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Abstract

Cellulose Nanocrystals (CNC) are abundant, renewable, and highly crystalline by-products
from the forestry industry. CNCs are known to have excellent thermal and mechanical properties
which have been exploited in a variety of applications across numerous fields, such as drug
delivery, photonics, and in films. With the focus of integrating CNC into functional materials,
there have been a multitude of methods for the surface modification of CNC and for incorporation
in polymer composites.

It is known that CNC can increase the mechanical strength of many polymers, however,
Polyamides (including Nylon 6) have not yet been thoroughly investigated. This thesis describes
the effects of CNC in Nylon 6 composites and the influence of CNC on the mechanical strength
and characteristics of the polymer. Nanofibers were produced using solution electrospinning and
freestanding thin films were produced using spin coating. Further, a comparison of the reinforcing
impact of CNC in randomly distributed and aligned nanofibres, and the effect of each of the
electrospinning processing parameters on fibre diameter and alignment is described. Furthermore,
the influence of CNC on the crystallization of Nylon 6 in both thin films and electrospun fibres is
also studied.

Further modification of CNC with diazonium salts and with an alkylamine group via
diazonium-mediated surface functionalization was performed. Both the unmodified and modified
CNC was incorporated into Nylon 6 solutions and spin coated into freestanding thin films. The
modification of CNC with hydrophobic aryl and alkyl groups using diazonium chemistry provides

a quick and facile route towards increased interactions with hydrophobic polymers.
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Due to the wide range of applications that CNC has in functional materials, it is crucial to
understand the factors attributed to changes in the mechanical strength of CNC-polymer
composites, and to develop methods that effectively yield and control high quality
nanocomposites. By detailing the effects of CNC in polymer composites, recommendations can
be established for industry to use as guidelines when using CNC in Polyamides. The large
reinforcing impact of a bio-renewable resource at low loadings is an exciting route for stronger

materials and a stepping-stone towards more sustainable products.
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Chapter 1. Introduction

1.1 Research Scope & Objectives

Alberta has become a leader in cellulose nanomaterial (CNM) production, specifically, of
cellulose nanocrystals (CNC). The construction of a CNC pilot plant in Edmonton by Alberta-
Pacific Forest Industries Inc. (ALPAC) and Innotech Alberta in late 2013 has encouraged CNC
research across Alberta and Canada. The interest in cellulose as a feedstock for advanced
functional materials stems from the sustainability and properties of the material itself. Cellulose is
a natural product found in plant materials, and the majority of the material is extracted from wood
by-products from the forestry industry. The crystalline regions of cellulose are then extracted to
obtain CNC. CNC exhibits high specific strength and modulus for a high aspect ratio material that
is crystalline and lightweight. The reactive surface also provides routes for modification and
further functionality, as well as increased compatibilization in a variety of different matrices. A
specific interest in CNC as fillers in polymers stems from the large reinforcing impact observed at
low loadings.

This thesis explores the reinforcing capability of CNC in one of the most commonly used
polymers in the world, Nylon 6 (or Polyamide 6), and reports the surface modification of CNC
using diazonium chemistry as a route for increased compatibilization in organic matrices. Spin
coating was used to produce freestanding thin films of Nylon 6 containing CNC. The films were
used to initially investigate the reinforcing impact and effects of CNC on polymer crystallization.
Solution electrospinning was then used to produce CNC-Nylon 6 nanofibres, and the reinforcing
impact of CNC in both randomly distributed and aligned fibre mats is discussed. Finally, CNC
was surface modified with diazonium salts using ex-situ and in-situ diazotization methods. The
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diversion of the radical diazonium salt was also exploited for the surface modification of CNC
with a short chain alkylamine. A quick study into the reinforcing impact of the modified CNCs in
Nylon 6 is also described.

The experimental research objectives of this thesis include: 1) the fabrication of CNC-
Nylon 6 freestanding thin films, 2) the influence of processing parameters on aligned Nylon 6
electrospun fibres using a rotating drum collector, 3) the effect of CNC on the morphology and
crystallization of aligned Nylon 6 electrospun fibre mats, 4) the production of surface modified
CNC with diazonium salts, and 5) the surface modification of CNC with an alkylamine using
radical diazonium chemistry.

This Chapter introduces relevant topics that are crucial to understanding the structure and
reinforcing capabilities of CNC, including an evaluation of various surface modifications used on
CNC for the mechanical reinforcement of polymer matrices. An introduction to different polymer
processing techniques used for CNC composites is also presented. Finally, Nylon 6 properties and

composites are discussed.



1.2 Cellulose Nanocrystals

1.2.1 The Structure of Cellulose Nanocrystals

Ny, lignin polymer

. ~
T«
cellulose ﬁbnN

decorated with .
hemicellulose .

Figure 1-1. The hierarchal structure of cellulose from a tree: a) a pine tree, b) a cross-section of the tree trunk, c) SEM
image of the tissue structure, d) TEM image of the layered cell wall, e) illustration of the lignocellulosic region, and
f) illustration of extracted lignin and cellulose fibrils coated with hemicellulose. Reprinted with permission from Zhu,
H.; Luo, W.; Ciesielski, P. N.; Fang, Z.; Zhu, J. Y.; Henriksson, G.; Himmel, M. E.; Hu, L., Wood-Derived Materials
for Green Electronics, Biological Devices, and Energy Applications. Chemical Reviews 2016, 116 (16), 9305-9374.
Copyright 2022 American Chemical Society.

Cellulose nanomaterials (CNM) are predominately derived from the naturally occurring
cellulosic regions in the cell walls of wood plants.'-2 A closer look into the hierarchal structure of
cellulose starting from a tree is illustrated in Figure 1-1.° The cell wall structure in Figure 1-1d
shows a layered wall surrounded by the cell lumen (CL) — an empty air-filled space — that gives
the cell walls an inherent mesoporosity.* The darker central region depicts the compound middle
lamella (CML), which is deemed the primary cell wall. Between the CML and the CL is the
secondary wall, which is comprised of three layers (S1, S2, and S3). The secondary cell wall is

made up of three biopolymers: cellulose, hemicellulose, and lignin. Lignin is an amorphous
3



phenolic polymer that is hydrophobic, which acts to protect the rest of the polysaccharides in the
cell wall (cellulose and hemicelluloses) from microbial decay.’ Hemicellulose acts a bio-“glue”
that binds the cellulose fibrils to each other and to lignin.> The hemicellulose decorated cellulose
fibrils are called elementary fibrils (Fig. 1-1f), and the packing of these elementary fibrils form a
larger microfibril.

The three secondary layers are labelled as the S1 outer layer, S2 middle layer, and S3 inner
layer.® The S1 layer is a thin lignin-rich layer that protects the inner secondary walls.* The S2 layer
is the region with the highest cellulose content, where cellulose is tightly packed into elementary
fibrils that are bound together by lignin and hemicelluloses (Fig. 1-1¢).% 7 This layer contains the
rigid crystalline cellulose fibrils that provide structural support for the plant.* ® Finally, the S3

layer has the lowest amount of lignin to allow for water to move up the plant.*

Figure 1-2. A) The chemical structure of cellulose with each carbon number labelled, B) the arrangement of
amorphous and crystalline regions in untreated cellulose, and C) TEM image of CNCs.



Cellulose, which is predominantly found in the S2 layer, is comprised of repeat
anhydroglucose units (AGUs) (Fig. 1-2A). In wood-derived celluloses, a single cellulose chain has
around 15,000 AGUs.? The cellulose chains arrange as a mix of two phases: crystalline (highly
ordered) and amorphous (disordered) regions (Fig. 1-2B).!? Extracted fibrils that contain both the
crystalline and amorphous regions are called cellulose nanofibres (CNFs), but it is the crystalline
regions that are further extracted to obtain CNC.° The individual AGUs within cellulose are joined
by B 1,4-glycosidic bonds, meaning that each unit is joined to adjacent units at Carbons 1 and 4,
as shown in Figure 1-2A.1° In CNC, this type of 1 — 4 bonding creates a chain that has the carbon
6 methoxy group alternating between the “faces” of the chain. Since cellulose has this
directionality between the chains, the packing of chains is known to have two configurations:
parallel or anti-parallel.!? In the parallel configuration, the 1 — 4 glycosidic bonds of all cellulose
chains are pointing in the same direction. In the antiparallel configuration, the 1 — 4 glycosidic
bonds are pointing in the opposite direction between chains. For CNC, the packing of the chains

are in the parallel configuration.!?



(110)

Figure 1-3. A) The packing of the IS polymorph of cellulose with black arrows showing the unit cell a and ¢ edges
and B) a cross-section of a CNC depicting the unit cell and lattice planes. Fig. 1-3B is adapted from S. Eyley and W.
Thielemans, Nanoscale, 2014, 6, 7764 DOI: 10.1039/C4NRO1756K with permission from the Royal Society of
Chemistry, used under CC BY 3.0.

