamination
during thermal cycles encountered in regular use. This idea was advanced by Kippelen
and coworkers, who used a glycerol/w-CNC-SO3- substrate to create a fully recyclable
OLED.[207] Building on this work, the same group went on to employ the same optically
clear composite of glycerol and w-CNC-SO3- as a substrate for recyclable solar cells
(Figure 1.16), on top of which was deposited successive layers of silver, ethoxylated
polyethyenimine, photoactive material, molybdenum oxide (MoO3) and finally another
layer of silver.[208] While the achieved power conversion efficiency of 2.7 % is nowhere
near to the state-of-the-art solar cells( ca. 25 %) these cells were able to be completely
recycled, showing that fully-recyclable solar cells are a legitimate possibility.

Figure 1.16: a) Transparent w-CNC-SO3- film used as the substrate for a recyclable so-
lar cell, b) the fully assembled and recyclable solar cell on the CNC substrate and c) the
solid remains (mainly consisting of Ag and MoO3) after dissolving the solar cell into its
constituent components through a series of washes in deionized water and chloroben-
zene.[208]
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1.5 Conclusion

The incorporation of bio-based cellulose nanocrystals into sustainable polymer matrices
allows access to improvements in a number of important material properties, from
mechanical strength and thermal resistance to barrier properties, without detracting
from the material’s sustainability. Although, it is important to note that while CNCs are
components of many natural systems (in particular within trees and plants), more work
is needed to better understand the environmental and biological impacts of isolated and
functionalized CNCs. This critical aspect aside, the key to improved materials properties
is the ability to access composites where the CNCs are well-dispersed within the host
matrix. If the polymer matrix is soluble in water (or even polar organic solvents such as
DMF), e.g. alginate and chitosan, then it is relatively easy to access CNC composites
that show greatly enhanced properties by standard solution casting processes. The
real challenge comes when the polymer matrix in question is not soluble in a solvent
that disperses CNCs. Numerous methods have been tried to get around this problem,
including transferring the CNCs into less polar solvents, to limited success. Additives
(e.g. surfactants or dispersing agents) can be used to enhance CNC dispersion in
the matrix. However, such molecules usually facilitate the dispersion by localizing
at the CNC surfaces and as such, stress transfer between the CNCs themselves as
well as between CNCs and the matrix is diminished, reducing the effectiveness of the
reinforcement. To improve stress transfer, covalent grafting of the dispersing agent,
usually a short-chain polymer, to the CNC surface has been conducted. The resulting
materials exhibit some of the best properties of any CNC composites currently reported.
Nonetheless, improvements in the large-scale synthesis and processing of such materials
need to be made before commercial implementation will be achieved.

Solvent casting-based processes are currently the most frequently employed because
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they offer the advantage of maximizing dispersion of the CNCs. However, such process-
ing involves large amounts of solvent and, from a sustainability and commercialization
point of view, any solution-based processing is not ideal. Unfortunately, melt processing
of CNC composites is a major challenge, as it is with most nanocomposites, given their
tendency to aggregate/phase separate and the fact that they can start to decompose at
high temperatures. Most of the aforementioned strategies (functionalization of CNCs,
addition of surfactants and plasticizers) are viable options, but as of yet, a scalable, cost
effective process still needs to be developed.

The possibilities of commercialization are diverse, and work has been done in the
areas of packaging, compatibilization, water purification, biomedical, and electronics,
amongst others. The sustainability and ability to functionalize CNC surfaces with a
wide variety of chemistries are part of what makes their appeal so broad. For example,
grafting of binding sites allows sequestration of ions in contaminated water, attachment
of antibacterial agents helps to prevent disease in biomedical applications, and grafting
of conductive materials improves electronic or ionic conduction, opening the door to
potentially accessing wholly sustainable systems that can impact fields ranging from
energy storage to flexible bio-electronics. As such, while there are still unresolved
challenges that need to be addressed, the potential of CNCs (and other nanocelluloses)
to help expand the sustainable materials portfolio is clear.
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CHAPTER 2

THE EFFECT OF POLYMER GRAFTING ON THEMECHANICAL

PROPERTIES OF PEG-GRAFTED CELLULOSE NANOCRYSTALS IN

POLY(LACTIC ACID)

2.1 Summary

Poly(lactic acid) (PLA) is a commercially available bio-based polymer that is a po-
tential alternative to many petrochemical-based commodity polymers. However,
PLA’s thermomechanical properties limit its use in many applications. Incorporating
polymer-grafted cellulose nanocrystals (CNCs) is one potential route to improving these
mechanical properties. One key challenge in using these polymer-grafted nanoparticles
is to understand which variables associated with polymer grafting are most important
for improving composite properties. In this work, poly(ethylene glycol)-grafted CNCs
are used to study the effects of polymer grafting density and molecular weight on the
properties of PLA composites. All CNC nanofillers are found to reinforce PLA above the
glass transition temperature, but non-grafted CNCs and CNCs grafted with short PEG
chains (< 2 kg/mol) are found to cause significant embrittlement, generally resulting in
less than 3 % elongation-at-break. By grafting higher molecular weight PEG (10 kg/mol)
onto the CNCs at a grafting density where the polymer chains are predicted to be in
the semi-dilute polymer brush conformation (∼0.1 chains/nm2), embrittlement can be
avoided.

2.2 Introduction

Poly(lactic acid) (PLA) is one of the most commercially successful bio-based polymers
to emerge over the past few decades. PLA’s popularity comes as a result of its high
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strength and the fact that it can be produced on an industrial scale,[1] making it a
potential alternative to many commodity polymers that are traditionally sourced from
petrochemicals. Unfortunately, the poor toughness (elongation-at-break of less than
10 %) and thermal stability (glass transition temperature [Tg] around 60 °C) of PLA
limit its use in many applications.[2] There have been a number of approaches explored
to improve the toughness of PLA using polymer blends,[3] plasticizers,[4] and filler
particles,[5] each achieving varying degrees of success; however, many of these methods
employ non-bio-based or less sustainable components.

One potentially more sustainable approach for reinforcing polymer matrices that
has attracted significant attention in the recent years is the incorporation of cellulose
nanocrystals (CNCs) into composites.[6] CNCs are a strong,[7] sustainable,[6] and
biocompatible[8] nanofiller that can be isolated from a wide range of bio-sources
including trees, grasses, cotton, and even some animals like sea tunicates.[9] After a
series of base washes, bleaching, and acid hydrolysis to remove the non-cellulosic
components and amorphous regions of the source material, it is possible to isolate rod-
or ribbon-like nanoparticles with dimensions dependent upon the specific isolation
procedure and bio-source from which the CNCs were isolated.[9]

On account of their strength and sustainable sourcing, CNCs have been used as
a reinforcing filler[10] in a variety of host matrices including poly(vinyl acetate),[11]

poly(vinyl alcohol),[12] starch,[13] chitosan,[14] and many more.[6] Dispersing CNCs
in these hydrophilic matrices is relatively easy; however, obtaining homogenous
dispersions of the hydrophilic CNCs in a more hydrophobic matrix like PLA is more
challenging.[15] A number of approaches have been employed over the years to improve
dispersion in hydrophobic media such as solvent transfer processes,[16] emulsion
techniques,[17,18] and surface modification of the CNCs. Surface modification is used
to reduce CNC-CNC interactions and enhance the interactions between the CNCs
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and the targeted hydrophobic matrix. This can be achieved by adsorption of small
molecules[19] or macromolecules,[20] addition of surfactants,[21] or the grafting of
small molecules[18] or polymers;[22] however, the observed increases in the mechanical
strength of these composite materials usually come at the cost of elongation-at-break.
In some applications, such embrittlement is inconsequential, but for many real-world
consumer products, such as packaging, it can immediately disqualify the material from
use. If CNC-based composites are to compete with commodity plastics more broadly,
then it is important to find ways to reinforce the matrix polymer without sacrificing other
properties, such as elongation-at-break.

The embrittlement caused by the incorporation of CNCs is a result of several different
factors. One of these factors is the ability of these high aspect ratio nanoparticles[23] to
form a rigid, hydrogen-bonded, percolating network throughout the host matrix when
the nanoparticles are well dispersed. This percolating network results in a substantial
increase in the elastic modulus, but reduces the flexibility of the material.[23] Another
cause of embrittlement is poor matrix-filler interactions.[24] When hydrophilic CNCs are
added to a hydrophobic matrix, the polymer chains surrounding the nanofiller do not
have beneficial interactions with the CNCs. This results in defect points that can lead
to premature failure. One way to prevent both these problems is by grafting polymer
chains to the surface of the CNCs. The grafted polymers reduce CNC–CNC interactions
by shielding the CNC surfaces, limiting the hydrogen bonding required to form a
rigid network. In addition, grafting a polymer that is compatible with the host matrix
makes the matrix–filler interactions more favorable, allowing stress to be transferred
more effectively between the matrix and filler.[25] While some degree of strengthening
may be lost by removing the hydrogen-bonded percolating CNC network, the rigid
nanoparticles will still act as reinforcing filler, as predicted by the Halpin-Kardos model
for nanoparticle composites.[26]
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Polymer-grafted CNC composites have, of course, been studied in the past for
applications ranging from compatibilizers for immiscible polymer blends[27] to scaffolds
for bone cell growth[28] as well as many more.[22] A few studies have explored the
effect of polymer-grafted CNCs incorporated into a PLA host matrix.[6,22,29] The
most common of such composite materials uses PLA-grafted CNCs as the filler.[30,31]

Generally, these reports show improved tensile strength and Young’s modulus with
the addition of the PLA-grafted CNCs,[32] with a few studies exploring the impact on
the crystallization[33,34] and barrier properties[35,36] of the resulting composites. One
particularly interesting report by Muiruri et al. investigated PLLA (poly[L-lactic acid])
composites that contained CNCs grafted with diblock polymers where the inner block
was a low Tg random copolymer of ϵ-caprolactone (CL) and lactide, while the outer
block was PDLA (poly[D-lactic acid]).[37] These materials showed a significant increase
in toughness, which was assigned to the inclusion of the rubbery PCL-r-PLA block.
Other polymer-grafted CNC composites in PLA have explored the use of poly(butylene
succinate) (PBS)[38] or poly(glutamic acid)-grafted CNCs.[39]

The addition of poly(ethylene glycol) (PEG)-grafted cellulose nanoparticles to a
PLA matrix[40] has attracted particular attention on account of the ease of grafting PEG
to CNCs,[22] and the fact that PEG and PLA have been shown to be compatible.[41]

Yin et al. used amine-epoxy chemistry to attach PEG chains to CNC surfaces and
observed improved crystallization behavior along with minor changes in the thermal
and mechanical properties of the resulting PLA composites.[42] Li et al. attached PEG to
the surface of CNCs by first polymerizing dopamine to coat the CNCs, then attaching
the PEG to the polydopamine.[43] Composites of these nanoparticles with PLA were
studied as packaging materials, showing improved crystallization and barrier properties
relative to neat PLA. Yu et al. studied PEG-grafted cellulose nanospheres in PLA and
explored their properties in the context of packaging materials.[44] However, it is difficult
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to compare these results to the CNC composite literature on account of their use of
nanospheres rather than nanorods.

Introducing PEG-grafted CNCs in these systems clearly provides a benefit to the
properties of PLA, however it is still unclear what aspects of such grafted nanoparticles
are required for optimal material improvement. Polymer-grafted nanoparticle literature
outside of CNCs shows that the molecular weight of the grafted polymer needs to be
considered in conjunction with its grafting density. Together, these factors determine the
grafted polymer chain conformation which, in turn, affects how these polymers are able
to interact with the host matrix.[45] In the context of polymer-grafted CNCs these ideas
were supported by the recent study by Lettow et al. that showed, in one-component
nanocomposites of polystyrene-grafted CNCs, the fracture toughness can be related to
the polymer conformation on the nanoparticle surface.[46]

As mentioned previously, a key reason for polymer grafting is to enhance interactions
between the nanoparticle and filler to allow for better stress transfer between the two
components. When polymer chains are attached to a surface, there are three main
conformations that they can adopt – mushroom, semi-dilute polymer brush (SDPB), and
concentrated polymer brush (CPB) – depending on the molecular weight and grafting
density of the polymer chains.[45,47] If the chains are relatively short or widely spread
out on the surface such that adjacent chains do not interact with each other, the polymers
adopt a mushroom conformation. In this regime, the bare particle surface is still very
much exposed to the host matrix, minimizing any positive stress transfer effects of the
polymer graft through unfavorable matrix–filler interactions.[48] If the density of the
grafted chains is increased to a point where they overlap, then the polymers adopt a
SDPB conformation. In this state, there are sufficient chains on the surface to cover the
nanoparticle,[49] but it is still possible for the host matrix polymers to interpenetrate and
entangle with the grafted polymer chains. Such entanglements provide an effective stress

69



transfer mechanism between the matrix and filler, making this the ideal conformation
for mechanical reinforcement.[50] As the chains continue to pack even more tightly,
they will elongate and form a CPB.[51] In this conformation, the polymer chains are
packed so densely that the host matrix polymers are unable to effectively penetrate and
entangle with the brush and stress transfer is once again diminished, resulting in lesser
mechanical reinforcement.[46]

On nanoparticles with a radius on the same order of magnitude as the radius
of gyration (Rg) of the grafted polymer, polymer chains may adopt a CPB/SDPB
conformation at high molecular weights. This means that, some distance away from the
rounded nanoparticle surface, there is a transition from a CPB to a SDPB conformation
as the volume increases.[52] Recently, Keten et al. computationally studied this transition
for polymer-grafted CNCs.[53] Their work allowed the development of a polymer confor-
mation “phase space” that is dependent on the molecular weight and grafting density
of the attached polymer.[46] Thus, with the goal of developing a better understanding
of how polymer-grafted CNCs can impact the mechanical properties of PLA, reported
herein are studies on PLA/PEG-grafted CNC composites in which the grafted polymer
molecular weights and grafting densities on the CNCs are varied.

2.3 Results and Discussion

2.3.1 Poly(ethylene glycol)-grafted CNCs

Cellulose nanocrystals were isolated from Miscanthus x. Giganteus (MxG) using
literature procedures.[11,54] The isolated MxG-CNC-OH were subjected to TEMPO
oxidation to introduce carboxylate groups to the CNC surface, resulting in a fluffy
white powder of MxG-CNC-COOH. Conductometric titrations of the oxidized material
revealed that there were 1100 ± 100 mmol –COOH per kg (Figure S2.1, Table S2.1),
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which translates to about 1.2 ± 0.1 groups per nm2 across the CNC surface. Wide angle
X-ray scattering (WAXS) was used to determine that the MxG-CNC-COOH had a
crystallinity index of 0.84 (Figure S2.2) and atomic force microscopy (AFM) revealed a
nanoparticle dimension of 250 ± 170 nm in length, 13 ± 2 nm in width, and 2.4 ± 0.6 nm
in height (Figure 2.1a).

To target PEG-grafted CNCs within each conformation regime, amine-terminated
methoxy poly(ethylene glycol) (PEG-NH2) of various molecular weights was grafted to
MxG-CNC-COOH (Figure 2.1b). Initial work focused on using 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS) as the peptide
coupling reagents and the reaction was carried out in DI water. One key challenge with
using such a “grafting-to” approach is the removal of any remaining free polymer that
has not been attached to the CNC surface. It is important in this system that as much as

Figure 2.1: a) AFM height image of MxG-CNC-COOH, b) grafting scheme for attach-
ing PEG-NH2 to MxG-CNC-COOH, c) AFM height image of MxG-CNC-g-PEG2kL, and
d) AFM height profile comparison between MxG-CNC-COOH and MxG-CNC-g-PEG2kL
(PEG2kL refers to 2000 g/mol PEG grafted using EDC/NHS)
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possible of the non-grafted PEG is removed as any remaining free PEG will plasticize
the PLA host matrix,[55] impacting the mechanical properties of the final composite. To
this end, a series of washes were carried out to purify the synthesized nanoparticles by
suspending theMxG-CNC-g-PEG particles in water, centrifuging, and then removing the
supernatant. The supernatant was then filtered to collect any CNC-g-PEG that did not
sediment and the filtrate was added to the sedimented sample to minimize the amount
of material lost during cleaning. Kaiser tests for primary amines were carried out on each
supernatant to track the amount of amine-terminated free polymer removed by each
wash.[56] The final MxG-CNC-g-PEG materials were also resuspended and subjected to
Kaiser tests to measure the remaining free polymer in the products, showing that there
was less than 5 wt. % of non-grafted polymer remaining in each sample (Figures S2.3
and S2.4). Figure 2.1c shows an AFM image of the resulting MxG-CNC-g-PEG (grafted
with 2000 g/mol PEG). Height profiles of the CNCs before and after grafting (Figure
2.1d) show an increase in nanoparticle height after grafting, which is consistent with
polymer being attached to the nanoparticle surface.

The total amount of polymer remaining on the CNC was measured using high-
resolution thermogravimetric analysis (Hi-Res TGA).[57] There are two distinct
degradation events that are observed in the Hi-Res TGA of the MxG-CNC-g-PEGs
(Figures 2.2, S2.5, and S2.6). The low-temperature degradation event is associated with
cellulose degradation, while the higher temperature degradation is associated with PEG.
By integrating the area under the PEG peak of the dTG curve, PEG weight fractions
ranging from 15 wt. % for CNCs grafted with PEG2k to 27 wt. % for PEG10k-grafted
CNCs can be estimated. Using this weight fraction, minus the free polymer measured
from the Kaiser test, a polymer grafting density can be calculated for each sample (Table
2.1, Figure 2.3, and the method for calculating polymer grafting density can be found in
the Supporting Information). The data show that the EDC/NHS/water procedure for
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Figure 2.2: Hi-res TGA curves ofMxG-CNC-COOH (green), PEG-NH2 (blue), andMxG-
CNC-g-PEG5kH (solid red). The derivative of the MxG-CNC-g-PEG5kH (dotted red) is
presented to show the two distinct degradation peaks, first for cellulose degradation, then
for PEG degradation (PEG5kH refers to 5000 g/mol PEG grafted using DMTMM·BF4)

Table 2.1: Polymer content and grafting density for low grafting density (MxG-CNC-g-
PEGL) and high grafting density (MxG-CNC-g-PEGH) samples with various molecular
weights of grafted PEG.

Sample
Total
polymer
(wt. %)a

Non-grafted
polymer
(wt. %)b

Grafted
polymer
(wt. %)c

Grafting density
(chains/nm2)d

MxG-CNC-g-PEG550L 17 2 15 0.35
MxG-CNC-g-PEG2kL 15 2 13 0.09
MxG-CNC-g-PEG5kL 27 5 22 0.06
MxG-CNC-g-PEG10kL 25 4 21 0.03
MxG-CNC-g-PEG550H 21 <1 21 0.52
MxG-CNC-g-PEG2kH 39 1 38 0.33
MxG-CNC-g-PEG5kH 49 <1 49 0.20
MxG-CNC-g-PEG10kH 40 <1 40 0.07
a Measured via TGA
b Measured via UV-Vis from Kaiser Test
c Grafted Polymer = Total Polymer - Non-grafted Polymer
d Calculations shown in the Supporting Information
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grafting resulted in relatively low grafting densities – ranging from 0.35 chains/nm2

for the lower molecular weight PEG (550 g/mol) to 0.03 chains/nm2 for the higher
molecular weight PEG (10,000 g/mol) – with all the samples being either within or on
the border of the mushroom regime. This boundary between mushroom and brush (the
red line in Figure 2.3) was approximated by taking the inverse of the area of a circle
defined by the Rg of the grafted polymer.[47] The concentrated brush to semi-dilute
brush transition (the blue line in Figure 2.3) was calculated based on work by Hansoge
et al. and is based on polybutadiene, which has similar backbone flexibility to PEG.[53]

To access CNC-g-PEGs with higher grafting densities, an alternate method of
attaching PEG to the CNC surface was sought. Recently, it has been reported[46]

that higher grafting densities of amine-terminated polystyrene on MxG-CNC-COOH
can be obtained using 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium

Figure 2.3: Polymer conformation phase space with synthesized MxG-CNC-g-PEG sam-
ples plotted: Grafting PEG with EDC/NHS in water (black diamonds) and grafting PEG
with DMTMM·BF4 in DMF (green squares). The concentrated to semi-dilute brush tran-
sition (blue line) is modeled based off polybutadiene.[53] The red mushroom to brush
transition (red line) is estimated based on when circles defined by the Rg of the polymer
would begin to overlap.
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tetrafluoroborate (DMTMM·BF4) as the coupling agent in dimethylformamide (DMF).
Using this coupling protocol and following the same purification and characterization
procedure discussed previously, it was found that a significantly higher density of
PEG-chains on the CNC surface was obtained (Table 2.1). The resulting PEG chain
densities, which ranged from 0.52 chains/nm2 for the 550 g/mol PEG to 0.07 chains/nm2

for the 10,000 g/mol PEG, allowed access to more of the conformational phase space with
samples now located within the concentrated and semi-dilute polymer brush regimes
(Figure 2.3).

To help differentiate samples prepared using different coupling agents, the lower
grafting density samples made with EDC/NHS/water are designated as MxG-CNC-g-
PEGXXXL while the higher density samples made with DMTMM·BF4/DMF are labeled
as MxG-CNC-g-PEGXXXH, where XXX represents the molecular weight of the grafted
PEG chain.

2.3.2 PLA/CNC-g-PEG composites

To make composites with PLA (120 kg/mol, 12 % D-lactide content,[58]) a solvent
casting method was employed to obtain films which were then melt pressed to improve
uniformity. It is important to note that this amorphous form of PLA was chosen to
minimize convoluting the effects of the nanofiller with the effects of increased PLA
crystallinity caused by nucleation from CNCs.[59,60] Dogbone samples were cut from
these PLA/MxG-CNC-g-PEG films according to the ASTM standard D1708 and were
subsequently dried in a vacuum oven at 80 °C overnight before melting at 150 °C for 3
min to remove any crystallinity that may have developed during thermal processing
(Figure S2.7). A characteristic set of dogbone samples can be seen in Figure 2.4. It
is worth noting that all films appear homogenous, although the transparency of all
samples decreases as more filler is added. In addition to the PLA/MxG-CNC-g-PEG
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Figure 2.4: Optical images of characteristic dogbones of neat PLA and composites
(PLA/MxG-CNC-g-PEG2kH).

composites, two sets of control samples were prepared: one with MxG-CNC-COOH
in PLA (PLA/MxG-CNC-COOH), and one with MxG-CNC-COOH and non-grafted
PEG-OH (10 kg/mol) blended into PLA (PLA/MxG-CNC-COOH/PEG10k). This
blended control was made at the same ratio as MxG-CNC-g-PEG10kH (40 wt. % PEG) to
allow for direct comparisons.

