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Abstract

In recent years, cellulose nanocrystals (CNCs) isolated from natural cellulosic
sources through an acid hydrolysis treatment have garnered significant interest in both
academia and industry. CNCs have attracted attention not only because they stem from an
abundant, renewable resource and are biodegradable, but also because of their low
density, light weight, high aspect ratio, high tensile strength and a specific Young’s
modulus comparable to steel and Kevlar. These properties make CNCs ideal for use as
reinforcing agents in nanocomposites, as well as stabilizing agents in foams and gels.
However, due to the high surface area and hydrophilic nature of CNCs, unmodified
nanocrystals are difficult to disperse in non-polar materials. The lack of interfacial
compatibility between components causes CNCs to agglomerate and thus their
incorporation into conventional polymer matrices has been challenging at best, and
unsatisfactory in most cases.

In this work, CNCs have been rendered pH and temperature-responsive by
surface-initiated graft polymerization of 4-vinylpyridine and N-isopropylacrylamide,
respectively, using ceric (IV) ammonium nitrate as the initiator. The resultant suspensions
of poly(4-vinylpyridine)-grafted cellulose nanocrystals (P4VP-g-CNCs) and poly(N-
isopropylacrylamide)-grafted cellulose nanocrystals (PNIPAM-g-CNCs) show reversible
hydrophilic to hydrophobic responses with changes in pH and temperature, respectively.
The presence of grafted polymer and the tunable hydrophilic/hydrophobic properties

were characterized via Fourier transform infrared spectroscopy, elemental analysis,



electrophoretic mobility, mass spectrometry, transmittance spectroscopy, contact angle
measurements, thermal analysis and various microscopies.

The intention of this work has been to shift towards more industrially viable
surface modification routes for CNCs by using a one-pot, water-based synthesis to
produce a low cost and functional nanomaterial. Moreover, sonication is used throughout
the polymerization reaction to avoid particle aggregation and ensure that individual CNCs
are surface-functionalized. As a result, reproducible and uniform material properties have
been measured in both suspensions and films of modified CNCs. The responsive nature
of P4VP-g-CNCs and PNIPAM-g-CNCs may offer new applications for cellulose
nanocrystals in hydrophobic nanocomposites, biomedical devices, as clarifying agents,

and in industrial separation processes.
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1.0 Introduction

1.1 Cellulose

Cellulose, the most abundant biopolymer on Earth, is widely distributed in a
variety of living species such as plants, marine animals, fungi and bacteria [1].
Regardless of its source, cellulose is a high molecular weight homopolysaccharide
composed of anhydro-D-glucose units where the repeating segment consists of two
anhydroglucose units connected by B-1,4 glycosidic linkages. The repeat unit is known as
cellobiose and is shown in Figure 1. Each cellulose chain consists of a chemically
reducing functionality at one end (a hemiacetal unit), and a nonreducing end, with
pendant hydroxyl groups [2]. In addition, each anhydroglucose unit has three hydroxyl
groups, including a primary alcohol group at the Cg position and two secondary alcohol

groups at the C, and C3 positions.

Nonreducing end Cellobiose Reducing end

Figure 1. The chemical structure of cellulose. Figure adapted from reference [2].

In nature, cellulose chains associate through van der Waals forces and both inter-
and intra-molecular hydrogen bonds to form hierarchical assemblies [2]. At the site of

biosynthesis, individual cellulose chains are brought together to form larger units known
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as elementary fibrils (protofibrils) which further aggregate into larger units called
microfibrils and then assemble into cellulose fibers [3]. These cellulose fibers are the
main reinforcement phase for many living species such as trees and plants, as well as
some bacteria that secrete cellulose fibers to create external network structures. Cellulose
fibres consist of alternating highly ordered crystalline regions, where cellulose chains are
tightly packed and stabilized by hydrogen bonds, and less ordered amorphous-like
regions [4]. Different sources of cellulose exhibit different packing which is dictated by
the biosynthetic process and as such, the crystal structure and distribution of ordered and

disordered domains varies [5].

1.2 Cellulose Nanocrystals

Cellulose nanocrystals (CNCs) are rigid, rod-like particles produced from natural
cellulose sources with widths of a few nanometers and lengths ranging from hundreds of
nanometers to microns [2]. In recent years, CNCs have attracted significant attention not
only because of their renewability and biodegradability but also because of other
attractive properties such as low density, light weight, high aspect ratio, mechanical

strength and unique optical properties [2-4,6,7].

1.2.1 Preparation of Cellulose Nanocrystals

Cellulose nanocrystals are generally isolated from cellulose through an acid
hydrolysis process which removes the more accessible amorphous regions and leaves
intact the highly crystalline regions that are more resistant to acid degradation (Figure 2)

[8-10]. The dimensions, crystallinity and colloidal stability of CNCs depend primarily on
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the cellulose source and the acid hydrolysis conditions [2]. Ranby [8] and Battista [11]
were the first to produce stable CNC suspensions from the sulfuric acid hydrolysis of
cellulose. Some decades later, Dong et al. [10] studied the hydrolysis conditions in detail
and observed that longer reaction times led to shorter nanocrystals with greater surface
charge [10]. Later, research conducted by Azizi Samir et al. [12] reported that the acid
concentration affected the morphology of the nanocrystals extracted from sugar beet,
specifically. Beck-Candanedo et al. [9] investigated the reaction time and acid-to-pulp
ratio of softwood and hardwood cellulose sources, and confirmed that the reaction time
was the most influential parameter during acid hydrolysis. Similar to the previous
findings, longer hydrolysis times produced shorter nanocrystals with narrower
polydispersity, however, an excessively long reaction time eventually digested the
cellulose into its component glucose units [9,10]. Elazzouzi-Hafraoui et al. [13] studied
the effect of sulfuric acid temperature on the hydrolysis of cotton and demonstrated that a
higher temperature produced shorter nanocrystals. Overall, the dimensions of CNCs were
found to be smaller when harsher hydrolysis conditions were employed (e.g., high acid-

to-cellulose ratio, high temperature and long reaction times) [6,14,15].
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Amorphous Crystalline Amorphous Crystalline Amorphous
Region ; Region ; Region ; Region E Region

S

+ Acid Hydrolysis
Cellulose Cellulose
Nanocrystal ' Nanocrystal

Figure 2. Schematic of a cellulose microfibril with crystalline and amorphous regions and
the resulting cellulose nanocrystals after acid hydrolysis.

Sulfuric acid is by far the most common acid used to produce CNCs although
other concentrated mineral acids such as hydrochloric, phosphoric and hydrobromic acid
have also been reported [2]. Figure 3a shows the acid hydrolysis mechanism of cellulose
in sulfuric acid which involves the protonation of the glycosidic oxygen (path 1) or the
cyclic oxygen (path 2) from the hydronium ion. This leads to the hydrolytic cleavage of
the glycosidic bonds by the addition of water [16]. Overall, the acid hydrolysis leads to
smaller fragments of cellulose chains where the cellulose backbone is preserved. The use
of sulfuric acid as a hydrolyzing agent has also been shown to react with the surface
hydroxyl groups to form negative sulfate ester groups as shown in Figure 3b [6,14,16].
These anionic groups electrostatically stabilize CNCs in aqueous suspension and prevent
agglomeration through electrostatic double layer repulsion [10,17]. Acid hydrolysis with
hydrochloric acid, on the other hand, yields uncharged CNCs which tend to flocculate in

aqueous suspension [18].
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(a) Of s

OH
HO =)
5 -
n o
n
OH

Cellulose

OH

* H0

o
n
OH

By product oH

Figure 3. Schematic diagram illustrating (a) the mechanism of acid hydrolysis and (b)
esterification of CNCs. Figure reproduced from reference [16].

1.2.2 Morphological Properties of Cellulose Nanocrystals

The morphology of CNCs is typically studied by microscopy, including
transmission electron microscopy (TEM), scanning electron microscopy (SEM), and
atomic force microscopy (AFM). Light scattering techniques, such as small angle neutron
scattering (SANS) and polarized and depolarized dynamic light scattering (DLS/DDLYS)
have also been used. TEM micrographs of CNCs produced from different cellulose

sources are shown in Figure 4, and the dimensions of CNCs from different sources
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determined using various techniques is presented in Table 1. Generally, CNCs isolated
from bacteria and tunicate (a marine invertebrate) are longer than those produced from
plant-based cellulose such as cotton and wood. This is because of the very high purity
and crystallinity of cellulose from bacteria and tunicate, which is therefore broken down
to a lesser extent by acid hydrolysis. Furthermore, the aspect ratio (defined as the length-

to-width ratio) ranges from 10-30 for cotton and up to approximately 70 for CNCs from

tunicate [19,20].

Figure 4. Transmission electron micrographs of cellulose nanocrystals from (a) ramie
[14], (b) bacteria [21], (c) sisal [22], (d) sugar beet pulp [12], (e) tunicate [19] and (f)
cotton [23]. Figure adapted from reference [24].
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Table 1. Dimensions of cellulose nanocrystals from various sources measured using
different techniques.

Source Length (nm) Cross-section (nm)  Technique  Reference
Bacterial 100-1000 10-50 TEM [25]
100-several um 10-50 x 30-50 TEM [21]
Cotton 100-150 5-10 TEM [18]
255 15 DDLS [20]
Luffa Cylindrical 242 5 TEM [26]
Microcrystalline ~ 500 10 AFM [27]
Cellulose (MCC) 150-300 3-7 TEM [28]
Ramie 150-250 6-8 TEM [14]
Sisal 100-500 3-5 TEM [22]
Sugar Beet Pulp 210 5 TEM [12]
Tunicate 1160 16 DDLS [20]
500-2000 10 TEM [19]
Wheat Straw 150-300 5 TEM [29]
Soft Wood 100-150 4-5 AFM [9]
Hard Wood 140-150 4-5 AFM [9]

1.3 Chemical Modifications of Cellulose Nanocrystals

CNCs from sulfuric acid are often referred to as either “acid-form” or “sodium-
form”, depending on the nature of the counterion associated with the surface sulfate ester
group. Unmodified, acid-form CNCs that have been freeze or spray dried cannot be re-
dispersed due to strong cellulose-cellulose interactions and interparticle hydrogen
bonding [30-32]. While it is possible to redisperse the dried sodium-form of CNCs into
polar solvents, the hydrophilicty of CNCs makes it extremely challenging to uniformly
disperse unmodified CNCs in hydrophobic solvents and polymers [7]. Chemical
modification of the abundant and accessible surface hydroxyl groups on CNCs is a good
way to overcome the dispersion challenge. Both noncovalent and covalent surface
modifications have been reported in the literature with the focus on improving the

dispersibility and compatibility of CNCs in different matrices primarily for use in
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nanocomposites. Noncovalent surface modification are generally carried out by the
adsorption of polyelectrolytes or surfactants, whereas a seemingly limitless range of
covalent chemical modifications of CNCs is possible, including sulfonation, oxidation
[33], cationization [34], silylation [35], and grafting via acid chlorides [36], acid

anhydrides [37] or isocyanates [38], as depicted in Figure 5.

o o) . .
o )\ . J-l\ (f) Grafting via isocyanates

LA T3
QLAY AP
. 0 OH OH R Wof 1 (qg)Silylation
(e) Grafting via A c|>
acid anhydrides 9 R LI |
N N Si—0—&i-
Q i \
0 'ﬁ R
s}
S50H S0qH
H,S0, | | (a) Sulfonation
Ne
u\ SOSH
/(\ /E\ | j\ TEMPO, Nade!
(d) Cationization
O COOH CO-DH
P (b) Oxidation
8l by TEMPO
| | CDDH

R (lj (c) Grafting via
acid chlorides

OH oH CH
5 OH | |
HO = —
HOA A 0 o 1
OH n OH

OH

Figure 5. Schematic diagram illustrating various CNC surface modifications [33-38].
Figure adapted from reference [39].
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1.3.1 Polymer Grafting

The agglomeration of CNCs in agueous and organic suspensions can be prevented
by surface modifications that lead to steric stabilization, such as grafting polymer brushes
onto CNC surfaces [18,40]. However, the drawback of most chemical modifications
presented in the literature is that they are performed in organic media and require a
tedious and lengthy solvent exchange process to temporarily suspend the CNCs in
solution. The grafting of polymers on the surface of CNCs can be performed by two
techniques, namely, “grafting-to” and “grafting-from” as shown in Figure 6 [41].
“Grafting-to” involves the attachment of pre-synthesized and characterized polymer
chains to the hydroxyl groups of the CNC surface. Conversely, “grafting-from” involves
the surface initiated, in-situ polymerization from initiators immobilized on the surface, to
generate tethered polymers by conventional free radical [42] ionic [27] or ring-opening

polymerizations [14,43].