Due to the variations in cellulose chain packing, cellulose can arrange in four different
polymorphs (I, II, ITI, and IV).% ! Cellulose I is the native form, whereas Celluloses II, III, and IV
are formed as a result of chemical or thermal treatments.'> CNC is predominately comprised of the
I polymorph of cellulose, which is further separated into two allomorphs: the la and IS
allomorphs.!% 13 Tt is the I allomorph that is dominant in CNCs.!? In this allomorph, the cellulose
chains are in the parallel configuration and stack in such a way where the chains alternate in offset
from each other, as pictured in Figure 1-3A.!° This interchain packing creates a square unit cell
with lattice planes of (200), (100), and (110),'* '* as shown in Figure 1-3B. Stacking also affects
interchain hydrogen bonding, where the Cs-OH methoxy groups hydrogen bond with either the
C3-OH and or C>-OH hydroxyl groups of adjacent chains (Fig. 1-2A).!° The cross-section of this
plane is also called the “hydrogen bonding plane”,'® which is visualized as the b-edge of the unit
cell in Figure 1-3B or as the plane out of the page in Figure 1-3A.!4 It is suggested that the stiffness

of CNC is due to the strong hydrogen bonding within this plane.!?



1.2.2 Production of Cellulose Nanocrystals

Alkali Bleach Acid o
Purification

Pre-Treatment Pre-Treatment Hydrolysis

Figure 1-4. General procedure for the production of CNC.

Since the majority of cellulose is found in the thin S2 layers of the plant cell walls, cellulose
only accounts for 30-40% of the total wood content.!® Therefore, the process of extraction in order
to separate and obtain the purely crystalline form of cellulose from the rest of the cell wall
components requires a large input of both mechanical and chemical energy. Foundational work on
the extraction of crystalline cellulose using strong acids was performed by Nickerson and Habrle
in 1947.'¢ Nowadays, the process has been highly optimized for the large scale production of CNC.

A schematic outlining the general processing steps for obtaining CNC is presented in
Figure 1-4."° Natural wood fibres undergo two main chemical steps before CNC is extracted: 1)
alkali and bleach pre-treatment and 2) acid hydrolysis.! The goal of the alkali and bleach pre-
treatment is to remove all of the non-cellulosic materials, such as lignin, hemicelluloses, and
pectin.! In a typical extraction, an alkali solution containing a strong base (typically, NaOH or
KOH) is used first to solubilize the pectin and hemicelluloses from the wood fibres.! Then, a
sodium hypochlorite and sodium acetate solution is used to breakdown the aromatic lignin as well
as bleach the material.!

Once the contaminants are removed, long chains of cellulose containing both the
amorphous and crystalline regions remain (Fig. 1-2B). In order to isolate the crystalline regions, a
strong acid treatment in typically either sulfuric acid (H2SO4) or hydrochloric acid (HCI) is used

to remove the amorphous cellulose regions.! In contrast to the crystalline regions, the amorphous



regions are loosely packed together. This allows for swelling of these regions in-solution and easy
penetration of the acid that cleaves the cellulose B 1,4-glycosidic bonds.! In terms of processing
parameters, the acid concentration, acid type, and hydrolysis time all affect the size of CNC;! 13
7 however, the source of the plant material ultimately dictates the size.!: '8 Hydrolysis at the ends
of the cellulose chains cause tapering at the crystal tips forming a toothpick or whisker-like
structure (Fig. 1-2C).1: ! The hydrolysis reaction is stopped by quenching with a base, such as
NaOH.!” Finally, the CNC is centrifuged down, dialyzed, filtered, and dried by either freeze-drying
or spray-drying to obtain an off-white powder." 7 In the end, CNCs are produced with lengths that
range from 5-350 nm and widths ranging from 5-20 nm (aspect ratios of 5-30).!

The surface functionality of CNC depends on the type of acid used during hydrolysis. In
the most commonly used sulfuric acid treatment, the hydroxyl groups on CNC are simultaneously
esterified during hydrolysis to form negatively charged sulfate half ester (-OSO3") groups that have
a sodium counterion (Na*) as a result of the quenching reaction.?’ In the HCI treatment, the
hydroxyl groups are not affected thereby leaving them as uncharged -OH groups after quenching.?°
The stability of CNC in aqueous suspensions and the energy input to homogeneously disperse the
particles in-solution is greatly affected by the surface charge. The sulfated CNCs impart good
colloidal stability due to the electrostatic repulsion of the -OSO;" functionalities on the surface
between particles,'® but the HCI treated CNCs require further oxidation of the hydroxyl groups in
order to obtain good colloidal stability.?’ Typically, oxidization with a TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxyl) radical is done to obtain carboxylated (-COO") CNCs that exhibit

better dispersion for HCl-treated CNC.2!



1.3 Cellulose Nanocrystals as Polymer Additives

1.3.1 Surface Modification of Cellulose Nanocrystals

Surface modification of CNC opens the door to further functionalities, properties, and
better dispersion in complex matrices. There are two main methods used for the modification of
CNC: covalent bonding and adsorption. Additionally, as mentioned in the previous section,
TEMPO oxidation and sulfonation of CNC can also be considered forms of covalent modification.
An important consideration when surface modifying CNC is that only about 2% of the hydroxyl
groups in a single CNC particle are accessible for modification due to the laminar stacking of the
cellulose chains.?? Of note, the C6 primary hydroxyl group is suggested to be the most reactive on
CNCs; however, the sulfonation of CNCs during extraction may reduce the number of possible
reactive hydroxyl sites.?> Although there is a multitude of surface modifications used on CNC,
modifications intended for the incorporation into polymer matrices will be the focus in this section.

The most common modification on CNC involves the covalent attachment of molecules to
the CNC surface. For use in polymer matrices, CNC is typically modified with hydrophobic
molecules with the goal of increased compatibilization with hydrophobic polymers and their
solvents.?? Grafting of polymers or long chain alkanes onto CNC is a common method for the
incorporation into polymer matrices. This type of modification can be further separated into
grafting from (or bottom-up) and grafting fo (or top-down) approaches.?? In the grafting zo
approach, a polymer chain and a coupling agent is mixed with CNC to allow coupling of the
polymer onto the surface.?? In the grafting from approach, a monomer and initiator is mixed with
CNC to allow the building of a polymer chain from the surface.??

The type of grafted molecule can either be the same polymer as the target matrix, or a

different polymer with similar hydrophobicity or has the possibility for increased interfacial



interactions with the target matrix. For example, Le Gars et al. incorporated poly(glycidyl
methacrylate) (PGMA) modified CNC into hot pressed polylactic acid (PLA) films and found that
the modified CNCs improved dispersion compared to unmodified CNC due to better adhesion
between modified CNC and PLA.?* In another study by Ogunsona et al., modified CNC with
carboxyl-terminated butadiene-acrylonitrile rubber (CTBN) were found to increase the tensile
strength of PLA films by 25% compared to unmodified CNC.” An interesting study by
Wohlhauser et al., showed enhanced dispersion of modified CNC within a CNC-only film.?¢ The
authors produced “hairy CNC” by surface modifying CNC with poly(methyl methacrylate)
(PMMA). The PMMA modified CNC was then solvent cast into films where the long PMMA
chains acted as long chain groups that allowed for better dispersion of CNC within the film based
on sterics and polymer chain entanglement.

The other general type of modification used on CNC involves non-covalent interactions of
molecules at the surface. This type of modification relies on interactions such as hydrogen
bonding, electrostatics, or van der Waals forces.?* Typically, long chain alkanes with an ionized
end group (also considered surfactants) are used to electrostatically interact with the ionized
sulfonate or TEMPO oxidized carboxyl groups on CNC. The hydrophilic ionic end adsorbs to the
CNC surface whereas the hydrophobic alkane end interacts with the non-polar solvent or
polymer.?? A common surfactant used for modification of CNC is cetyltrimethylammonium
bromide (CTAB).2” CTAB modified CNCs have been used in polypropylene (PP), PLA, and epoxy
matrices for enhanced mechanical and corrosion properties.?®-3° The alkane backbone of CTAB
utilizes the same compatibilization mechanism as polymer grafting, where the hydrophobization

of CNC increases favourable interactions and dispersion within a hydrophobic polymer matrix.3°
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Additionally, the coating of molecules via adsorption onto the CNC surface has also been
utilized.?> 233!