Dynamic mechanical analysis (DMA) was conducted on the dogbone samples
(Figures 2.5a, S2.8, S2.9, S2.10, S2.11, and S2.12) to obtain the thermomechanical
properties of the different composites. Table 2.2 summarizes the glass transition
temperature (Tg) and the storage modulus at both room (25 °C) temperature and
above Tg (Tg + 20 °C, roughly 80 °C) of the composite films. As expected, the room
temperature moduli in all composites are relatively unaffected by the filler because of the
glassy nature of PLA at room temperature (Table 2.2). All composites samples show a
broadening of the Tg which is commonly observed with CNC composites and attributed
to an increase in free volume around the nanoparticles.[25,42] It is worthwhile noting
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Figure 2.5: a) Characteristic DMA (1 Hz, 3 °C/min) data of PLA/MxG-CNC-g-PEG550H
at various loadings, b) glass transition temperature, and c) high-temperature moduli of
PLA/MxG-CNC-COOH (green horizontal diamonds), PLA/MxG-CNC-COOH/PEG10k
(red triangles), and PLA + MxG-CNC-g-PEG10kH (blue vertical diamonds) plotted
against CNC content. Trend lines are provided to guide the eye.
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that all PLA/MxG-CNC-g-PEG composites show a similar Tg (around 59–60 °C), which
is only slight less than neat PLA (Tg = 61 °C). The PLA/MxG-CNC-COOH/PEG10k

composites on the other hand, show a significant decrease in the Tg as the filler loading
increases on account of the PLA being plasticized by the unattached PEG (Figure
2.5b).[55] These results provide further evidence that the majority of unattached PEG is
removed during the purification process and highlights the fact that covalently grafting
the PEG to the CNC surface removes its ability to plasticize the bulk of the matrix.

While the room temperature modulus is dominated by the glassy nature of PLA, the
storage modulus above Tg is where the CNC reinforcement can be easily observed. All
samples have a dramatic increase in the storage modulus above Tg as the amount of
filler is increased (Figure 2.5c). At 5 wt. % filler, all samples have a storage modulus of
at least 5 MPa at 80 °C, which is a 100 % increase relative to 2.5 MPa exhibited by neat
PLA (Table 2.2). At greater loadings, even more reinforcement is observed: for example,
by adding 10 wt. % MxG-CNC-g-PEG5kH to PLA, the modulus is increased to 13 MPa, a
500 % increase over neat PLA. This reinforcement is independent of grafting density and
grafted polymer molecular weight and is controlled predominantly by the CNC fraction
of the filler, not the grafted polymer. This is a reasonable expectation as the PEG alone
will not provide any strength to the matrix, only the rigid nanorod that the polymer
is attached to will reinforce the surrounding PLA. For this reason, all data are plotted
against CNC content (calculated by subtracting the polymer weight fraction from the
total filler content) rather than filler content.

To measure the strength and elongation-at-break of the composite materials,
dogbones were tensile tested to failure following ASTM D1708 (Figures 2.6a, S2.13, S2.14,
S2.15, S2.16, and S2.17). Consistent with the CNC composite literature,[6] composites
with 1 wt. % MxG-CNC-COOH exhibit a tensile strength that is similar to that of
neat PLA, around 40 MPa, but a 64 % reduction in elongation-at-break (6.6 to 2.4 %).
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Table 2.2: DMA and tensile testing statistics for all samples tested

Sample
Filler
loading
(wt. %)

Low T
modulus
(GPa)a

Glass
transition
temp (°C)

High T
modulus
(MPa)b

Tensile
strength
(MPa)

Elongation-
at-break
(%)

Neat PLA NA 2.80 61.1 2.54 43.9 ± 0.2 6.6 ± 1.4

PLA +
MxG-CNC-
COOH

1 2.51 60.7 2.56 38.4 ± 0.6 2.4 ± 0.3
2 2.79 59.9 4.31 40.3 ± 0.6 1.8 ± 0.2
5 2.67 59.5 6.09 35.9 ± 0.7 1.5 ± 0.1
10 2.96 59.6 14.7 34.4 ± 1.0 1.1 ± 0.2
50 4.09 61.7 131 30.1 0.7

PLA +
MxG-CNC-
COOH +
PEG10k

1 1.88 59.8 2.01 26.2 ± 1.0 2.5 ± 0.5
2 1.73 59.6 2.03 27.6 ± 1.1 3.1 ± 0.7
5 2.3 58.6 3.92 27.7 ± 0.8 3.3 ± 0.2
10 2.34 56.1 6.67 24.6 ± 0.8 3.2 ± 0.7

PLA +
MxG-CNC-g-
PEG550L

1 2.51 61.2 2.69 35.7 ± 0.7 3.4 ± 0.6
2 2.41 59.8 3.05 35.1 ± 0.9 2.1 ± 0.3
5 2.53 59.5 6.94 32.7 ± 0.3 2.0 ± 0.2
10 2.59 59.3 9.14 31.7 ± 0.3 1.6 ± 0.1

PLA +
MxG-CNC-g-
PEG2kL

1 2.44 60.2 2.37 33.4 ± 1.5 4.3 ± 0.9
2 2.56 59.6 4.17 34.8 ± 1.3 3.3 ± 0.2
5 2.36 59.2 7.1 32.1 ± 0.6 5.0 ± 1.1
10 2.46 59.6 12.6 28.0 ± 1.0 6.7 ± 0.6

PLA +
MxG-CNC-g-
PEG5kL

1 2.43 59.4 2.32 35.1 ± 1.3 3.6 ± 1.1
2 2.36 60.4 2.8 36.7 ± 0.6 5.2 ± 0.3
5 2.64 59.8 6.18 33.2 ± 0.5 2.0 ± 0.3
10 2.68 59.9 15.3 29.9 ± 0.7 2.2 ± 0.3

PLA +
MxG-CNC-g-
PEG10kL

1 2.22 60.5 1.77 35.4 ± 0.6 4.4 ± 1.1
2 2.41 60.4 3.39 34.7 ± 0.4 3.2 ± 0.5
5 2.53 60.5 6.57 32.9 ± 0.1 4.5 ± 0.3
10 2.52 60.1 12.7 29.4 ± 1.1 3.6 ± 1.0

PLA +
MxG-CNC-g-
PEG550H

1 2.6 59.9 2.71 37.0 ± 0.9 3.6 ± 0.5
2 2.61 60.3 3.86 36.9 ± 0.1 3.4 ± 0.2
5 2.4 59.5 6.38 37.3 ± 0.7 2.7 ± 0.6
10 2.32 59.3 15.2 33.2 ± 0.4 2.7 ± 0.1

PLA +
MxG-CNC-g-
PEG2kH

1 2.49 60.7 3.5 34.9 ± 0.3 4.0 ± 0.2
2 2.39 60.2 2.96 32.9 ± 0.4 5.1 ± 0.8
5 2.37 59.8 4.97 32.4 ± 0.2 4.5 ± 0.3
10 2.32 59 11.2 28.3 ± 0.3 3.9 ± 0.4

PLA +
MxG-CNC-g-
PEG5kH

1 2.21 60 2.34 36.6 ± 0.3 4.1 ± 0.8
2 2.25 60 2.66 36.8 ± 1.7 3.4 ± 0.2
5 2.46 59.2 5.47 29.2 ± 0.8 4.1 ± 0.1
10 2.41 58.8 13 30.6 ± 1.7 3.4 ± 0.1

PLA +
MxG-CNC-g-
PEG10kH

1 2.41 60.4 2.71 35.8 ± 0.3 5.7 ± 0.2
2 2.45 60.1 3 34.6 ± 0.5 6.0 ± 0.8
5 2.29 59.7 5.34 31.2 ± 0.4 5.5 ± 0.9
10 1.98 59.5 8.58 30.2 ± 0.3 7.4 ± 0.5
50 2.46 59.4 245 26.9 2.4

a Measured at 25 °C, b Measured at Tg + 20 °C
Note: For tensile strength and elongation-at-break, standard errors are presented (n = 3).

If no error is present, only one sample was tested.
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Figure 2.6: (A) Tensile testing (1 mm/min) curves of neat PLA, PLA/MxG-CNC-COOH,
and PLA/MxG-CNC-g-PEG10kH, (B) tensile strength plotted against CNC content for
PLA/MxG-CNC-COOH (green horizontal diamonds), PLA/MxG-CNC-COOH/PEG10k
(red triangles), and PLA/MxG-CNC-g-PEG10kH (blue vertical diamonds), and (C)
elongation-at-break plotted against grafted polymer molecular weight for high grafting
density samples at 1, 2, 5, and 10 wt. % filler. Trend lines are provided to guide the eye.
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When MxG-CNC-g-PEG10kH is added, there is not only a notable reduction in this
embrittlement, but also a slight drop in the tensile strength, or maximum stress (Figure
2.6b). This reduction in tensile strength is consistent across all samples as more filler is
added to the composite materials. It is certainly possible that the drop in tensile strength
with increasing filler content is related to poor dispersion of the nanofiller. However, an
alternative explanation for the drop in tensile strength is a softening of the matrix at the
nanoparticle interface on account of localized plasticization by the grafted PEG, allowing
the surrounding matrix to deform under less stress. As more filler is added and the
total surface area of filler is increased in the composite, it could be expected that this
interfacial plasticization would allow deformation to occur more readily, resulting in the
observed drop in tensile strength as loading increases. Additionally, it is observed that
the PLA/MxG-CNC-g-PEG2kH samples loaded at 5 wt. % have a drop in tensile strength
of about 26 %, whereas PLA/MxG-CNC-COOH/PEG10k samples at the same 5 wt. %
of filler exhibit an even larger drop (almost 37 %) as the entire matrix is softened by the
non-attached PEG chains, as evidenced by the drop in the composite Tg (Table 2.2).
These phenomena have been observed in the literature with PEG-grafted CNCs, but are
often overshadowed by an increase in crystallinity caused by the nucleating effect of the
CNCs.[43]

Thus far, all trends discussed have been consistent between the low and high
grafting density samples, with both groups showing an increase in modulus above Tg,
broadening of Tg, and slight reduction in tensile strength. However, this consistency
is not present when looking at the elongation-at-break of the samples, as no trends
are observed in the low grafting density samples (Figures S2.16 and S2.17). This is
likely a result of inconsistencies in CNC surface coverage. Based on their placement in
Figure 2.3, all low-density samples are either in the mushroom regime or very close to
the estimated mushroom-to-brush transition, meaning that the grafted polymer likely
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does not completely cover the hydrophilic CNC surface. If some of the CNC surface
is exposed, then there will be unfavorable interactions between the nanofiller and the
hydrophobic PLA matrix, which could act as defect points that cause premature failure.
When the grafting density is increased, consistency improves dramatically, and trends
can be identified (Figure 2.6c). With no polymer grafting or grafting with PEG550 the
resulting composites are brittle and generally exhibit less than 3 % elongation-at-break.
The MxG-CNC-g-PEG550H filler is still in the mushroom regime, which means that there
is likely some exposed CNC surface that would have unfavorable interactions with the
PLA matrix, causing embrittlement.

Increasing the molecular weight of the grafted polymer to 2000 g/mol results in
the grafted polymer adopting a CPB conformation and the elongation-at-break of the
PLA/MxG-CNC-g-PEG2kH composites increases slightly, to around 4 %, regardless of
the amount of filler in the sample. This suggests that although the hydrophilic surface is
completely covered, there may not be enough stress transfer between the filler and the
matrix to improve the mechanical properties of these composites. While Figure 2.3 shows
that the MxG-CNC-g-PEG5kH samples are in the CPB/SDPB region, these composites
behave similarly to the MxG-CNC-g-PEG2kH materials with a 4 % elongation-at-break
(Figure 2.6c). For the MxG-CNC-g-PEG5kH filler, only about 1000 g/mol of the polymer
graft exists in the SDPB conformation (Figure S18), but the entanglement molecular
weight of PEG is almost 2000 g/mol.[61] This means that there may not be enough
penetrable brush on the MxG-CNC-g-PEG5kH sample to promote efficient stress transfer
between the filler and matrix. As such, while there are no unfavorable interactions with
exposed CNC surface, there are also limited opportunities for entanglements between
the polymer matrix and grafted polymers that would enhance the composite properties.

The analysis is supported by the properties of the PLA/MxG-CNC-g-PEG10kH

composites. In this case, the higher overall molecular weight of the graft (and the
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grafting density) means that the length of the polymer in the SDPB regime is larger.
For this filler, Figure 3 suggests that there is roughly 3000 g/mol in a CPB conformation
and around 7000 g/mol in the SDPB conformation (Figure S2.18), which should allow
for significant interpenetration, entanglement, and stress transfer with the surrounding
matrix. The tensile properties confirm this observation with an elongation-at-break of
around 7 %, which is equivalent to that of neat PLA. One interesting observation in the
MxG-CNC-g-PEG10kH samples is that the elongation is maintained regardless of the
filler loading (Figure 6c). This is unusual because elongation-at-break usually decreases
as filler loading increases, akin to what is observed in theMxG-CNC-COOH samples that
were tested in this study.

To explore this observation a bit more, two PLA composite samples were prepared
that contained 50 wt. % filler using either MxG-CNC-COOH or MxG-CNC-g-PEG10kH.
The 50 wt. % PLA/MxG-CNC-COOH material behaved as expected, with less than 1 %
elongation-at-break and over 5000 % increase in the high-temperature modulus relative
to neat PLA (Table 2.2, Figures S2.8 and S2.13). The 50 wt. % PLA/MxG-CNC-g-PEG10kH

sample showed significant embrittlement as well, but a yield point was observed even at
this high filler loading and the storage modulus was 9500 % times greater than neat PLA
above Tg (Table 2.2, Figures S2.10 and S2.15). This improved reinforcement compared
to PLA/MxG-CNC-COOH as well as the observed yielding in these high loading
composites emphasize the observation that these PLA/MxG-CNC-g-PEG10kH, where the
grafted polymer reside in the SDPB or CPB/SDPB regimes, have better interactions with
the host matrix.

2.4 Conclusions

In summary, for the MxG-CNC-g-PEG nanoparticles investigated here, the grafted
polymer density and molecular weight play key roles in the resulting mechanical
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properties of PLA composites. By grafting PEG to the nanoparticle surface, the
plasticizing ability of the PEG in PLA was minimized while still imparting significant
reinforcement above Tg. Through analysis of the polymer conformation on the CNC
surface, it was found that samples in the mushroom regime exhibited inconsistent
behavior and significant embrittlement at low molecular weights, likely because of
exposed hydrophilic CNC surfaces having unfavorable interactions with the more
hydrophobic PLA matrix. In the concentrated polymer brush regime, the complete
CNC surface coverage resulted in less composite embrittlement, but the tightly packed
polymer chains were unable to interface effectively with the surrounding matrix,
resulting in little-to-no improvement of mechanical properties. With long enough
polymer chains in the semi-dilute polymer brush regime, the grafted polymers had
a greater ability to interact and entangle with the surrounding PLA, resulting in
embrittlement being avoided entirely.

Overall, this work points to a few key variables that should be considered when
targeting mechanical reinforcement in polymer-grafted CNC composites in a PLAmatrix.
Ideally, it is important to ensure that (1) the surface grafting density is high enough to
completely cover the CNC surface and (2) the grafted polymer molecular weight is high
enough to interface effectively with the surrounding matrix.

2.5 Materials, Methods, and Instrumentation

2.5.1 Materials

Miscanthus x. Giganteus (MxG) stalks were kindly provided by Prof. Geoff Coates,
who grew the grass in his backyard in New York. Amorphous poly(lactic acid) (PLA)
4060D was kindly provided by Natureworks via the Ellison group at the University of
Minnesota. Sodium hydroxide (NaOH), sodium hypochlorite (NaOCl), acetic acid,
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chloroform (CHCl3), dimethylformamide (DMF), potassium cyanide (KCN), ninhydrin,
butanol, and phenol were purchased from Thermo Fisher Scientific. Sodium chlorite
(NaClO2), hydrochloric acid (HCl), 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO),
sodium bromide (NaBr), N-hydroxysuccinimide (NHS), N-methylmorpholine, sodium
tetrafluoroborate (NaBF4), and pyridine were purchased from Millipore Sigma. 1-Ethyl-
3-(3-dimethylamino-propyl)carbodiimide (EDC) was purchased from Combi-Blocks.
2-Chloro-4,6,-dimethoxy-1,3,5-triazine was purchased from Chem-Impex International.
Amine-terminated methoxy poly(ethylene glycol) (PEG-NH2) of various molecular
weights (550, 2,000, 5,000, and 10,000 g/mol) were purchased from CreativePEGWorks.
All water used was deionized in-house and all chemicals were used as-received without
further purification.

2.5.2 Methods

2.5.2.1 IsolatingMxG-CNC-OH from MxG stalks

MxG-CNC-OH were isolated using a previously published procedure.[11]

2.5.2.2 TEMPO oxidation ofMxG-CNC-OH to obtainMxG-CNC-COOH

TEMPO oxidation was conducted immediately after isolating the MxG-CNC-OH, with-
out drying, following the previously published procedure with slight modifications.[11]

In brief, the CNCs resulting from dried MxG stalks (250 g) were suspended with 3 wt.
% TEMPO (7.5 g) and 30 wt. % NaBr (75 g) relative to the original stalk mass. 50 wt.
% of NaOCl (110 ml) was added, then the pH was adjusted to 10.5 with 10 M NaOH.
The pH was maintained between 10 and 11 for 3 h, then the resulting MxG-CNC-COOH
were centrifuged at 10,000 rpm and resuspended ∼5 times in DI water to clean the
nanoparticles. The resulting material was suspended in DI water and freeze dried to

85



obtain a fluffy white powder ofMxG-CNC-COOH.

2.5.2.3 Quantifying carboxylate groups onMxG-CNC-COOH

Conductivity titration was used to determine the amount of carboxylate groups on
the surface of the MxG-CNC-COOH nanoparticles. MxG-CNC-COOH (100 mg) were
dispersed in DI water (100 ml) using probe sonication. The pH was then adjusted to 2–3
using concentrated HCl. Using a syringe pump, 0.01 M NaOH (60 ml) was then added
dropwise over the course of roughly 4 h. The pH and conductivity of the solution were
recorded every 15 s to construct conductivity vs. volume added plot. When graphed, the
length of the weak acid plateau is used to calculate the number of carboxylate groups
per unit mass. This number can then be converted to a number of groups per unit area
using the dimensions of the CNCs. All these calculations can be found in the supporting
information.

2.5.2.4 Grafting PEG-NH2 toMxG-CNC-COOH in water

MxG-CNC-COOH were suspended in DI water at 10 mg/mL using a sonic bath to
promote dispersion. Relative to the carboxylate content determined by conductivity
titration, PEG-NH2 (1 eq.) of the desired molecular weight was added to the CNC
suspension and allowed to dissolve. EDC (3 eq.) was added and stirred for 5 min
before adding NHS (3 eq.). The reaction proceeded overnight before centrifuging and
resuspending in DI water 5 times to remove any remaining EDC, NHS, and free polymer.
The supernatant from each wash was also filtered with Sterlitech 0.2 µm PVDF filter
membranes and the collected material was re-added to the product to ensure that
any MxG-CNC-g-PEG that did not sediment during centrifugation was not lost. After
purification, the resulting MxG-CNC-g-PEGs were suspended in water and freeze dried
to obtain a fluffy white powder.
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2.5.2.5 Preparation of DMTMM·BF4

First, 2-chloro-4,6,-dimethoxy-1,3,5-triazine was dissolved in DI water at 100 mg/mL
and N-methylmorpholine (1 eq.) was added dropwise while stirring. After 30 min,
0.01 M NaBF4 (1.3 eq.) solution was added and allowed to react for 2 hours. The
product of 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium tetrafluoroborate
(DMTMM·BF4) precipitated from the solution and was collected via filtration. The
product was washed twice with DI water, then dried using high vacuum to yield the
final product. 1H NMR (400 MHz, CD3CN, 25 °C): δ = 4.45 (m, 2H, OCH2), 4.13 (s, 6H,
OCH3), 4.01 (m, 2H, OCH2), 3.74 (m, 4H, NCH2), 3.40 (s, 3H, NCH3).

2.5.2.6 Grafting PEG-NH2 toMxG-CNC-COOH in DMF

MxG-CNC-COOH were suspended in DMF at 10 mg/mL using a sonic bath to promote
dispersion. Relative to the carboxylate content determined by conductivity titration,
PEG-NH2 (1 eq.) of the desired MW was added to the CNC suspension. After the PEG
dissolved, DMTMM·BF4 (1.1 eq.) was added and the reaction proceeded overnight. The
resulting MxG-CNC-g-PEG was centrifuged and resuspended three times in DMF and
twice in DI water, filtering the supernatant with Sterlitech 0.2 µm PVDF filter membranes
after each wash to collect any CNCs that did not sediment. The washes were done to
remove any leftover DMTMM·BF4 and PEG that did not graft to the surface. After
purification, the resulting MxG-CNC-g-PEGs were suspended in water and freeze dried
to obtain a fluffy white powder.

2.5.2.7 Measuring free polymer remaining inMxG-CNC-g-PEG

The amount of non-grafted polymer remaining in the nanomaterial was measured using
a Kaiser test for primary amines. Three separate solutions were prepared for the testing
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process: (A) KCN (0.65 mg) was dissolved in DI water (1 ml) then added to pyridine
(49 ml), (B) ninhydrin (1 g) was dissolved in butanol (20 ml), and (C) phenol (40 g)
was dissolved in butanol (20 ml). To conduct a test, sample solution (1 ml) was placed
in a vial on a hot plate at 100 °C. Two drops of each solution were added and allowed to
react, shaking occasionally. After 10 min, DI water (3 ml) was added to each solution to
improve transparency for UV–Vis testing. The solutions were then tested with UV–Vis
to quantify the concentration of amine groups present in the solution via the intensity
of the 569 nm absorbance peak. Using this method, the supernatant solution from each
wash was measured to track the reduction in primary amines over subsequent washes
and the MxG-CNC-g-PEG was resuspended at 5 mg/mL in DI water and tested as well
to measure the amount of free PEG in the final material. This concentration could then
be used to estimate the mass of free PEG relative to the mass of MxG-CNC-g-PEG in the
solution.