M
5 5 MM/—\* M
_(\/ B M M M
b4 a ] oa o4 LNt
a) | CNC | b) | CNC |

Figure 6. Grafting of polymer brushes on CNCs by (a) the “grafting-to” approach
whereby pre-synthesized polymer with end-functionality “B” react with CNC surface
“A” groups and (b) the “grafting-from” approach whereby polymers are grown from
surface-immobilized initiators (I) by adding monomers (M) to the growing polymer chain
active site (*).
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1.4 Stimuli-Responsive Polymers

In recent years, tailored molecular assemblies and interfaces with specific
chemical functionality and structure have been constructed for a variety of applications,
including “smart” materials, controlled drug delivery, and environmentally-responsive
coatings [44,45]. External environmental cues include temperature [40,46-48], pH
[49,50], chemical composition, humidity, applied mechanical forces, exposure to
irradiation [51], exposure to an electric or magnetic field, etc. These cues can trigger
conformational and chemical changes which lead to modified chemical, mechanical and
optical properties for different stimuli-responsive macromolecular nanostructures.

An overview of stimuli-responsive nanostructured polymer materials and systems
in thin films and nanoparticles is shown in Figure 7. Generally, stimuli-responsive
polymer materials are classified into the categories of [44]:

1. Polymer surfaces formed in bulk polymer materials

2. Grafted polymer thin films (may also be referred to as polymer brushes)
3. Thin films and membranes of polymer networks

4. Self-assembled multilayer thin films

Factors that must be considered when comparing different stimuli-responsive
polymers include the rate of response, the amplitude of change of material properties,
reversibility, and the intensity of external signal needed to trigger a response [44].
Normally, bulk polymers have long response times, ranging from minutes to hours, while

thin polymer coatings have rapid response rates with the mechanical properties of the
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bulk polymer retained [52]. In some cases, the response times of thin polymer films can

also be finely tuned to range from seconds to hours [44].
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Figure 7. Nanostructured stimuli-responsive polymer materials that rely on the phase
behavior of macromolecular assemblies in thin films (polymer brushes, multilayer films,
hybrid systems and thin crosslinked and membrane films) and nanoparticles (micelles,
nanogels, capsules, core-shell particles, core-hybrid shell particles and their assemblies in
solutions and at interfaces in emulsions and foams). Figure reproduced from reference
[44].

Both the “grafting-from” and “grafting-to” approaches have been used to prepare
adaptive and responsive interfaces that reversibly switch due to external stimuli. Uniform

[53,54], patterned [55], and gradient brushes where the grafting density and/or chemical
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composition gradually changes [56,57] have been reported in literature on both planar
and curved surfaces. Furthermore, homopolymer brushes, block copolymer brushes and
mixed polymer brushes, as shown in Figure 8, are the possible architectures available to

grafted polymers which exhibit responsive behaviours.

a b

Figure 8. Illustrations of various architectures and responsive behaviour of grafted
polymers including (a) homopolymer brushes (b) block copolymer brushes and (c) mixed
brushes. Figure reproduced from reference [44].

Figure 8a illustrates single component homopolymer brushes grafted on a planar
surface in which the responsiveness of the film originates from the properties of the
grafted polymer and its grafting density. For example, the thermoresponsive polymer
poly(N-isopropylacrylamide) (PNIPAM) possesses a lower critical solution temperature
(LCST) around 32°C in aqueous solution [58]. PNIPAM contains hydrophobic and
hydrophilic domains which rearrange depending on the water content of the material, the
surrounding media (air or liquid) and the ambient temperature. Generally, PNIPAM
surfaces appear hydrophilic below the LCST as there is efficient hydrogen bonding with

the solvent while above the LCST, dried PNIPAM surfaces are more hydrophobic as

12



M.A.Sc. Thesis — H. M. K. Kan McMaster University — Chemical Engineering

intramolecular hydrogen bonds are formed and a phase transition occurs from the
increased hydrophobicity [59-61]. The grafting of PNIPAM to different substrates has
been used to fabricate functional surfaces with reversible hydrophilic to hydrophobic
transitions with changes in temperature [62,63].

Aside from thermosensitive polymers, other responsive polymers include
poly(acrylic acid) (PAA) and poly(4-vinylpyridine) (P4VP), which respond to changes in
pH. PAA is hydrophobic at pH < 4 and becomes hydrophilic after deprotonation (pH > 4)
[64], whereas P4VP is hydrophilic at pH < 5 and becomes hydrophobic after
deprotonation (pH > 5) [65,66]. While a surface is normally considered hydrophobic if it
has a water contact angle greater than 90°, in the work, the precipitation is considered
hydrophobic.

Block copolymer brushes grafted to various substrates are another possible
architecture for polymer thin films (Figure 8b). The responsiveness of these films are
based on the phase segregation of each of the polymer blocks and the combination of
these polymeric blocks often results in the surface properties switching from a property of
one polymer to another property of the second polymer, or an intermediate state
exhibiting properties of both polymers [44]. An example is the grafting of P4VP and
PNIPAM block copolymers from cellulose filter paper surfaces using surface initiated
atom transfer radical polymerization to produce dual-responsive (both pH and
temperature sensitive) cellulose surfaces [65]. These surfaces respond to changes in pH
and temperature, which cause the wettability of the surfaces to alternate between the

extremes of highly hydrophilic to highly hydrophobic. The different conformations of the
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dual-responsive block copolymer brushes grafted on macroscopic cellulose surfaces are

shown in Figure 9.

pKy PAVP

Temperature

Celluloze surface

[Cellulose suface
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Figure 9. Different conformations of the dual-responsive block copolymer brushes of
poly(4-vinylpyridine) and poly(N-isopropylacrylamide) at different pH and temperature.
The conformation depicted in | is the most hydrophilic and the conformation in IV is the
most hydrophobic, with 111 and IV possessing intermediate wettability. Figure reproduced
from reference [65].

Another type of grafting architecture is mixed polymer brushes (Figure 8c), where
at least two chemically different polymers are grafted to the same substrate. Similar to
block copolymers, phase segregation causes the spatial distribution of the polymer
brushes to change at the brush surface resulting in switchable properties. The surface
composition and related physical changes of the mixed brushes is the basic mechanism
responsible for the modified interactions between the mixed polymer-grafted surface and

the environment [44]. One example is the grafting of polystyrene and poly(2-vinyl
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pyridine) brushes on silicon wafers to prepare mixed polymer brushes. Changes in
surface composition and wetting behaviour were observed after rinsing the grafted

surfaces in different solvents [53].

1.5 Stimuli-Responsive CNC  Suspensions, Gels and
Nanocomposites

1.5.1 Grafting of Stimuli-Responsive Polymers to CNCs

Stimuli-responsive polymers have been grafted onto CNCs using both the
“grafting-to” and “grafting-from” techniques. Thermo-sensitive amine-terminated
statistical copolymers of ethylene oxide (EO) and propylene oxide (PO) (Jeffamines)
have been grafted to CNC by a peptide coupling reaction which led to unusual CNC
suspension properties such as high ionic strength, surface activity and thermoreversible
aggregation [67]. As Jeffamine copolymers generally exhibit thermosensitive behavior,
with an LCST that depends on the EP/PO ratio; above this LCST, Jeffamine copolymers
reversibly change from a swollen coil to a collapsed globule [68], and this
thermosensitive behavior was also observed on the grafted CNCs.

In another example, PNIPAM has been grafted from the surface of CNCs via
surface-initiated single-electron transfer living radical polymerization with the use of
ethyl 2-bromoisobutyrate as an initiator to produce thermoresponsive polymer brushes on
the CNCs [40,69,70]. The thermoresponsive behavior and aggregation of the PNIPAM
grafted CNCs were observable by light scattering, rheology and colloidal probe atomic
force microscopy. Light transmittance also showed a temperature dependent aggregation

above the LCST of the PNIPAM brushes [69].
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The grafting of polyethylene glycol (PEG) onto the surface of carboxylated CNCs
by the direct condensation of PEG onto the CNC backbone has also been shown to
produce solid-solid phase changing materials [48]. Although PEG has been grafted to
CNCs by a number of researchers [18,71], the increased thermal conductivity and thermal
energy storage of PEG grafted cellulose nanocrystals was only recently studied for
applications in phase changing responsive materials. Another more recent study grafted
populations of complementary single stranded oligonucleotides (DNA) to CNCs [72].
Combining the populations led to hybridized and self-assembled nanostructures that were
reversible by increasing the temperature above the melting temperature of the duplexed

DNA.

1.5.2 Stimuli-Responsive CNC Gels

As mentioned, CNC suspensions prepared by sulfuric acid hydrolysis are stable
due to the electrostatic repulsion of the negatively charged sulfate ester groups. However,
if the stability of the CNC suspensions decreases, for example through a loss or screening
of surface charge, CNC suspensions may gel. A number of physical and chemical
processes can lead to the gelation of CNCs, including exchanging the counterions
associated with the charged ester groups from monovalent to divalent ions [31],
increasing the ionic strength of the CNC suspension [73], functionalizing the surface of
the CNCs with cationic hydroxypropyltrimethylammonium chloride [34] and evaporating
water from aqueous glycerol suspensions of CNCs [74].

CNC gels that are sensitive to pH can be prepared by functionalizing the surface
of the CNCs with either carboxylic acid or amine moieties [49]. Above pH ~3,
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carboxylated CNCs are deprotonated and form aqueous suspensions in water due to the
electrostatic double layer repulsion between the negatively charged carboxylic moieties.
Conversely, at a low pH, carboxylated CNCs are protonated and an attractive interaction
occurs through hydrogen bonding between the surface hydroxyl and carboxylic acid
groups leading to hydrogel formation. The opposite pH sensitivity is apparent for amine
functionalized CNCs where higher pH results in hydrogel formation and an aqueous
suspension is formed at low pH. Following this, pH-responsive carboxylated CNCs have

been used as reinforcing agents in PNIPAM-based thermal/pH sensitive hydrogels [75].

1.5.3 Stimuli-Responsive Nanocomposites with CNCs

One promising potential application of CNCs is as a reinforcing agent in
nanocomposite materials, as CNCs exhibit high stiffness (an axial Young’s modulus ~
143 GPa [76]) and nanometer scale dimensions. The first example was introduced by
Favier et al. [77], who used CNCs as a reinforcing agent for poly(styrene-co-butyl
acrylate) and since then, CNCs have been incorporated as the load-bearing component

into a wide range of polymer matrices [2,78].

1.5.3.1 Stimuli-Responsive CNC Fillers

Specifically, CNCs with surface sulfate ester groups have been used as stimuli-
responsive fillers to create mechanically adaptive polymer nanocomposites which exhibit
changes in stiffness when exposed to aqueous environments [79-81]. A schematic
representation of this reversible stiffness mechanism for ethylene oxide-epichlorohydrin

copolymer and polyvinyl acetate reinforced with CNCs is shown in Figure 10.
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Figure 10. Schematic of the switching mechanism of nanocomposites reinforced with
cellulose nanocrystals. Figure reproduced from reference [79].