The addition of CNC for the mechanical reinforcement of polymers is the focus of this
thesis. Thus, a few covalent and non-covalent modifications of CNC used in polymer composites
are listed in Table 1-1. The table also compares the respective increase in elastic modulus
compared to the neat polymer at the optimal CNC loading and compares this to the same wt% of
unmodified CNC observed in each study. An increase in elastic modulus (EM) was observed for
all modified CNC-polymer composites (M-CNC) compared to the neat polymer (NP). However,
some modifications caused a decrease the EM when compared to unmodified CNC (UM-CNC),

suggesting that the modification negatively influenced polymer-CNC interactions.
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Table 1-1. Examples of modifications of CNC (M-CNC) in polymer composites with respective percent increase in
elastic modulus (EM) results compared to the neat polymer (NP) and unmodified CNC (UM-CNC) at the optimal

modified CNC loading.
. . . Optimal % Increase % Increase
Polymer M"d‘féclz‘g"“ on Mflf“f‘:c"ts‘ifn M-CNC inEM  inEM from Ref
ulacturmg - vt/wt%)  from NP  UM-CNC
Acrylonitrile . .
c Ring-opening .
butadiene L Compression 1
polymerization of &- . 0.5 4 -
styrene caprolactone molding
(ABS) p
Poly(ethylene-
co-acrylic acid) N,N-diallyl-3- Compression 10 168 (-6) 3
copolymer hydroxyazetidinium molding
(EAA)
Polyamide 6 Aminopropyltri- Inj egtlon 34
(PAG) thoxvsilan molding of 3 49 6
cthoxystiane masterbatch
Solvent casting
Polyamide 11 . then 35
(PA11) Dodecanoic acid compression 3 40 21
molding
Polyethylene 2-ureido- . ) 26
(PE) 41 pyrimidisnone Solvent casting 15 137
Carboxyl-terminated
butadiene-
acrylonitrile rubber  Solvent casting 1 48 0 %
Polylactic acid (CTBN)
(PLA)
Cetyltrimethylammon  Solvent casting 1 9 12 29
ium bromide (CTAB)  then extrusion
Polypropylene Hexadecyl
ypropy trimethylammonium Extrusion 3 28 (-28) 2
(PE) .
bromide
Polystyrene Trifluoromethyl . ) 38
PS) diazonium Electrospinning 2 13
(bl Solvent casting 16 1888 - B
Polyurethane succinic anhydride
(PU) . ,
2-ureido- Solvent casting 75 67 (-14) &
4[1H]pyrimidi-none
Polyvinyl TEMPO using
. . _ 41
alcohol (PVA) polyacryhg acidasa  Solvent casting 10 80
crosslinker
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1.3.2 The Reinforcing Mechanism of Unmodified Cellulose Nanocrystals in Polymers

The interest in CNC as an additive in polymer manufacturing stems from the high modulus
resulting from the stiffness of the crystalline material.*? The stiffness of an individual CNC is
directly related to the packing of the cellulose chains as described in Section 1.2.1.13 As a result,
the tensile strength along the length of a single CNC is around 7.5-7.7 GPa with an elastic modulus
of around 120-143 GPa.**-# Alternate properties, and an increase in the mechanical strength of a
composite, can also be achieved by modifying CNC as described previously.

The advantage of using CNC to mechanically reinforce a polymer is attributed to a
combination of percolation of CNC within the polymer matrix and strong CNC-polymer interfacial
interactions.!% 4% 45 4 n the case of CNC composites, percolation describes a pathway of
reinforcement related to the number of contact points between adjacent particles within a matrix,
and is quantified using the aspect ratio of the CNC.*>46 Specifically, the strong hydrogen bonding
between CNC particles within a matrix without aggregating is said to increase the rigidity, and
thus stiffness, of the composite.*® Therefore, polymer-CNC interface interactions, CNC
interparticle interactions (and thus, aggregation and dispersion), particle orientation, and particle
aspect ratio all influence the percolation of CNC.#>-47

There have been numerous reviews and reports describing the effects of percolation and
dispersion of CNC in complex matrices.*> **-5! For example, in a report by Cao et al., the authors
compared CNC directly mixed with cement paste to CNC ultrasonicated prior to addition to the

cement.>2

They found that the enhanced dispersion of CNC increased the strength of the cement
samples. Above the percolation threshold, or the minimum volume of filler required for

percolation, CNC aggregated leading to a decrease in the mechanical strength of the composite.

Indeed, the dispersion of CNC remains an influential factor in composite processing.
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1.3.3 Cellulose Nanocrystal Composite Processing Techniques

The processing of CNC-polymer composites can be broadly separated into two categories:
melt-mixing and solvent dissolution. The technique chosen depends on the polymer properties and
application of the composite. However, the compatibility of a polymer with either modified or
unmodified CNC also dictates the processing technique used, especially when taking into
consideration the surface energy of CNC and the polymer.

Melt-mixing is a solvent-free method for producing polymer composites, such as with
extrusion or injection molding. In both cases, solid pellets of the polymer of choice are melted at
high temperatures then dried CNC is added.*” This compounding can be done prior to adding to
the machine or done directly in the machine using a combination of melt and shear mixing,** such
as with the twin screws often used inside extruders. The composite is then forced through a die or
injected into a mold with dimensions specific to the final product desired.

A common problem faced when melt mixing CNC in a polymer is the degradation and
burning of cellulose at the high processing temperatures required for high melting point polymers.
For example, Peng et al. injection molded three types of CNMs (microcrystalline cellulose [MCC],
CNF, and CNC) with Nylon 6.7 At 10 wt%, all samples showed significant browning in colour
due to burning of the CNMs at the 270°C molding temperature.>® Interestingly, all composites
slightly increased in average elastic modulus and tensile strength despite the visual degradation
observed. A decrease in impact strength was observed for all samples and was attributed to the
poor dispersion quality of the CNMs in Nylon due to the innate incompatibility of the hydrophilic
CNMs with the hydrophobic polymer matrix.>?

Coating CNC with polymers by pre-mixing in-solution is utilized to overcome poor

dispersion and aggregation of CNCs directly mixed with polymer melts. Inai et al. coated CNC
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with polyethylene oxide (PEO) by dissolving both materials in water.>* The dried PEO-coated
CNCs were extruded with high density polyethylene (HDPE) and the filaments exhibited an elastic
modulus that was significantly higher, at a max. loading of 1.5 wt%, than that for CNCs added
directly to HDPE.>* Nonetheless, the dispersion of CNC in a polymer by dispersing the
nanocrystals prior to extrusion or molding is not viable for polymers that do have compatible
solvents for dissolution or are dually incompatible with CNC. Therefore, surface modifications on
CNC have been employed, as discussed in Section 1.3.1. However, percolation is no longer the
dominating factor as interactions between modified CNC particles are inhibited by the surface
groups.*¢ Additionally, the orientation of the particles during melt mixing is not controlled thereby
also reducing the percolation of CNC.#?

At smaller scales, thin polymer films containing CNC are produced using solvent casting
or spin coating. As the name suggests, solvent casting consists of dissolving a polymer in a solvent
then depositing the solution onto a substrate where the solvent is left to evaporate. In spin coating,
the process of evaporation is accelerated by spinning the substrate whilst also thinning the cast
film.> The advantage of preparing thin films from solution is the ability to maintain the dispersion
of CNC throughout film production compared to melt-mixing. Additionally, CNCs can orient
radially due to the applied centripetal force during spin coating.>® This orientation in films is also
seen in solvent cast CNC-only films, where CNC exhibits long-range helical self-assembly called
a chiral nematic phase.>”>® The alignment of CNC in thin films therefore lead to better interparticle
interactions and thus an increase in the mechanical properties of the films.’® 3 CNC composite
films also have interesting applications in food packaging and membranes as they have exhibited

increased vapor sorption,®® increased barrier properties,’® and even antimicrobial properties.®!
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1.3.4 Electrospun Nanofibres

Electrospinning is a processing technique to produce ultra-thin polymer fibres with
diameters in the nanometer to micrometer range. There are two main types of electrospinning:
solution or melt electrospinning. Solution electrospinning first dissolves a polymer in a solvent
whereas melt electrospinning uses a polymer melt.%? It is solution electrospinning that is the most
common, and thus is the chosen method in this thesis.

In a typical solution electrospinning experiment, a polymer is dissolved in a solvent and
loaded into a syringe with a blunt-end needle and placed in a syringe pump. A grounded metal
substrate is placed some distance away from the needle and a power supply is used to apply a,
typically, positive voltage to the needle. The polymer solution is electrostatically attracted to the
collector and goes through a series of instabilities that causes whipping of the polymer jet. This
causes fibres with random orientations to be deposited onto the collector; however, different types
of collectors can be used depending on the desired final properties of the fibre mat. For example,
a stationary collector can be used for randomly distributed fibres whilst a rotating drum collector

can be used for aligning fibres.®?
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Figure 1-5. Visualization of the Taylor cone and bending instabilities of a polymer jet during electrospinning: A) The
formation of the Taylor cone at the needle tip after a voltage is applied (U) and B) the trajectory of the jet going
through a series of instabilities. Figure 1-5b is adapted with permission from Xue, J.; Wu, T.; Dai, Y.; Xia, Y.,
Electrospinning and Electrospun Nanofibers: Methods, Materials, and Applications. Chemical Reviews 2019, 119 (8),
5298-5415. Copyright 2022 American Chemical Society.