2.5.2.8 Measuring total polymer inMxG-CNC-g-PEG

The total amount of PEG in the MxG-CNC-g-PEG materials was measured using high
resolution thermogravimetric analysis (Hi-Res TGA). Using Hi-Res TGA, which slows
the heating rate when a mass loss event is detected, two distinct degradation events can
be seen for cellulose degradation and PEG degradation. Taking the derivative of the mass
loss curve, the area under the peak associated with PEG degradation can be measured to
determine the weight fraction of PEG relative to CNC. By subtracting the amount of free
polymer measured via UV–Vis from the amount of total polymer measured, a polymer
grafting density can be obtained. The calculations for these conversions can be found in
the Supporting Information.
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2.5.2.9 Preparation of PLA + MxG-CNC composites

To prepare composites of PLA withMxG-CNC-g-PEG andMxG-CNC-COOH, a 10 wt. %
PLA stock solution was first prepared by dissolving PLA (30 g) in CHCl3 (270 g). As an
example, amounts will be presented for a 5 wt. % CNC film, but films of 1, 2, 5, and 10
wt. % were produced for each type of filler. Using a sonic bath and vigorous shaking, the
desired CNCs (150 mg) were suspended directly in CHCl3 (20 ml). To that suspension,
the 10 wt. % PLA stock solution (28.5 g) was added and shaken thoroughly to mix. The
solution was allowed to mix in a sonic bath for a couple hours, then cast into a Teflon
petri dish to dry overnight while covered with holey foil to moderate the evaporation
rate. Once the films could be removed from the petri dish, they were placed in a vacuum
oven at 60 °C to dry overnight. The films were then cut into pieces and melt pressed to
obtain films of uniform thickness. From these films were cut dogbones according to
the ASTM standard D1708. These dogbones were then dried again in a vacuum oven,
ramping from room temperature up to 80 °C over the course of 2 days to ensure the
samples were as dry as possible before melting. The dogbones were then placed on a
hot plate at 150 °C for 3 min to melt any crystals that may have formed during the melt
pressing and drying steps. The dogbones were then quenched on the 20 °C bench top to
prevent any further crystallization.

2.5.2.10 Tensile testing of composites

Tensile testing of composite materials was conducted according to the standard ASTM
D1708. Using the video extensometer to track elongation prior to yielding and the
crosshead distance to track elongation after yielding gave a more accurate measurement
of extension in the elastic regime while also accounting for irregular plastic deformation
after yielding. All samples were tested in triplicate unless otherwise noted and an
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average tensile strength and elongation-at-break were extracted for each sample.

2.5.2.11 DMA testing of composites

DMA temperature ramps were done on each sample from 25 to 100 °C at a rate of 1 Hz.
The room temperature storage modulus (25 °C), glass transition temperature (tan[δ]
peak), and high-temperature storage modulus (Tg + 20 °C) were extracted for each
sample.

2.5.3 Instrumentation

Atomic force microscopy (AFM) measurements were conducted with a Cypher ES
Environmental AFM using FS-1500 probes (Asylum Research). Samples were prepared
by freshly cleaving a mica surface, drop casting 100 µl of poly(L-lysine), gently rinsing
with DI water after 3 min, drop casting 100 µl of the desired sample suspended in
DI water, gently rinsing with DI water after 3 min, then drying overnight at room
temperature. Images were recorded in ultra-high-frequency tapping mode and analyzed
with Gwyddion software (Czech Metrology Institute).

Conductivity and pH measurements were conducted with an Accumet XL benchtop
pH-conductivity meter on aqueous solutions.

Dynamic mechanical analysis (DMA) was conducted with a TA Instruments RSA-G2
DMA on films of each sample (∼ 3 mm × 1 mm × 20 mm). Temperature ramps were run
from 25 to 100 °C at 3 °C/min at a frequency of 1 Hz.

Dynamic scanning calorimetry (DSC) was conducted with a TA Instruments Discovery
2500 DSC. Samples were heated from 25 °C to 200 °C at 10 °C/min, then cooled to -90 °C
at 5 °C/min, then heated back up to 200 °C at 10 °C/min. Crystallinity data were taken
from the first heating cycle.

Melt pressing was conducted with a Carver AccuStamp Model 3693 melt press. Sam-
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ples were pressed between two sheets of Teflon into 0.5 mm thick Teflon molds at 95 °C
for 2 h at 2 tons of pressure.

Nuclear magnetic resonance (NMR) was conducted with a Bruker Avance III HD 400
MHz spectrometer for 1H nuclei. Samples were prepared in CDCl3 with the residual
solvent peak (7.26 ppm) used as the reference. MestrReNova software was used to
process the data.

Tensile testing was conducted with a Zwick-Roell zwickiLine Z0.5 instrument.
Dogbones were tested in accordance with ASTM D1708 (crosshead speed = 1 mm/min)
and tracked with a VideoXtens extensometer up to yielding, followed by crosshead
distance tracking.

Thermogravimetry (TGA) was conducted with a TA Instruments Discovery TGA using
the high resolution procedure (Hi-Res TGA) with default settings (sensitivity = 1, ampli-
tude 5 °C, period 200 s, ramp = 5 °C/min to 600 °C, resolution = 6) in platinum pans.[57]

UV–Visible light spectroscopy (UV–Vis) was conducted with a Shimadzu UV-3600 Plus
UV–Vis–NIR spectrophotometer from 350 to 800 nm wavelengths. Samples were run at 1
nm resolution in quartz cuvettes.

Wide-angle X-ray scattering (WAXS) was conducted with a SAXSLAB GANESHA
300XL using a Cu Kα source (λ = 0.154 nm) at a voltage and power of 40 kV and 40
mA, respectively. Samples were packed between two pieces of Kapton tape and data
were collected for 1 hour at 2θ = 1–32°. Crystallinity was measured by modeling the
crystal planes and amorphous residual as Gaussian peaks and comparing their area, as
described previously.[62]
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2.6 Supporting Information

Figure S2.1: Plot of conductivity vs. volume of 0.01 M NaOH added in order to measure
the amount of -COOH present on MxG-CNC-COOH. The dotted black lines denote the
plateau associated with -COOH neutralization.

Table S2.1: Results of conductivity titration tests to measure the -COOH content on the
surface ofMxG-CNC-COOH.

Trial CNC Mass
(mg)

Plateau Volume
(mL)

-COOH Concentration
(mmol/kg)

-COOH Density
(groups/nm2)

1 68 7.8 1147 1.20
2 48 5.9 1229 1.28
3 65 6.9 1062 1.11
Average 1100 ± 100 1.2 ± 0.1
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Figure S2.2: Wide angle X-ray scattering data for MxG-CNC-COOH (blue dots) plotted
with deconvolution peaks associated with each crystal plane.

Figure S2.3: UV-Vis spectra of the calibration curve developed for Kaiser testing. Cali-
bration samples were made with n-butyl amine. After linear fitting of the 569 nm peak
absorbance vs. concentration, the fitting equation was measured as Concentration (µM)
= 1137 * Absorbance, which translates to an extinction coefficient of 880 M-1 cm-1.
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Figure S2.4: UV-Vis data of the Kaiser testing of MxG-CNC-g-PEG samples suspended in
DI water at 5 mg/mL after purification procedures to remove any non-grafted polymer.
The 569 nm peak absorbance was used to calculate non-grafted PEG-NH2 content.
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Figure S2.5: Hi-Res TGA (see the experimental section of the manuscript for details) de-
composition curves for low grafting densityMxG-CNC-g-PEGL samples (solid line) with
a) 550, b) 2k, c) 5k, and d) 10k g/mol and the associated derivatives (dashed line), show-
ing two peaks for cellulose degradation and a third peak for PEG degradation.
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Figure S2.6: Hi-Res TGA (see the experimental section of the manuscript for details) de-
composition curves for high grafting densityMxG-CNC-g-PEGH samples (solid line)with
a) 550, b) 2k, c) 5k, and d) 10k g/mol and the associated derivatives (dashed line), show-
ing two peaks for cellulose degradation and a third peak for PEG degradation.
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Grafting Density Calculations
Assuming that the CNCs are 100 % crystalline with a crystal unit cell size of 1.038 x

0.820 x 0.778 nm[63] and nanoparticle dimensions of 250 x 8 x 3 nm (based on AFM of
MxG-CNC-COOH), we can tile 6519 unit cells across the surface of the CNC (assuming
that the largest unit cell face is being tiled).

2 ∗ (250 ∗ 8 + 250 ∗ 3 + 8 ∗ 3) nm2

crystal

1.038 ∗ 0.820 nm2

unit cell

= 6519
unit cells

crystal

Knowing that each unit cell has one exposed primary -OH group and the other primary
-OH is group buried within the crystal structure, we can calculate that there are 1.18 pri-
mary -OH groups per nm2 across the CNC surface.

6519unit cellscrystal

2 ∗ (250 ∗ 8 + 250 ∗ 3 + 8 ∗ 3) nm2

crystal

∗ 1−OH group

unit cell
= 1.18

−OH group

nm2

Based on the density of cellulose being 1.6 g/cm3,[64] we can calculate the mass of a sin-
gle crystal to be 9.6 * 10-21 kg, meaning that there are 1.04 * 1020 crystals per kg.

1600
kg

m3
∗ (250 ∗ 8 ∗ 3) ∗ (10−9)3

m3

crystal
= 9.6 ∗ 10−21 kg

crystal
= 1.04 ∗ 1020 crystals

kg

With this information and the number of primary -OH groups per nm2 calculated earlier,
we can calculate the number of primary -OH groups per kg of CNCs to be 6.8 * 1023,
which converts to 1,130 mmol of primary -OH groups kg of material.

6519
unit cells

crystal
∗ 1.04 ∗ 1020 crystals

kg
= 6.8 ∗ 1023 groups

kg
= 1130

mmol

kg

To convert between surface density (groups/nm2) and concentration (mmol/kg), the fol-
lowing conversion can be used (note that this conversion only works for the specific crys-
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tal dimensions used in the calculations above):

1130
mmol

kg
= 1.18

−OH group

nm2

These numbers represent the theoretical maximum for grafting density when attaching
polymer chains to primary -OH groups on the CNC surface. If polymer chains are
grafted to secondary -OH groups as well, the number of theoretically available sites is
multiplied by 3.

98



Figure S2.7: DSC traces of the first heating cycle (10 °C/min) of a representative PLA com-
posite (PLA/MxG-CNC-g-PEG550L) that shows PLA crystallization after drying andmelt
pressing (red), and the resulting amorphous sample (blue) after melting at 150 °C for
three minutes.

Figure S2.8: Dynamic mechanical analysis (DMA) curves (1 Hz, 3 °C/min) for the com-
posite controls: a) PLA/MxG-CNC-COOH and b) PLA/MxG-CNC-COOH/PEG10k. Each
plot contains a single filler at various loading levels (1, 2, 5, 10, 50 wt. %).
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Figure S2.9: Dynamic mechanical analysis (DMA) curves (1 Hz, 3 °C/min) for the com-
posites filled with low grafting density filler with a) 550, b) 2k, c) 5k, and d) 10k g/mol
PEG (PLA/MxG-CNC-g-PEGL). Each plot contains a single filler at various loading levels
(1, 2, 5, 10 wt. %).
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Figure S2.10: Dynamic mechanical analysis (DMA) curves (1 Hz, 3 °C/min) for the com-
posites filled with high grafting density filler with a) 550, b) 2k, c) 5k, and d) 10k g/mol
PEG (PLA/MxG-CNC-g-PEGH). Each plot contains a single filler at various loading lev-
els (1, 2, 5, 10, 50 wt. %).
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Figure S2.11: Plots of a) low temperaturemodulus (25 °C), b) glass transition temperature
(tan[δ] peak), and c) high temperature modulus (Tg + 20 °C, ∼80 °C) vs. CNC content
for all composites, extracted from the DMA curves. The left side plots show data for com-
posites made with the low grafting density nanofillers (MxG-CNC-g-PEGL) and the right
side show the same data for the high grafting density filler (MxG-CNC-g-PEGH).
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Figure S2.12: Plots of a) low temperature modulus (25 °C), b) glass transition tempera-
ture (tan[δ] peak), and c) high temperature modulus (Tg + 20 °C, ∼80 °C) vs. grafted
polymer molecular weight for all composites, extracted from the DMA curves. The left
side plots show data for composites madewith the low grafting density nanofillers (MxG-
CNC-g-PEGL) and the right side show the same data for the high grafting density filler
(MxG-CNC-g-PEGH).
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Figure S2.13: Tensile testing curves (1mm/min) for the composite controls: a) PLA/MxG-
CNC-COOH and b) PLA/MxG-CNC-COOH/PEG10k. Each plot contains a single filler at
various loading levels (1, 2, 5, 10, 50 wt.%).
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Figure S2.14: Tensile testing curves (1mm/min) for the composites filledwith lowgrafting
density filler with a) 550, b) 2k, c) 5k, and d) 10k g/mol PEG (PLA/MxG-CNC-g-PEGL).
Each plot contains a single filler at various loading levels (1, 2, 5, 10 wt. %).
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Figure S2.15: Tensile testing curves (1 mm/min) for the composites filled with high graft-
ing density filler with a) 550, b) 2k, c) 5k, and d) 10k g/mol PEG (PLA/MxG-CNC-g-
PEGH). Each plot contains a single filler at various loading levels (1, 2, 5, 10, 50 wt. %).

106



Figure S2.16: Plots of a) tensile strength and (b) elongation at break vs. CNC content for
all composites, extracted from tensile testing data. The left side plots show data for com-
posites made with the low grafting density nanofillers (MxG-CNC-g-PEGL) and the right
side show the same data for the high grafting density filler (MxG-CNC-g-PEGH).
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Figure S2.17: Plots of a) tensile strength and b) elongation at break vs. grafted polymer
molecular weight for all composites, extracted from tensile testing data. The left side plots
show data for composites made with the low grafting density nanofillers (MxG-CNC-g-
PEGL) and the right side show the same data for the high grafting density filler (MxG-
CNC-g-PEGH).
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Figure S2.18: Polymer conformation phase space with MxG-CNC-g-PEG5kH and MxG-
CNC-g-PEG10kH samples plotted. The concentrated to semi-dilute brush transition (blue
line) is modeled based off polybutadiene,[53] which has similar backbone flexibility to
PEG. The red mushroom to brush transition (red line) is estimated based on when circles
defined by the radius of gyration of the polymer would begin to overlap. The annotation
shows the amount of grafted polymer that is in the semi-dilute polymer brush regimewith
the remaining length in the concentrated polymer brush regime.
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CHAPTER 3

MELT-FUNCTIONALIZATION OF CELLULOSE NANOCRYSTALS

USING DYNAMIC HINDERED UREA CHEMISTRY

3.1 Summary

Cellulose nanocrystal (CNC)-reinforced composites are gaining commercial attention
on account of their high strength and sustainable sourcing. Grafting polymers to the
CNCs in these composites has the potential to improve their properties, but current
solution-based synthesis methods limit their production at scale. Utilizing dynamic
hindered urea chemistry, a new method for the melt-functionalization of cellulose
nanocrystals has been developed. This method does not require toxic solvents during
the grafting step and can achieve grafting densities competitive with state-of-the-art
solution-based grafting methods. Using cotton-sourced, TEMPO-oxidized CNCs,
multiple molecular weights of poly(ethylene glycol) (PEG) as well as dodecane,
polycaprolactone, and poly(butyl acrylate) were grafted to the CNC surface. With
PEG-grafted nanoparticles, grafting densities of 0.61 chains/nm2 and 0.13 chains/nm2

were achieved with 2,000 and 10,000 g/mol polymer chains respectively, both of which
represent significant improvements over previous reports for solution-based PEG
grafting onto CNCs.

3.2 Introduction

Cellulose nanocrystals (CNCs) have become an attractive, sustainable additive to
provide mechanical reinforcement in polymeric materials. These bio-derived nanorods,
which have dimensions of roughly 10 nm in width and 100-500 nm in length, are directly
extracted from cellulosic biomass and have shown outstanding reinforcement capabilities
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when used as fillers in composites.[1] A key challenge in accessing such nanocomposites
is the ability to achieve a uniform dispersion of CNCs within a given matrix and this
has limited the use of CNCs to a relatively narrow range of applications.[2] The poor
dispersion of CNCs in many solvents or solid polymer matrices arises from the numerous
hydroxyl functional groups present on the surface of the particles that make them very
hydrophilic and capable of forming inter-particle hydrogen bonds. Since many potential
host polymers are hydrophobic, the inter-particle interactions between CNCs cause the
formation of agglomerates, significantly impeding their ability to reinforce the host
matrix.[3]

Surface modification of CNCs has been widely explored to overcome these dis-
persion issues and promote more homogenous mechanical reinforcement of the
material.[4] Some surface modification routes utilize these interactions to physisorb or
electrostatically adsorb surfactants or polymers onto CNCs.[5–7] Additionally, surface
modification can be achieved through covalent attachment of small molecules via
different chemical reactions such as esterification, etherification, silylation, amidation,
and urethanization.[8–10] A third, widely-employed method of CNC surface modification
involves the covalent grafting of polymer chains.[11,12] In addition to improving
dispersion, such polymer-grafted nanoparticles can also show enhanced interfacial
adhesion between the filler and the polymer matrix through entanglements or other
matrix-filler interactions.[12] Depending on the grafted polymer conformation, which
is a function of the polymer molecular weight and grafting density, these interactions
can greatly aid both the processing and properties of the resulting nanocomposite
materials.[13,14]

Different pathways have been developed to graft polymers on the surface of CNCs,
including “grafting-to”, “grafting-from”, and “grafting-through” approaches, among
others.[15–17] The “grafting-from” approach relies on covalent attachment of an initiator
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on the CNC surface and allows for initiation of the polymerization directly from
the nanoparticle surface.[16] The advantages of “grafting-from” include synthetic
simplicity and the ability to achieve relatively high surface grafting densities of 0.1 to 0.4
chains/nm2, even for high molecular weight polymers (greater than 10,000 g/mol).[18]

The main drawbacks of “grafting-from” methods are the challenges to characterizing
the molecular weight, composition, and surface density of the grafted polymers.
Additionally, these are solution-based reactions, which can limit scalability.

Comparatively, “grafting-to” methods typically involve the direct attachment of
end-functionalized polymer chains to the surface of the nanocrystals.[19] The benefit
of these methods is the ability to attach well-characterized polymer chains to CNCs,
allowing for more thorough characterization of grafting density, polymer molecular
weight, and brush structure. Surface brush conformation is known to play a significant
role in resulting material properties, such as improved ionic conductivity[20] and water
transport[21] at higher grafting densities and improved reinforcement potential with
semi-dilute brush conformations.[14,22] Unfortunately, “grafting-to” functionalization
relies on sequential attachment of polymer chains on the CNC surface. As the surface is
populated, unreacted chains in solution can be sterically hindered from reacting with the
surface, which can limit grafting density.

Additionally, the most common “grafting-to” methods, which include carbodiimide
coupling,[23] epoxy ring opening,[24] and isocyanate-mediated grafting,[25] are all
typically performed in solution (most commonly in water and DMF), once again limiting
the use of these methods to lab-scale.[12,26] This use of potentially toxic solvents during
the grafting reaction for both “grafting-to” and “grafting-from” techniques is antithetical
to the core purpose of using sustainable nanoparticles. Thus, it is paramount to find
more industrially relevant routes toward functionalization of CNCs that can achieve high
grafting density with a range of polymers and molecular weights while preserving the
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renewable character of the nanoparticles.
One promising “grafting-to” method that has industrial relevance is the use of

isocyanate moieties that can react with the hydroxyl groups on CNCs to form urethane
linkages. This reaction is ubiquitous in the polyurethane industry[27] and has also
been used to functionalize CNCs.[8] One limitation of this method when used with
CNCs is the hygroscopic nature of the nanoparticles. Isocyanates can react with any
water present, releasing CO2 and degrading into an amine, which can further react
with other isocyanates, consuming the reactant before it is able to attach to a CNC
surface. One approach to overcome this loss is using a significant excess of isocyanate
to counter the water carried by CNCs.[28] An alternative approach that is commonly
used in industry, particularly for waterborne polyurethanes, is the use of blocked
isocyanates.[29] Such blocked isocyanates can dissociate at elevated temperatures to
release the blocking group, regenerating the isocyanate to react with an appropriate
hydroxyl or other nucleophilic moiety. For example, Chowdhury et al. utilized blocked
isocyanate chemistry to incorporate CNCs into waterborne polyurethane coatings.[30]

One class of blocked isocyanate is the hindered urea (HU), where the isocyanate is
reacted with a bulky amine compound. Hindered urea moieties are dynamic bonds
and have a range of dissociation temperatures depending on the bulkiness of the amine
blocking group.[31,32]

In this work, a solvent-free “grafting-to” method is reported. By taking advantage
of dynamic covalent HU chemistry, an isocyanate-terminated polymer is generated
in-situ (Figure 3.1a), which can subsequently react with surface hydroxyl groups to
form a urethane bond, thus functionalizing the CNCs (Figure 3.1b). This study first
demonstrates the viability of the concept with model reactions, then translates the
developed functionalization process toward the modification of CNCs with a range of
polymers.
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Figure 3.1: (a) Schematic of a dynamic hindered urea motif and its dissociation into an
isocyanate and secondary amine, and (b) a schematic of the reaction between a dynamic
hindered urea and hydroxyl groups on the surface of cellulose nanocrystals, forming a
urethane on the CNC surface and releasing the secondary amine.

3.3 Results and Discussion

When designing a hindered urea system for grafting onto CNCs, the dissociation
temperature of the blocked isocyanate is a key consideration. Depending on surface
functionality, CNCs can begin to degrade around 165 °C,[33] so the isocyanate must
be regenerated below that limit. Depending on the amine group used to block the
isocyanate, hindered urea groups can activate between 30 - 200+ °C.[32,34] For this
reason, N-tert-butylmethylamine was chosen as the blocking group because of its
Keq of roughly 90 M-1 at 130 °C, which corresponds to about 8 mol.% hindered urea
activation.[34] This activation temperature is above room temperature and the boiling
point of water to limit premature reactions, but well below the CNC degradation
threshold.
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3.3.1 Isolation and Characterization of c-CNC-OSO3 and c-CNC-COOH

Following a previously reported procedure,[35] cellulose nanocrystals were isolated from
cotton-based cellulose filter paper using sulfuric acid (c-CNC-OSO3) and hydrochloric
acid (c-CNC-OH). Following isolation, the c-CNC-OH nanoparticles were treated
with (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) to oxidize primary alcohol
groups on the CNC surface into carboxylate groups, transforming c-CNC-OH into
c-CNC-COOH. The resulting nanoparticles were freeze-dried for easier handling before
full characterization. In brief, atomic force microscopy (AFM) was used to measure the
dimensions of the c-CNC-COOH to be 170 ± 80 nm in length, 23 ± 5 nm in width, and 10
± 3 nm in height (Figure S3.1a and S3.1b). The dimensions of c-CNC-OSO3 were 148
± 93 nm, 60 ± 10 nm, and 8 ± 3 nm in length, width, and height, respectively (Figure
S3.2a). Conductivity titration determined the surface carboxylate density to be 410 ± 60
mmol/kg (Figure S3.1c) and surface sulfate density to be 285 ± 24 mmol/kg (Figure
S3.2b). Wide angle X-ray scattering (WAXS) measured the crystallinity index to be
0.67 (Figure S3.1d) for c-CNC-COOH and 0.85 for c-CNC-OSO3 (Figure S3.2c). Finally,
thermogravimetric analysis (TGA) showed a degradation onset (Td,95) of 226 °C for
c-CNC-COOH (Figure S3.1e) and 175 °C for c-CNC-OSO3 (Figure S3.2d).