The switching mechanism of the nanocomposites presented in Figure 10 entails an
“on” state and an “off” state. In the “off” state, the nanocomposite is exposed to an
aqueous environment and the CNC self-interactions are “switched off”, as there are
competitive bonds formed with the solvent. With the evaporation of the solvent, the self-
interactions of the CNCs are “switched on” and the CNCs form a rigid, percolating
network. This maximizes the stress transfer within the nanocomposite and increases the
overall modulus of the nanocomposite [79]. This switching mechanism behavior was
apparent for a range of different polymer matrices with sulfated CNCs as a filler [80,81].
Furthermore, other than sulfated CNCs, pH responsive CNCs functionalized by Way et
al. [49] can be incorporated into poly(vinyl acetate) matrices to yield pH-responsive
nanocomposite films. The mechanical properties of these nanocomposites are also

influenced in both dry and water swollen states via the pH.

1.5.3.2 Stimuli-Responsive Nanocomposites Reinforced with CNCs

Stimuli-responsive nanocomposites with CNCs as reinforcing fillers have also
been reported. Unmodified CNCs were used to reinforce a thermally healable
supramolecular polymer formed via n-n interactions between an oligomer terminated at
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both ends with m-electron rich pyrenyl moieties and a chain-folding oligomer containing
pairs of m-electron poor naphthalene-diimide units [82]. It was found that all cellulose
reinforced nanocomposites could be repaired after damage when exposed to elevated
temperatures, and that reinforcement with CNCs greatly enhanced the mechanical
properties. Light-healable, supramolecular nanocomposites reinforced with CNCs have
also been reported based on a telechelic poly(ethylene-co-butylene) functionalized with
hydrogen-bonding ureidopyrimidone (UPy) and CNCs functionalized with the same
binding motif [83]. The reinforced nanocomposites displayed improved mechanical
properties and when exposed to ultraviolent radiation, the UPy motifs cause a temporary
disengagement of the hydrogen-bonding motifs resulting in a reversible decrease of the

supramolecular polymers’ molecular weight and viscosity.

1.6 Ceric (1V) lon-Initiated Polymerization

Of all the polymer “grafting-from” methods, one of the most interesting uses the
ceric-cerous redox system to initiate polymerization from pre-existing polymers such as
cellulose. Free radicals are formed at the cellulose backbone through the direct oxidation
of cellulose, a single electron transfer process whereby electrons are transferred from the
hydroxyl group of cellulose to the ceric ion [84,85]. Graft polymerization is then initiated
at these radical sites. Mino and Kaizerman [86] were the first to discuss graft
polymerization with the use of ceric ions, while Schwab et al. [87] were the first to
extend this grafting knowledge to cellulose. From then, the grafting of vinyl monomers

with the use of this technique has been extended to not only other cellulosic materials
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such as cotton, wood pulp, paper, rayon, jute, ramie and cellophane, but also other natural

and modified polysaccharides [84,88].

1.6.1 Reaction Mechanism

The mechanism proposed by Ogiwara et al. [89], for the grafting of vinyl

monomers from cellulose with ceric ion-initiation, is presented in the reaction scheme

below:
Initiation:
K kq * + 1
Ce(IV) + Cellulose-H < Complex — Cellulose + Ce(III) + H (1)
* ki
Cellulose + M — Cellulose-M 2)
ki! *
Ce(IV) +M = M" + Ce(Ill) + H' 3)

Propagation:

* kp * 4
Cellulose-M , + M — Cellulose-M (4)
‘ kp
M +M D M, (5)
Termination:
« k
Cellulose-M", + Ce(IV) = Cellulose-M,, + Ce(IIT) + H' (6)
. ke
M’ + Ce(IV) > M, + Ce(Ill) + H (7)
* * kt” iye . (8)
Cellulose—M ,, + Cellulose — Stabilization
. K
Cellulose” + Ce(IV) - Oxidation Products + Ce(IIl) + H 9)
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Overall, this reaction mechanism is similar to that proposed by Katai et al. [90] for the
ceric oxidation of alcohols. Other researchers in the field of grafting polymers onto
cellulosics have also proposed similar mechanisms [91,92].

Cellulose contains several possible sites for the oxidation by ceric ions. This
includes the hydroxyl at Cg, the glycol group at the C,-Cj3 position, the hydroxyl group at
the end of the cellulose chain, along with the hemiacetal unit. Many researchers have
examined the relative rates of oxidation of these sites using model compounds and
Iwakura et al. [93] reported that primary alcohols and 1,2 glycols were the most effective
oxidation sites while examining the polymerization of polystyrene from various alcohols
initiated by ceric ions. Hintz et al. [94] also reported that the oxidation of cellulose with
ceric ions is more likely to occur at the C,-C3 positions and not at the Cg position. Their
work examined the relative rates of oxidation of the Cg hydroxyl and the C,-C3 glycol
using model compounds; cyclohexanemethyl alcohol and tetrahydropyran-2-methyl
alcohol tested the Cg hydroxyl and trans-1,2-cyclohexanediol tested the C,-C3 glycol.
This greater reactivity of the C,-C3 glycol has also been reported by other researchers
[95].

Furthermore, the oxidation at the hemiacetal unit has also been investigated.
Model compounds containing a hemiacetal group similar to cellulose were found to be
more readily oxidized than compounds with the hemiacetal group blocked, such as
grafting methyl methacrylate to the C; position of glucose [96,97]. Pottenger et al. [98]
studied model compounds for cellulose and reported that the rate of oxidation of the

hemiacetal unit was 360 times greater than that of the C,-C3 hydroxyl group. However,
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due to the large number of C,-C; hydroxyl groups on the model compounds, these
hydroxyl groups remain highly probable reaction sites.

To understand the mechanism of ceric ion initiation, many quantitative studies
have been undertaken with organic compounds that are susceptible to this oxidation
reaction. Mino and Kaizerman [95] studied the oxidization of pinacol by ceric sulfate as
shown in the reaction below. It was found that the oxidation of one mole of pinacol led to
two moles of acetone, and when acrylamide was present only one mole of acetone was
produced, as all the free radicals generated led to the initiation of acrylamide
polymerization [95]. Overall, these results are expected to translate to cellulose, as the
free radicals formed will lead to the grafting of polymer chains when polymerizable

monomers are present.

Ce*'+ CH 40, — (CH3),CO + (CH;),C"OH + H'+ Ce' (10)

Ce*" + (CHy),C'OH — (CH3),CO +H'+Ce’™ (11)

Depending on the site of oxidation, two similar mechanisms for the oxidation by
ceric ions at the hemiacetal unit and the C,-C3 position have been proposed and supported
by others working with cellulosic materials [98-100]. Figure 11 illustrates the oxidation
of the hemiacetal unit as proposed by Pottenger et al. [98] based on examining the
products of the oxidation of glucose by ceric ions in perchloric acid. It was proposed that
the C1-C, bond was broken and that the free radical would be formed at the C; position
due to the greater possibility of resonance stabilization. Analysis of the grafted polymer

also showed the presence of an aldehyde group which further confirmed that the C1-C,
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bond was broken [100]. Furthermore, Pottenger et al. [98] also proposed a mechanism for
the C,-C3 position from examining the products of oxidation for Schardinger B-dextrin
and cellulose as shown in Figure 12. This mechanism corresponds to a similar
mechanism proposed by Arthur et al. [99] which came from examining the oxidation of
cotton and microcrystalline cellulose by electron spin resonance (ESR). Overall, both
mechanisms suggest that the ceric ion forms a chelated complex with the cellulose
molecule in which a transfer of electrons from cellulose to Ce(1V) occurs. This leads to
the reduction of Ce(lV) to Ce(lll), a breakage of a bond on the cellulose and the
formation of a radical. Additionally, it has also been proposed by Kulkarni et al. [96,101]
from the investigation of the products of cellulose from ceric oxidation that the reaction
occurs rapidly due to the formation of the ceric-cellulose complex and oxidation of the
hemiacetal units. Thereafter, depending on the oxidation conditions, the oxidation may
occur at the C, position without the cleavage of the C,-C3z bond or proceed through the

cleavage of the C,-C3 bond.
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Figure 11. Schematic of the oxidation of the hemiacetal unit for cellulose. Figure
reproduced from reference [98].
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Figure 12. Schematic of the oxidation of the C,-C; position for cellulose. Figure
reproduced from reference [98].
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Aside from the free-radical mechanism shown previously, an alternative
mechanism for the grafting of polar vinyl monomers to cellulosics has been proposed by
Gaylord et al. [102,103] This mechanism focuses on cellulose-monomer interactions or
complexations, where cellulose acts as a complexing agent for the activation of acceptor
monomers and the alignment of monomer-cellulose-water donor-acceptor complexes.
The grafting of polymer chains and homopolymerization are products of the addition of
monomer-cellulose-water complexes by a non-radical mechanism. All in all, although
this mechanism is of considerable interest, more experimental justification is needed and

currently no single mechanism has been generally accepted [84].

1.6.2 Grafting Parameters

Due to the heterogeneity of the reaction, the number of reaction variables, and the
variability of substrates, many parameters are known to affect the grafting of vinyl
monomers to cellulose using ceric (IV) ion-initiation. General trends observed in the
literature for parameters including reaction time, initiator concentration, type of acid, acid
concentration, monomer concentration and substrate are briefly discussed below. Figure
13 illustrates typical curves of the grafting efficiency dependence on time, initiator

concentration, acid concentration and temperature [84].
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Figure 13. Typical curves of the grafting efficiency with ceric (IV) ion-initiated

polymerization on cellulose as a function of (a) reaction time (b) initiator concentration
(c) acid concentration (d) temperature. Figure reproduced from reference [84].

With respect to the grafting of vinyl monomers to cellulosics, many researchers
have shown that the percent graft increases with time as shown in Figure 13a in one of
three methods including of the grafting yield eventually leveling off with time (A), the
grafting yield continuing to increase with time and eventually leveling off (B) and the
grafting yield increases with reaction time (C) [87,91,92,96,97]. As the grafting
efficiency increases, the rate of grafting is seen to decrease with time as there is a
decrease in monomer and initiator concentration, a retardation of diffusion to the

substrate with the grafted polymer chains grafted from the surface, and also a reduction in
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the number of available sites for grafting [84,96]. Furthermore, Figure 13b illustrates the
dependence of initiator concentration on the grafting efficiency. Depending on the
monomer, substrate and reaction conditions, the curve shown in Figure 13b was found to
be more prevalent for ceric (IV) ammonium nitrate (CAN) than ceric (IV) ammonium
sulfate (CAS). The percent grafting was found to increase with the initiator concentration
until a maximum efficiency after which a decrease in percent grafting followed [87,96].
This decrease in polymer grafting with an increase in initiator concentration is suggested
to be due to an increase in the rate of termination of radicals involving ceric ions
(Equations 6 and 7) or due to an increase in homopolymerization [84].

The type of acid used and the concentration of acid in the reaction have been
reported to affect the grafting yield. As shown in Figure 13c, it is generally suggested that
an increase of acid concentration will lead to an increase in grafting as there is a decrease
in the termination rate for the propagating polymer chains [104,105]. Conversely, a
decrease in grafting is seen at a high acid concentration as the polymer termination rate
increases and there is a reduction in the ceric-cellulose complex formation [104,105].
Furthermore, Mansour et al. [106] investigated the acid concentration with respect to the
monomer, ceric salt and ceric ion concentration and concluded that to achieve the
optimum yield, the critical factor in CAS-initiated systems was the concentration of
initiator and reactivity of the monomer whereas CAN-initiated systems depended on the
nitrate ion concentration.