The electrospinning process starts when the syringe pump forces the polymer solution to
be extruded from the syringe, which causes a polymer drop to form at the tip of the needle, as
shown in Figure 1-5A. The applied voltage causes a buildup of charge, or Coulombic forces, on
the surface of the polymer drop which is attracted to a grounded collector.%® The repulsion of
charges on the polymer drop causes the drop to form a conical shape (Fig. 1-5A). This shape is
called the “Taylor cone”, which is named after Sir Geoffrey Taylor who described the mechanics
behind the formation of the cone.®* After the formation of the Taylor cone, a polymer jet is ejected
and is drawn towards the collector where it goes through a straight path followed by a series of
bending instabilities before depositing onto the collector (Fig. 1-5B).®* These bending instabilities
are a result of electrostatic repulsions between the surface charges on the jet as it is drawn towards
the collector.®? This forces the jet to become increasingly more coiled due to a combination of the
lateral electric forces and repulsive forces between each segment of the jet, which causes it to bend

at about 90° thereby forming a series of loops, as shown in Figure 1-5B.%% 6% 6 The bending
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instabilities, increased coiling, and stretching of the jet towards the collector reduces the diameter
of the jet thus thinning the fibres.®® It is also during these instabilities that the solvent starts to
evaporate where, eventually, fibres with diameters in the nanometer range are deposited onto the
collector.®

The small diameters of electrospun nanofibres combined with the ease of production makes
electrospinning an attractive processing technique for a multitude of applications. Fibres

8 and wound

containing CNCs have been shown to have applications in textiles,®’ filtration,’
healing.® There are many advantages of using solution electrospinning to produce CNC
composites. As with thin films, the use of a solvent allows for pre-dispersion of CNC prior to the
addition of the polymer — similarly, this also limits the range of polymers to ones that have
compatible solvents.”® Secondly, CNC has been found to align parallel to the fibre axis.”’”*> The
alignment of CNC in electrospun fibres can be due to a few possible reasons: 1) the electrostatic
and physical alignment of the individual polymer chains while going through the bending
instabilities may physically align the CNC, 2) the applied voltage could align the CNC in-solution,
and 3) shear forces caused by the ejection of the polymer solution from the needle could force the
alignment of CNC in the ejection direction.”! 7 7* The alignment of CNC can also increase

interactions favourable for percolation. Nonetheless, CNCs with greater orientation within the

polymer fibre exhibit a greater reinforcing impact.’ 7>
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1.4 Reinforced Nylon 6 Composites

1.4.1 Nylon 6 Properties and Characteristics

HN Initator, H,O H

Heat, Vacuum

n

Figure 1-6. Summarized reaction for the synthesis of Nylon 6 from caprolactam.

Of the polyamides, Polyamide 6 is the most widely used due to its high tensile strength and
chemical resistance.”® The most common applications for Polyamide 6 include fibres for textiles
and ropes, and molded plastics for automotive vehicles.””””® Polyamide 6, also called by its trade
name Nylon 6 (N6), is formed by the water-initiated ring-opening polymerization (ROP) of
caprolactam, as summarized in Figure 1-6.7 80 The final polymer has amide bonds separated by
five carbons — the five-carbon separation plus the carbon that is part of the carbonyl is what gives
Nylon 6 its name. The nitrogen end is terminated with an amine (-NH32) and the carbonyl end is
terminated as a carboxylic acid group (-COOH), giving it a linear formula of H[HN-(CH>)s-
COJ,OH.” Nylon 6 has a glass transition temperature of around 45°C and a melting temperature

of around 220°C.””
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Figure 1-7. Crystal structure of the two dominant allomorphs of Nylon 6. A) Hydrogen bonding (left) and 3D packing
(right) of « allomorph and B) hydrogen bonding (left) and 3D packing (right) of the y allomorph. Adapted from
Dasgupta, S.; Hammond, W. B.; Goddard, W. A., Crystal Structures and Properties of Nylon Polymers from Theory.
Journal of the American Chemical Society 1996, 118 (49), 12291-12301. Copyright 2022 American Chemical Society.

Nylon 6 is a semicrystalline polymer, meaning it has both crystalline and amorphous
regions. In the crystalline regions, it predominately crystallizes in two forms: the a and y forms,
as illustrated in Figure 1-7. The a allomorph is the most stable form as it consists of hydrogen
bonding between antiparallel chains.! 32 The y allomorph is less stable as it consists of hydrogen
bonding between parallel twisted chains.®!: 82 As a result, the @ form has a theoretical Young’s
modulus of around 235 GPa and the y form has a theoretical Young’s modulus of around 132
GPa.?% 3 The formation of these allomorphs has been found to be dependent on the processing
method — the a form is typically dominant in slow-drying processes such as solvent casting
whereas the y form is typically dominant in fast-drying processes such as electrospinning.®!
Furthermore, the y form has been found to transform into the a form under additional external
parameters after processing, such as temperature or pressure.’? 8 Overall, processing parameters
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and their effects on the crystallization of Nylon 6 is important to consider and will be discussed

further in this thesis.

1.4.2 Fillers for the Mechanical Reinforcement of Nylon 6

Due to the widespread use of Nylon 6, further improvements and changes in properties
with the addition of fillers have been extensively studied. The most reported (and one of the first)
fillers used for the mechanical reinforcement of Nylon 6 is clay, specifically, montmorillonite (a
silicon and aluminum oxide containing mineral).”® Nylon clay hybrids (NCH) have been
extensively studied and used in commercial products.®-87 For example, Toyota’s Central Research
and Development Labs were the first to develop and produce NCH products and have used the
composite in their vehicles, such as for timing belt covers.’-# Other additive fillers, such as carbon
fibres (CF) and glass fibres (GF), have also been commercialized in Nylon 6 composites, which
are used as filaments for 3D printing.”% °!

Perhaps due to the mechanical improvements observed with CF and GF, fibrous cellulose
nanomaterials, specifically CNC, have been of recent interest. Both solvent casting and melt-
mixing techniques have been used to produce CNC-N6 composites, with the latter being the most
common due to the relevance of the technique at large industrial production scales. The previous
work done on CNC-N6 composites focus on improving dispersion quality and reducing
degradation of CNC within the polymer. For example, Peng et al. used water as a plasticizer to
reduce the compounding temperature to 30°C thus preventing degradation of CNC.%? Other studies
have produced small polymer masterbatches containing CNC that are later diluted with N6 in order
to achieve enhanced dispersion.”® ** A table summarizing previously reported CNC-Nylon 6

composite preparation and manufacturing methods is presented in Table 1-2. Since Nylon 6 is a
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popular choice for textiles and filaments, the next progression of research will need to be towards

fibre production either by extrusion or electrospinning.

Table 1-2. Previously reported CNC-Nylon 6 composite preparation and manufacturing methods.

Modification Composite Preparation Composite Manufacturing Reference

Sulfate half ester In-situ polymerization of N6 in Compression moldlqg .Of .CNC_ 95

. N6 granules then injection
(unmodified) the presence of CNC .
molding

Sulfate half ester - . . 9%
(unmodified) Milling CNC and N6 pellets Compression molding

Sulfate half ester Dissolution of PA6 in formic ~ Melt-pressed films from solvent 31
(unmodified) acid + addition of dry CNC cast films

Sulfate half ester Dissolution of CNC in formic Solvent cast film 97
(unmodified) acid + addition of N6 pellets olvent cas ¥

Sulfate half ester Dissolution of CNC in formic Spin coated film 08
(unmodified) acid + addition of N6 pellets pin coate ¥

Sulfate half ester Masterbatch (5 wt% CNC) Iniection molded foams 93
(unmodified) diluted with N6 J

Sulfate half ester Masterbatch (10 wt%) diluted Iniection moldin 94
(unmodified) with N6 J g

Sulfate half ester Solvent cast CNC coating on 99
(unmodified) Not stated electrospun N6 fibres

Sulfate half ester Dissolution of CNC in formic Electrospinnin 68
(unmodified) acid + addition of N6 pellets Cetrosp &

Sulfate half ester ) Melt compounding of N6 and 53
(unmodified) CNC

Sulfate half ester CNC aqueous solution added ~ Water-assisted compounding of »
(unmodified) to N6 melt N6 and CNC

Aminopropyltriethoxysilane
(APS)

Aminopropyltriethoxysilane
(APS)

In-situ polymerization of N6 in
the presence of CNC

In-situ polymerization of N6 in
the presence of CNC

Injection molding

Melt pressed

34

100
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1.5 Thesis Outline

This thesis demonstrates the reinforcing capability of CNC in Nylon 6 electrospun
nanofibres and spin coated thin films. Two types of surface modifications of CNC using diazonium
chemistry are also described. The reinforcing impact of CNC in Nylon 6 fibres provides an exciting
route towards stronger textiles and films, and the diazonium modification of CNC opens the door
to dually strong and dyed fibres.

Chapter 2 presents the mechanical properties of CNC-Nylon 6 thin films and explores the
effect of CNC on the crystallization of the polymer. Freestanding thin films were produced using
spin-coating from formic acid. Tensile testing was performed, where the elastic moduli, tensile
strength, and elongation at break are reported. Surface morphology and dispersion of CNC within
the films are visualized using electron microscopy, specifically SEM and TEM. The chemical
composition of the films was investigated using FTIR. Finally, the crystalline and thermal
behaviour of the films was analyzed using DSC and TGA, respectively.

Chapter 3 investigates the effect of processing parameters in aligned electrospun Nylon 6
fibres using a drum collector. Nylon 6 fibres were collected onto a rotating drum collector, and the
alignment and diameters of the fibres were visualized using SEM. The parameters investigated
were drum rotation speed, applied voltage, needle-to-collector distance, and flow rate. Jet focusing
was also explored by bending a piece of copper wire into a ring that was placed onto the needle.
Photographs of the electrospinning set-up are presented.