3.3.2 Reactions of Alkyl Hindered Ureas with Protected Sugars and CNCs

To study the dissociation temperature of the selected hindered urea component, a series
of model experiments were conducted with a hindered urea-terminated alkyl chain.
Specifically, dodecyl isocyanate was reacted with N-tert-butylmethylamine in toluene
to make dodecyl-HU. The dissociation of dodecyl-HU was monitored in the melt over
a range of temperatures using in-situ Fourier Transform Infrared (FTIR) spectroscopy
(Figure S3.3a). Dodecyl-HU was heated from 30 °C to 130 °C in increments of 10 °C,
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waiting 10 minutes between each increment. During this test, a characteristic isocyanate
N=C=O stretching peak at 2270 cm-1 began appearing around 100 °C, indicating the
dissociation of hindered urea group and the evaporation of the N-tert-butylmethylamine
(b.p. 69 °C) (Figure S3.3b). The intensity of the isocyanate band continued to increase
with temperature up to 130 °C. Concomitantly, the hindered urea C=O stretching band
at 1630 cm-1 disappeared as a new band appeared at 1654 cm-1, corresponding to C=O
stretching of the isocyanate (Figure S3.3b).

Prior to examining the ability of the dodecyl-HU to react with CNCs, a model
experiment was carried out by reacting dodecyl-HU with 1,2:3,4-di-O-isopropylidene-
α-D-galactopyranose (referred to as PG) (Figure 3.2a). PG is a protected galactose
derivative with only the primary 5-hydroxyl group available for reaction, which allows
for easier characterization of urethane bond formation.[36] Dodecyl-HU and PG were
mixed in a 1:1 molar ratio using a minimal amount of acetone. The solvent was removed
under high vacuum and the reaction proceeded in the melt at 120 °C for 5 hours. The
disappearance of the hindered urea and formation of the urethane compound were
monitored by in-situ FTIR (Figure 3.2b), highlighting the disappearance of the urea C=O
stretching peak at 1645 cm-1 and the concomitant appearance of the urethane C=O
stretching peak at 1722 cm-1. It is worthwhile to note that no other significant peaks
appear in the carbonyl region, suggesting that this reaction is relatively clean and avoids
the formation of side products.

The covalent attachment of dodecyl-HU to CNC was then explored by combining a
2:1 molar ratio of HU to surface alcohol groups on the c-CNC-OSO3 (calculated based
on prior literature[14]) in minimal acetone to blend the components (Figure 3.3a).
In this initial test, sulfate-functionalized CNCs were selected due to the presence of
reactive primary hydroxyl groups as well as charged sulfate surface groups to promote
dispersion and mixing.[37] After removing the acetone with vacuum, the bulk mixture
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Figure 3.2: (a) Schematic of the reaction between PG and dodecyl-HU to form a urethane
bond and (b) the FTIR spectra of the reaction over time, showing the disappearance of the
urea peak at 1645 cm-1 and the appearance of the urethane peak at 1722 cm-1.

was heated to 120 °C for 2 hours to avoid CNC degradation at prolonged times. To
characterize the grafting, it was necessary to remove the unreacted dodecyl-HU from
the functionalized CNCs, which was achieved by washing the reaction mixture five
times with acetone (see supporting information (SI) for full procedure). The resulting
c-CNC-g-dodecane was characterized using FTIR, which showed the appearance of
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Figure 3.3: (a) A schematic of the reaction between dodecyl-HU and surface alcohol
groups on CNCs and (b) FTIR spectra of the resulting c-CNC-g-dodecane, highlighting
the appearance of the urethane peak at 1710 cm-1.

the urethane C=O peak at 1710 cm-1 (Figure 3.3b). It is noteworthy that although the
broadness of the urethane peak could indicate the formation of side products, such as
allophanates,[38] the increased thermal stability of c-CNC-g-dodecane seen in the TGA
curve still supports surface modification (Figure S3.4).While these measurements did
not allow for quantification of the dodecyl group surface density, these results confirm a
successful reaction between the CNCs and the small molecule hindered urea.

Having confirmed that it is possible to functionalize the CNC surface with a small
molecule using dynamic hindered urea chemistry in the bulk, the next step was to
explore the grafting of polymers onto CNC surfaces using this approach.
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3.3.3 Synthesis and Characterization of Hindered Urea-Terminated Polymers

To demonstrate the versatility of this functionalization method, four polymers were
chosen for functionalization onto CNC surfaces: poly(ethylene glycol) at 2,000 and
10,000 g/mol (PEG2k and PEG10k) as well as polycaprolactone (PCL10k) and poly(butyl
acrylate) (PBA10k), both at 10,000 g/mol. PEG was chosen to allow comparison with
previously reported solution-based “grafting-to” chemistries that have been used to
synthesize PEG-grafted CNCs,[14] bio-based PCL was chosen to highlight the ability
to make fully sustainable nanoparticles, and PBA was chosen to highlight the ability
to functionalize and graft polymers synthesized via controlled, living polymerization
techniques.

3.3.3.1 Synthesis and Characterization of PEG-HU and PCL-HU

After purchasing and synthesizing[39] PEG-OH and PCL-OH respectively (see SI for
synthetic details), the next step was to create hindered urea-terminated polymers. For
simplicity, discussion about synthesis and characterization will focus on PEG2k, but
reaction conditions and observations were similar between all PEG and PCL materials.
Isocyanate-terminated PEG2k (PEG2k-NCO) was synthesized at 40 °C in dry toluene
using an excess of hexamethylene diisocyanate and dibutyltin dilaurate (DBTDL) as
catalyst (Figure 3.4a). During the work-up of this intermediate, it was vital to maintain
an inert atmosphere and keep the material cold. Even brief exposure to atmospheric
conditions resulted in impurities in the final product. Once the PEG2k-NCO had been
reacted with N-tert-butylmethylamine (Figure 3.4a), the resulting hindered urea-
terminated PEG2k (PEG2k-HU) was much more stable and could be stored at ambient
conditions for an extended period. The same phenomena were also observed when
synthesizing PEG10k-NCO and PEG10k-HU as well as PCL10k-NCO and PCL10k-HU.
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Figure 3.4: (a) Schematic for the conversion of polymers with alcohol end groups into
hindered urea-terminated polymers, (b) FTIR spectra of PEG2k-OH, PEG2k-NCO, and
PEG2k-HU showing the appearance of the isocyanate peak at 2272 cm-1 in PEG2k-NCO
and the urea peak at 1631 cm-1 in PEG2k-HU, and (c) a schematic for the conversion of
polymers with bromine end groups into hindered urea-terminated polymers.
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PEG2k-NCO was characterized with FTIR (Figure 3.4b), size exclusion chro-
matography (SEC) (Figure S3.5a), and 1H NMR (Figure S3.5b) to verify its structure
prior to protecting the isocyanate with the secondary amine. Once protected with
N-tert-butylmethylamine, 1H NMR was repeated to confirm the appearance of peaks at
2.81 ppm and 1.39 ppm, corresponding to the methyl and tert-butyl groups of the HU,
respectively (Figure S3.5b). Additionally, the appearance of the urea peak at 1631 cm-1

in FTIR confirmed successful synthesis (Figure 3.4b). Shoulders around the urethane
peak imply that isocyanate side reactions could be occurring, such as the formation of
allophanates and biurets. This is further suggested by the presence of a small peak
in the SEC that is roughly double the initial polymer mass (Figure S3.5a). While the
presence of these components would impact the stoichiometry of grafting reactions, their
relatively small mass fraction (15 wt.% based on the PEG2k-HU SEC peak) means that
these are minor side reactions. Similar characterization was conducted on PEG10k-NCO
and -HU as well as PCL10k-NCO and -HU (Figures S3.6 and S3.7).

3.3.3.2 Synthesis and Characterization of PBA-HU

Synthesis of bromine-terminated PBA-Br was achieved using Cu(0)-mediated liv-
ing radical polymerization with ethyl α-bromoisobutyrate as the initiator (Figure
S3.8).[40] To substitute a hindered urea group onto the bromine chain end, a thiol-
functionalized hindered urea was synthesized by blocking allyl isocyanate with
N-tert-butylmethylamine (Figure S3.9). Then, thiol-ene click chemistry was used with
an excess of 1,6-hexanedithiol to generate the desired thio-HU small molecule (Figure
S3.10). Finally, nucleophilic substitution was conducted between the thio-HU and
bromine end group to connect the hindered urea to the polymer chain (Figure 3.4c).
After purification of PBA-HU, SEC showed a small shift to shorter retention times,
consistent with the substitution of the bromine by the thio-HU moiety (Figure S3.8a).
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Additionally, 1H NMR showed the appearance of the methyl and tert-butyl group peaks
at 2.81 ppm and 1.39 ppm respectively (Figure S3.8b).

3.3.4 Preparation, Characterization, and Optimization of PEG2k-grafted

c-CNCs

In prior work, it has been shown that it is possible to quantify the amount of PEG
grafted to CNC-COOH using dynamic thermogravimetric analysis.[14] During initial
HU-terminated polymer grafting tests using sulfate-functionalized c-CNC-OSO3, it was
found that the broader degradation range of the c-CNC-OSO3 (Figure S3.2d) made
quantification of the polymer content on the grafted nanoparticles difficult via TGA. For
this reason, grafting to c-CNC-COOH with a narrower degradation window (Figure
S3.1e) was adopted, resulting in better separation of cellulose and PEG degradation
via thermogravimetry. The key difference between these types of CNC is the presence
of the more reactive primary hydroxyl groups on the c-CNC-OSO3, whereas most of
the primary alcohols have been converted to carboxylate groups on the c-CNC-COOH.
However, isocyanates can also react with the secondary alcohols on a sugar unit, albeit at
a lower rate.[41]

To prepare for grafting, freeze-dried c-CNC-COOH were dispersed in water at a
concentration of 5 mg/mL and solvent exchanged into acetone. Using PEG2k as a
preliminary sample, 400 mg (approx. 2.7 mol eq. relative to surface -OH groups) of
PEG2k-HU were dissolved in the CNC dispersion per 100 mg of c-CNC-COOH. The
acetone was then removed under high vacuum at ambient temperature. The resulting
powder was melted at 120 °C and stirred for 2 hours under vacuum (120 mbar) to
remove the volatile amine and yield c-CNC-g-PEG2k (Figure 3.5a).

To explore the effects of the amine blocking group on CNC grafting, grafting was also
conducted with PEG2k-NCO (Figure 3.5b). Experimentally, the procedure was identical
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Figure 3.5: (a) Schematic of grafting PEG-NCO onto the hydroxyl groups of CNCs, (b)
schematic of grafting PEG-HU onto the hydroxyl groups of CNCs, (c) time-resolved FTIR
of PEG2k-NCO grafting to c-CNC-COOH highlighting the shoulders appearing around
the urethane peak, (d) time-resolved FTIR of PEG2k-HU grafting to c-CNC-COOH with
no such shoulders, (e) change in reactant (isocyanate) and product (urethane) peak
heights plotted against time for PEG2k-NCO grafting, and (f) change in reactant (iso-
cyanate + urea) and product (urethane) peak heights plotted against time for PEG2k-HU
grafting.

129



to PEG2k-HU grafting, but was done immediately after PEG2k-NCO preparation to
avoid any loss of the isocyanate that could occur from hydrolysis or other side reactions
during storage. Grafting was conducted under vacuum on an FTIR thermal stage so
that spectra could be gathered in-situ. The resulting spectra for PEG2k-NCO (Figure
3.5c) highlight the proclivity of the isocyanate to undergo side reactions with large
shoulders appearing around 1765 and 1700 cm-1 in the grafted sample (Figure 3.5c
inset). These peaks likely correspond to uretdione[42] and allophanate[38] production,
respectively. The PEG2k-HU-grafted sample shows notably smaller shoulders (Figure
3.5d). To quantify these differences, the decrease of the isocyanate (2275 cm-1) and
urea (1655 cm-1) reactant peaks is plotted against time along with the increase of the
product urethane peak (1722 cm-1). In an ideal system, the consumption of reactants
should translate directly into product growth, indicating inhibition of any side reactions
taking place. For grafting with PEG-NCO (Figure 3.5e), these two curves diverge within
the first 30 minutes of the reaction, emphasizing the fact that the isocyanate moiety is
undergoing side reactions. In contrast, the PEG-HU grafting curves (Figure 3.5f) show
strong alignment throughout the reaction, consistent with increased control with the
hindered urea relative to the unblocked isocyanate. Based on this analysis, the blocked
isocyanate shows superior performance compared to the unblocked system, allowing for
more controlled grafting reactions.

To confirm that the polymer chains were indeed grafted to the CNCs, it is important
to remove any unreacted polymer and carry out detailed characterization of the degree
of functionalization on the polymer-grafted CNCs. To ensure thorough removal of
excess unreacted polymer after surface functionalization, a diagnostic test was done
by adding dye-tagged PEG to the reaction after completion and tracking the amount
of dye remaining in the product after each wash (Figure S3.11). It was found that the
most effective washing method for PEG removal was a 1:1 mixture of acetone:water.
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After 12 centrifugation and resuspension cycles, no residual dye could be detected in the
supernatant, implying that most, if not all, of the non-attached polymer chains had been
removed. This strategy was then employed for the removal of untagged free polymer
chains in all other samples.

After thorough cleaning, the amount of grafted polymer was measured using
high resolution, dynamic TGA. Dynamic TGA is a procedure that slows the heating
rate of the experiment whenever a mass loss event is detected, which helps to isolate
individual degradation events. This method allowed for enhanced separation of
CNC and polymer degradation, allowing for more accurate quantification of polymer
content via thermogravimetry (Figure 3.6a).[43] By integrating the area under the PEG
degradation peak between 330-400 °C (Figures 3.6b and S3.12), the PEG mass fraction
could be determined and used to calculate the surface grafting density based on the
crystal structure of cellulose and the CNC dimensions measured via AFM.[14,44]

Figure 3.6: (a) TGA degradation curves of c-CNC-COOH, PEG2k-HU, and a characteris-
tic sample of c-CNC-g-PEG2k and (b) the derivative of the c-CNC-g-PEG2k degradation
curve, highlighting the separation of CNC degradation and PEG degradation (shaded).
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With characterization established, a series of experiments were done to optimize the
reaction conditions for grafting PEG2k-HU to c-CNC-COOH by varying the reaction
time, reaction temperature, and ratio of polymer to surface hydroxyl groups (Table
3.1). The model reactions discussed earlier helped to define upper and lower limits
for these tests, with 2 hours, 120 °C, and 400 mg PEG for every 100 mg c-CNC-COOH
being considered the baseline conditions. From these studies, two hours was found to
be the optimal reaction time, with shorter reactions not allowing for full HU conversion
and longer reactions allowing more time for side reactions to reduce grafting density.
The optimal reaction temperature was found to be 130 °C, with lower temperatures
not activating the hindered urea groups efficiently enough and higher temperatures
promoting side reactions.

While it was expected that grafting efficiency would decrease as the ratio of polymer
to c-CNC-COOH mass increased, it was found that the grafting density plateaued above

Table 3.1: An array of c-CNC-g-PEG2k grafting reaction conditions and the resulting reac-
tion efficiencies and grafting densities.

c-CNC-COOH
[mg]

PEG2k-HU
[mg

(mol eq.)a]
Time
[hr]

Temperature
[°C]

Reaction
Efficiency

[% of chains
grafted]

Grafting
Density

[chains/nm2]
100 400 (2.7) 1.5 120 6.3 0.41
b100 400 (2.7) 2 120 7.9 0.51
100 400 (2.7) 3 120 7 0.45
100 400 (2.7) 4 120 5.7 0.37
100 400 (2.7) 2 110 6.3 0.4
b100 400 (2.7) 2 120 7.9 0.51
100 400 (2.7) 2 130 9.5 0.61
100 400 (2.7) 2 140 6.5 0.42
100 100 (0.7) 2 120 21.7 0.35
100 200 (1.4) 2 120 16.9 0.54
b100 400 (2.7) 2 120 7.9 0.51
100 800 (5.4) 2 120 4.1 0.53
100 1600 (10.9) 2 120 1.9 0.48

a molar equivalent relative to surface alcohol groups on the c-CNC-COOH
b denotes the same baseline data, repeated for clarity
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200 mg of PEG2k-HU. It is possible that the higher ratio of polymer chains results in an
increased concentration of isocyanate groups that can react with each other rather than
the CNC surface. Additionally, steric bulk at the CNC surface may provide a physical
limit as more polymer chains attach to the nanoparticles. By reducing the polymer:CNC
ratio further to 1:1 by mass, too few polymer chains are present in the system, causing
grafting density to be reduced from 0.54 to 0.35 chains/nm2. In fact, varying the
polymer:CNC mass ratio allows access to c-CNC-g-PEG2k with grafting densities that
range from 0.35 to 0.54 chains/nm2. It is worth noting that the reaction efficiency
(polymer grafted vs. polymer added to the reaction) is better at lower polymer:CNC
mass ratios. The optimized reaction conditions for PEG2k grafting (1.4 eq. of polymer
relative to surface hydroxyl groups, 2 hour reaction time, and 130 °C) were used to graft
all other polymers to the CNC surface to allow for comparison.

3.3.5 Results and Analysis of Grafting with a Variety of Polymers

To explore the versatility of this technique, grafting was also carried out with HU-
terminated PEG10k, PCL10k, and PBA10k in addition to PEG2k with the established
optimized conditions. For PCL and PBA-grafted CNCs, the cleaning washes were done
with THF, which is a good solvent for both polymers.

It was not possible to determine the amount of PCL in the c-CNC-g-PCL10k samples
using dynamic TGA as PCL degradation could not be deconvoluted from CNC degra-
dation. Thus, an FTIR calibration curve was created by mixing varying ratios of PCL
and CNCs and measuring the relative intensity of the 1724 cm-1 peak in the normalized
spectra, corresponding to the carbonyl group in the PCL repeat unit (Figure 3.7). When
plotted against PCL content, the peak heights generated a linear relation that could be
used to estimate grafted PCL content (Figure 3.7 inset). For PBA, both dynamic TGA and
FTIR calibration curves were used to quantify the grafted polymer content, and both
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Figure 3.7: FTIR data for c-CNC-COOH mixed with PCL10k-OH at various ratios along
with the resulting calibration curve (inset) with the polymer-grafted c-CNC-g-PCL10k
overlayed on both.

methods corroborated each other (Figures S3.13 and S3.14).
The results for grafting all polymers with the optimized conditions can be seen in

Table 3.2. Putting these results in the context of other grafting methods, prior work
from Rowan and coworkers used peptide coupling in DMF to access PEG-grafted
CNCs.[14] With PEG2k, the best reaction conditions resulted in a grafting density of

Table 3.2: Grafting results for a variety of polymers onto c-CNC-COOH using optimized
grafting conditions.

Sample Polymer Mass
Fraction [wt.%]

Grafting Density
[chains/nm2]

c-CNC-g-PEG2k 26.5a 0.58
c-CNC-g-PEG10k 28.0a 0.13
c-CNC-g-PCL10k 18.6b 0.07
c-CNC-g-PBA10k 8.7b 0.03
a measured via dynamic TGA
b measured via FTIR calibration curve
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0.33 chains/nm2. This work observed a grafting density of 0.58 chains/nm2 using the
optimized conditions, which is significantly higher than the grafting density achieved in
solution. It is, of course, important to note that the isocyanates can react with the 2- and
3-hydroxyl groups on the cellulose unit, whereas only the primary 6-hydroxyl can react
with the amine during peptide coupling. It is possible to use the hindered urea grafting
approach to replicate the solution grafting density reported in this prior literature using
half as much polymer reactant by mass.

For PEG10k grafting, the resulting grafting density was 0.13 chains/nm2, which is
lower than the PEG2k-grafted sample presumably on account of the steric bulk of the
larger polymer chains. Compared to the highest solution grafting density results of 0.07
chains/nm2 for PEG10k, the hindered urea grafting method developed herein is able to
achieve greater grafting densities than solution-based grafting methods.[14]

Based on the FTIR calibration curve for c-CNC-g-PCL10k, the calculated grafting
density of 0.07 chains/nm2 is slightly lower than the PEG10k grafting density. While the
different polymer structures make these results difficult to compare, it is hypothesized
that the reduced flexibility of the polycaprolactone chain (Kuhn length b = 7.0 Å
for PCL[45] vs. b = 6.0 Å for PEG[46]) likely increases the steric hinderance at the
nanoparticle surface, resulting in fewer polymer chains finding a reactive site on the
CNC. Nearly all PCL-grafted CNCs in literature are synthesized via ring opening
polymerization from the CNC surface, which is a technique that makes it difficult
to characterize the grafted chain length or density. As an elementary comparison, a
few reports have used FTIR to characterize their PCL-grafted CNCs and the relative
intensity of the 1724 cm-1 peak corresponding to the carbonyl in the PCL backbone
is roughly similar to the relative intensity observed here (Figure 3.7), suggesting
that the PCL content of the resulting nanoparticles is competitive with grafting-from
techniques.[10,47,48]

135



Finally, PBA10k grafting resulted in 0.03 chains/nm2, which is notably lower than the
PEG10k and PCL10k counterparts. This reduction in grafting density has been attributed
to a further increase in the steric bulk from the butyl pendant group. Additionally, the
more hydrophobic nature of this polymer may hinder mixing during the melt grafting
process, further limiting surface functionalization. Regardless, the FTIR and TGA traces
(Figures S3.13 and S3.14) show clear evidence of grafting, and the synthesis method is
potentially applicable to a wide range of bromine-terminated polymers.