Generally, increasing the monomer concentration increases the grafting efficiency

for both CAN and CAS initiating systems for a variety of monomers and substrates
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[87,91,96,104]. The monomer reactivity depends on grafting conditions as the reactivity
varies for different aqueous systems and solvents and the variation of temperature also
affects the monomer reactivity [107]. Moreover, the dependence of temperature on the
grafting yield depends on the type of acid, the acid concentration and the monomer used.
The general grafting behavior with respect to temperature is shown in Figure 13d where
the change in temperature affects factors such as reactant diffusion, adsorption of the
monomer to the substrate, homopolymerization and changes in the initiation, propagation
and termination rates [84,87,97]. Overall, an increase in grafting with temperature
corresponded to greater polymerization rates while a decrease in temperature also showed
a decrease in polymerization rates.

The substrate is another important factor when considering ceric (IV)-initiated
grafting of vinyl monomers to cellulosic materials. Researchers have investigated the
effects of accessibility and crystallinity of the substrate and have found that an increase in
accessibility and decrease in crystallinity generally lead to higher grafting yields
[97,100]. Furthermore, the technique to graft monomers onto cellulosics such as treating
the substrate with monomers first and then initiator or vice versa may also affect the
overall grafting density. For CAN initiated systems, grafting yields were higher when the
monomer was added first and the difference in yield was more pronounced at longer
reaction times [87,108]. CAS initiated systems, on the other hand, showed the reverse

likely because of the greater stability of CAS [84].
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1.6.3 Properties of Grafted Polymers

On the basis of literature and previous works, the ceric (IV) ion-initiated graft
polymerization of vinyl monomers from cellulosics generally yields a low grafting
efficiency [84,109,110]. Although ceric ions sufficiently improve the number of active
sites on the cellulosic backbone through the single electron transfer process, the grafted
polymer molecular weights have ranged from approximately 0.03 to 11 x 10° g mol™ and
less than five grafted polymer chains per cellulose molecule are commonly reported
[46,109,111,112]. Furthermore, the grafting reaction is understood to occur mainly in
amorphous regions of cellulose, because these regions swell more in the reaction media
and allow the reactants to easily diffuse through; in other words, more polymer grafting
occurs in the more accessible cellulose regions [93,108,111]. By studying the
morphology of polymer-grafted cellulose substrates, researchers have also reported that
the grafting proceeds from the substrate surface inwards as the grafting occurs readily at
the surface. X-ray analysis has shown little change in the overall crystallinity of cellulose

substrates before and after the grafting-from reaction [93,113].
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1.7 Research Objectives

To our knowledge, the grafting of vinyl monomers using ceric (IV) ion-initiated
polymerization from cellulose nanocrystals has not been reported previously. This thesis
focuses on grafting two different responsive polymers, poly(4-vinylpyridine) and poly(N-
isopropylacrylamide), from CNCs to develop polymer-modified bio-based nanoparticles
that are not only pH and temperature-responsive but also capable of showing reversible
hydrophilic to hydrophobic transitions. This chemical surface modification is likely to
extend the potential applications of CNCs as reinforcing agents by facilitating their
incorporation into new matrix materials, in biotechnological applications, or as reversible
flocculants for various industrial processes.

This thesis begins with a literature review that introduces cellulose nanocrystals,
stimuli-responsive polymeric materials and the ceric (IV) ion-initiated graft
polymerization mechanism. Chapter 2 provides a detailed explanation of the experimental
procedures including the production of CNCs, the grafting-from CNC approach and the
characterization techniques. The resultant materials, their physical and chemical
properties and responsive behaviour are discussed in detail in Chapter 3. Finally, Chapter

4 summarizes the achieved results and provides recommendations for future work.
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2.0 Experimental

2.1 Materials

4-vinylpyridine (4VP), N-Isopropylacrylamide (NIPAM), cerium (I\VV) ammonium
nitrate (CAN), sodium chloride (NaCl), inhibitor removers, poly(4-vinylpyridine)
(P4VP), My, ~ 60000 and poly(N-Isopropylacrylamide) (PNIPAM), M,, ~ 19000 — 30000
were purchased from Sigma-Aldrich. Nitric acid (70%) was obtained from EMD
Chemicals, polyallylamine hydrochloride (PAH, M,, = 120,000~200,000 g/mol) was
purchased from Polysciences, Inc, sulfuric acid (96% + 0.15%) was purchased from
Fischer Scientific and sodium hydroxide (NaOH, 0.1 M) and hydrochloric acid (HCI, 0.1

M) were purchased from LabChem Inc.

2.2 Preparation of Cellulose Nanocrystals

Suspensions of cellulose nanocrystals were prepared by sulfuric acid hydrolysis as
previously described [114]. Typically, 40 g of cotton filter aid (Whatman ashless filter aid
(catalogue no. 1700025, GE Healthcare Canada, Mississauga, ON, Canada) was treated
with 700 mL of 64 wt.% sulfuric acid at 45 °C for 45 min with constant stirring.
Following the acid hydrolysis, the suspension was diluted 10-fold with purified Type I
water with a resistivity of 18.2 MQ cm (Barnstead NANOpure Dlamond system, Thermo
Scientific, Asheville, NC) to quench the reaction. The suspension was then centrifuged at
6000 rpm for 10 minutes to concentrate the cellulose, while excess water and acid were

removed. The resulting precipitant was rinsed in purified water, recentrifuged and
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dialyzed in purified water until constant, neutral pH was achieved in the dialysis
reservoir. The suspension was sonicated three times, for 15 minute intervals (Sonifier
450, Branson Ultrasonics, Danbury, CT) at 60% output while cooling in an ice bath to
prevent over-heating. Dowex Marathon C hydrogen form resin (Sigma, Milwaukee, W1)
was added to the cellulose suspension for three days and removed by filtering through
glass microfiber filters (Whatman Grade GF/B, VWR, Chicago, IL). The resulting
suspension was approximately 1% cellulose by weight and the key characteristics are
labeled in the table below.

Table 2. Characteristics of sulfuric acid hydrolyzed cellulose nanocrystals.

Characteristic
pH 3.35
AFM 122 + 6 nm
DLS 115+ 1 nm
Mobility -2.36 x 10° m?/V/s
Sulfur content
Elemental Analysis 0.78%
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2.3 Graft Polymerization

2.3.1 Graft Polymerization of 4-vinylpyridine

Suspensions of poly(4-vinylpyridine) grafted from cellulose nanocrystals (P4VP-
g-CNCs) were prepared as follows. A visual schematic of the graft polymerization of 4-
vinylpyridine from CNCs is shown in Figure 14. First, the 4VP monomer was passed
through an inhibitor removal column. Next, 40 mL of a 1 wt.% CNC suspension, 0.75
mL of 70 wt.% HNO3 and 1.17 mL of 4VP were added to a 50 mL round bottom flask..
Under N, atmosphere, the mixture was sonicated continuously at 60% output (Branson
450 sonifier) for 45 minutes in an ice bath, at which point 131 mg of CAN was dissolved
in 1 mL of purified Type | water and added to the suspension. The mixture was sonicated
for another 2 hours in an ice bath. The mixture was then left stirring overnight under a N,
atmosphere. The following day, the mixture was ultra-centrifuged at 50,000 rpm for 1
hour and washed with acidic purified water (pH 2) until the UV absorbance of the
supernatant at ~252 nm had decreased to 0.2-0.7 absorbance units (cerium ions strongly
absorb in the UV and near UV region [84]). Sonication was applied between each
centrifugation step in order to re-disperse the nanoparticles and ensure efficient removal
of unreacted reagents. The P4VP-g-CNC suspension was filtered through glass
microfiber filter paper to remove any metal particles from the sonication probe, and
dialyzed against acidic water (pH 2). After dialysis, the P4VP-g-CNC suspension was
ultrafiltrated at 3500 rpm with 100 kDa ultrafiltration tubes for 15 minutes to yield a 1

wt.% P4VP-g-CNC suspension, which was then stored in the refrigerator.
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Figure 14. Schematic of the grafting polymerization of 4-vinylpyridine from CNCs.
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2.3.2 Graft Polymerization of N-isopropylacrylamide

The graft polymerization of N-isopropylacrylamide from CNCs follows a similar
schematic to that of the graft polymerization of 4-vinylpyridine as shown in Figure 14.
First, 160 mL of a 0.25 wt. % CNC suspension, 0.75 mL of 70 wt. % HNO3 and 1.39 g of
N-isopropylacrylamide were added to a 500 mL round bottom flask. Under a N
atmosphere, the mixture was sonicated continuously in a sonicator bath (VWR Ultrasonic
Cleaner) for 45 minutes in an ice bath, at which point in time, 131 mg of CAN was
dissolved in 1 mL of purified water and added to the suspension. The mixture was
sonicated for another 2 hours in an iced sonicator bath. The mixture was then left stirring
overnight under a N, atmosphere. The following day, the mixture was ultra-centrifuged at
50,000 rpm for 1 hour and washed with purified water until the UV absorbance of the
supernatant at ~252 nm had decreased to 0.2-0.7 absorbance units. Sonication was
applied between each centrifugation step in order to re-disperse the nanoparticles and
ensure efficient removal of unreacted reagents. The PNIPAM-g-CNC suspension was
dialyzed against purified water and after dialysis, the PNIPAM-g-CNC suspension was
ultrafiltrated in a stirred cell (Millipore, Billerica, MA) with a 30 kDa ultrafiltration
membrane until there was no UV absorbance from the supernatant at ~252 nm. This
process yielded a 1 wt.% PNIPAM -g-CNC suspension, which was then stored in the

refrigerator.
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2.4 Characterization Techniques

2.4.1 Fourier-Transform Infrared Spectroscopy

Freeze dried CNCs and P4VP-g-CNCs were incorporated into KBr pellets at
approximately 1 wt.%, as was done for a neat P4VP sample. Suspensions of CNCs and
PNIPAM-g-CNCs were also incorporated into KBr pellets at approximately 1 wt.%, as
was done for a neat PNIPAM sample. FTIR spectra were recorded in transmission mode

on a Nicolet 6700 FT-IR spectrometer (Thermo Scientific).

2.4.2 Elemental Analysis

Carbon, hydrogen, nitrogen and sulfur content by mass for freeze-dried CNCs and
P4VP-g-CNCs were determined by Micro Analysis Inc. (Wilmington, DE). The samples
were combusted in a pure oxygen environment where the product gases were separated
and detected by thermal conductivity. Duplicates were measured for each sample and

averages are reported.

2.4.3 Atomic Force Microscopy

Polished silicon wafers (Grinm Semiconductor Materials Co. Ltd, Beijing, China)
were cut into 1 cm x 1 cm squares and dipped into a 0.1 wt.% PAH solution for 1 hour
and rinsed in purified water to adsorb a cationic precursor layer on the substrate. The
silicon wafers were then dipped into either 0.001 wt.% CNC, P4VP-g-CNC or PNIPAM-
g-CNC suspensions for 1 hour and dried with compressed air. The cellulose-coated
silicon wafers were imaged by AFM using a Nanoscope Illa Multimode Scanning Probe

Microscope with an E scanner (Bruker AXS, Santa Barbara, CA). The tapping mode
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images were collected in air with silicon cantilevers (AC 160TS, Olympus Canada Inc,
Richmond Hill, ON, Canada). The dimensions of the nanocrystals were determined from
AFM height images where the “width” was determined from the height values to avoid
tip convolution errors. The reported error intervals represent the standard error of the

average for over 100 individually measured CNCs.