Chapter 4 compares the mechanical properties of randomly distributed and aligned CNC-
Nylon 6 electrospun nanofibre mats, with the elastic moduli, tensile strength, and strain at break
reported. Both types of fibre mats were visualized using SEM and fibre diameters were measured.

TEM images revealed the distribution and alignment of CNC within the aligned Nylon 6 fibres.
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The chemical composition of the aligned fibres was investigated using FTIR, and DSC and XRD
were used to probe the crystallinity of the fibres. Finally, the thermal stability of the aligned fibres
was quantified using TGA.

Chapter 5 describes the surface functionalization of CNC with diazonium salts. Two
methods of diazonium synthesis were performed: ex-situ and in-situ diazotization. The ex-situ
method was first described, where 4-nitroaniline was converted into 4-nitrobenzenediazonium (4-
dNB). The chemical composition of the modified CNC was evaluated using FTIR, CHNS, and
XPS. The thermal stability of the modified CNC was also investigated using TGA. Then, in-situ
diazotization was performed on p-phenylenediamine and 4-aminobenzylamine to obtain p-
aminobenzenediazonium (p-dAB) and 4-aminobenzyldiazonium (4-dABA), respectively. CNC
was modified with both diazonium salts, and the chemical composition of each was done using
FTIR. Finally, the diazonium modified CNCs were incorporated into Nylon 6 and formic acid,
then spin coated to produce thin films.

Chapter 6 presents the surface functionalization of CNC with propylamine using a
diazonium radical initiated surface modification. 2,6-Dimethylaniline was converted into a
diazonium salt using the in-sifu diazotization method presented in Chapter 5, which was then used
to form propylamine radicals that reacted with CNC. The chemical composition of the
propylamine modified CNCs were done using FTIR, CHNS, and XPS, and thermal degradation is
evaluated using TGA. The modified CNC was also visually compared to unmodified CNC using
TEM. Finally, the propylamine modified CNC was incorporated into Nylon 6 and spin coated to

create thin films.
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Chapter 2. Spin Coated Cellulose
Nanocrystal-Nylon 6 Thin Films!

2.1. Introduction

Nylon 6, also called Polyamide 6, is a semicrystalline polymer that is most soluble in the
polar organic solvent formic acid.! It is one of the most used polyamides due to its excellent
mechanical strength, chemical resistance, and ease in large-scale fabrication that leads to countless
applications such as fibres for textiles and membranes as well as scaffolding used for tissue
engineering.!>? As a result of its widespread use, decades of research have been performed studying
the crystal structure of Nylon 6 and the effect of processing parameters on the crystal structure
during production.®”’

The amide group in Nylon 6 allows for interchain hydrogen bonding and provides a route
for compatibilization of fillers for added strength.® Thus, multiple fillers have been studied for the
reinforcement of Nylon 6 such as carbon nanotubes (CNT), graphene oxide (GO), clays, and glass
fibres (GF).>° The incorporation of fillers can also improve the thermal and conductive properties
of the polymer.!% ! More recently, cellulose nanocrystals (CNC) have been the focus of Nylon 6
reinforcement due to the high aspect ratio and stiffness, as well as the biorenewability, of the
nanomaterial and the ability of CNC to form strong interfacial interactions via hydrogen bonding

to the polymer matrix.!2

! The contents of this Chapter have been copied and/or adapted from the following publication: Osorio, D.A.;
Niinivaara, E.; Jankovic, N.C.; Demir, E.C; Benkaddour, A.; Jarvis, V.; Ayranci, C.; McDermott, M.T.; de Lannoy,
C.-F.; and Cranston, E.D., Cellulose Nanocrystals Influence Polyamide 6 Crystal Structure, Spherulite Uniformity,
and Mechanical Performance of Nanocomposite Films. ACS Applied Polymer Materials 2021, 3, 4673-4684.
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Due to the potential for scaling-up at industrially-relevant levels, most of the focus on CNC
reinforced Nylon 6 composites has been on melt processing for sample production.!3 For example,
Yousefian and Rodrigue used a masterbatch of concentrated CNC in Nylon 6 (10 wt%) that was
diluted with neat Nylon 6 to produce injection molded samples.!* They found that the tensile
modulus increased by 24% at 3 wt% CNC compared to neat Nylon 6 and did not vary significantly
at higher loadings, which the authors attributed to a lower dispersion quality. The addition of CNC
to Nylon 6 also significantly decreased the elongation at break at higher loadings. This again can
be attributed to the potentially agglomerated CNC in the matrix which acts as stress concentration
points within the composite leading to premature failure.

One strategy to improve CNC particle dispersion is reported by Rahimi and Otaigbe, where
they polymerized Nylon 6 in-solution in the presence of CNC to obtain granules of polymer coated
CNC. Then, they used compression molding to make test samples.!> Similar to the study by Peng
et al. mentioned in Chapter 1 of this thesis, the high molding temperature (235°C) used by Rahimi
and Otaigbe caused burning of CNC which changed the colour of the test samples to a dark
brown.!® Even with CNC degradation, the CNC-Nylon 6 samples improved the creep resistance
(or the resistance to long-term deformation under constant stress levels) compared to neat Nylon
6. The authors attributed this to the ability of CNC to form strong interfacial interactions with
Nylon and act as stiff springs in the matrix that physically prevented polymer chain slippage. They
also observed a change in crystal structure as the glass transition temperature of the composite
increased slightly with increasing CNC loading (0 to 2 wt%).

Solution-based composite processing is an alternative to the aforementioned melt-
processing techniques that require high temperatures. These techniques provide a route for

increased dispersion prior to composite processing due to the presence of the solvent that reduces
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the viscosity of the system compared to molten materials. The most common solution-based
methods include solvent casting or spin coating. In a study by Sucharitpong et al., CNC produced
from sugarcane bagasse was used in solvent cast Nylon 6 films.!” They found that CNC increased
the opacity of the cast films and had the greatest reinforcing impact at 1 wt% CNC loading (approx.
700 MPa) compared to neat Nylon 6 (approx. 400 MPa). The increase in mechanical properties
was attributed to strong CNC-Nylon 6 interactions, such as hydrogen bonding. Though the authors
did take a look into the crystalline structure of the cast films using XRD, and found that
crystallinity decreased with increasing CNC loading, no direct link between the mechanical
properties and the impact of crystallinity was discussed. This gap in the explanation for the
reinforcement mechanism based on crystallization prompted us to explore its impact in CNC-
Nylon 6 films — more specifically, the mechanical properties.

Other groups have explored the crystallization behaviour of CNC-Nylon composites.
Specifically, Aitha and Vasanthan prepared solvent cast films of CNC and Nylon 6.!® They used
DSC and FTIR to study the crystalline structure of the composites and found that CNC induced
the less stable y crystal form of Nylon 6. The work done in this Chapter combines both reasonings
for reinforcement (particle-matrix interactions and crystal structure) with morphological and
crystallization changes in CNC-Nylon 6 films, which provides a more in-depth look into the
reinforcing mechanism of CNC in Nylon 6.!° More importantly, there is a focus on the reinforcing
impact of unmodified CNC in order to probe the direct effect of CNC in a polyamide matrix, which
is in contrast to many CNC-polymer studies that use surface modification for increased dispersion
and interactions.?% 2!

In this Chapter, CNC was combined with Nylon 6 in-solution using formic acid as the

solvent. Then, the solutions were spin-coated onto glass slides and removed from the substrate to
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obtain free-standing CNC-Nylon 6 thin films. The mechanical properties of the films were tested
using a tensile tester, and the Young’s modulus, ultimate tensile strength, and elongation at break
are reported. The dispersity of CNC within the polymer matrix and the morphology of the films
was visualized using TEM and SEM, respectively. An investigation into the chemical composition
and crystalline structure of the composite films was performed using FTIR, then further studied
using DSC. Finally, the thermal stability of the films was tested using TGA. This Chapter contains
data and discussions reported by us in a multi-university collaboration.!” The results presented

here are those collected primarily by the University of Alberta team.

2.2 Experimental

2.2.1 Chemicals and Materials

All CNCs used in this study were provided by Celluforce Inc. (Montreal, QC, CA) and
were produced from sulfuric acid hydrolysis of wood pulp. CNCs were received in the neutralized
sodium salt form as a re-dispersible spray dried powder. Nylon 6 pellets (CAS No. 25038-54-4)
and formic acid (98%) were purchased from Sigma-Aldrich (Oakville, ON, CA). All water used
was deionized with a resistivity of 18.2 MQecm. Non-frosted 22 mm x 75 mm glass microscope

slides were purchased from VWR (Randor, PA, USA).

2.2.2 Preparation of Cellulose Nanocrystal and Nylon 6 Solutions

Spin coated solutions were prepared by adding CNC to formic acid (0 - 5 wt/wt%) and bath
sonicating for 30 minutes. Then, Nylon 6 pellets were slowly added while magnetically stirring at
room temperature. The total solids content (CNC+N6) in the solutions was 20 wt/v %. The

solutions were left to stir overnight at ambient conditions until all the pellets were dissolved. Each

34



solution was sonicated for 5 minutes prior to spin coating. Solutions were used the following day

to ensure that CNC was not potentially degraded by the acidic solvent.