3.4 Conclusions

Taking inspiration from the polyurethane industry, a method has been developed for the
melt-functionalization of cellulose nanocrystals. By installing dynamic hindered urea
moieties on the end of polymer chains, isocyanate groups were formed in-situ in the
bulk. The isocyanate groups generated were able to react with surface hydroxyl groups
on the CNCs, linking the polymer to the nanoparticle via a urethane linkage. The efficacy
of the reaction was verified with a model small molecule system before being optimized
with hindered urea-terminated PEG2k chains on cotton-based, TEMPO-oxidized CNCs.
Compared to the unblocked isocyanate, the hindered urea-functionalized polymer chains
showed fewer side reactions, emphasizing the increased synthetic control afforded by the
blocked system. The resulting polymer-grafted nanoparticles exhibited grafting densities
that were superior to solution-based functionalization methods without the need for
harmful solvents during the grafting reaction. Finally, the versatility of this method
was highlighted by grafting CNC surfaces with hindered urea-terminated dodecane,
PEG10k, PCL10k, and PBA10k. Each of the resulting polymer-grafted nanoparticles
showed polymer contents that were competitive with literature. Sustainable and efficient
processing are crucial characteristics for polymer-grafted CNC to achieve commercial
success going forward, and this method advances both of those metrics while achieving
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strong grafting densities with a range of polymers.

3.5 Materials, Methods, and Instrumentation

3.5.1 Materials

If not specified otherwise, all compounds and solvents were used as received, without
further purification. Hydrochloric acid (HCl), sodium bromide (NaBr), sodium
hypochlorite (NaOCl), D-(+)-galactose, sulfuric acid, dodecyl isocyanate, N-tert-
butylmethylamine, methoxy-poly(ethylene glycol) (2,000 g/mol and 10,000 g/mol,
PEG2k-OHandPEG10k-OH), hexamethylene diisocyanate, dibutyltin dilaurate (DBTDL),
disperse orange 3 (DO3), benzyl alcohol, 1,5,7-Triazabicyclo[4.4.0]dec-5-ene, ϵ-caprolact-
one, ethyl α-bromoisobutyrate (EBiB), butyl acrylate, tris[2-(dimethylamino)ethyl]amine
(Me6TREN), copper (II) bromide (CuBr2), allyl isocyanate, 2,2-dimethoxy-2-phenyl-
acetophenone (DMPA), triethylamine (TEA) and chloroform-d (CDCl3) were all pur-
chased from Sigma-Aldrich. Whatman filter paper, sodium hydroxide (NaOH), sodium
carbonate, copper(0) wire, basic alumina, neutral alumina, and all solvents, acetone,
toluene, hexanes, dimethyl sulfoxide (DMSO), diethyl ether, chloroform, tetrahydrofuran
(THF), dichloromethane (DCM), ethyl acetate, and N,N-dimethylformamide (DMF),
were purchased from Fisher Scientific. (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)
was purchased from Ambeed, poly-(L)-lysine was purchased from Ted Pella, and
1,6,-hexanedithiol was purchased from Oakwood Chemical.

3.5.2 Methods

3.5.2.1 Preparation of c-CNC-OSO3

10 g of Whatman Number 1 Grade Filter Paper were cut into small pieces, poured into
500 mL deionized water, and blended until formation of a pulp. The CNC-pulp solution
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was then placed into an ice bath and 280 mL of concentrated sulfuric acid (98 %) was
slowly added under stirring. During the addition, the temperature of the reaction was
maintained below 35°C. After complete addition, the mixture was heated to 45 °C and
stirred for 5 h. The mixture was then cooled to room temperature and filtered through
a fine-fritted glass filter. The CNCs were centrifuged at 8000 rpm and resuspended
in water ∼5 times until the supernatant reached a neutral pH. Finally, the thoroughly
washed material was suspended in DI and freeze-dried to yield c-CNC-OSO3 in fluffy
powder form (7.6 g).

3.5.2.2 Preparation of c-CNC-OH

10 g of Whatman Number 1 Grade Filter Paper were cut into small pieces, mixed with
500 mL deionized water, and blended into a uniform pulp. In a 2 L round bottom flask,
75 mL of concentrated HCl was combined with 225 mL of DI water and heated to 100
°C. Once at temperature, the CNC-pulp solution was added to the HCl solution and
stirred for 90 minutes. The mixture was then filtered through fine-fritted glass filter
before resuspending the c-CNC-OH in DI water. The CNCs were centrifuged at 8000 rpm
and resuspended in water ∼5 times until the supernatant reached neutral pH. Finally,
the thoroughly washed material was suspended in DI water and freeze-dried to yield
c-CNC-OH in fluffy powder form (7 g).

3.5.2.3 Preparation of c-CNC-COOH via TEMPO Oxidation

TEMPO oxidation of c-CNC-OH was conducted based on a prior literature report.[49]

In brief, 7 g of c-CNC-OH were dispersed in 700 mL of DI water and dispersed with
probe sonication. To the dispersed CNCs, pre-dissolved TEMPO (0.109 g, 0.7 mmol),
NaBr (0.306 g, 3.5 mmol), and NaOCl (14.08 mL, 210 mmol) were added. The pH was
adjusted to 10-10.5 and maintained in that range using 1 M NaOH for 2 hours, or until

138



the pH stopped decreasing. Once the reaction was complete, the solution was filtered
through fine-fritted glass filter before resuspending the c-CNC-COOH in DI water.
The CNCs were centrifuged at 8000 rpm and resuspended in water ∼5 times. Finally,
the thoroughly washed material was suspended in DI water and freeze-dried to yield
c-CNC-COOH as a fluffy white powder (6 g).

3.5.2.4 Determination of Surface Carboxylate Concentration

To determine the carboxylate content of the isolated and oxidized c-CNC-COOH,
conductivity titration was performed with a pH probe by recording conductivity and
pH following dropwise addition of 0.01 M NaOH. The resulting conductivity data was
plotted against the volume of added NaOH and the weak acid plateau was used to
determine the concentration of carboxylates on the surface of the CNCs. The functional
group density was determined using the following equation:

Carboxylate Density(
mol

kg
) =

Concentration ∗ V olumeplateau
Mass(kg)

To convert from surface concentration (mol/kg) to surface density (groups/nm2),
the calculated value is multiplied by 3.21, which was calculated based on the crystal
structure of cellulose Iβ as well as the CNC dimensions measured via AFM.[14] For
example, a measured surface concentration of 0.37 mol/kg equates to 1.2 groups/nm2.

3.5.2.5 Synthesis of the Isopropylidene-Protected D-galactose (PG)

The isopropylidene protection of D-(+)-galactose was prepared following a previously
reported procedure.[36] D-(+)-galactose (5 g, 27.7 mmol, 1 eq.) was dissolved in acetone
(185 mL) and the solution was put in an ice bath. Concentrated sulfuric acid (98%) was
added dropwise into the mixture (5.5 mL, 1.1 mL/g). The reaction mixture was then
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stirred at room temperature for 5 h and neutralized with a solution of sodium carbonate
until reaching a pH of 7. The resulting white precipitate was filtered and washed with
acetone. The filtrate was collected and dried under high vacuum to remove residual
solvent and yield the protected galactose (PG) as a light-yellow oil. 1H NMR (400 MHz,
CDCl3) δ 5.56 (d, J = 5.0 Hz, 1H), 4.61 (dd, J = 8.0, 2.5 Hz, 1H), 4.33 (dd, J = 4.92, 2.63
Hz, 1H), 4.27 (dd, J = 8.1, 1.7 Hz, 1H), 3.90 – 3.80 (m, 2H), 3.72 (dd, J = 10.8, 3.5 Hz,
1H), 1.52 (s, 3H), 1.45 (s, 3H), 1.33 (s, 6H).

3.5.2.6 Synthesis of alkyl end-functionalized hindered urea (Dodecyl-

HU)

Dodecyl isocyanate (1.14 mL, 5.3 mmol, 1 eq.) and N-tert-butylmethylamine (0.65 mL,
5.5 mmol, 1.02 eq.) were solubilized in dry toluene (100 mL). The mixture was stirred
at room temperature for 6 h. The resulting precipitate was filtered, thoroughly washed
with hexanes, and dried under high vacuum to yield dodecyl-HU as a white powder. 1H
NMR (400 MHz, CDCl3) δ 4.22 (br, 1H), 3.17 (dt, J = 7.5, 5.6 Hz, 2H), 2.81 (s, 3H), 1.48
(t, J = 7.3 Hz, 3H), 1.39 (s, 9H), 1.34 – 1.20 (m, 18H), 0.87 (t, J = 6.8 Hz, 3H).

3.5.2.7 Procedure for PG and Docedyl-HU model reaction in melt

In a desired ratio, PG and dodecyl-HU compounds were dissolved in a small vial using a
minimal amount of acetone (ca. 1-2 mL). A final weight of 200 mg of compound was tar-
geted, to ensure enough material for analysis. The solvent was removed under high pres-
sure vacuum overnight to yield a dried solid powder. The powder was then heated to 120
°C and stirred in ambient atmosphere for 8 h. The experiment was track with in-situ FTIR,
focusing on the urea and urethane peaks at 1645 and 1722 cm-1, respectively.
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3.5.2.8 Synthesis of Isocyanate-terminated PEG (PEG-NCO)

Poly (ethylene glycol) methyl ether (2 g, 1 mmol), previously azeotropically dried
from toluene under high vacuum, was dissolved in dry toluene (20 mL) under inert
atmosphere. Hexamethylene diisocyanate (1.6 ml, 10 mmol) and a trace amount of
DBTDL were added into the solution. The mixture was heated at 40 °C under stirring
and nitrogen atmosphere for 2 h. The polymer was precipitated in cold hexanes (200
mL) twice from a concentrated toluene solution, taking extreme care to keep the polymer
under inert atmosphere as much as possible. The resulting PEG-NCO was dried under
high vacuum to yield a solid white material for characterization. 1H NMR (400 MHz,
CDCl3) δ 4.83 (br, 1H), 4.21 (t, J = 4.8 Hz, 2H), 3.83 – 3.42 (backbone), 3.37 (s, 3H), 3.30
(t, J = 6.6 Hz, 2H), 3.16 (q, J = 6.7 Hz, 2H), 1.67 – 1.20 (m, 8H). SEC (THF) Mn, 2k =
4,730 g/mol, Ð2k = 1.10; Mn, 10k = 10,600 g/mol, Ð10k = 1.008.

3.5.2.9 Synthesis of Hindered-urea Terminated PEG (PEG-HU)

Dried PEG-NCO (1.75 g, 0.8 mmol) and N-tert-butylmethylamine (0.945 mL, 8 mmol)
were dissolved in dry toluene (35 mL) under inert atmosphere. The mixture was stirred
at room temperature for 2 h. The product was then precipitated 4 times in cold hexane
(350 mL) from a concentrated toluene solution and dried to yield PEG-HU as a solid
white material. 1H NMR (400 MHz, CDCl3) δ 4.86 (br, 1H), 4.28 (br, 1H), 4.20 (t, J = 4.7
Hz, 2H), 3.83 – 3.42 (backbone), 3.37 (s, 3H), 3.16 (m, 4H), 2.81 (s, 3H), 1.48 (m, 4H),
1.38 (s, 9H), 1.33 (m, 4H). SEC (THF) Mn, 2k = 3,130 g/mol, Ð2k = 1.10, Mn, 10k =
13,000 g/mol, Ð10k = 1.07.
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3.5.2.10 Synthesis of Disperse Orange 3-terminated PEG (PEG-DO3)

PEG-HU (1 g, 0.5 mmol) was dissolved in dry DMSO along with DO3 (1.21 g, 5 mmol).
The solution was heated to 120°C under vacuum (200 mbar) for 2 hours to remove the
urea blocking group without evaporating the solvent. The DMSO was removed via
liquid-liquid extraction with water and chloroform, where the DMSO went into the
aqueous layer and the product remained in the organic layer. After concentrating, the
organic layer was precipitated in diethyl ether 3 times before drying and characterizing
the resulting PEG-DO3. 1H NMR (400 MHz, CDCl3) δ 8.41 – 7.55 (ar, 8H), 5.70 (br, 1H),
5.10 (br, 1H), 4.20 (t, J = 4.7 Hz, 2H), 3.83 – 3.42 (backbone), 3.37 (s, 3H), 3.22 (m, 4H),
1.48 (m, 4H), 1.33 (m, 4H).

3.5.2.11 Synthesis of Polycaprolactone (PCL)

Benzyl alcohol (0.24 mL, 23.1 mmol), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (6.4 mg, 0.05
mmol, 0.1 mol.%), and ϵ-caprolactone (5 mL, 462.4 mmol) were mixed under inert
atmosphere. The mixture was heated at 60 °C for 4 hours, then quenched with benzyl
alcohol (2.5 mL). The polymer was precipitated 5 times in cold diethyl ether (200 mL)
from concentrated solution of THF and dried to yield PCL as a white solid material. 1H
NMR (400 MHz, CDCl3) δ 7.35 (ar, 5H), 4.05 (m, 2H), 2.30 (m, 2H), 1.64 (m, 4H), 1.38
(m, 2H). SEC (THF) Mn = 9,070 g/mol, Ð = 1.23.

3.5.2.12 Synthesis of PCL end-functionalize isocyanate (PCL-NCO)

PCL (2.051 g, 1.26 mmol), previously azeotropically dried from toluene under high
vacuum, was dissolved in dry THF (100 mL) under inert conditions. Hexamethylene
diisocyanate (3 mL, 25 mmol) and a tiny amount of DBTDLwere added into the solution.
The mixture was heated at 40 °C under stirring and nitrogen atmosphere for 2 h. The
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polymer was precipitated 4 times in cold diethyl ether (100 mL) from a concentrated
THF solution and dried to yield PCL-NCO as a white solid material. 1HNMR (400 MHz,
CDCl3) δ 7.35 (ar, 5H), 4.68 (br, 1H), 4.06 (m, backbone), 3.30 (m, 2H), 3.16 (m, 2H),
2.30 (m, backbone), 1.64 (m, backbone), 1.51 (m, 4H), 1.38 (m, backbone), 1.28 (m, 4H).
SEC (THF) Mn = 14,300 g/mol, Ð = 1.43.

3.5.2.13 Synthesis of PCL end-functionalize hindered urea (PCL-HU)

Dried PCL-NCO (1.72 g) and N-tert-butylmethylamine (2 mL, 16.68 mmol) were
dissolved in dry THF (60 mL) under inert atmosphere. The mixture was stirred at room
temperature for 2 h. The product was then precipitated 4 times in cold ether (100 mL)
from a concentrated THF solution and dried to yield PCL-HU as a solid white material.
1H NMR (400 MHz, CDCl3) δ 7.35 (ar, 5H), 4.74 (br, 1H), 4.29 (br, 1H), 4.06 (m,
backbone), 3.16 (m, 4H), 2.81 (s, 3H), 2.30 (m, backbone), 1.64 (m, backbone), 1.50 (m,
4H), 1.38 (m, backbone + 9H), 1.25 (m, 4H). SEC (THF) Mn = 11,100 g/mol, Ð = 1.34.

3.5.2.14 Synthesis of Poly(Butyl Acrylate) (PBA-Br)

PBA-Br was synthesized via Cu(0)-mediated living radical polymerization, following a
published procedure.[40] In brief, butyl acrylate was filtered through basic alumina to
remove any inhibitor, then the initiator (EBiB) (1 eq.), monomer (targeting 10,000 g/mol
at 50% conversion), CuBr2 (0.05 eq.), and DMF (targeting 75 vol.% relative to all other
reactants) were all added to a round-bottom flask. The flask was sparged with inert gas
for 15 minutes before adding the Me6TREN ligand (0.12 eq.). A stir bar was wrapped in
10 cm of copper wire and cleaned with concentrated HCl, then rinsed with acetone and
DMF before dropping it into the flask to begin the reaction. NMR aliquots were taken
every 30 minutes to track conversion and the reaction was quenched by opening it to air
and removing the stir bar once it reached 50% conversion. The polymer was purified by
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rotary evaporation of any remaining monomer, redissolving in DCM, running it through
a neutral alumina plug to remove the copper and ligand, then drying on high vacuum
overnight before characterizing. The pure polymer was characterized with 1H NMR and
SEC to confirm the product. 1H NMR (400 MHz, CDCl3) δ 4.03 (m, 2H), 2.28 (m, 1H),
1.90 (m, 1H), 1.60 (m, 3H), 1.37 (m, 2H), 0.93 (m, 3H). SEC (THF) Mn = 13,000 g/mol,
Ð = 1.21.

3.5.2.15 Preparation of Thio-HU for End Group Functionalization

Thio-HU was synthesized in a two-step process before being added to the polymer chain
end. First, an allyl-hindered urea was synthesized by mixing allyl isocyanate (1 eq.) with
N-tert-butylmethylamine (1.1 eq.) at 1 M concentration in DCM. The resulting allyl-HU
was purified with high vacuum to remove all solvent and remaining reactants, resulting
in a white solid, before characterizing with 1H NMR, 13C NMR, and high-resolution
mass spectrometry. 1H NMR (400 MHz, CDCl3) δ 5.87 (ddt, J = 17.2, 10.2, 5.6 Hz, 1H),
5.14 (dq, J = 17.2, 1.7 Hz, 1H), 5.06 (dq, J = 10.2, 1.5 Hz, 1H), 4.33 (br, 1H), 3.80 (tt, J =
5.6, 1.6 Hz, 2H), 2.82 (s, 3H), 1.37 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 159.09 (C =
O), 136.13 (C = C – C), 115.40 (C = C), 55.71 (C), 43.31 (C = C – C), 31.84 (CH3), 29.05
(3CH3). HRMS (ESI) m/z: [M + H]+ calcd for C9H18N2O, 171.1453; found, 171.1497.

A thiol group was added to the allyl-HU by dissolving 1 eq. of allyl-HU in 15 eq.
of 1,6-hexanedithiol along with 0.5 eq. DMPA photoinitiator. Once dissolved, the
solution was placed on a low-power UV source (bug zapper) for 30 minutes. The
resulting thio-HU molecule was purified by loading the crude mixture onto a silica
column with 9:1 hexanes:ethyl acetate. This 9:1 mixture pushed the excess dithiol and
initiator fragments through, while retaining the product in the column. The product was
then flushed from the column using pure ethyl acetate. Thio-HU was then dried as a
yellow oil before characterization with 1H NMR, 13C NMR, and high resolution mass
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spectrometry. 1H NMR (400 MHz, CDCl3) δ 4.51 (br, 1H), 3.27 (td, J = 6.7, 5.6 Hz, 2H),
2.80 (s, 3H), 2.57 – 2.44 (m, 6H), 1.78 (qi, J = 6.9 Hz, 2H), 1.65 – 1.50 (m, 4H), 1.37 (m,
13H), 1.31 (t, J = 7.8 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 159.36 (C = O), 55.62 (C),
40.08 (C – N), 33.94 (CH2), 32.16 (S – C), 31.88 (CH3), 30.01 (CH2), 29.96 (CH2), 29.51
(CH2), 29.08 (3CH3), 28.39 (CH2), 28.02 (CH2), 24.64 (CH2). HRMS (ESI) m/z: [M +
H]+ calcd for C15H32N2OS2, 321.1990; found, 321.2041.

3.5.2.16 Synthesis of Hindered Urea-Terminated PBA (PBA-HU)

Thio-HU was added to PBA-Br chain ends via nucleophilic substitution. The bromine-
terminated polymer (1 eq.) was dissolved in acetone at 500 mg/mL along with TEA (10
eq.). The solution was then purged with inert gas for 5 minutes before adding thio-HU
(2 eq.). The reaction was allowed to proceed for 24 hours before another 2 eq. of thio-HU
were added under inert atmosphere. This process was repeated until 5 total additions
were made, totaling 10 eq. of thio-HU. The resulting HU-terminated PBA-HU was
purified by running the crude solution through a silica plug with 65:35 hexanes:ethyl
acetate, where the PBA-HU eluted first, followed by the other reagents. The products
were then dried before characterization with 1H NMR and SEC. 1H NMR (400 MHz,
CDCl3) δ 4.51 (br, 1H), 4.03 (m, backbone), 3.29 (m, 2H), 2.81 (s, 3H), 2.52 (m, 6H), 2.27
(m, backbone), 1.90 (m, backbone), 1.80 (m, 4H), 1.60 (m, backbone), 1.39 (s, 9H), 1.37
(m, backbone), 0.93 (m, backbone). SEC (THF) Mn = 11,900 g/mol, Ð = 1.04.

3.5.2.17 Functionalization of c-CNC-g-Polymer in Melt

The c-CNC-COOH (30 to 200 mg) were dispersed in 25 mL of deionized water by
ultrasonication for 15 min, then solvent exchanged into acetone (see below). Relative
to the CNC mass, hindered-urea-terminated polymer of the desired molar ratio was
added to the CNC suspension and placed in a sonic bath until completely dissolved. The
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solvent was removed under high vacuum overnight to yield a dried powder. Once dry,
the mixture was placed in an oil bath at 130°C and 120 mbar vacuum was applied to
pull off the released volatile amine. After 2 hours, heat was removed and a mixture of
water/acetone in a 1:1 ratio (50 mL) was added to the PEG grafting reactions, or THF
for PCL and PBA reactions. The mixture was centrifuged and resuspended in the same
solvent 10 times to remove non-attached polymer. The resulting c-CNC-g-Polymer were
suspended in water and freeze-dried to obtain a fluffy powder.

3.5.2.18 Measuring Non-Grafted Polymer Chains

A UV-Vis calibration curve was created for PEG-DO3 in 1:1 water/acetone mixture from
100 mM to 10 nM. The functionalization of c-CNC-g-PEG was carried out as described
before. After the grafting reaction was completed, a mixture of water/acetone in a 1:1
ratio (50 mL) containing 1 eq. of PEG-DO3 (relative to the PEG-HU added to the original
reaction) was added to the medium. The mixture was centrifuged and resuspended in
the same solvent couple, and the supernatants were analyzed with UV-Vis spectroscopy
to track the removal of non-grafted polymer.