2.4.4 Dynamic Light Scattering

DLS experiments were carried out with a Malvern Zetasizer Nano-S instrument
(Malvern, Worcestershire, UK) with a detection angle of 173°. Suspensions of CNC and
P4VP-g-CNC and PNIPAM-g-CNC with pH of 4.5, 2.5 and 5.8 respectively were filtered
through a Millipore Millex-FH nylon syringe filter (0.45 pum) prior to the measurements,
which were obtained at 0.05 wt.% concentrations and 25°C. The reported error intervals
represent the standard error of the average of 3 measurements with 15 cycles per
measurement. The effect of temperature on 0.05 wt.% suspensions of PNIPAM-g-CNC
were collected on a temperature ramp from 20°C to 50°C with 3°C intervals and a 2

minute equilibration time between each step.

2.4.5 Electrophoretic Mobility

The electrophoretic mobility was measured using a Zeta Potential ZetaPlus
Analyzer (Brookhaven, Holtsville, NY). All samples were measured at 0.25 wt.%
concentrations, with 5 mM NaCl at 25 °C. All electrophoretic mobility data plotted

includes error bars which represent the standard error of an average of 10 measurements
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with 15 cycles per measurement (in some cases the error bars are smaller than the

symbols and are not necessarily visible in Figure 18).

2.4.6 Absorbance

The absorbance of PNIPAM-g-CNC suspensions was measured using a Cary 300
UV-Vis spectrophotometer (Agilent Technology) at a wavelength of 500 nm. The effect
of temperature on 1.3 wt.% suspensions of PNIPAM-g-CNC were collected on a
temperature ramp from 20°C to 50°C with 3°C intervals and a 5 minute equilibration
time between each step. The reported error intervals represent the standard error of the

average of 3 measurements.

2.4.7 Transmittance

The transmittance of all CNC and P4VP-g-CNC suspensions were measured
using a DU®800 UV-Vis spectrophotometer (Beckman Coulter) at a wavelength of 500
nm. The concentration of the CNC and P4VP-g-CNC suspensions were 0.25 wt.% with a

salt content of 5 mM NacCl.

2.4.8 Contact Angle

Static water contact angle measurements were conducted on a NRL contact angle
goniometer, model: 100-00-115 (Ramé-hart, Succasunna, NJ) equipped with a Sanyo
VC8-3512T camera. Uniform films for contact angle measurements were obtained by
spin coating (Chemat Technology KW-4A, Northridge, CA) ~10 wt.% CNC, P4VP-g-
CNC and PNIPAM-g-CNC suspensions onto PAH-coated Si wafers at 4000 rpm for 60

seconds followed by heat-treatment for 12 hours at 80°C. CNC and P4VP-g-CNC films
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were immersed in adjusted pH solutions of pH 2, 5 and 10 for 1 hour and then dried at 50
°C for 1 hour. Contact angles were measured with 5 puL droplets of water at pH 2, 5, and
10 on the films that had been pre-conditioned at the same pH value. Moreover, contact
angles of CNC and PNIPAM-g-CNC films were measured with 5 pL droplets of purified

Type I water (pH 5.8) at 25°C and ~40°C.

2.4.9 Ellipsometry

Film thicknesses for CNC and P4VP-g-CNC spin coated films were measured
with an ellipsometer (Exacta 2000, Waterloo Digital Electronics, Waterloo, ON, Canada)
equipped with a He-Ne laser (632.8 nm). An incident angle of 70° was used and the
refractive index of cellulose was set at 1.53 [115]. Ellipsometry gave thicknesses of 66 +

19 nm and 79 + 7 nm, for the CNC and P4VP-g-CNC films, respectively.

2.4.10 Thermogravimetric Analysis

TGA measurements were performed using a thermoanalyzer (Netzsch STA-409,
Burlington, MA). 20-25 mg of freeze-dried P4VP, CNCs and P4VP-g-CNCs were heated

to 500 °C under air, with a 5 °C/min heating rate.

24.11 Mass Spectrometry

Two types of mass spectrometry were used to analyze P4VP grafted from CNCs:
(1) laser desorption/ionization time-of-flight mass spectrometry (LDI-TOF MS) was
conducted on the Micromass MALDI MicroMX spectrometer (Waters, Milford, MA) in
linear mode from dried nanoparticles suspension samples without an ionizing matrix and

(2) direct sample analysis time-of-flight mass spectrometry (DSA-TOF MS) was
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conducted on the AXION DSA System (Perklin Elmer, Waltham, MA) by applying 10 pL

of each sample to the DSA rail mesh holder.

2.4.12 Optical Microscopy

Photomicrographs of P4VP-g-CNC suspensions were taken with a polarized light
microscope (Olympus BX51) equipped with a QImaging Retiga-EXi camera. A few
drops of P4VP-g-CNCs were placed on a standard glass microscope slide and covered
with a cover slip. Pictures were taken as the P4VP-g-CNCs evaporated from the edges of

the slide.

2.4.13 Rheology

Viscosity measurements of CNC and PNIPAM-g-CNC suspensions were carried
out on a STRESSTECH HR Rheometer (ATS RheoSystems, Bordentown, NJ). Coaxial
cylinder geometry was used at a constant shear rate of 40 s™. The effect of temperature on
2.3 wt.% suspensions of PNIPAM-g-CNC were collected on a temperature ramp from
20°C to 50°C with 3°C intervals and a 5 minute equilibration time between each step.
The reported error intervals represent the standard error of the average of 4

measurements.
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3.0 Results and Discussion

3.1 Ceric (IV) Graft Polymerization of 4-Vinylpyridine

3.1.1 Responsive Poly(4-vinylpyridine)-Grafted CNCs

P4VP-g-CNCs were prepared using a surface-initiated grafting-from reaction with
ceric (IV) ammonium nitrate. This one-pot, water-based synthetic route is illustrated in
Figure 15. The P4VP-g-CNC suspensions were purified by centrifugation, dialysis and
ultrafiltration prior to all analyses in order to remove any unbound homopolymer and to
ensure that the detected polymeric fragments were bound to the CNC surfaces which
were characterized previously (Table 2). The final pH of the P4VP-g-CNC suspension
was approximately 2.5 and showed no visible sedimentation suggesting that a stable
aqueous suspension was obtained under acidic conditions. Furthermore, the presence of
P4VP was confirmed on the surface of the cellulose nanocrystals by FTIR spectroscopy
by comparing the spectra of pure P4VP, CNCs and P4VP-g-CNCs, as shown in the
Figure 16. The transmittance bands at 1405, 1456, 1506 and 1556 cm™ observed in
P4VP-g-CNCs (Figure 16c) are characteristic to the stretching of the C—N and C-C
bonds of P4VP (Figure 16a). This result confirms the presence of P4VP on the surface of

P4VP-g-CNCs but does not confirm that the polymer is covalently bound to the CNCs.
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Figure 15. The graft polymerization of poly(4-vinylpyridine) with ceric (IVV) ammonium
nitrate (CAN) initiator from the surface of sulfuric acid-hydrolyzed cellulose
nanocrystals.
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Figure 16. FTIR spectra of (a) P4VP, (b) unmodified CNCs, and (c) P4VP-g-CNCs.

P4AVP is a weak polyelectrolyte with a pK, ~ 5 [116,117]. At pH > 5, P4VP
becomes hydrophobic and precipitates from aqueous solution due to the deprotonation of
the pyridyl group [65,66]. Suspensions of P4VP-g-CNCs also flocculate above pH 5, as
shown macroscopically in Figure 17. Initially, both the unmodified and modified CNC
samples appear stable as a function of pH (Figs. 17a and 17c). After 1 hour, the
unmodified CNC suspensions remain insensitive to pH (Fig. 17b) while to the contrary,

the P4VP-g-CNCs settle to the bottom of the vials for pH > 5 conditions (Fig. 17d). The
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flocculation observed in the P4VP-g-CNC suspensions is reversible; shifting the pH to
values less than 5 returns a stable suspension since the pyridyl groups are once again
protonated. Sonication will speed up the re-dispersion of P4VP-g-CNCs but is not

required.

pH | 2.04 | 3.35 | 3.98 | 5.90 | 7.93 [10.04] t=0

P4VP-g-CNCs

t=21hr
Figure 17. Photographs of (a) CNC suspensions immediately after pH adjustment and (b)
1 hour after pH adjustment; P4VP-g-CNC suspensions (c) immediately after pH

adjustment and (d) 1 hour after pH adjustment which shows the flocculation of P4VP-g-
CNCs above pH 5.

The pH-responsive character and surface charge of P4VP-g-CNCs were
quantified using electrophoretic mobility measurements (Figure 18). Unmodified CNCs
are negatively charged due to surface sulfate ester groups which are introduced during
CNC preparation and have an electrophoretic mobility of approximately -2.5 x 107

m?*/Vs over the pH range studied. P4VP-g-CNCs, on the other hand, have a positive
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electrophoretic mobility at pH values less than 5 which corresponds to a cationic surface
charge. At low pH values the grafted polymer chains are in an extended conformation due
to the repulsive interactions between protonated pyridyl groups. At pH values above 5,
the pyridyl group is deprotonated and the polymer chains collapse. When P4VP is in its
collapsed uncharged state with stacked aromatic groups, P4VP-g-CNCs display a
negative electrophoretic mobility approaching that of unmodified CNCs. The
electrophoretic mobility values for P4VP-g-CNCs imply a stable colloidal suspension
should be present due to electrostatic stabilization. This means that the flocculation
observed in Figure 17 is a result of the P4VP-g-CNCs becoming more hydrophobic and
incompatible with the aqueous environment and is not a result of charge reversal or a
change in the surface charge density. Additionally, the negative surface charge above pH
5 is attributed to the CNCs’ sulfate ester groups, which suggests that the polymer grafting
density and the length of the P4VP polymer chains is not sufficient to completely cover,

or screen, the native surface chemistry of the underlying CNCs.
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Figure 18. The effect of pH on the electrophoretic mobility of unmodified CNCs and
P4VP-g-CNCs in aqueous suspension.

Optical transmittance for P4VP solutions, and suspensions of unmodified and
polymer-grafted CNCs, was also used to characterize the material’s response to pH
(Figure 19). At pH values less than 4, the transmittance of the P4VP solutions is high. At
pH 5, the transmittance sharply decreases due to precipitation of the hydrophobic P4VP.
As shown in the inset of Figure 19, this precipitation transforms the P4VP solution from
transparent to opaque due to the formation of polymer particles which scatter visible light
but the polymer does not sediment over the time period of the measurement. This decline
in transmittance is mirrored in the P4VP-g-CNC suspensions; however, the decrease is
less sharp and the transition occurs over a pH range of 3-6. Conversely, the transmittance
of the unmodified CNC suspension does not change over the pH range studied. The

transmittance of the P4VP-g-CNC suspension as a function of time is presented in Figure
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20 and shows that the transmittance decreases for P4VP-g-CNC suspensions above pH 5
over the first 300 minutes but then stabilizes as the nanoparticles flocculate and settle to
the bottom of the cuvette. At pH values less than 5, the transmittance is stable as a
function of time, indicating that the hydrophilic nature and repulsive interactions between

cationic pyridyl groups are able to stabilize the P4VP-g-CNC suspensions.

~
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Figure 19. Transmittance of aqueous P4VP solutions, and CNCs and P4VP-g-CNCs

suspensions. Insets show photographs of the cuvettes at the lowest and highest pH
conditions tested.
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Figure 20. Transmittance of P4VP-g-CNC suspensions over time.