2.2.3 Preparation of Spin Coated Films

A Specialty Coating Systems, Inc. Spincoater Model P6700 Series (Indianapolis, IN, USA)
was used for spin coating. Glass microscope slides were cleaned thoroughly with ethanol and DI
water, then dried with nitrogen gas. A syringe was used to deposit 2 mL of solution onto the
cleaned microscope slide. The slide was tilted side-to-side to allow even spread of the solution
across the entirety of the surface. The coated slides were affixed to the middle of the spin coater
stage using double sided tape. Spin coating was performed at the following conditions: 300 rpm
for 15 s, then 1000 rpm for 60 s, then 1300 rpm for 15 s, and repeated until the resultant spin coated
film was dried (2-3 times). The films were left to sit for an hour before peeling from the glass
substrate, then left to sit overnight to ensure full evaporation of solvent. Films were placed in a

desiccator for at least 24 hours prior to testing.

2.2.4 Characterization

Mechanical testing was performed by Daniel Osorio at the Department of Chemical
Engineering at McMaster University. Young’s modulus, ultimate tensile strength, and elongation
at break were determined through Instron tensile testing of the spin-coated CNC-Nylon 6
nanocomposite films (10 mm x 75 mm strips). A handheld digital micrometer (accuracy + 0.00016
in or 0.004064 mm) was used to take average thickness measurements (n = 3) of the strips at three
separate locations across the centre of the strip (iGaging; San Clemente, CA, USA). Strips were

then loaded into a 3366 benchtop universal mechanical testing system (Instron Corporation;
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Norwood, MA, USA) with custom-made poly(methyl methacrylate) (PMMA) grips. The PMMA
grips were wrapped in Parafilm to reduce failure at the clamp grips and ensure failure in the centre
of the samples. Samples were tested in accordance with ASTM d882-D tensile testing standards
for free-standing films. Values shown are averages of n = 5 measurements with their corresponding
standard deviation.

Differential scanning calorimetry (DSC) was performed by Eyup C. Demir at the nanoFAB
at the University of Alberta. Approximately 5 mg of CNC-PA6 film was loaded into aluminum
DSC pans, sealed, then analyzed using a TA Q1000 DSC (TA Instruments, DE, USA). Samples
were run with heat and cool ramp of 10°C/min. Temperature precision is up to 0.05 °C and the
general error in identifying crystallinity is taken to be + 2 %.

Thermogravimetric analysis (TGA) was completed by Analytical Instrumentation Services
in the Department of Chemistry at the University of Alberta using a Mettler-Toledo TGA/DSC 1
(Columbus, OH, USA). Samples (4-5 mg) were placed in a platinum sample holder, then heated
from 25°C to 500°C at heating rate of 10°C/min and under nitrogen.

Fourier transform infrared (FTIR) analysis was completed by Analytical Instrumentation
Services in the Department of Chemistry at the University of Alberta using a Thermo Nicolet 8700
FTIR Spectrometer (Waltham, MA, USA). A freestanding film was placed in the pathlength of the
laser. All spectra were collected from 4000 to 650 cm™! at 128 sample scans a resolution of 4.000.

Transmission electron microscopy (TEM) imaging was completed by the Microscopy Unit
in the Department of Biological Sciences at the University of Alberta by Arlene Oatway. Images
were collected using a Philips/FEI (Morgagni) transmission electron microscope with Gatan
camera at 80 kV. The composite films were exposed to osmium tetroxide vapour for 1 hour then

embedded in Spurr resin and cured overnight at 60°C. A microtome was used to smooth the resin
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blocks to the correct depth, then final sections were taken using a diamond knife and placed on a
Cu mesh grid. The TEM images were provided by Abdelhaq Benkaddour and Akib Shahriar.
Scanning electron microscopy (SEM) images were taken using a Zeiss Sigma (Gemie) field
emission scanning electron microscope at nanoFAB at the University of Alberta. The films were
cut into 1 cm x 1 cm squares then placed onto SEM stubs using carbon tape. All samples were

imaged at an EHT of 0.500 kV and using the InLens detector.
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2.3 Results and Discussion

Solution Preparation and Spin Coating. Spin coating was chosen as the first processing
technique for a CNC-Nylon 6 composite material investigated in this thesis as it is fast and
produces uniform freestanding thin films that are easy to manipulate for tensile testing.??
Furthermore, due to the low viscosity of the solutions used for spin coating, this technique
produces an ideal specimen where CNC dispersion can be enhanced during processing compared

to melt processes where dispersion is difficult to control.

0% 1% 25% B%

Dissolve
Spin, 2 mL

Disperse

Formic Acid

300 rpm, 15s

| _ | 25cm 1000 rpm, 60s
_— | 1300 rpm, 15s

CNC

Nylon 6 + CNC

Figure 2-1. Schematic of the solution preparation, final CNC-Nylon 6 solutions, spin coating procedure and
instrument, and an example of the final thin film after removal from the glass substrate. The red box indicates where
the test strip was cut for tensile testing.

A schematic of the spin coating protocol is illustrated in Figure 2-1. Reproducible CNC-
Nylon 6 nanocomposite films with CNC loadings of 0, 1, 2.5, and 5 wt% were prepared by spin
coating CNC and Nylon 6 in formic acid. All solutions were sonicated prior to spin coating to
maintain the dispersion of CNC in-solution. Most of the films were easily removed from the glass
substrate after spinning; however, if the films were left on the substrate for an extended period of

time (>1 day) they were difficult to remove, especially with higher CNC loadings (> 1 wt%).
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Interestingly, it has been reported that CNC strongly adsorbs to glass substrates cast from acidic
solvents.?® Therefore, the use of formic acid as the solvent may be the reason for the difficulty in
the removal of the composite films from the substrate. All films were removed from the glass

substrates 1 hour after spinning to avoid this issue.
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Figure 2-2. (A) Photographs of the thin films produced at CNC loadings of 0-5 wt% and (B) the corresponding
thickness of the films at each CNC loading. The film thickness measurements were collected by Daniel Osorio.

Film Transparency and Thickness. The addition of CNC to Nylon 6 was found to decrease
the transparency of the films and increase the film thickness, as shown in Figure 2-2. The pure
Nylon 6 films were translucent but became opaque and visually non-uniform with 2.5 wt% and 5
wt% CNC, implying that the CNCs were no longer fully dispersed in-solution at higher loadings.!”
The increase in opacity for the spin-coated films is similar to what Sucharitpong et al. observed in
solvent cast CNC-Nylon 6 films.!” The film thickness doubled with the addition of 5 wt% CNC
when compared to the neat Nylon 6 films even with the same volume of solution and the same
film dimensions used for spin coating. The final films were also noticeably more fragile when

handling.
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It is important to note that the CNC-Nylon 6 solutions were increasingly more viscous and
opaque with increasing CNC content. In other studies, CNC has been shown to increase the
viscosity of many different polymers in a variety of different processing techniques.?**¢ Though
we did not quantify the solution viscosity in this study, the solutions exhibited visible gelling with
the addition of well-dispersed CNC due to the self-assembly of the nanoparticles in-solution.?’- 28
Furthermore, Rahimi and Otaigbe found that the addition of CNC to Nylon 6 increased the melt
and complex viscosity of the polymer.'>

Solution viscosity is directly proportional to film thickness in spin coating as shown in
Equation 2-1,

h = knoP w® Eq. 2-1
where 4 is the film thickness, w is the angular velocity, 7, is the initial solution viscosity,
and k, B, and « are constants.?? This means that with the observed increase in solution viscosities
with increasing CNC loading, we expect an increase in film thickness. Thus, the non-uniform
spreading of the composite solutions over the substrate, and the increase in film thickness at higher

CNC loadings, is potentially due to an increase in solution viscosity.
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Figure 2-3. TEM images of (A) neat Nylon 6 film and (B) 5 wt% CNC film, and SEM images of (C) neat Nylon 6
film and (D) 5 wt% CNC film. The TEM images in Fig. 2-3A,B were provided by Abdelhaq Benkaddour and Akib
Shahriar.

Electron Microscopy Imaging. Sonication of the solutions is expected to promote
dispersion of individual CNC particles within the Nylon 6 matrix. Visualization of the dispersion
quality was performed using bright field transmission electron microscopy (TEM). TEM images
of neat Nylon 6 (0 wt% CNC) and 5 wt% CNC films are shown in Figure 2-3 A,B. The TEM
image of the neat Nylon 6 film in Figure 2-3A is free of any particles, while the 5 wt% CNC film
in Figure 2-3B clearly shows the presence of CNCs as dark, long fibrous particles. These particles
are consistent with the shape and size of CNC, with particle lengths of around 150 nm.?* CNC
appears to be well dispersed within the film, with a few larger aggregates also visible.

The similarity in chemical composition of the carbon-rich CNC and carbon-rich Nylon 6
makes differentiation of CNC within the polymer matrix difficult using scanning electron
microscopy (SEM). SEM, however, can provide insight into the morphological nature of the films.