3.5.2.19 Solvent Exchange of CNCs

To disperse CNCs in non-aqueous solvents such as acetone, solvent exchange can be
done to improve the quality of the suspension. In essence, 100 mg of CNCs are dispersed
in 20 mL of DI water in a centrifuge tube using an ultrasonic bath before adding 20 mL
of acetone. After mixing, the acetone/water suspension is centrifuged (10,000 g for
10 minutes) and the supernatant is poured off and replace by another 1:1 mixture of
acetone:water. The precipitate is resuspended using a sonic bath and vortexer before
centrifuging once again. The supernatant is then poured off and replace by pure acetone.
Once the precipitate is resuspended, the CNCs form a more stable dispersion in acetone.
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3.5.2.20 CNC + PCL and CNC + PBA FTIR Calibration Curves

To measure the polymer content of grafted CNCs, FTIR calibration curves were generated
for PCL and PBA. In a small vial, 5-10 mg of c-CNC-COOH were mixed with the desired
amount of polymer using a 20 mg/mL stock solution in MeOH to target samples with 5,
10, 15, 20, and 25 wt.% polymer. Minimal additional MeOH was added, and a spatula
was used to ensure thorough mixing. The vials were immediately placed under high
vacuum to remove the methanol and ensure a uniform distribution of polymer within
the CNCs. Once dry, the samples were analyzed using FTIR and a calibration curve was
developed based the representative carbonyl peak of each polymer (1724 cm-1 for PCL,
and 1730 cm-1 for PBA).

3.5.3 Instrumentation

Atomic Force Microscopy (AFM) was done with a Cypher ES Environmental equipped
with FS-1500 probes (Asylum Research) to determine the dimensions of CNCs. Crystals
were dispersed in water by ultrasonication (10 min, 25% power, 3 s on/off cycle) at a
concentration of 0.01% (w/w). A mica surface was mechanically exfoliated, treated with
50 µL poly(L-lysine), gently rinsed with DI water, then 50 µL of the freshly prepared
CNC dispersion was drop-cast onto the surface. The dispersions were gently rinsed with
DI water after 3 minutes and substrates were air-dried overnight prior to imaging. The
images were recorded using tapping mode and the data was analyzed with Gwyddion
software (Czech Metrology Institute).

Conductometric titrations of carboxylate and sulfate functional groups on the surface
of the CNCs were performed using an Accumet XLbenchtop pH/conductivity meter on
aqueous solutions. In brief, 30 mg of the desired CNCs were dispersed in 80 mL of DI
water using probe sonication. For c-CNC-COOH the solution was acidified to a pH of
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2-3 using concentrated HCl, then 0.01 M NaOH was titrated in using a syringe pump.
For c-CNC-OSO3, 0.01 M NaOH was directly titrated without acidification. Data was
recorded at regular intervals and plotted as Conductivity vs. Volume added to determine
the functional group content of the nanoparticles.

Fourier transform infrared (FTIR) spectroscopy of solid samples was carried out using
a Shimadzu IRTracer-100 Fourier transform infrared spectrometer in the attenuated total
reflection (ATR) geometry with a monolithic diamond ATR crystal. The sample temper-
ature was controlled under a vacuum using the PIKE GladiATR accessory. Data was col-
lected in the range of 4000–400 cm-1, averaging over 45 scans, and treated with Shimadzu
LabSolutions IR software.

High resolution mass spectrometry (HRMS) was performed on an Agilent 6224 ToF-MS
using electrospray ionization (ESI).

Nuclear magnetic resonance (NMR)was carried out at ambient temperature on a Bruker
Avance II+ 400 spectrometer at frequencies 400 MHz for 1H nuclei and 101 MHz for 13C
nuclei. Spectra were calibrated to the residual solvent peak of CDCl3 (7.26 ppm 1HNMR,
77.16 ppm for 13C NMR) and processed with MestReNova software. All chemical shifts,
δ, are reported in parts per million (ppm) with coupling constant in Hz (multiplicity: s
= singlet, d = doublet, dd = double doublet, td = triple doublet, t = triplet, dt = double
triplet, tt = triple triplet, ddt = double double triplet, q = quadruplet, dq = double
quadruplet, qi = quintuplet, m = multiplet, br = broad signal, ar = aromatic signal).

Size exclusion chromatography (SEC) of the polymers was performed on a Shimadzu
Prominence High Performance Liquid Chromatography system using an eluent
mobile phase of THF at a flow rate of 1 mL/min. Separation was achieved using two
PLgel mixed-D columns (Agilent) maintained at ambient temperature with pore
sizes suitable for materials with effective molecular weights from ∼200 to 400,000
g/mol. The differential refractive index signal was collected using a Wyatt Optilab
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T-rEX differential refractometer (λ = 658 nm), and on-line multi-angle light scattering
(MALS) measurement was performed using a Wyatt Dawn Heleos II light scattering
detector. Data analysis was carried out using Wyatt Astra VII software. Weight-averaged
molecular weights (Mw) were determined by MALS, and number-average molecular
weights (Mn) were determined in comparison to narrow dispersity polystyrene
calibration standards (from 1,800 to 400,000 g/mol).

Thermogravimetric analysis (TGA) was performed using a TA Instruments Discovery
thermogravimetric analyzer. Samples (∼5 mg) were loaded in Pt crucibles and heated
under a N2 atmosphere. High resolution dynamic procedure with default settings
(sensitivity = 1, ramp = 10 to 700 °C, resolution = 5) were applied. Data was processed
in TA Instruments Trios software.

Wide-angle X-ray scattering (WAXS) patterns were recorded using a SAXSLAB
GANESHA 300XL system with Cu Kα source (λ= 0.154 nm) at a voltage of 40 kV and 40
mA power. Powder samples were tightly packed inside plastic washers and were held in
place between two pieces of Kapton tape. The data were collected in the 2-theta angle
range of 1-32° for 20 minutes. The crystallinity index was calculated using MATLAB
R2018a by modelling the (1,-1,0), (1,1,0), (1,0,2), and (2,0,0) cellulose-Iβ peaks and
the residual amorphous component to Gaussian distribution functions as described
previously.[50,51]

Probe Ultrasonication was carried out on a Branson SFX 550 instrument equipped with
a 13 mm probe. Sonication was conducted at 20% amplitude with 5 seconds on and 5 sec-
onds off per cycle while the sample vial was submerged in ice water to prevent significant
heating.

Ultraviolet-Visible Light (UV-Vis) Spectroscopy was conducted on a Shimadzu UV-3600
Plus UV-Vis-NIR spectrophotometer from 350-800 nm wavelengths. Samples were run at
1 nm resolution in quartz cuvettes.
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3.6 Supporting Information

Figure S3.1: a) AFM height image of c-CNC-COOH, b) a height profile extracted from the
AFM image showing how height and width of the nanoparticles are measured, c) a rep-
resentative conductivity titration curve of c-CNC-COOH showing the weak acid plateau
corresponding to -COOH neutralization, d) WAXS of c-CNC-COOH showing the crys-
tallinity index, and e) the TGA degradation trace of the c-CNC-COOH.
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Figure S3.2: a) AFM height image of c-CNC-OSO3, b) a representative conductivity titra-
tion curve of c-CNC-OSO3, c) WAXS of c-CNC-OSO3 showing the crystallinity index, and
d) the TGA degradation trace of the c-CNC-OSO3.

151



Figure S3.3: a) Scheme of hindered urea (dodecyl-HU) dissociation upon heating and b)
FTIR spectra of the dodecyl-HU component at temperatures ranging from 80°C to 130°C,
focusing on the signals at 1900-1000 cm-1.

Figure S3.4: TGA of c-CNC-OSO3 and c-CNC-g-dodecane showing increased thermal sta-
bility in the grafted CNCs.

152



Figure S3.5: a) SEC traces and corresponding molecular weight and dispersity for PEG2k-
OH, PEG2k-NCO, and PEG2k-HU, and b) 1H NMR spectra of PEG2k-OH, PEG2k-NCO,
and PEG2k-HU with key peaks labeled.
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Figure S3.6: a) SEC traces and correspondingmolecularweight and dispersity for PEG10k-
OH, PEG10k-NCO, andPEG10k-HU, andb) 1HNMRspectra of PEG10k-OH, PEG10k-NCO,
and PEG10k-HU with key peaks labeled.
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Figure S3.7: a) SEC traces and correspondingmolecularweight and dispersity for PCL10k-
OH, PCL10k-NCO, and PCL10k-HU, and b) 1HNMR spectra of PCL10k-OH, PCL10k-NCO,
and PCL10k-HU with key peaks labeled.
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Figure S3.8: a) SEC traces for PBA10k-Br and PBA10k-HU and b) 1H NMR spectra of
PBA10k-Br and PBA10k-HU with key peaks labeled.

Figure S3.9: a) Schematic for the synthesis of allyl-HU from allyl isocyanate and N-tert-
butylmethylamine and b) the resulting 1H NMR spectrum.
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Figure S3.10: a) Schematic for the synthesis of thio-HU from allyl-HU and 1,6-
hexanedithiol and b) the resulting 1H NMR spectrum.

Figure S3.11: a) The chemical structure of PEG-DO3, b) UV-Vis traces of PEG-DO3 in 1:1
acetone:water with concentrations ranging from 50 nM to 100 µM, c) the resulting calibra-
tion curve generated from themaximumof the 463 nm absorbance peak, and d) the height
of the 463 nm absorbance peak measured from supernatants generated during washing
of c-CNC-g-PEG2k plotted against wash number, showing that all removable polymer is
gone at wash 12.

157



Figure S3.12: TGA traces of c-CNC-COOH, PEG10k-Br, and c-CNC-g-PEG10k along with
the dTG curve for c-CNC-g-PEG10k.

Figure S3.13: a) FTIR spectra for c-CNC-COOH mixed with various ratios of PBA10k-Br
and b) the resulting calibration curve to measure PBA content on grafted CNCs with the
measured c-CNC-g-PBA10k data placed on the curve.
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Figure S3.14: TGA traces of c-CNC-COOH, PBA10k-Br, and c-CNC-g-PBA10k along with
the dTG curve for c-CNC-g-PBA10k.
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CHAPTER 4

DEVELOPMENT OF DIBLOCK-GRAFTED CELLULOSE

NANOCRYSTALS AND THEIR COMPOSITES WITH POLY(LACTIC

ACID)

4.1 Foreword

The work discussed thus far in this thesis has helped to develop an understanding of
the surface conditions necessary for effective property enhancement in polymer-grafted
cellulose nanocrystal (CNC) composite materials. Additionally, a method has been
developed to graft polymer chains on the surface of CNCs in the melt, with relatively
high grafting density being achieved with poly(ethylene glycol) (PEG) chains of various
sizes. However, the nanoparticles synthesized herein have not enhanced the properties
of the resulting composites in any way that would be considered meaningful from a
commercial perspective. As the culmination of this work, we designed a polymer-grafted
nanoparticle that could be synthesized using the developed melt-grafting method and
could theoretically enhance the toughness of resulting composite materials, supported
by literature precedent. While ultimately unsuccessful, the pursuit of this idea revealed
some interesting details associated with using “grafting-to” techniques on more sterically
bulky polymer chains in the melt.

4.2 Summary

Taking inspiration from wormlike micelles, diblock-grafted cellulose nanocrystals
(CNCs) have been created in an attempt to toughen poly(lactic acid) (PLA). Copolymers
of poly(ethylene glycol)-b-poly(butyl acrylate) (PEG-b-PBA) were synthesized using
copper(0)-mediated living radical polymerization methods at various molecular
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weights, then grafted onto w-CNC-OSO3 using thermally-activated hindered urea
chemistry. The resulting w-CNC-g-PBA-b-PEG had 5-14 wt.% polymer grafted to the
surface, equating to 0.01-0.07 chains/nm2 on the surface, depending on the molecular
weight of the grafted polymer. These nanofillers were then incorporated into PLA at 5
wt.% and mechanically characterized. The composite materials exhibited roughly 90 %
higher storage modulus above the glass transition, but 60+ % reduction in elongation
at break. None of the generated nanofillers were able to toughen PLA, likely because of
the low rubbery polymer content on the grafted nanoparticles. After an analysis of the
packing length and Kuhn length of PBA, it is hypothesized that higher surface densities
would be difficult to achieve with PBA using current grafting techniques, so alternative
routes are suggested.

4.3 Introduction

Poly(lactic acid) (PLA) is often cited as a prime example of how bio-based plastics are
unable to compete with traditional, petrochemical-based plastics. From Wikipedia,
“superficially, [PLA] is similar to . . .polystyrene”, but “it exhibits inferior impact
strength, thermal robustness, and barrier properties . . . compared to non-biodegradable
plastics”.[1] Along with these shortcomings, PLA is also extremely brittle, fracturing
at less than 10 % strain.[2] This is in contrast to something like polyethylene, which
is our most used commodity polymer by volume and can reach strains over 400 %
before breaking.[3] Active research is focused on finding new biopolymers with superior
properties that could displace the oil-based plastics used around the world everyday.[4]

Despite all of this, PLA continues to be the most in-demand biopolymer on the
market, capturing over a quarter of the bioplastics market in 2022.[5] A significant
reason for this demand is that infrastructure already exists for mass production as well
as end-of-life handling of PLA via industrial composting.[6,7] Because of this existing
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investment in PLA as a potential commodity plastic, it continues to be worthwhile to
pursue ways to enhance its properties. One such enhancement could be the inclusion
of additives to improve thermal, mechanical, and/or barrier properties, as is done in
traditional plastic materials.[8] Unfortunately, many modern additives are also sourced
from petrochemical feedstocks, which would mean that adding them to a biopolymer
matrix would detract from the sustainability of the overall system. For this reason, we
seek to develop biomass-based additives that can enhance the mechanical properties of
bioplastics broadly, as well as PLA specifically.

Cellulose nanocrystals (CNCs) are a promising class of bio-nanoparticle that has
been shown to enhance a range of properties in sustainable composite systems.[9]

CNCs are rodlike nanoparticles that can be isolated from a range of bio-sources and
have dimensions on the order of 10s of nm in diameter and 100s of nm in length,
dependent upon the bio-source.[10] CNCs also have surface alcohol groups that can
be modified using a wide variety of chemical approaches, ranging from TEMPO
oxidation[11] and electrosorption[12] to surface-initiated polymerization[13] and covalent
grafting.[14] This chemical versatility makes CNCs an ideal candidate for a range of
applications, including biomaterials,[15,16] water filtration and wicking,[17] ion and
electron conduction,[18,19] and mechanical reinforcement.[9] In the realm of mechanical
reinforcement, CNCs are generally used to enhance the stiffness of a host matrix at the
cost of flexibility. This embrittlement is a significant hinderance to their broad adoption
because many applications require elasticity in use. While CNCs have been incorporated
into PLA-based composites countless times, this embrittlement is frequently the biggest
drawback.

Turning to literature for inspiration, one technique for enhancing the toughness of
glassy polymer matrices is the incorporation of wormlike micelles. Wormlike micelles
are self-assembled nanostructures that are composed of amphiphilic diblock polymers
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where the core phase separates from the surrounding matrix and corona to form a
nanodomain within the host matrix. For toughening, the inner core is a rubbery, low
glass transition temperature (Tg) polymer that is capable of blunting propagating crack
tips, and the corona is a polymer capable of interfacing effectively with the host matrix
through entanglements or other interactions. One of the first examples of this was a
poly(ethylene oxide)-block-poly(ethylene-alt-propylene) (PEO-PEP) diblock polymer
used to toughen epoxy matrices.[20,21] One limitation of these wormlike structures is the
need for thermodynamic self-assembly, which requires finely tuned volume fractions of
each polymer block during synthesis (∼40 vol.% outer block) and sometimes costly and
time-intensive thermal annealing during processing.[22] Regardless, Bates and coworkers
showed the ability to use poly(ethylene oxide)-b-poly(butylene oxide) (PEO-PBO)
diblocks to toughen a PLA matrix to over 200 % strain at break and found that the best
results were achieved with wormlike micelles on the order of 100s of nm.[23,24]

Coincidentally, CNCs are also “wormlike” in structure and have lengths on the order
of 100s of nm; therefore, it seems like an obvious question to ask: can diblock-grafted
CNCs be used to toughen a PLA matrix? This work aims to explore that question by
synthesizing CNCs grafted with copolymers of poly(ethylene glycol)-b-poly(n-butyl
acrylate) (PEG-b-PBA) (Figure 4.1) and investigating their use as toughening agents for
PLA. The grafting reaction is done using thermally-activated hindered urea functional
groups that can generate isocyanate groups in-situ to react with the CNC surface hy-
droxyl groups using minimal solvent. The grafting density of the resulting nanoparticles
will be examined in depth and the thermomechanical properties of the PLA composites
will be analyzed.

Muiruri et al. utilized a comparable system to enhance the toughness of PLA.[25]

In their work, CNCs were grafted with diblocks of D-lactide as the outer block and
a random copolymer of L-lactide and caprolactone as the rubbery inner block. The
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Figure 4.1: Schematic and visualization of PEG-b-PBA diblock polymers, cellulose
nanocrystals, and diblock-grafted CNCs showing the rubber PBA inner block and outer
PEG block for compatibility with PLA.

nanoparticles were incorporated into a matrix of poly(L-lactide) so that the outer block
could stereocomplex with the host matrix to effectively transfer stress between the filler
and matrix. The resulting composites showed over 150 % strain at break with only 2.5
wt.% filler added.[25] This work was a great proof-of-concept for this idea and acted as
inspiration to expand the chemistry used for toughening and understand the physics of
the system in more detail.

4.4 Results and Discussion

4.4.1 Characterization of Cellulose Nanocrystals

Sulfate half ester-functionalized cellulose nanocrystals isolated from wood (w-CNC-
OSO3) were purchased from the United States Department of Agriculture Forest
Products Laboratory via the University of Maine. The dimensions of the CNCs were
reported to be 5-20 nm in diameter and 150 nm in length. This was confirmed with
AFM height, width, and length measurements of 5.4 ± 1.5, 22.8 ± 3.3, and 167 ± 79 nm,
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respectively (Figure S4.1a). The surface sulfur content was reported to be 1.1 wt.%,
which equates to 340 mmol of sulfate groups per kg of material or 0.69 sulfate groups
per nm2 of surface based on the CNC dimensions. The crystallinity index was measured
via WAXS to be 0.69 for the w-CNC-OSO3 (Figure S4.1b). Finally, the thermal stability of
the CNCs was investigated with thermogravimetry (TGA) and the w-CNC-OSO3 had
a degradation onset of Td,95 = 255 °C (Figure S4.1c). The choice of w-CNC-OSO3 was
made because of the primary alcohol groups present on the CNC surface. Unmodified
CNC-OH have extensive inter-particle hydrogen bonding and aggregate too much to be
useful, and TEMPO-oxidized CNC-COOH have nearly all the primary alcohol groups
converted to carboxylates, reducing the reactivity of the CNC surface for isocyanate
grafting.

4.4.2 Synthesis and Characterization of Hindered Urea-terminated Diblock

Polymers

To prepare diblock polymers of PEG and PBA, a PEGmacroinitiator was first synthesized
by reacting methoxy-terminated PEG with α-bromoisobutyryl bromide to create
monofunctional PEG-Br at 2,000 and 10,000 g/mol (Figure 4.2a).[26] Synthesis was
confirmed with NMR (Figure S4.2a and S4.3a), where a peaks at 4.32 and 1.94 ppm
appeared, corresponding to the protons adjacent to the ester and isobutyryl bromide
groups, respectively. SEC also confirmed functionalization with an increase in the molar
mass after addition of the brominated end group (Figure S4.2b and S4.3b).

With the PEG-Br macroinitiator, Cu0-mediated living radical polymerization was
conducted to polymerize butyl acrylate (BA) and create PEG-b-PBA-Br diblocks (Figure
4.2b).[27] The kinetics of this reaction were tracked with SEC and NMR for PEG2k-
b-PBA2k-Br (Figure S4.4), PEG10k-b-PBA2k-Br (Figure S4.5), and PEG10k-b-PBA10k-Br
(Figure S4.6) polymers, with all reactions showing good control throughout the
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Figure 4.2: (a) Schematic for the preparation of PEG-Br from PEG-OH and BiBB, (b)
schematic for the preparation of PEG-b-PBA-Br from PEG-Br and butyl acrylate, and (c)
schematic for the preparation of PEG-b-PBA-HU from PEG-b-PBA-Br and thio-HU.
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polymerization. After purification, the polymers were characterized with SEC and NMR
to verify the products’ molecular weights (Table S4.1).

Finally, a hindered urea end group was installed onto the diblocks via nucleophilic
substitution (Figure 4.2c). Adapted from prior work,[28] allyl isocyanate was blocked
with N-isopropylmethylamine before attaching 1,6-hexanedithiol via thio-ene chemistry
to obtain a thiol-functionalized hindered urea small molecule. The isopropyl variation,
instead of the tert-butyl used previously, was chosen for its higher activation temper-
ature,[29] resulting in greater stability at room temperature and easier handling. The
thio-HU molecule was subsequently reacted with the PEG-b-PBA-Br diblocks to form
PEG-b-PBA-HU. After purification, the resulting diblocks were characterized with NMR
and SEC (Figure S4.7 and Table S4.1) before being used for CNC grafting.

4.4.3 Synthesis and Characterization of Polymer-grafted CNCs

Grafting onto the surface of w-CNC-OSO3 was conducted in the melt via thermal
activation of the hindered urea end groups (Figure 4.3). In brief, w-CNC-OSO3 were
directly dispersed in acetone via sonication before dissolving the desired polymer in
the dispersion at a ratio of 1 mmol of polymer per 1 g of CNC. After removing the
acetone and drying under high vacuum overnight, toluene was added (1 mL per gram
of polymer) to promote mixing during the grafting reaction. This addition of toluene
is a modification of the literature procedure,[28] but was found necessary for the
viscous, higher molecular weight polymers used in this study. In an industrial setting,
a superior mixing apparatus should eliminate the need for added solvent. Grafting
was then conducted by sealing the reaction under nitrogen and stirring at 140 °C for 8
hours. The resulting w-CNC-g-PBA-b-PEG were washed 5 times with THF to remove
any non-attached polymer chains, which has been shown to be an effective cleaning
method,[28,30] before freeze drying from water prior to characterization.
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Figure 4.3: Scheme for the grafting of PEG-b-PBA-HU onto w-CNC-OSO3 in the melt to
create w-CNC-g-PBA-b-PEG.