Next, the effect of suspension concentration on the responsive-nature of P4VP-g-
CNCs was investigated (Figure 21); even at concentrations as low as 0.004 wt.%, the loss
of colloidal stability for a pH 10 suspension is obvious. While the flocculation is more
easily observed at high suspension concentrations, the rate of flocculation and the
reversibility is not significantly concentration dependent. Generally, flocculation is
visible immediately after the pH is changed and the sedimentation of particles is detected

after only a few minutes (not shown).
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Figure 21. Photographs of P4VP-g-CNC suspensions (pH 10) at concentrations (a) 0.25
wt.%, (b) 0.15 wt.%, (c) 0.05 wt.%, (d) 0.025 wt.%, (e) 0.013 wt.%, (f) 0.006 wt.% and

(g) 0.004 wt.% immediately after pH adjustment, 1 hour and 24 hours after pH
adjustment.

Compared with other polymer-grafted responsive CNCs, the temperature-
dependent CNCs with PNIPAM and Jeffamines also displayed reversible aggregation;
however, the effects are not as pronounced as shown here. Nanoparticle aggregation
above the LCST was measured by rheology, light scattering, and AFM but it is not
evident if the responsiveness was also visible by eye or if sedimentation occurred.
Interestingly, an increase in the density of grafted PNIPAM was observed to decrease the
electrostatic stabilization of the CNC suspensions meaning that aggregation was a result
of both the hydrophobic transition of the thermoresponsive polymer and the screening of
surface charges [69]. The SI-SET-LRP reaction used by Zoppe et al. to modify CNCs

[40,69,70], allows for the study of suspension stability and grafting yield as a function of
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polymer molecular weight and grafting density which could not be done with the ceric-
ion initiated polymerization used here.  The combination of visual inspection,
electrophoretic mobility and transmittance, however, infers that the P4VP-g-CNCs have
enough P4VP on the surface to respond in a manner predicted for P4VP while retaining

some of the favourable chemical and colloidal properties of unmodified CNCs.

3.1.2 Grafting Density and Elemental Analysis

Elemental analysis supported the grafting of P4VP from the CNC surface and was
used to quantify the amount of grafted polymer. Table 3 shows the atomic composition
(C, H, N and S) of CNCs and P4VP-g-CNCs. Small amounts of sulfur from sulfate ester
groups were measured in both samples and the detection of nitrogen was taken to indicate
the presence of P4VP. Unmodified CNCs contained trace nitrogen and had an overall
sulfur content of 0.78%, corresponding to a surface charge density of 0.34 e/nm” or
approximately 1589 sulfate ester groups on the surface of each CNC particle. (The small
decrease in %S for P4VP-g-CNCs compared to unmodified CNCs is merely due to the
overall increase in atomic mass from grafted P4VP chains.) On the other hand, modified
P4VP-g-CNCs had an overall nitrogen content of 0.95% corresponding to approximately
4375 pyridyl groups on each P4VP-g-CNC particle. This would imply a “net charge” of
2786 cationic groups per P4VP-g-CNC (at low pH) which concurs with the relative
magnitude of the electrophoretic mobility values. 4375 pyridyl groups is approximately
one 4VP repeat unit per three surface anhydroglucose units from which we can infer that

the grafting density is low despite the greatly modified material properties. (Calculations
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for the surface charge density and the number of attached functional groups can be found
in section 3.1.6. Appendix.)

Table 3. Total atomic composition by elemental analysis (EA).

%C  %H %N %S
CNCGCs 4237 6.29 0.03 0.78
P4VP-g-CNCs 4462 6.03 095 0.61

Mass spectrometry (MS) was used to characterize the P4VP chains grafted from
the CNC surface using two techniques: (1) laser desorption/ionization time-of-flight mass
spectrometry (LDI-TOF MS) and (2) direct sample analysis-time of flight mass
spectrometry (DSA-TOF MS). In accordance with the elemental analysis, both MS
techniques showed small amounts of grafted polymer without elucidating the degree of
grafting or the polymer molecular weight. No matrix or heat was used to collect the LDI-
TOF MS spectrum of P4VP-g-CNCs shown in Figure 22 and as such, all peaks are
attributed to P4VP released from the CNC surface. Atomic mass unit fragments which
are multiples of ~105 mass units, the molecular weight of the 4VP repeat unit, were
detected for up to five repeat units (indicated by the arrows with corresponding chemical
structures in Figure 22). This implies that the P4VP chains grafted from the CNCs may
be short, however, we did not expect to detect high molecular weight polymers with LDI-
TOF MS which is designed to fragment accessible large molecules. Because CNCs are
highly crystalline and rich in hydrogen bonding they do not fragment easily; the LDI-
TOF MS spectrum for unmodified CNCs shows many low intensity peaks and no
identifiable pattern (Figure 23). As a result, the MS peaks from CNCs are not discernible

in Figure 5 with the intensity scale chosen.
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Similar to the LDI-TOF MS results, the DSA-TOF MS of the unmodified CNCs
gave a complex spectrum with no regular pattern. The spectrum of P4VP-g-CNCs did not
present any sequences of repeating 4VP units, but did show a peak at the 4VP monomer
mass in the total ion chromatogram (Figure 24). The total ion chromatogram, at a 106-
107 mass/charge scan range detected 4VP in the P4VP-g-CNC suspension, and not in the

CNC suspension.
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Figure 22. LDI-TOF MS spectra of P4VP-g-CNCs. Arrows indicate a mass difference of
105 units.
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Figure 23. LDI-TOF MS spectra of a freeze-dried CNC sample.
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Figure 24. DSA-TOF MS spectra of CNCs and P4VP-g-CNCs at m/z (106:107). Vinyl
pyridine monomers were detected in the P4VP-g-CNC suspension and not in the CNC
suspension.

3.1.3 Comparison to CAN-Initiated Graft Polymerization from Other
Cellulose Substrates

Two known drawbacks of grafting vinyl monomers onto cellulosics using ceric
ion-initiation are believed to contribute to the low polymer content in our P4VP-g-CNC

samples; low grafting efficiency due to homopolymerization [109] and low grafting
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density due to high crystallinity [84]. A number of review articles have evaluated the
effect of these factors on grafting and considered other parameters such as variability of
the substrate, initiator and monomer concentration, acid, reaction time, temperature, and
the order in which chemicals are added [84,85,118]. Historically, cotton, wood pulp,
paper, rayon, jute, ramie and cellophane have all been grafted with various vinyl
monomers [85] using CAN and more recently, filter paper [119], cellulose powder
[46,111,112], microcrystalline cellulose [99], and carboxymethylcellulose [120] have
also proved amenable to the technique.

Previous reported grafting densities on cellulose range from 0.02 to 3 polymer
grafts per cellulose chain with graft molecular weight varying between 3000 and 1.1 X
10° g/mol [46,85,111,112]. However, one specific example, which covers a range of
reaction conditions, gives grafting densities of 3 to 23 grafts on a cellulose chain with a
molecular weight of 2.5 x 10° g/mol [46]. These grafts have 130 to 220 repeat units per
graft. In comparison, based on our yield from elemental analysis, our grafting density
scales to approximately 500 4VP repeat units on a cellulose polymer chain that is 2.5 X
10> g/mol. If the repeat units were distributed evenly into three grafted chains, there
would be approximately 150 repeat units per graft. (A similar argument taking into
account all of the anhydroglucose units in a CNC, not just the surface units, would predict
the three polymer grafts to have 56 repeat units each.) Clearly, our yield is within a
reasonable range compared to previous work and is higher if we only consider the surface
cellulose chains as potential grafting sites. This is a reasonable assumption given the

crystallinity and intractable nature of ordered cellulose chains in CNCs.
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While the grafting density is expected to be low when the crystallinity of the
substrate is high, another complication, as seen here, arises; it becomes very challenging
to characterize the grafted polymer chains. Previous studies have, for example, removed
the grafted polymer chains by hydrolyzing the cellulose in 72 wt. % sulfuric acid for 6
hours [46,111]. As the grafting occurs mainly in the accessible amorphous regions of the
cellulose, this method is able to extract the grafted polymers (and likely also produces
cellulose nanocrystals!). This method is unsuitable for polymer-grafted CNCs because the
initial sulfur hydrolysis has already removed the amorphous regions. Alternate
chemistries to cleave covalently bound vinyl polymers from surface hydroxyl groups are
not present in the literature. All in all, the combination of elemental analysis and mass
spectrometry has given considerable insight into the short polymer chains and low

grafting density achieved in this reaction.

3.1.4 Wettability, Morphology and Thermal Stability of PV4P-g-CNCs
CNC and P4VP-g-CNC films were prepared by spin-coating and characterized by
static contact angle measurements at pH 2, 5 and 10. Prior to measurement, the films
were swollen in a fixed pH solution (pH = 2, 5, or 10), and then oven-dried at 50 °C for 1
hour. Contact angle measurements were obtained by depositing a droplet of water (pH =
2, 5, or 10) onto a film which had been swollen at the corresponding pH (e.g., the contact
angle of pH 2 water was measured for films swollen at pH 2). The results are presented in
Table 4 and Figure 25. The contact angles of the films made from unmodified CNCs
were similar at all pH values and corresponded to contact angles previously reported from

spin-coated CNC films [121], whereas the P4VP-g-CNC surfaces exhibited a pH
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dependence. At pH 2, the protonated P4VP-g-CNC surfaces showed a more hydrophilic
response in comparison to pH 5 and 10. The contact angle was expected to increase with
increasing pH, as the pyridyl groups become deprotonated and collapse as shown in
Figure 25a; however, as the total amount of grafted polymer was quite low, it is not
surprising that the P4VP-g-CNC surfaces did not show very strong hydrophobic
character. That said, the increase in contact angle relative to the unmodified CNCs
supports the successful surface modification of CNCs with P4VP resulting in a novel
material that is pH-responsive and less hydrophilic than native CNCs.

Table 4. Static contact angle measurements of films with
unmodified CNCs and P4VP-g-CNCs at pH 2, 5 and 10.

pH 2 pH 5 pH 10
CNC 18.9+0.7° 15.1+04° 15.7+0.5°
P4VP-g-CNC 34.3+0.2° 47.3+0.3° 42.1+0.5°

TIOH \

CNC surface CNC Surface
pH<5 pH>5

Figure 25. (a) Illustration of protonated and deprotonated pyridyl groups on P4VP-g-
CNC surfaces at different pH (b) Contact angle of P4VP-g-CNC surfaces with pH 2
water (left) and pH 10 water (right).
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While unmodified CNCs are notoriously difficult to disperse in organic media,
P4VP-g-CNCs were more easily dispersed in the following solvents with short sonication
treatment: water, isopropanol, dimethyl sulfoxide, dichloromethane, toluene and 1,4
dioxane (Figure 26). The P4VP-g-CNCs showed improved stability in all solvents
(except water at high pH) when compared to the unmodified CNCs which agglomerated
and quickly sedimented to the bottom of the vials in organic media. This is promising for
future work which aims to evenly incorporate P4VP-g-CNCs into polymer matrices using

solvent-borne systems.

Figure 26. (a, top panel) Freeze-dried CNCs and (b, bottom panel) P4VP-g-CNCs
dispersed in water (A), isopropanol (B), dimethyl sulfoxide (C), dichloromethane (D),
toluene (E), and 1,4-dioxane (F).

Nano-scale characterization of P4VP-g-CNCs suspensions by AFM and DLS
indicate that the polymer-grafting modification did not alter the dimensions, morphology

or degree of aggregation of the starting CNCs. In order to achieve uniform surface
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modification and avoid particle aggregation, it was necessary to sonicate the CNC
suspension during the grafting polymerization reaction. AFM height images of
unmodified CNCs and P4VP-g-CNCs are presented in Figure 27 and show well-
dispersed rod-like nanoparticles with average lengths of 122 £ 6 nm and 117 = 8 nm and
widths of 8 £ 1 nm and 8 + 1 nm, respectively. The measured particle sizes show a
monomodel size distribution (Figure 28). DLS of unmodified CNCs and P4VP-g-CNCs
gave apparent particle sizes of 115 + 1 nm and 95 £ 5 nm, respectively. The particle size
distributions for both CNC and P4VP-g-CNC suspensions were monomodal, confirming
the absence of aggregation in the samples. Since the DLS technique is designed to
calculate the hydrodynamic diameter of spherical particles from the Stokes-Einstein
equation, the results obtained are considered to be an estimate of the particle size and do
not represent the actual dimensions of the rod-like nanoparticles. While DLS is useful for
a quick comparison of samples, AFM was conducted to accurately measure the particle
sizes.