The SEM images in Figures 2-3C and 2-3D (neat Nylon 6 films and 5 wt% CNC film, respectively)
41



appear to reveal the formation of spherulite structures. Spherulites form due to the radial stacking
of polymer chains around a crystal centre as a result of the drying of a crystalline polymer.*® The
formation of the spherulites (with imaging using Polarized Optical Microscopy) and their effect
on the mechanical properties are discussed in detail by Osorio et al.'® In brief, spherulites were
found to pack closer together and decrease in size with increasing CNC loading. We proposed that
well dispersed CNC act as nucleating sites for the spherulites. At high concentrations, CNC tends
to aggregate which inhibits the formation of crystalline spherulite regions and instead increases
the formation of amorphous regions.’! The formation and density of these spherulites therefore

play a role in influencing the mechanical properties of the composite.

A B C
L-L,
Ly Lo

A A A

Figure 2-4. Schematic illustrating tensile testing of the spin coated films. A) Specimen (blue) loaded into the grips
(grey) at the original length (Lo), B) specimen after displacement (L-Lo), and C) specimen after break. The black arrow
indicates top grip displacement direction.

Mechanical Results. A schematic of a typical tensile test is illustrated in Figure 2-4. The

polymer films were spin coated onto glass microscope slides, then test strips were cut from the
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middle of the samples (Fig. 2-1) and loaded into the tensile testing instrument with some sort of
support at or on the grips to prevent premature failure of the samples at the grips. The films are
then stretched longitudinally (Fig. 2-4B) at a constant rate of 5 mm/min. In the end, a stress-strain
curve is produced, where strain is the displacement over the original length and stress is the force
per cross-sectional area of the sample. The quantification of the curve is according to Equations 2-

2 and 2-3 below,

Lk Eq. 2-2

€= L q. 2-
P

7= Eq. 2-3

where ¢ is the engineering strain, L is the measured length, Lo is the original length, o is
the engineering stress, P is the load in Newtons, and 4 is the original cross-sectional area of the
test strip (i.e. the cross-section prior to testing).>> An example of a typical CNC-Nylon 6 stress-

strain curve is presented in Figure 2-5.
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Figure 2-5. An example of a stress-strain curve for a 1 wt% CNC-Nylon 6 film. The points labelled on the curve are
the (a) Young’s modulus, (b) ultimate tensile strength, and (c) strain at break.
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There are several mechanical parameters that can be derived from a stress-strain curve and
three will be investigated here: Young’s modulus, ultimate tensile strength, and strain at break or
elongation at break. The Young’s (or elastic) modulus is quantified as the slope of the initial linear
portion of curve in the elastic region (Fig. 2-6a). It measures the material’s resistance to elastic
deformation.>® The ultimate tensile strength (Fig. 2-6b) is the highest stress that the material
undergoes during the test.>* Finally, the point of failure (or the strain at break) is used to quantify
the elongation of the sample when it breaks (Fig. 2-6¢), which can also be quantified as the
elongation at break. Depending on the type of material, the ultimate tensile strength and the
maximum elongation at break may not necessarily happen at the same time, but in our case, all

breaks happened immediately after the ultimate tensile strength point.
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Figure 2-6. Young’s modulus (blue) and ultimate tensile strength (red) results for the CNC-Nylon 6 films at 0-5 wt%
loadings. The mechanical results were obtained by Daniel Osorio.
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Table 2-1. Summary of mechanical properties of the CNC-Nylon 6 spin coated films.

% CNC Young’s Modulus (GPa) Ultimate Tensile Strength (MPa) Elongation at Break (%)

0 2.02+0.06 45+4 11+£5
1 3.0+0.1 73+£8 10+1
2.5 22+0.1 50+6 3.0+0.8
5 2.22+0.09 28+8 2.0+0.1

The Young’s modulus (YM) and ultimate tensile strength (UTS) of the CNC-Nylon 6 films
are presented in Figure 2-6, with a summary of all the mechanical results listed in Table 2-1. I was
responsible for the preparation of the testing specimens for Daniel Osorio to perform tensile tests
on. Pure Nylon 6 exhibits a YM of 2.02 + 0.06 GPa which is comparable to previous studies.!> 3%
35 The Young’s modulus increased to 3.0 = 0.1 GPa at 1 wt% CNC (an approximately 49% increase
compared to the pure Nylon 6 films), then decreased to around 2.2 GPa for both 2.5 and 5 wt%
CNC. The UTS showed a similar trend, with values of 45 + 4 MPa for Nylon and an increase to
73 + 8 at 1 wt% CNC (an approximately 62% increase compared to the pure Nylon 6 films), then
a decrease at both 2.5 and 5 wt% CNC. It can be said that 1 wt% was the optimal loading for the
Nylon 6 composite films. We did study lower loadings of CNC (0.25 and 0.5 wt%), but a loading
of 1 wt% still gave the highest YM and UTS values."’

As seen in Figures 2-3C and 2-3D, the formation and density of spherulites is dependent
on the amount of CNC added.!” We expect CNC to be thoroughly dispersed at low loadings (1
wt%),'* 15 thus individually dispersed CNCs are expected to increase the possibility for favourable

interactions, such as such as hydrogen bonding, with Nylon 6.!7-36:37 Therefore, increased CNC-

Nylon interactions and the stiffness imparted by CNC is the cause for the increase in YM and UTS
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at 1 wt% loading (Fig. 2-6). On the other hand, CNC aggregates more readily at high loadings, and
these aggregates can act as defect or local stress concentration points in the films making them
weaker and more likely to fail prematurely.’® Therefore, the decrease in spherulite density and
increase in amorphous regions imparted by the high loadings of CNC negatively impacted the
mechanical properties as seen by the decrease in YM, UTS, and elongation at break above 1 wt%
(Table 2-1). Furthermore, the films were noticeably more fragile when removing from the glass
substrates above 2.5 wt% CNC. This may also be due to an increase in stress concentrations at
higher loadings. TEM images obtained in separate work by Akib Shahriar, a MSc student in our
group, also revealed a higher density of aggregates at higher CNC loadings in Nylon 6 films further
supporting the formation of aggregates (also shown in the 5 wt% CNC film TEM image in Fig. 2-
3B).

The results presented here are in agreement with a previous report by Sucharitpong et al.
on the reinforcing impact of CNC in Nylon 6 cast films, where a 1 wt% CNC loading had the
largest reinforcing impact.!” However, it is important to note that the processing technique chosen
greatly affects the reinforcement capability of CNC. For example, previous studies of extruded or
melt compounded Nylon 6 materials show an optimal CNC loading of 5 wt% or higher.!4 3% 40

Nevertheless, the high reinforcement impact of CNC at such low loadings is the driving force for

the use of these nanomaterials for industrial applications.*!
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Figure 2-7. FTIR analysis of the spin-coated CNC-Nylon 6 films at 0 wt% CNC (blue), 1 wt% CNC (green), 2.5 wt%

CNC (purple), and 5 wt% CNC (red).

FTIR Analysis. The chemical composition of the films was investigated using FTIR, as
shown in Figure 2-7. The full spectra in Figure 2-7A show all expected peaks for Nylon 6 at 3292
cm’! (H-bonded N-H str.), 3064 cm™ (N-H), 2935 cm™! (CH; asym.), 2865 cm™ (CH, sym.), 1636
cm’! (CONH [amide I]), 1540 cm™! (CONH [amide II] + C-N str.), and 1372 ¢cm™! and 1264 cm’!
and 1200 cm! ([amide III] + CH, wag).*> ** The lower IR region presented in Figure 2-7B also
show all expected peaks for Nylon 6 at 1169 cm™ (CONH skeletal motion), 1123 cm™ (C-C
amorphous str.), 1069 ¢cm™ (C-C str.), and 833 cm™' (CH: rocking).'® 4> The appearance and

increase of the glucose C2, C3, and C6 C-O stretching vibrations at 1116 ¢cm™!, 1062 cm!, and
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Wavenumber (cm)
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1035 ¢cm™!, respectively, and the sharpening of the C-H band at 2935 cm™! further confirm that
CNC is present in the composites at all CNC loadings.**

The FTIR spectra can also provide insight into the crystalline microstructure of Nylon 6.3
As mentioned previously, the crystal structure of Nylon 6 plays a large role in the mechanical
properties of the polymer. Nylon 6 has two main crystal forms: the a allomorph and the y
allomorph.!® The a allomorph is the most stable form as it is a result of the extended planar
conformation of the polyamide chains, whereas the y form is the less stable form as it is the result
of some twisted chains.!® 424 In the spectra in Figure 2-7B, the band at 972 cm! is attributed to
the CONH in-plane stretching of the y allomorph of Nylon 6 and the bands at 959 and 929 cm™!
are attributed to the CONH in-plane stretching of the a crystal allomorph of Nylon 6.'% 4> The peak
at 972 cm’! in all spectra is very weak suggesting that there is very little crystallization of the
polymer in the y form. However, the relative intensity of the peak does slightly increase with CNC
loading, suggesting that CNC may induce crystallization of Nylon 6 in the y form in spin-coated
films.!” The presence of the two bands at 959 and 929 cm™! imply that the spin-coated films mainly

crystallize in the a form. A full list of the FTIR band assignments is presented in Table 2-2.
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Table 2-2. FTIR band assignments for the CNC-Nylon 6 spin-coated films.