High resolution dynamic TGA was first used to characterize the grafting density
of the synthesized w-CNC-g-PBA-b-PEG. High resolution dynamic TGA is a ther-
mogravimetry technique that reduces the heating rate when mass loss is detected,
improving separation between multiple degradation events.[31] When applied to the
diblock-grafted CNCs, cellulose degradation occurs between 200-320 °C while polymer
degradation occurs between 320-450 °C (Figure 4.4a and 4.4b). By taking the derivative
of the TGA trace, the area under the polymer degradation peak can be integrated to
estimate the mass fraction of polymer on the grafted CNCs (Table 1). Based on this
analysis, the mass fractions and resulting grafting densities of all diblock-grafted CNCs
are fairly low (10.3 wt.% polymer or less), so FTIR was used to corroborate the polymer
content. By mixing PBA homopolymer with CNCs at varying mass ratios, a calibration
curve was created to measure the PBA content of the grafted samples based on the
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Figure 4.4: (a) TGA curves for w-CNC-OSO3, PEG2k-b-PBA2k-HU, and w-CNC-g-PBA2k-
b-PEG2k, (b) dTG curve for w-CNC-g-PBA2k-b-PEG2k, highlighting grafted polymer
degradation above 300 °C, (c) FTIR data used to generate the calibration curve used to
measure the PBA content of grafted sampleswith thew-CNC-g-PBA2k-b-PEG2k FTIR trace
overlayed, and (d) the resulting calibration curve.
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absorbance at 1734 cm-1, corresponding to the carbonyl group in the BA monomer unit
(Figure 4.4c and 4.4d). The measured PBA content could then be scaled based on the
PBA content of the grafted copolymer to calculate a total polymer content. The FTIR
results match the TGA results fairly well, with each technique having a difference of less
than 7 wt.% for all samples (Table 4.1).

To put these results in context, prior work has shown that a polymer brush on
the CNC surface needs to be in the semi-dilute polymer brush regime to be able
to entangle with the host polymer matrix and efficiently transfer stress to optimize
mechanical properties in composite materials.[30,32] To determine the brush regime of the
synthesized nanoparticles, a “phase diagram” was generated based on prior work from
Keten and coworkers that modeled the transition between concentrated and semi-dilute
brush conformations on CNC surfaces.[33] Based on their work modeling poly(methyl
methacrylate)-grafted CNCs, we are able to determine a critical molecular weight where
the polymer brush transitions from a concentrated to semi-dilute conformation based
on the grafting density on the CNC surface (Figure 4.5). Additionally, a transition from
individual polymer “mushrooms” on the CNC surface into a polymer brush can be
estimated based on the radius of gyration (Rg) of PBA at various molecular weights. By
taking the inverse of the area of a circle defined by Rg, the surface density where polymer
chains begin to overlap can be calculated and plotted (Figure 4.5).

Table 4.1: Grafting statistics for all w-CNC-g-PBA-b-PEG materials, measured via FTIR
and TGA.

Sample
FTIR Polymer

Content
(wt.%)

FTIR Grafting
Density

(chains/nm2)

TGA Polymer
Content
(wt.%)

TGA Grafting
Density

(chains/nm2)
w-CNC-g-

PBA2k-b-PEG2k
11.9 0.07 8.4 0.05

w-CNC-g-
PBA2k-b-PEG10k

13.7 0.03 6.9 0.01
w-CNC-g-

PBA10k-b-PEG10k
5.2 0.01 10.3 0.01
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Figure 4.5: Plot of grafted polymer surface density vs. molecular weight, showing the
polymer brush conformations for each point. The synthesizedw-CNC-g-PBA-b-PEG sam-
ples are plotted, all falling within the mushroom regime. The concentrated to semi-dilute
brush transition (blue line) is modeled based on poly(methyl methacrylate)[33] and the
mushroom to brush transition (red line) is based on the radius of gyration for PBA.

Based on this analysis, all w-CNC-g-PBA-b-PEG samples synthesized fall along or
below the mushroom to brush transition (Figure 4.5), implying that it is difficult to fully
cover the nanoparticle surface. This relatively low surface density is attributed to the
stiff polymeric backbone of PBA as well as the steric bulk of the butyl pendant groups,
which will be discussed in more detail later. Additionally, because all samples are within
the mushroom regime, it is hypothesized that there is not enough surface coverage to
prevent embrittlement from defects at the CNC-PLA interface in composite materials. As
seen in prior work, without complete surface coverage, the negative interactions between
hydrophilic CNCs and the hydrophobic PLA host matrix result in severe embrittlement
in composite materials.[30]
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4.4.4 Preparation and Characterization of PLA Composites

To test the hypothesis that composite materials would be embrittled by the w-CNC-
g-PBA-b-PEG, composites with PLA were made by dispersing the filler directly in
chloroform then mixing with PLA dissolved in chloroform to make composites with 5
wt.% filler. This loading was chosen because toughening can be seen with wormlike
micelles at less than 1 wt.% additive,[24] so 5 wt.% was expected to be enough to see any
toughening without overloading the matrix with CNCs. After drying and melt pressing
into uniform films, dogbone samples were cut to test mechanical properties. Dynamic
mechanical analysis (DMA) was done on each sample to measure the storage modulus
across a range of temperatures as well as the extract the glass transition temperature
(Tg) based on the tan(δ) peak (Figure 4.6a and Table 4.2). All filler-reinforced samples
showed similar DMA results with the modulus below Tg being dominated by the glassy
PLA, showing little difference between all samples. The Tg of all samples is also the
same, 60-61 °C, highlighting the fact that the grafted polymer does not plasticize the host
matrix. Finally, the modulus above Tg shows the reinforcement that is expected in CNC
composite materials, with all samples exhibiting 80-110 % increase in G’, relative to neat
PLA at 80 °C.

Tensile testing on neat PLA samples showed tensile strength of 48.8 MPa and
elongation at break of 9.0 % (Figure 4.6b and Table 4.2). When w-CNC-OSO3 are
incorporated into PLA, tensile strength is reduced to 37.6 MPa and elongation at
break is significantly reduced to 1.7 %, which is expected from CNC-reinforced PLA.
Incorporating the diblock-grafted CNCs into PLA composites also resulted in a reduction
in the tensile strength down to roughly 38 MPa for all samples as well as a reduction in
elongation at break down to 3.4-3.5 % for all samples. While embrittlement was slightly
reduced compared to incorporating bare CNCs (62 % reduction for w-CNC-g-PBA-b-PEG
vs 81 % for w-CNC-OSO3), the grafted CNCs do not recover the extensibility of neat PLA,
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Figure 4.6: (a)DMAstoragemodulus and tan(δ) curves for neat PLAand compositeswith
5 wt.% w-CNC-OSO3 and w-CNC-g-PBA-b-PEG and (b) representative tensile curves for
the same composites.

nor do they improve it. This result is consistent with prior work showing that utilizing
polymer-grafted CNCs where the grafted polymer resides in the mushroom regime
results in dramatic embrittlement,[30] confirming the previously stated hypothesis based
on the estimated brush conformation. These diblock-grafted w-CNC-g-PBA-b-PEG
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Table 4.2: DMA and tensile statistics for neat PLA and composites with 5 wt.% w-CNC-
OSO3 and w-CNC-g-PBA-b-PEG (standard deviation presented when possible, n = 5).

Sample G’ @ 30 °C
(GPa)

G’ @ 80 °C
(MPa)

Peak
Tan(δ)
(°C)

Tensile
Strength
(MPa)

Elongation at
Break (%)

Neat PLA 2.92 2.71 60.5 48.8 ± 1.2 9.0 ± 2.4
PLA + 5 wt.%
w-CNC-OSO3

2.92 5.13 60.2 36.7 ± 2.6 1.7 ± 0.3
PLA + 5 wt.%
w-CNC-g-

PBA2k-b-PEG2k
2.74 5.37 60.7 38.6 ± 0.7 3.4 ± 0.4

PLA + 5 wt.%
w-CNC-g-

PBA2k-b-PEG10k
2.62 4.95 60.7 37.9 ± 2.0 3.5 ± 0.5

PLA + 5 wt.%
w-CNC-g-

PBA10k-b-PEG10k
2.93 5.68 60.3 37.7 ± 1.1 3.4 ± 0.7

additives do not exhibit any “wormlike” characteristics and cannot toughen PLA, likely
due to the low polymer content and inability to graft at higher surface densities.

4.4.5 Analysis of Grafting Density and Brush Conformation

Although the proposed system matches the characteristics of wormlike micelles used to
toughen epoxies[21] and PLA[23] in literature and matches the style of polymer-grafted
CNCs used by Muiruri et al. to toughen PLA,[25] the synthesized w-CNC-g-PBA-b-PEG
were unable to toughen PLA, likely because of the low polymer content on the nanopar-
ticles. After many attempts to improve grafting density through different grafting
approaches, such as EDC/NHS coupling, DMTMM.BF4 coupling, thiol-ene grafting, and
direct nucleophilic substitution onto the CNC surface, no higher grafting density could
be achieved. This raises the question of whether there is some limit that is being reached
at the CNC surface that is preventing PBA from packing densely enough to achieve the
goal of toughening PLA.

Unfortunately, there are very few examples of PBA functionalization using “grafting-
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to” methods in the literature, so it is difficult to benchmark the results found herein
against prior work. As an adjacent comparison, Sudre et al. reported a thorough
investigation of grafting poly(tert-butyl acrylate) (PtBA) onto planar silica surfaces
using epoxide chemistry.[34] In this work, they measured a grafting density of 0.42
chains/nm2 using 6,400 g/mol PtBA chains. This result is significantly higher than was
obtained herein, but their use of planar silica likely increases the efficiency of the reaction
significantly because of the purity of the substrate, comparing to naturally-sourced
cellulose nanocrystals that likely still contain impurities. In the present work, a surface
density of roughly 0.07 chains/nm2 was obtained with the PEG2k-b-PBA2k-grafted
CNCs, which is approximately 15 % of the optimized literature result.

Since direct comparisons cannot be found, a comparative analysis could potentially
elucidate more information. From prior work,[28] hindered urea-based grafting was used
to graft both PEG and PBA homopolymer chains onto CNCs. By comparing the results
of these two grafting experiments, the differences may reveal why PBA grafting results
in low surface densities. Oluz et al. obtained 0.125 chains/nm2 when grafting PEG10k

and 0.031 chains/nm2 when grafting PBA10k chains. The ratio of these two values shows
that for every PEG chain attached to the surface, only 0.248 PBA chains could be attached
in the same area. The PEG repeat unit consists of only two carbon atoms and an oxygen
atom aligned down the backbone, whereas the PBA repeat unit has five carbon atoms
and two oxygen atoms extending off the two carbon backbone as a pendant group. Based
on this alone, expecting the same number of PBA chains to fit into the same area as a PEG
chain would be ignorant. To quantify this concept, a parameter called the packing length
(p) was defined by Lin as the closest approach that a two polymeric backbones could
reach in the melt – effectively defining the diameter of the polymer chain.[35] For PEG,
the pPEG = 1.94 Å, whereas pPBA = 4.19 Å for PBA, calculated based on literature.[36]

This suggests that a PBA chain takes up over twice the diameter of a PEG chain, and since
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area scales with the square of diameter, one would expect less than 25 % the number of
PBA chains to fit in the same area as a PEG chain, 0.214 chains to be exact. This result
reflects the experimental ratio measured by Oluz et al. quite well.

This packing length argument is not necessarily a valid nor rigorous comparison
because one would never expect polymer chains to be perfectly packed onto a surface
so that the chain diameter is defining their spacing. A more realistic measure of the
bulkiness of a polymer coil is the Kuhn length (b), which is defined as the length of chain
needed for a segment to reach a random orientation. Simplistically, this can be thought
of as the circumference needed for the chain to turn 180°, measuring the stiffness of the
chain along the backbone. The Kuhn length for PEG is bPEG = 0.76 nm[37] and for PBA
it is bPBA = 1.71 nm.[38] If we use this circumference to measure the area taken up by
PEG and PBA chains, the resulting ratio is 0.198 PBA chains per PEG chain, which is
once again similar to the experimental ratio of 0.248 obtained by Oluz et al., ignoring any
scaling factors based on the grafting surface or polymer molecular weight. While this
is by no means an exhaustive analysis of the polymer physics associated with grafting
PBA onto the CNC surface, it does provide a potential explanation as to why the surface
densities of the diblocks grafted in this work are proportionally lower than PEG chains
grafted in prior work.

This raises the question of how can one overcome this practical limit on CNC grafting
density with more sterically bulky polymer chains? The most straightforward answer
would be to eliminate the bulkiness of the polymer chain. This could mean using
an alternative, less sterically bulky polymer that has similar properties, or reducing
the molecular weight of the grafted polymer to increase the packing density of the
polymer chains. Alternatively, one could switch to a “grafting-from” approach so that
individual monomer units can add to the CNC surface before large polymer chains
block surrounding surface sites. The problem with these techniques is the inability to
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effectively characterize the resulting polymer molecular weight and grafting density.
While this is a problem in an academic setting, this could be the most effective technique
for commercial functionalization where composite properties matter more than narrow
dispersity of the grafted polymer.

4.5 Conclusions

In this work, diblock polymers of PEG and PBA were synthesized at various molecular
weights and end-functionalized with hindered urea functional groups. These hindered
urea groups were then used to thermally graft the diblocks onto cellulose nanocrystals
via in-situ regeneration of the isocyanate groups that could then react with surface
alcohol groups. The resulting w-CNC-g-PBA-b-PEG were hypothesized to be effective
toughening agents for PLA, but the resulting mechanical properties showed no such
effect. Composite materials showed an increase in the storage modulus above Tg of
83-110 % depending on the filler, but a reduction in elongation at break of 61-81 %
depending on the filler. This embrittlement is likely a result of insufficient surface
coverage by the grafted polymer, leaving exposed hydrophilic CNC surface to interact
with the hydrophobic PLA host matrix, creating defect points that lead to premature
failure. Despite numerous attempts to improve the grafting density, no such feat was
accomplished. After further analysis, the PBA chains are likely too bulky to pack onto
the CNC surface at a sufficient density to improve the toughness of PLA. The rubbery
PBA content will always be too low to counteract the stiffening effects of the rigid CNCs.
To alleviate this issue, it is recommended that “grafting-from” approaches should be
employed when grafting bulkier monomers onto CNCs.
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4.6 Materials, Methods, and Instrumentation

4.6.1 Materials

If not specified otherwise, all compounds and solvents were used as received, without
further purification. Cellulose nanocrystals (w-CNC-OSO3) were purchased from
the United States Department of Agriculture Forest Products Lab via the Univer-
sity of Maine. Allyl isocyanate, α-bromoisobutyryl bromide (BiBB), butyl acry-
late (BA), chloroform-d (CDCl3), copper (II) bromide (CuBr2), 2,2-dimethoxy-2-
phenylacetophenone (DMPA), 4-dimethylaminopyridine (DMAP), hydrochloric acid
(HCl), N-isopropylmethylamine, methoxy-poly(ethylene glycol) (2,000 g/mol and
10,000 g/mol, PEG2k-OH and PEG10k-OH), sodium chloride (NaCl), triethylamine
(TEA), and tris[2-(dimethylamino)ethyl]amine (Me6TREN) were all purchased from
Sigma-Aldrich. Basic alumina, neutral alumina, copper (0) wire, and all solvents,
acetone, chloroform, dichloromethane (DCM), diethyl ether, N,N-dimethylformamide
(DMF), ethyl acetate, hexanes, methanol, tetrahydrofuran (THF), and toluene were
purchased from Fisher Scientific. Allyl isocyanate was purchased from Santa Cruz
Biotechnology, poly-(L)-lysine was purchased from Ted Pella, 0.2 µm PVDF filter
membranes were purchased from Sterlitech, and 1,6,-hexanedithiol was purchased from
Oakwood Chemical.

4.6.2 Methods

4.6.2.1 Preparation of PEG-Br Macroinitiator

The procedure for synthesizing the PEG macroinitiator was adapted from prior
literature.[26] Sample conditions are given for PEG2k, but the molar ratios and mass
concentration was identical for PEG10k. In a vial, PEG2k-OH (2 g, 1.0 mmol) was
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dissolved in DCM (200 mg/mL). In the primary reaction flask, DMAP (61 mg, 0.5 mmol)
and TEA (697 µL, 5 mmol) were dissolved in a volume of DCM equal to the volume used
to dissolve the PEG. To the DMAP and TEA mixture, BiBB (494 µL, 4 mmol) was added
dropwise while stirring on ice and under inert atmosphere. Finally, the PEG solution was
also added dropwise while stirring on ice under inert atmosphere. The vessel was sealed
and the ice was allowed to melt, bringing the reaction up to room temperature while it
reacted overnight.

The reaction was purified via liquid/liquid extraction with water followed by
concentrating the organic layer and precipitating in ether. After filtration, the resulting
powder was redissolved in DCM and extracted with brine again before being run
through a plug of neutral alumina. The product was then concentrated and precipitated
in ether once more before filtering and drying the afforded white powder. The resulting
PEG2k-Br and PEG10k-Br were characterized with 1H NMR and SEC. 1H NMR (400
MHz, CDCl3) δ 4.32 (t, 2H), 3.64 (m, backbone), 3.38 (s, 3H), 1.94 (s, 6H).

4.6.2.2 Polymerization of PBA from PEG-Br Macroinitiator

Diblock polymers were synthesized using single-electron transfer living radical poly-
merization (SET-LRP) with Cu0 wire, targeting 50 % conversion.[27] For a sample
PEG2k-b-PBA2k-Br reaction, PEG2k-Br (2 g, 1 mmol) was dissolved in DMF (72.2 mL,
75 vol.% relative to total reactant volume). The BA monomer was run through a plug of
basic alumina to remove inhibitor, then the BA (4 g, 31.2 mmol) was added to the flask
along with CuBr2 (11.2 mg, 0.05 mmol). The solution was then sparged with inert gas,
during which time copper wire (10 cm) was wrapped around a stir bar and immersed in
concentrated HCl to clean the copper surface. After 15 minutes of sparging, Me6TREN
(32.1 µL, 0.12 mmol) was added, changing the solution from a dark green to seafoam
green. The stir bar was then rinsed to remove excess acid before adding it to the reaction
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flask to start the polymerization.
To vary molecular weight, the amounts of BA and DMF were changed to maintain

75 vol.% DMF and 50 % monomer conversion. For different sized macroinitiators,
all molar ratios remained the same. Aliquots were taken every 15 minutes to track
kinetics via 1H NMR and every 30 minutes to track molecular weight via SEC, with most
polymerizations taking 90-180 minutes to reach 50 % conversion.

To terminate the reaction, the entire flask was exposed to air and the copper
wire-wrapped stir bar was removed from the solution. The reaction was then purified
by rotary evaporation of the solvent and monomer at 70 °C. After all monomer was
removed, the polymer was redissolved in DCM and run through a plug of neutral
alumina to remove any remaining copper while maintaining end group fidelity. The
resulting PEG-b-PBA-Br were characterized with 1HNMR and SEC. 1HNMR (400 MHz,
CDCl3) δ 4.05 (m, 2HPBA), 3.64 (m, backbonePEG), 3.37 (s, 3HPEG), 2.28 (m, 1HPBA),
1.91 (m, 1HPBA), 1.60 (m, 3HPBA), 1.36 (m, 2HPBA), 1.14 (s, 3HPEG), 1.12 (s, 3HPEG),
0.93 (m, 3HPBA), (PBA peaks are counted per monomer).

4.6.2.3 Preparation of Thio-isoHU

Thio-isoHU synthesis was adapted from prior literature in a two-step process before
being added to the polymer chain end.[28] First, an allyl-hindered urea was synthesized
by mixing allyl isocyanate (1 eq.) with N-isopropylmethylamine (1.1 eq.) at 1M
concentration in DCM. The resulting allyl-isoHU was purified with high vacuum
to remove all solvent and remaining reactants, resulting in a colorless oil, before
characterizing with 1H NMR, 13C NMR, and HRMS. 1H NMR (400 MHz, CDCl3) δ 5.86
(ddt, J = 17.2, 10.2, 5.6 Hz, 1H), 5.13 (dq, J = 17.2, 1.7 Hz, 1H), 5.05 (dq, J = 10.2, 1.5 Hz,
1H), 4.46 (m, J = 6.8 Hz, 1H), 3.83 (tt, J = 5.6, 1.6 Hz, 2H), 2.67 (s, 3H), 1.06 (d, J = 6.8
6H). 13C NMR (101 MHz, CDCl3) δ 157.75 (C = O), 136.07 (C = C – C), 115.44 (C = C),
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45.25 (CH), 43.47 (C = C – C), 26.84 (CH3), 20.05 (2CH3). HRMS (ESI) m/z: [M + H]+

calcd for C8H16N2O, 157.1296; found, 157.1353.
A thiol group was added to the allyl-isoHU by dissolving 1 eq. of allyl-isoHU in

15 eq. of 1,6-hexanedithiol along with 0.5 eq. DMPA photoinitiator. Once dissolved,
the solution was placed on a low-power UV source (bug zapper) for 30 minutes. The
resulting thio-isoHU molecule was purified by loading the crude mixture onto a silica
column with 9:1 hexanes:ethyl acetate. This 9:1 mixture pushed the excess dithiol and
initiator fragments through, while retaining the product in the column. The product was
then flushed from the column using pure ethyl acetate. Thio-isoHU was then dried as a
yellow oil before characterization with 1H NMR, 13C NMR, and HRMS. 1H NMR (400
MHz, CDCl3) δ 4.62 (br, 1H), 4.44 (m, J = 6.8 Hz, 1H), 3.31 (td, J = 6.7, 5.6 Hz, 2H), 2.66
(s, 3H), 2.58 – 2.44 (m, 6H), 1.78 (qi, J = 6.9 Hz, 2H), 1.65 – 1.49 (m, 4H), 1.44 – 1.34
(m, 4H), 1.31 (t, J = 7.7, 1H), 1.06 (d, J = 6.8 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ

158.00 (C = O), 45.21 (CH), 40.29 (C – N), 33.91 (CH2), 32.10 (C – S), 29.93 (CH2), 29.88
(CH2), 29.47 (CH3), 28.36 (CH2), 27.99 (CH2), 26.89 (C – SH), 20.11 (2CH3). HRMS
(ESI) m/z: [M + H]+ calcd for C14H30N2OS2, 307.1833; found, 307.1898.

4.6.2.4 Preparation of PEG-PBA-HU

Thio-HU was added to PEG-b-PBA-Br chain ends via nucleophilic substitution. The
bromine-terminated polymer (1 eq.) was dissolved in acetone at 500 mg/mL along with
TEA (10 eq.). The solution was then purged with inert gas for 5 minutes before adding
thio-isoHU (2 eq.). The reaction was allowed to proceed for 24 hours before another 2
eq. of thio-isoHU were added under inert atmosphere. This process was repeated until
3 total additions were made, totaling 6 eq. of thio-HU. The resulting HU-terminated
PEG-b-PBA-HU was purified by running the crude solution through a silica plug with
ethyl acetate to flush out unreacted thio-isoHU, then the PEG-b-PBA-HU was eluted with
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9:1 CHCl3:MeOH. After drying, the resulting PEG-b-PBA-HU were characterized with
1H NMR, SEC, and TGA. 1H NMR (400 MHz, CDCl3) δ 4.52 (br, 1H), 4.03 (m, 2HPBA),
3.64 (m, backbonePEG), 3.38 (s, 3HPEG), 3.29 (m, 2H), 2.81 (s, 3H), 2.52 (m, 6H), 2.28
(m, 1HPBA), 1.89 (m, 1HPBA), 1.60 (m, 3HPBA), 1.39 (m, 2HPBA + 6H), 1.14 (s, 3HPEG),
1.13 (s, 3HPEG), 0.93 (m, 3HPBA), (PBA peaks are counted per monomer).