If the grafting-from polymerization with CAN was carried out without sonication,
hydrogel-like aggregates were formed. This was likely due to a combination of (i) CNC
agglomeration under the reaction conditions used, (ii)) CNC aggregation between CNC
particles with surface radical groups and (iii) polymer bridging interactions between
CNCs which arise as P4VP is polymerized from the surface. We have observed that both

a probe sonicator and sonicator bath are sufficient to avoid this aggregation.
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Figure 27. AM heig images of (a) unmodified CNCs and (b) modified PVP-g-CNCs.
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Figure 28. CNC and P4VP-g-CNC particle size distribution from analyses of AFM height
images: (a) length of unmodified CNCs and (b) height of unmodified CNCs and (c)
length of P4VP-g-CNCs and (d) height of P4VP-g-CNCs.
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Enhanced thermal stability of P4VP-g-CNCs was observed from TGA analysis
(Figure 29) also supports the success of the grafting-from polymerization on CNCs. This
is strong evidence that the P4VP is covalently attached to the CNCs as only one peak is
evident in the TGA and the derivate thermogravimetric analysis curves for P4VP-g-
CNCs (Figure 29 and 30). The onset of thermal degradation has been shifted from 208°C
for unmodified CNCs to 267°C for the P4VP-g-CNCs. As expected, the thermal stability

of P4VP-g-CNCs is intermediate between unmodified CNCs and pure P4VP.
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Figure 29. Thermogravimetric curves of P4VP, unmodified CNCs and P4VP-g-CNCs.
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Figure 30. Derivate thermogravimetric analysis curves (DTG) curves of P4VP,
unmodified CNCs and P4VP-g-CNCs.

P4VP-g-CNC suspensions displayed a thread-like nematic liquid crystal texture
when observed under polarized light microscopy (Figure 31) [122]. The chiral nematic
liquid crystal phase normally observed for unmodified CNCs [2] was not detected
indicating a change in the self-assembly properties of the polymer-grafted CNCs. This
may be due to partial screening of native CNC surface charges and particle geometry by
the P4AVP polymer chains, leading to a loss of chirality. While the liquid crystalline
properties for most polymer-grafted CNCs have not been investigated, CNCs with PEG
[18,71], poly(N,N-dimethylaminoethyl methacrylate) [123], and polystyrene [42] have
shown chiral nematic liquid crystal textures.

Finally, the qualitative gelation behaviour of P4VP-g-CNCs were unique; the
onset of gelation occurred at lower concentrations than for unmodified CNCs and P4VP-

g-CNCs were found to exhibit shear thinning behavior at concentrations above 10 wt.%.
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The P4VP-g-CNC gels appear stable and unmoving when a sample vial is slowly
inverted but flow when the vial is agitated (Figure 32). Our unmodified CNCs prepared
by sulfuric acid hydrolysis do not show this shear-thinning behaviour at similar
concentrations. Since gelation also corresponds to a destabilization of the colloidal
suspension, there are many ways to induce gel formation in CNC suspensions. Processes
such as exchanging the counterions associated with the charged ester groups from
monovalent to divalent ions,[31] increasing the ionic strength [73], functionalizing the
surface of the CNCs with cationic hydroxypropyltrimethylammonium chloride [34],
carboxylic acid or amine moieties [49], along with evaporating water from aqueous

glycerol suspensions of CNCs [74], have all lead to similar gelation properties.

Figure 31. Polarized light microscopy images of (a) unmodified CNCs which form a
chiral nematic liquid crystal texture above a critical concentration and (b) a P4VP-g-
CNCs suspension showing a nematic thread-like liquid crystal texture.
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Figure 32. Photographs of P4VP-g-CNC gels exhibiting shear thinning behaviour.

3.1.5 Summary

pH-responsive CNCs were successfully prepared by grafting poly(4-
vinylpyridine) from CNC surface hydroxyl groups via ceric ion-initiated polymerization
in water. Above pH 5, P4VP-g-CNCs flocculated and sedimented from suspension due to
the deprotonation of poly(4-vinylpyridine). Colloidally stable suspensions were easily
regenerated by decreasing the pH. Extensive characterization confirmed the grafting
reaction was effective and gave a reasonable grafting density compared to previously
published work on grafting vinyl monomers from other cellulose substrates.
Approximately one 4-vinylpyridine repeat unit was detected for every three surface
anhydroglucose units or 4375 4-vinylpyridine repeat units per cellulose nanocrystal.

In this case specifically, the pH-responsive character of the novel P4VP-g-CNC
hybrid material allows us to tune the nanoparticle surface charge from cationic to anionic,
the wettability from hydrophilic to hydrophobic, and the suspension stability from stable
to flocculated, in a reversible manner. P4VP-g-CNCs are more thermally stable than
native CNCs, self-assemble into a nematic liquid crystal, and form gels with shear-
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thinning behaviour at high concentrations. These controlled properties offer new potential
to achieve a uniform dispersion of CNCs in hydrophobic polymer matrices for
reinforcing applications, and opens up a range of opportunities for pH-responsive CNC-

based materials.

3.1.6 Appendix

Elemental Analysis Calculations:

The grafting density of both sulfate ester groups and poly(4-vinylpyridine) repeat units
was calculated from the elemental analysis results in Table 2 combined with literature
values from X-ray diffraction data of cellulose [124], with the assumptions listed below.

Assumption 1: CNCs are square prisms.
Assumption 2: The ends of CNCs are non-reactive.

Assumption 3: The cellulose unit cell contains four anhydroglucose units (AGUSs). These
four AGUEs are all exposed on the surface of the unit cell.

Assumption 4: Sulfate ester groups from the acid hydrolysis preparation of CNCs are not
affected during the graft polymerization reaction.
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Table 5. Calculation of surface grafting density of sulfate ester groups on unmodified

CNCGCs.
CNCs  Cellulose unit cell [124]

Length [nm] 122 1.08
Width [nm] 7.57 0.820
Total Volume [nm®] 6984 0.692 (calc.)
Number of cellulose unit cells per CNC 10092
Number of total AGUs per CNC 40368
Active surface area [nm?] 3689 0.889 (calc.)
Number of surface cellulose unit cells per CNC 3781
Number of surface AGUs per CNC 15123
Density of CNC[2] [g/nm°] 1.61E-21
Weight of 1 CNC particle  [g] 1.12E-17
Sulfur content [Swt.% ] 0.78

[mol S/g cellulose]  2.44E-4
Weight of sulfur [atoms S/g 1.47E+20

cellulose]
Number of S atoms per CNC particle 1650
Number of surface AGUs per CNC 15123
Number of surface AGUs per S 0.16

(sulfate ester group)
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Table 6. Calculation of grafting density of 4-vinylpyridine repeat units on modified

CNCGCs.
P4VP-g- .
CNCs Cellulose unit cell [124]

Length [nm] 117 1.08
Width [nm] 7.67 0.820
Total Volume [nm®] 6907 0.692 (calc.)
Number of cellulose unit cells per CNC 9982
Number of total AGUs per CNC 39927
Active surface area [nm?] 3601 0.889 (calc.)
Number of surface cellulose unit cells per
CNC 3695
Number of surface AGUs per CNC 14782
Density of CNC[2] [g/nm°] 1.61E-21
Weight of 1 CNC particle [g] 1.11E-17
Nitrogen content [N wt.%] 0.95

[mol N/g

cellulose] 6.79E-4

[atoms S/g
Weight of nitrogen cellulose] 4.09E+20
Number of N atoms per CNC particle 4544
Number of total AGUs per CNC 39927
Number of total AGUs per N 8.79
(4VP repeat unit) '
Number of surface AGUs per CNC 13131
Number of surface AGUs per N 5 89

(4VP repeat unit)
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3.2 Ceric (1V) Graft Polymerization of
N-isopropylacrylamide

3.2.1 Responsive Poly(N-isopropylacrylamide)-Grafted CNCs

PNIPAM-g-CNCs were prepared using a surface-initiated grafting-from reaction
with CAN. The PNIPAM-g-CNC suspensions were purified by centrifugation, dialysis
and ultrafiltration prior to all analyses in order to remove any unbound homopolymer and
to ensure that the detected polymer moieties were bound to the CNCs. The final pH of the
PNIPAM-g-CNC suspension was 5.8 and showed no visible sedimentation suggesting
that a stable aqueous suspension was obtained. The presence of PNIPAM was confirmed
on the surface of the cellulose nanocrystals by FTIR spectroscopy by comparing the
spectra of pure PNIPAM, CNCs and PNIPAM-g-CNCs, as shown in Figure 34. The
transmittance bands at 1550 and 1645 cm™ observed in PNIPAM -g-CNCs (Figure 34c)
are characteristic to the amine stretch and amine bend of PNIPAM (Figure 34a) [40,125].
This result confirms the presence of PNIPAM on the surface of PNIPAM -g-CNCs but

does not confirm that the polymer is covalently bound to the CNCs.

@)
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Figure 33. The graft polymerization of poly(N-isopropylacrylamide) with ceric (1V)
ammonium nitrate (CAN) initiator from the surface of sulfuric acid-hydrolyzed cellulose
nanocrystals.
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Figure 34. FTIR spectra of (a) PNIPAM, (b) unmodified CNCs, and (c) PNIPAM-g-
CNCs.

PNIPAM is a non-ionic polymer with the presence of an isopropyl group on the
polymer chain which gives PNIPAM its hydrophobic character [60]. When PNIPAM is
dissolved in water, water reorganizes and assembles a cage-like structure around the
isopropyl groups [126]. PNIPAM is one of the most studied thermoresponsive polymers
and possess a lower critical solution temperature (LCST) in aqueous solution of ~31°C
where above this temperature, a phase separation dependent on the concentration and
molecular weight occurs [127]. This involves the hydrophobic and hydrophilic domains
of PNIPAM rearranging depending in the water content of the material, the surrounding
media (air or liquid) and the ambient temperature. Generally above the LCST, a linear
PNIPAM macromolecular chain transitions from being an extended flexible coil to
collapsing to a stiff globular state [60] due to the thermal dehydrations of the polymer

chain that yields an entropic gain in free energy of the system [58,69]. Matsuyama et al.
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[128] explained the LCST of PNIPAM as the mixing entropy produced by solvation and
additionally, the LCST is affected by factors such as ionic strength and pH of the solution
or aqueous suspension [129,130].

The reversible thermo-responsive character of PNIPAM-g-CNCs was evaluated
by measuring the effect of temperature on the DLS hydrodynamic diameter of a 0.05 wt.
% PNIPAM-g-CNC suspension as shown in Figure 35. When the temperature was
increased from 20°C to 30°C, the apparent hydrodynamic diameter was relatively
constant at approximately 87 nm. An increase in the hydrodynamic diameter was
observed from 30°C to 40°C, showing a possible explanation of the formation of
agglomerates within the suspension. Cooling the suspension back to 20°C resulted in the
hydrodynamic diameter decreasing and returning to a similar value that was observed
before heating. This result confirms the thermosensitive character of PNIPAM-g-CNC

and shows that the temperature-induced aggregation is reversible with a slight 3°C

hysteresis when cooling down.
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Figure 35. Hydrodynamic diameter as a function of temperature for PNIPAM-g-CNCs.
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The thermoresponsiveness of unmodified CNCs and PNIPAM-g-CNCs in
aqueous suspensions were analyzed by ultraviolet-visible spectroscopy at a wavelength of
500 nm. Unmodified CNCs showed no change in absorbance for the temperature range of
20 to 50°C tested (not shown) demonstrating that CNCs were not responsive to
temperature. On the other hand, Figure 36 illustrates the absorbance versus temperature
of PNIPAM-g-CNCs which shows a clear increase in the optical density at a temperature
above the LCST of PNIPAM. This is also in good agreement with the particle size
increase shown in Figure 35. Photographs in Figure 36 also show PNIPAM-g-CNC
suspensions observed at a low and high temperature where the suspension turns from

being clear into a turbid milky suspension.
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Figure 36. Absorbance at 500 nm versus temperature of a 1.2 wt. % PNIPAM-g-CNC
suspension.

Further evidence of the aggregation and thermal responsiveness of PNIPAM-g-

CNC suspensions were analyzed by viscosity measurements. Agueous suspensions of
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CNCs and PNIPAM-g-CNCs at 2.3 wt. % were equilibrated at 20°C on an ATS
RheoSystems rheometer with coaxial cylinder geometry. The viscosity was monitored
over a temperature range of 20°C to 50°C at a constant shear rate of 40 s™ and the results
are summarized in Figure 37. Generally, the viscosity of colloidal suspensions in
Newtonian fluids decreases with increasing temperature as explained by the Arrhenius
relationship of molecular kinetics [131] and this is reflected in unmodified CNC
suspensions as shown in Figure 37. PNIPAM-g-CNC suspensions on the other hand
showed a significant increase in viscosity as the temperature approached the LCST of the
grafted PNIPAM polymer. Below 35°C, the viscosity of the PNIPAM-g-CNC suspension
showed a viscosity similar to that of unmodified CNC suspensions while the viscosity
increased as the LCST was approached. These results are also in agreement with the work
performed by Zoppe et al. [69] who used viscometry to indicate the thermo

responsiveness of PNIPAM grafted from CNCs via SI-SET-LRP.
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Figure 37. Viscosity of 2.3 wt. % suspensions of unmodified CNCs and PNIPAM-g-
CNCs at different temperatures.
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The reversibility of PNIPAM-g-CNC aggregation and thermo responsiveness is
shown in Figure 35 while heating the suspension from 20 to 50°C and then cooling back
to the initial temperature. To the contrary, the PNIPAM-g-CNC suspension only
exhibited a partially recoverable thermo-responsive behavior with respect to viscosity
(Figure 38). Upon cooling, the viscosity did not revert back completely to the initial
value, suggesting the presence of some agglomerates. However, sonicating the
suspension did help redisperse the PNIPAM-g-CNCs and the viscosity reverted back to
its initial value. Photographs in Figure 38 also show the change in suspension flowability
with temperature. At a temperature of 20°C, the suspension has a viscosity similar to that
of water while as the LCST is approached, the suspension gels due to the dehydration of

the grafted polymer brushes on the CNCs which decreases the stability of the suspension.
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Figure 38. Viscosity of a 2.3 wt. % suspension of PNIPAM-g-CNC in a heating and
cooling process.
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3.2.2 Wettability, Morphology and Surface Charge of PNIPAM-g-
CNCs

CNC and PNIPAM-g-CNC films were prepared by spin-coating and characterized
by static contact angle measurements at temperatures of ca. 25°C and 40°C. Prior to
measurements, the films were equilibrated at a fixed temperature and then contact angle
measurements were obtained by depositing a droplet of purified Type | water (pH 5.8)
onto the film. The results are presented in Table 7. The contact angles of the films made
from unmodified CNCs were similar at both temperatures whereas the PNIPAM-g-CNC
surfaces exhibited a temperature dependence. At 25°C, the PNIPAM-g-CNC surfaces
showed a more hydrophilic response in comparison to 40°C, however, the difference was
not statistically significant. The contact angle was expected to increase with increasing
temperature as the extended flexible coils collapse to a compact and stiff globular state.
However, as the grafting density is assumed to be quite low, based on the results
previously reported for P4VP-g-CNCs, it is not surprising that the PNIPAM-g-CNC
surfaces did not show very strong hydrophobic character. The increase in contact angle
relative to the unmodified CNCs supports the successful surface modification of CNCs
with PNIPAM resulting in a novel material that is temperature-responsive and less
hydrophilic than native CNCs.

Table 7. Static contact angle measurements of films with
unmodified CNCs and PNIPAM-g-CNCs at 25°C and 40°C.

25°C 40 °C
CNC 19.4+4.6° 16.3+7.4°
PNIPAM-g-CNCs 19.2 + 27.6° 47.3+7.07°
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Nano-scale characterization of PNIPAM-g-CNCs by AFM and DLS indicate that
the polymer-grafting modification did not alter the dimensions, morphology or degree of
aggregation of the starting CNCs. As explained previously, DLS is used as a quick
comparison of samples and does not represent the actual dimensions of the rod-like
nanoparticles. DLS gave apparent particle sizes of 115 £ 1 nm and 156 £ 7 nm for
unmodified CNC and PNIPAM-g-CNCs, respectively. A monomodal particle size
distribution was evident for both suspensions confirming the absence of aggregation in
the samples. Moreover, AFM height images of the unmodified CNCs were previously
presented in Figure 27a with the particle size distributions shown in Figure 28a and b.
Figure 39 presents an AFM height image and the particle size distribution of PNIPAM-g-
CNCs. The AFM images of unmodified and modified CNCs show well-dispersed rod-
like nanoparticles with average lengths of 122 + 6 nm and 116 £ 6 nm and widths of 6 +
1 nm and 6 £ 1 nm, respectively. A monomodel size distribution was also evident for

both unmodified CNCs and PNIPAM-g-CNCs.
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Figure 39. (a) AFM height image of PNIPAM-g-CNCs. PNIPAM-g-CNC particle size
distribution from analyses of AFM height images: (b) length of PNIPAM-g-CNCs and (c)
height of PNIPAM-g-CNCs.

The surface charge of CNCs and PNIPAM-g-CNCs were quantified by
electrophoretic mobility measurements. Unmodified CNCs have an electrophoretic
mobility of approximately -2.5 x 10 m%Vs, as shown previously in Figure 18, due to the
negative surface sulfate ester groups introduced during CNC preparation. PNIPAM-g-
CNCs, on the other hand also have an electrophoretic mobility of -2.5 x 10® m?/Vs at pH

5.8. This result confirms that the sulfate ester groups are preserved during the grafting
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reaction and a stable colloidal suspension is present due to electrostatic stabilization. This
is also expected as the ceric (V) ion-initiated graft polymerization generally initiates free
radicals from CNC surface hydroxyl groups and the grafted polymer PNIPAM is a non-

ionic polymer.

3.2.3 Summary

Temperature-responsive CNCs were successfully prepared by grafting poly(/N-
isopropylacrylamide) from CNC via ceric ion-initiated polymerization in water. Above
the LCST of PNIPAM, PNIPAM-g-CNCs agglomerated in suspension and gelled,
depending on the concentration of the suspension. Colloidally stable suspensions were
easily regenerated by decreasing the temperature and extensive characterization
confirmed the grafting reaction was effective. Overall, this aqueous reaction is an easy
way to modify individual nanoparticles and achieve reproducible and uniform material
properties.

In this case specifically, the temperature-responsive character of the novel
PNIPAM-g-CNC hybrid material allows us to reversibly tune the wettability and the
suspension stability from stable to agglomerated or gelled. As in the case of P4VP-g-
CNCs, these tailorable properties offer new potential to achieve a uniform dispersion of
CNC:s in various hydrophobic materials and may open up a new range of applications for

responsive CNC-based materials.
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4.0 Conclusions and Recommendations

4.1 Conclusions

Cellulose nanocrystals responsive to pH and temperature were successful
synthesized by grafting 4-vinylpyridine and N-isopropylacrylamide from CNCs via ceric
(V) ion-initiated polymerization in water. The resulting P4VP-g-CNC and PNIPAM-g-
CNC suspensions show reversible hydrophilic to hydrophobic responses with changes in
pH and temperature, respectively. FTIR, mass spectrometry, elemental analysis,
electrophoretic mobility, UV spectroscopy, contact angle measurements and thermal
analysis confirmed the success of the reaction and determined that P4VP-g-CNCs and
PNIPAM-g-CNCs have new surface chemistries.

The novel P4VP-g-CNC hybrid material allows us to tune the nanoparticle
wettability, the surface charge from cationic to anionic, and the suspension stability from
stable to flocculated, in a reversible manner by changing the pH. Above pH 5, P4VP-g-
CNCs quickly flocculated and sedimented from suspension due to the deprotonation of
poly(4-vinylpyridine). On the other hand, the PNIPAM-g-CNC hybrid material allows us
to reversibly control the wettability and the suspension stability from stable to
agglomerated or gelled, depending on the suspension concentration, by increasing the
temperature above the LCST of PNIPAM.

This is the first report of using ceric ion-initiated polymerization with cellulose
nanocrystals and we have found that this aqueous reaction is an easy way to modify

individual nanoparticles and achieve reproducible and uniform material properties.
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Importantly, CNCs remained dispersed during the grafting-from reaction because of the
constant sonication treatment and the surface modification did not induce particle
aggregation. The approach presented here can likely be extended to other water soluble
vinyl monomers to give CNCs with controlled interfacial compatibility and functionality.

Finally, controlled stability and wettability of P4VP-g-CNCs and PNIPAM-g-
CNCs is advantageous both in composite design, where cellulose nanocrystals generally
have limited dispersibility in non-polar matrices. The responsive nature of these novel
nanoparticles may offer new applications for CNCs in biomedical devices, as clarifying

agents, and in industrial separation processes.

4.2 Recommendations

The ceric (IV) ion-initiated graft polymerization of 4-vinylpyridine and N-
isopropylacrylamide from CNCs is a simple way to modify individual nanoparticles and
achieve reproducible and uniform material properties. Even though the surface modified
P4VP-g-CNC and PNIPAM-g-CNC suspensions show reversible hydrophilic to “much
less hydrophilic” responses which are visible by eye, the contact angle measurements did
not show a very strong hydrophobic character (i.e., contact angle did not surpass 90°) for
both P4VP-g-CNC and PNIPAM-g-CNC spin-coated surfaces. This is likely due to the
fact that the grafting density is low and cellulose is a hydrophilic material. To create
modified CNCs that show a stronger hydrophobic character, reaction conditions such as
initiator and monomer concentration, acid, reaction time, temperature may be optimized.

Extensive purification should also be performed prior to all analyses to ensure that the
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detected polymeric fragments are bound to the CNC surfaces and not unbound
homopolymer. Furthermore, the current reaction of 0.4 g of CNCs can be scaled up.
Successful P4VP-g-CNCs have been synthesized from a 10X scaled up protocol by
running the reaction in a sonicator bath, instead of with a sonicator probe, while stirring
mechanically.

Modified CNCs can be introduced as reinforcing agents to non-polar materials.
As P4VP-g-CNCs showed improved stability in various organic solvents compared to the
unmodified CNCs, introducing modified CNCs that are less hydrophilic into various
polymer matrices may inhibit agglomeration and improve dispersion and thus the strength
of the nanocomposites. Additionally, new applications are envisioned for the modified
CNCs. The triggered response may prove useful in biomedical applications where pH or
temperature switching could, for example, trigger the release of therapeutics. The
reversible flocculating behaviour of P4VP-g-CNC suspensions at concentrations as low
as 0.004 wt.% implies that the modified CNCs could be used as flocculating agents in
various industries. If target binding sites were also incorporated onto the CNC surfaces,
the P4VP-g-CNCs could be used in industrial separation processes, for example, to

remove pharmaceuticals from wastewater.
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