4.6.2.5 Grafting of PEG-b-PBA-HU onto w-CNC-OSO3

The w-CNC-OSO3 (500 mg, ca. 0.5 mmol -OH groups) were dispersed in 25 mL of
acetone by ultrasonication for 10 min. Relative to the -OH groups present on the CNCs,
an equivalent molar quantity of hindered urea-terminated polymer was added to the
CNC suspension and placed in a sonic bath until completely dissolved. The solvent
was removed via rotary evaporation at 30 °C before being placed under high vacuum
overnight to yield a colorless solid. Once dry, toluene was added so that the polymer
was dissolved at 500 mg/mL to promote mixing during grafting. The mixture was then
placed in an oil bath at 140 °C for 8 hours. When complete, heat was removed and
THF (up to 40 mL) was added to wash away any non-grafted polymer and clean the
product. The mixture was centrifuged and resuspended in THF 5 times to fully clean the
material before being suspended in water and freeze-dried to obtain a fluffy powder. The
resulting w-CNC-g-PBA-b-PEG were characterized with AFM, FTIR, and TGA.

4.6.2.6 Characterization of w-CNC-g-PBA-b-PEG via High Resolution

Dynamic Thermogravimetry

To measure polymer content on w-CNC-g-PBA-b-PEG, high resolution dynamic TGA
was run on each nanoparticle sample. The polymer mass fraction was determined by
taking the derivative of remaining mass with respect to temperature, then integrating
the area under the dTG curve between 350 – 420 °C. Based on this mass fraction and
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the dimensions of the CNCs measured via AFM, a grafting density could be calculated
(details explained in prior work[30]).

4.6.2.7 Preparation of w-CNC-OSO3 + PBA Calibration Curve via FTIR

To verify the polymer content of grafted CNCs, an FTIR calibration curve was generated
to measure the PBA content in the synthesized nanoparticles. In a small vial, w-CNC-
OSO3 (ca. 25 mg) were mixed with the desired amount of PBA homopolymer (synthesis
described in prior work[28]) using a 20 mg/mL stock solution in MeOH to target samples
with 5 to 50 wt.% polymer in 5 wt.% intervals. Minimal additional MeOH was added,
and a spatula was used to ensure thorough mixing. The vials were immediately placed
under high vacuum to remove the methanol and ensure a uniform distribution of
polymer and CNCs. Once dry, the samples were analyzed using FTIR and a calibration
curve was developed based the representative carbonyl peak of PBA at 1730 cm-1.

4.6.2.8 Preparation of PLA Composites

A stock solution of 10 wt.% PLA in chloroform was created by dissolving PLA (20 g) in
180 g of chloroform (180 g). For a 5 wt.% film, w-CNC-g-PBA-b-PEG (75 mg) was added
to chloroform (20 mL) and dispersed via probe sonication. PLA stock solution (14.25
g) was then added and the solution was vortexed to mix thoroughly before placing in a
sonic bath for 5 minutes. After mixing, the solution was poured into a Teflon petri dish
and evaporated overnight at ambient conditions before being transferred to a vacuum
oven at 80°C overnight to remove all remaining moisture. The dried film was then melt
pressed between two Kapton sheets under 1 ton of pressure at 120°C for 2 minutes to
obtain uniform films. If there were bubbles in the resulting film, it was cut up and
repressed at the same conditions until no bubbles were seen.

Dogbone samples were cut from the pressed films for tensile testing in accordance
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with ASTM D1708. The samples were allowed to equilibrate at ambient conditions for at
least two days before testing.[24] The resulting PLA, PLA + w-CNC-OSO3, and PLA +
w-CNC-g-PBA-b-PEG composites were characterized with DMA and tensile testing.

4.6.3 Instrumentation

Atomic Force Microscopy (AFM) was done with a Cypher ES Environmental equipped
with FS-1500 probes (Asylum Research) to determine the dimensions of CNCs. Crystals
were dispersed in water by ultrasonication (10 min, 25 % power, 3 s on/off cycle) at a
concentration of 0.01 % (w/w). A mica surface was mechanically exfoliated, treated with
50 µL poly(L-lysine), gently rinsed with DI water, then 50 µL of the freshly prepared
CNC dispersion was drop-cast onto the surface. The dispersions were gently rinsed with
DI water after 3 minutes and substrates were air-dried overnight prior to imaging. The
images were recorded using tapping mode and the data was analyzed with Gwyddion
software (Czech Metrology Institute).

Dynamic mechanical analysis (DMA) was performed on a TA Instruments RSA-G2
DMA on films of each sample (∼ 3 mm × 1 mm × 20 mm). Temperature ramps were run
from 25 to 100°C at 3 °C/min at a frequency of 1 Hz.

Fourier transform infrared (FTIR) spectroscopy of solid samples was carried out using
a Shimadzu IRTracer-100 Fourier transform infrared spectrometer in the attenuated total
reflection (ATR) geometry with a monolithic diamond ATR crystal. Data was collected in
the range of 4000–400 cm-1, averaging over 45 scans, and analyzed with Shimadzu LabSo-
lutions IR software.

High resolution mass spectrometry (HRMS) was performed on an Agilent 6224 ToF-MS
using electrospray ionization.

Melt Pressing was done on a Carver AccuStamp Model 3693 melt press at 120 °C at 2
tons of pressure for 3 minutes.
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Nuclear magnetic resonance (NMR)was carried out at ambient temperature on a Bruker
Avance II+ 400 spectrometer at 400 MHz for 1H nuclei and 101 MHz for 13C nuclei.
Spectra were calibrated to the residual solvent peak of CDCl3 (7.26 ppm 1H NMR, 77.16
ppm 13C NMR) and processed with MestReNova software. All chemical shifts, δ, are
reported in parts per million (ppm) with coupling constant in Hz (multiplicity: s =
singlet, d = doublet, td = triple doublet, t = triplet, tt = triple triplet, ddt = double
double triplet, dq = double quadruplet, qi = quintuplet, m = multiplet, br = broad
signal).

Size exclusion chromatography (SEC) of the polymers was performed on a Shimadzu
Prominence High Performance Liquid Chromatography system using an eluent
mobile phase of THF at a flow rate of 1 mL/min. Separation was achieved using two
PLgel mixed-D columns (Agilent) maintained at ambient temperature with pore
sizes suitable for materials with effective molecular weights from ∼200 to 400,000
g/mol. The differential refractive index signal was collected using a Wyatt Optilab
T-rEX differential refractometer (λ = 658 nm), and on-line multi-angle light scattering
(MALS) measurement was performed using a Wyatt Dawn Heleos II light scattering
detector. Data analysis was carried out using Wyatt Astra VII software. Weight-averaged
molecular weights (Mw) were determined by MALS, and number-average molecular
weights (Mn) were determined in comparison to narrow dispersity polystyrene
calibration standards (from 1,800 to 400,000 g/mol).

Tensile testing was performed on a Zwick-Roell zwickiLine Z0.5 instrument. Dogbones
were tested in accordance with ASTMD1708 (crosshead speed = 1mm/min) and tracked
with a VideoXtens extensometer up to yielding followed by crosshead distance tracking.

Thermogravimetric analysis (TGA) was performed using a TA Instruments Discovery
thermogravimetric analyzer. Samples (∼5mg) were loaded in Pt crucibles and heated
under a N2 atmosphere. High resolution dynamic procedure with default settings
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(sensitivity = 1, ramp = 10 to 700 °C, resolution = 5) were applied. Data was processed
in TA Instruments Trios software.

Wide-angle X-ray scattering (WAXS) patterns were recorded using a SAXSLAB
GANESHA 300XL system with Cu Kα source (λ= 0.154 nm) at a voltage of 40 kV and 40
mA power. Powder samples were tightly packed inside plastic washers and were held in
place between two pieces of Kapton tape. The data were collected in the 2-theta angle
range of 1-32° for 20 minutes. The crystallinity index was calculated using MATLAB
R2018a by modelling the (1,-1,0), (1,1,0), (1,0,2), and (2,0,0) cellulose-1β peaks and
the residual amorphous component to Gaussian distribution functions, as described
previously.[39,40]

Probe Ultrasonication was carried out on a Branson SFX 550 instrument equipped with
a 13 mm probe. Sonication was conducted at 20 % amplitude with 5 seconds on and 5 sec-
onds off per cycle while the sample vial was submerged in ice water to prevent significant
heating.
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4.7 Supporting Information

Figure S4.1: (a)AFMheight image ofw-CNC-OSO3, (b)WAXS spectrumofw-CNC-OSO3
with crystalline peak fitting to measure crystallinity index, and (c) TGA of w-CNC-OSO3
showing a degradation onset of 255 °C.

Figure S4.2: (a) 1HNMR spectra for PEG2k-OH and PEG2k-Br with key peaks labeled and
(b) SEC traces for PEG2k-OH and PEG2k-Br.

Figure S4.3: (a) 1H NMR spectra for PEG10k-OH and PEG10k-Br with key peaks labeled
and (b) SEC traces for PEG10k-OH and PEG10k-Br.
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Figure S4.4: (a) 1H NMR spectra for PEG2k-b-PBA2k-Br kinetics, (b) conversion vs. time
based on NMR data, (c) SEC traces for PEG2k-b-PBA2k-Br kinetics, and (d) SEC Mn vs.
NMR conversion showing consistent molecular weight growth.

Figure S4.5: (a) 1HNMR spectra for PEG10k-b-PBA2k-Br kinetics, (b) conversion vs. time
based on NMR data, (c) SEC traces for PEG10k-b-PBA2k-Br kinetics, and (d) SEC Mn vs.
NMR conversion showing consistent molecular weight growth.
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Figure S4.6: (a) 1HNMR spectra for PEG10k-b-PBA10k-Br kinetics, (b) conversion vs. time
based on NMR data, (c) SEC traces for PEG10k-b-PBA10k-Br kinetics, and (d) SECMn vs.
NMR conversion showing consistent molecular weight growth.

Table S4.1: Molecular weight and dispersity statistics for all PEG-b-PBA polymers, mea-
sured via NMR and SEC.

Sample Mn, NMR
(g/mol)

Mn, SEC
(g/mol)

DispersitySEC
(Ð)

PEG2k-b-PBA2k-Br 5,100 8,900 1.256
PEG10k-b-PBA2k-Br 13,300 16,200 1.114
PEG10k-b-PBA10k-Br 23,300 22,500 1.171
PEG2k-b-PBA2k-HU 4,700 12,000 1.046
PEG10k-b-PBA2k-HU 11,900 18,100 1.073
PEG10k-b-PBA10k-HU 20,800 23,600 1.050
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Figure S4.7: (a) 1H NMR spectra for PEG-b-PBA-HU at various molecular weights and
(b) SEC traces for PEG-b-PBA-HU at various molecular weights.
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CHAPTER 5

SUMMARY, PERSPECTIVE, AND OUTLOOK

5.1 Summary

The amount of plastic being used and discarded around the world every day is a
problem that does not appear to be subsiding anytime soon. Plastic waste continues to
accumulate in terrestrial and aquatic ecosystems, disrupting and harming the flora and
fauna all around us. Eliminating these plastic materials from industrial and personal use
is all but an impossible task, so we must instead look for alternatives that can offset and
replace materials that are sourced from petrochemical feedstocks and do not degrade in
reasonable amounts of time. The leading alternative candidates are currently bioplastics
such as poly(lactic acid) (PLA), polyhydroxybutyrate (PHB), and polycaprolactone
(PCL), among others, but the properties of these materials are subpar. PLA and PHB are
too brittle and PCL has low thermal stability. One way to alleviate these issues could be
the addition of fillers that enhance the desired properties, but most commercial fillers
are either petrochemical- or inorganic-based and do not match the sustainability or
degradability profiles of the biopolymers to which they would be added.

Described in Chapter 1[1], cellulose nanocrystals (CNCs) are bio-sourced nanoparti-
cles that could be a promising candidate for this role. CNCs are rodlike nanoparticles
that can be isolated from a wide range of bio-sources and incorporated into a variety
of polymer matrices. Because of their sourcing, the resulting CNC-based composites
are still able to completely biodegrade while also exhibiting enhanced properties,
particularly enhanced strength, thermal stability, and barrier properties. One of the key
challenges associated with the preparation of CNC-based composites is the dispersion
of the nanocrystals within the host matrix. Since CNCs are hydrophilic and most
polymer matrices are hydrophobic, the CNCs tend to agglomerate when blended into a
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host material. To counter this aggregation, a variety of strategies have been employed,
including small molecule surfactant addition, polymeric surfactant addition, electrostatic
adsorption of small molecules or polymers, or covalent grafting of small molecules
or polymers to enhance the interfacial interations of the CNCs with the hydrophobic
host polymer. All of these approaches has had some level of success, but the resulting
composites almost always exhibit an increase in the mechanical strength and a reduction
in the elongation at break. While this isn’t necessarily a negative result, it means that
these types of additives would not be useful in PLA, the most common biopolymer,
where brittleness is already the biggest limitation. Additionally, nearly all of these
strategies rely on the use of water or organic solvents to functionalize the CNC surface,
which makes these techniques difficult to translate to a commercial scale. Regardless,
CNC-based composites have been made to show their potential for use in packaging,
water purification, electronics, and biomedical applications, amongst others.

Chapter 2[2] is focused on the issue of effective interfacial interactions between
CNCs and a host matrix. To study the variables that impact stress transfer in CNC
composites, poly(ethylene glycol) (PEG)-grafted CNCs were synthesized at multiple
grafting densities with multiple molecular weights of PEG chains and incorporated
into PLA composites. Using EDC/NHS coupling in water, PEG2k and PEG10k grafting
resulted in 0.09 and 0.03 chains/nm2, respectively. When the grafting reagent was
changed to DMTMM.BF4 in DMF, the same PEG2k and PEG10k grafting resulted in 0.33
and 0.07 chains/nm2, highlighting the effects of polymer-solvent interactions on polymer
grafting. Incorporating these grafted nanoparticles into PLA composites resulted in the
expected increase in storage modulus above Tg, up to a 500 % increase with 10 wt.%
MxG-CNC-g-PEG550H, but plasticization was avoided by grafting the polymers to the
CNC surface rather than blending all of the components together. Most interestingly, the
elongation at break was found to vary based on the grafted polymer molecular weight
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and surface density, which determine the polymer brush conformation on the CNC
surface. When grafted polymers were in the mushroom regime, dramatic embrittlement
was seen, down to 1.6 % strain at break with 10 wt.% MxG-CNC-g-PEG550L. This
occurred because the polymer chains were unable to fully cover the CNC surface,
allowing the hydrophilic CNC surface to interact with the hydrophobic PLA matrix,
creating defect points that led to premature failure. When surface density or molecular
weight were increased so that the polymer chains resided in a concentrated polymer
brush on the CNC surface, some amount of the embrittlement was reduced, but the
composite materials were still not as extensible as neat PLA because there was not
effective stress transfer between the filler and matrix. Only when the grafted polymer
had sufficient molecular weight in the semi-dilute brush regime was embrittlement
avoided, while still enhancing the mechanical properties above Tg. In this case, the
surface-anchored polymers were able to entangle with the PLA, allowing for effective
stress transfer and avoiding the embrittling effects caused by the rigid CNCs. These
design parameters, sufficiently long polymer chains in the semi-dilute brush regime, will
be important tools for designing functional CNC-based additives going forward.

With the ideal polymer grafting parameters determined, Chapter 3[3] developed
more sustainable grafting techniques that do not rely on the use of organic solvents or
water to bond polymer chains to the CNC surface. The approach was based on hindered
urea (HU) chemistry, which consists of an isocyanate group that is blocked by a sterically
bulky amine group. This HU group can be thermally activated to kick off the bulky
amine and regenerate the isocyanate group in-situ, which can subsequently react with
alcohol groups on the CNC surface. Synthetic methods were developed to attach HU
groups to the end of hydroxy- and bromine-terminated polymer chains and the resulting
HU-terminated polymers were grafted to CNCs in the melt. Diagnostic tests were
done to compare CNC grafting with HU- and isocyanate-terminated polymer chains,
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which showed that improved control over the grafting reaction was afforded by the HU
end group. With PEG2k and PEG10k, grafting resulted in 0.58 and 0.13 chains/nm2,
respectively, which was a significant improvement over the solution-based grafting
methods used in the prior chapter. Additionally, grafting was done with PCL10k-HU
and PBA10k-HU that resulted in 0.07 and 0.03 chains/nm2, respectively. These reduced
grafting densities hint that the steric bulk of the grafted polymer chain plays a significant
role in the resulting surface density. Although preparation of the HU-terminated
polymer chains required organic solvent, removing solvent from the grafting step while
achieving higher surface densities was a significant improvement over prior work and
represents a promising method for CNC functionalization with less bulky polymer
chains.

Finally, Chapter 4 aimed to combine the concepts learned in Chapters 2 and 3 to
design a polymer-grafted CNC nanofiller that would be able to toughen PLA. This work
was inspired by the use of wormlike micelles to toughen epoxies and other polymer
matrices through the addition of rubbery inclusions capable of blunting propagating
cracks within the matrix. By grafting diblock polymers to CNC surfaces where the inner
block was a low Tg poly(n-butyl acrylate) (PBA) segment and the outer block was a
compatibilizing PEG segment, it was hypothesized that the "wormlike" structure of
the CNCs would allow for toughening of PLA without the need for thermodynamic
self-assembly of the wormlike structures. PEG-b-PBA-HU diblock polymers were
synthesized and grafted onto CNCs, but the resulting nanoparticles exhibited extremely
low grafting densities, similar to those seen in Chapter 3. This resulted in all surface
brushes residing in the mushroom regime, where the CNC surface was only partially
covered and conflicting hydrophilic-hydrophobic interactions resulted in severe
embrittlement when the nanoparticles were incorporated into PLA composites. This low
grafting density was hypothesized to be the effect of increased steric bulk and chain
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stiffness in PBA, which was compared to the PEG chains used in Chapters 2 and 3. The
packing length of PBA, which is a measure of chain diameter, is 4.19 Å compared to 1.94
Å for PEG; and the Kuhn length, which is a measure of backbone stiffness, is 3.48 nm for
PBA and 1.86 nm for PEG. Both of these factors likely impact the ability for subsequent
polymer chains to access the CNC surface during the grafting reaction, reducing the
expected grafting density of the bulkier polymer chain.

5.2 Perspective and Outlook

During the writing of the review that would eventually become the first chapter of
this thesis, there were two clear themes that emerged while reviewing the literature.
First, CNC-based composites in the literature were overwhelmingly predictable: the
incorporation of CNCs resulted in stiffer and stronger materials, but the flexibility and
elongation at break were reduced. This isn’t inherently bad, except for the fact that most
biopolymers are limited by their flexibility. PLA has an elongation at break of less than
10 %, which is already way too brittle for most commercial applications. Adding CNCs
into the network may improve the strength and stiffness, but it exacerbates the core issue
with using PLA. For this reason, I wanted to find a nanoparticle that would be able to
enhance PLA properties without further reducing its flexibility. Ideally, this would
increase the elongation at break and toughness, but the first step was to understand the
factors necessary for polymer-grafted CNCs to interface effectively with PLA. This was
successfully achieved in Chapter 2 and the brush "phase" diagram was a very cool way to
visualize how changes in molecular weight and surface density would impact composite
properties.

The second trend that I pulled out of that initial literature review was the lack
of sustainable processing methods for CNC-based materials. Almost all techniques
for functionalizing CNCs relied on large amounts of water or organic solvent during
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synthesis or processing, which was antithetical to the reason for using these sustainable
nanoparticles. The hindered urea grafting method developed in Chapter 3 is an
extremely versatile technique to graft a wide range of polymer chains onto CNCs
without the need for solvent during the grafting step. Although the preparation of
the HU-terminated polymers required lots of solvent, I believe that more sophisticated
processing methods would reduce this need and, in a commercial setting, the system
would be designed so that the CNCs would not need to be purified before being
incorporated into the composite materials. Although not written into this thesis,
additional work is being done with the Mintz group at Clark Atlanta University to
improve melt-mixing procedures to develop CNC-based composites. By combining HU
functionalization methods with composite melt-processing techniques, we could almost
entirely eliminate solvent during composite production.

The intended culmination of my work was the development of a diblock-grafted
CNC that would mimic the toughening properties of wormlike micelles in PLA.
Unfortunately, the chosen PEG-b-PBA diblocks were too bulky to reach high enough
grafting density or polymer content on the CNC surface to have the desired effect.
While I do believe that the theory behind this approach is sound, as evidenced by the
Muiruri paper,[4] I did not have enough time to pivot into a polymer system that would
be more effective. To reach higher surface densities, a less bulky polymer should be
used, such as poly(ethyl acrylate) or polyhydroxybutyrate. Additionally, it may be more
effective to use grafting-from techniques that are able to fully cover the CNC surface
with relatively short polymer chains. Although the dispersity of the resulting polymer
brush would likely be higher, full surface coverage with short polymer chains along
with a few longer polymers would likely result in better composite properties. The short
chains would prevent embrittlement and the longer chains could effectively interface
with the host matrix to promote stress transfer. In an academic setting, this is much
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harder to characterize because surface initiation and growth behave much different
from solution-based polymerization, but from a commercial perspective, the resulting
composite properties are all that matter.

Moving forward, I think the diblock-grafted CNC platform is one that has potential
to create some very interesting materials. With the template of a functional inner
block combined with a compatible outer block, you could introduce a wide range of
functionalities into a wide range of materials. This functionality could take the form of
rubbery inclusions, transport channels for electrons, ions, or water, biological activity,
mechanochromic moieties, or anything else imaginable, and could be incorporated into
hydrophilic materials, hydrophobic materials, biological environments, or solution-state
systems. If we can continue to enhance surface density with bulkier polymer chains and
continue to find more sustainable processing methods for composites, the sky truly is the
limit for functional sustainable materials based on cellulose nanocrystals.
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