Wavenumber (¢cm™) Nylon 6 Assignment CNC Assignment Reference
3292 (m) H-bonded NH str. 1° and 2° O-H str. 42,44
3064 (w) NH fermi #
2935 (m) CH: asym. str. C-H str. 42,44
2865 (m) CH: sym. str. #

1636 (s) C-ONH str. (amide I) #
1540 (s) CON-H in-plane bend (amide IT) + CN str. #
1372 (m) CON-H str. (amide IIT) + CH> wag #
1264 (m) CON-H str. (amide IIT) + CH> wag #
1200 (m) a form CO-NH str. (amide 11T) + CHz wag w24
1169 (w) CO-NH skeletal C-O-C str. 42,44
1123 (w) Amorphous C-C str. #
1116 (m) C-O str. (C2) a4
1069 (w) C-C str. 18,42
1062 (m) C-O str. (C3) a4
1035 (w) C-O str. (C4) a4
972 (w) y form CO-NH in-plane str. 18, 42,43
959 (m) a form CO-NH in-plane str. “
929 (m) a form CO-NH in-plane str. 18, 42,43
833 (m) CH: rocking 3

49



5.0 wt/wt% CNC
2.5 wt/wt% CNC
*;-‘3 1.0 wt/wt% CNC
g e — —
2 | o wtiwt®% cNC
-§ -—_
X
Nylon 6 pellet
5 224.2°C
8 |
3
60 a0 120 150 180 210 240 270

Temperature (°C)

Figure 2-8. DSC analysis of the CNC-Nylon 6 films at 0 wt% CNC (blue), 1 wt% CNC (green), 2.5 wt% CNC
(purple), and 5 wt% CNC (red). A comparison to the as-received Nylon 6 pellet is also included (orange).

DSC Analysis. Differential scanning calorimetry (DSC) was used to further investigate the
crystallinity of the spin-coated films. In the DSC curves in Figure 2-8, the phase transition
corresponding to the a allomorph appears at around 224°C and that for the y allomorph appears as
a shoulder at around 206°C. The small decrease in heat flow observed at around 100°C is due to
the evaporation of water absorbed and/or residual solvent (formic acid) on the films. The peak
temperatures of the a allomorph in Figure 2-8 do not vary significantly between CNC loadings,
even when compared to the as-received Nylon 6 pellet. The appearance of the y allomorph at
206°C in the spin-coated films and not in the pellet suggest that the spin-coating process
intrinsically induces the y crystallization of Nylon 6; however, the a form still remains the
dominating crystal structure as shown by it being the largest peak in all samples. We expect that
CNC interferes with intramolecular chain folding and induces intermolecular interactions with

adjacent Nylon chains,* leading to formation of the y crystal structure. Interestingly, CNCs are
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known to be chiral in nature,*” which may also induce the crystallization of Nylon 6 in the twisted
y structure.

It is also possible that the spin coating process may also induce the y allomorph
crystallization by causing preferential orientation of the polymer chains. The Nylon 6 chains and
CNCs can orient radially in the direction of the centripetal force during spin-coating.*® CNC has
been suggested to impede polymer chain mobility and flexibility,* thus leading to the formation
of the unstable y crystal structure. Furthermore, the solutions were increasingly more viscous with
the addition of CNC, as discussed previously. Increases in viscosity have been further suggested
to rise from an increase in CNC-polymer bonding and entanglement, which may also inhibit the
thermodynamic packing by preventing mobility of the Nylon chains.?% #° In the end, the reduction
in crystallization supports the decrease in mechanical properties observed at high loadings (Table
2-1).

Finally, an intriguing result is that the CNC-Nylon 6 films had increased YM and UTS
values even though a significant proportion of the unstable y allomorph was formed. This is
surprising given that the y crystal structure exhibits a lower Young’s modulus (135 GPa) than the
a crystal structure (295 GPa) in neat Nylon 6.° Furthermore, we compared the relative percent of
both the a and y allomorphs in the films (with loadings of 0, 0.25, 0.5, 1, 1.75, 2.5, 3.75, and 5
wt% CNC) using x-ray diffraction (XRD).!” We observed a decrease in the relative peak area of
the a allomorph in the films with increasing CNC loadings and we saw an increase in relative peak
area of the y allomorph up to 1 wt% CNC. This suggests that the interaction between CNC and the
polymer strengthened the composite and are sufficient enough to overcome a decrease in
mechanical properties which would be solely due to the crystal structure of Nylon 6.

The degree of crystallinity was calculated from the DSC results using Equation 2-4,
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_ AH;
(1 ¢)-AH

Xc +100% Eq. 2-4

where AHr is the heat of fusion of the composite, ¢ is the weight fraction of CNC, and
AH{'% is the heat of fusion of fully crystalline Nylon 6 (230 J/g).° The heat of fusion for each
sample was determined by taking the area under the melting peak between 190°C and 245°C (Fig.
2-8). The degree of crystallinity of the polymer was not affected by CNC content, as the percent
crystallinity values stayed between + 0.7% (Table 2-3). Furthermore, the addition of CNC did not
significantly impact the depth or width of the crystal peaks. A summary of the results from the

DSC analysis is listed in Table 2-3.
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Figure 2-9. (A) TGA and (DTG) curves for the CNC-NG6 films at 0 wt% (blue), 1 wt% (green), 2.5 wt% (purple), and
5 wt% (red).
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Thermal Properties. Finally, the thermal stability of the composite films was studied
using thermogravimetric analysis (TGA). In Figure 2-9A, all samples showed a small 1-2% weight
loss at around 100°C due to the loss of absorbed water and/or residual formic acid. Starting at
around 325°C, there is a larger weight loss from the degradation of both CNC and the polymer.
The onset temperature (To) decreased with increasing CNC loading, from 421°C for neat Nylon 6
(0 wt% CNC) to 409°C for 5 wt% CNC (Table 2-3), as is expected since CNC starts to decompose
at around 200°C.? After 475°C, the remaining mass is due to char left from the degradation of
CNC,? which is slightly higher at 5 wt% CNC loading. On the other hand, the first derivative of
the TGA curves (DTG) in Figure 2-9B show that the first derivative peak temperature (Tp) did not
vary significantly between samples (listed in Table 2-3). The intensity of the peaks, however,
decreased with increasing CNC loading which is a direct result of the earlier degradation of CNC.
Overall, CNC slightly decreased the thermal stability of the Nylon 6 films. A summary of the data

from the TGA and DTG curves are listed in Table 2-3.

Table 2-3. Summarized DSC and TGA results for the CNC-Nylon 6 films.

DSC TGA & DTG
CNC (wt%) Peaky (°C) AHr (J/g) Xc (%) To (°C) Te (°C)
0 (pellet) 2242 67.0 29.1 - -
0 223.0 65.1 28.3 421 453
1 221.2 63.3 27.8 419 453
2.5 221.2 63.0 28.1 418 451
5 2214 62.3 28.5 409 455
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2.4 Conclusion

Spin coating was used to produce nanocomposite thin films of CNC and Nylon 6. The
opacity and the thickness of the films increased with CNC loading. The presence of CNC in the
films was visualized using TEM, and the formation of polymer spherulites was observed using
SEM. The Young’s modulus and ultimate tensile strength increased to an optimal CNC loading of
1 wt%, with values 1.5 and 1.6 times larger than that for neat Nylon 6, respectively. At loadings
2.5 wt% and higher, the films showed a reduction in all measured mechanical properties. The
crystal microstructure of the films was investigated using FTIR and DSC, where the spin-coated
films were found to predominately crystallize in the a allomorph for Nylon 6. The aggregation of
CNC at high loadings was found to induce the crystallization of Nylon in the less stable y form,
supporting the decrease in mechanical properties at 2.5 and 5 wt%. Finally, the thermal stability
of the composite films decreased slightly with CNC content due to the decomposition of CNC.
The results presented in this Chapter demonstrate the feasibility and advantages of using CNC to
reinforce Nylon films. These reinforced films have potential applications as coatings for the

aerospace and automotive industries.
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Chapter 3. Effect of Electrospinning
Parameters on Fibre Diameter and
Alignment of Nylon 6 Fibres

3.1 Introduction

The electrospinning of polymers from solution is a quick and facile way of obtaining fibres
with diameters in the nanometer range.! In a typical electrospinning experiment, a polymer
solution is loaded into a syringe capped with a blunt-end needle. A syringe pump is used to force
the solution out of the syringe and a voltage is applied to the needle. An electrostatic attraction
between the charged needle and a grounded collector forces a polymer drop from the tip of the
needle to be drawn to the collector. The jet goes through a stable straight phase before going
through an series of unstable whipping phases that eventually leads to the deposition of thin
polymer fibres onto the collector.? When using a stationary collector, the fibres are collected as a
network of randomly orientated fibres and when using a rotating collector, the fibres are stretched
and forced to align in the direction of rotation depending on the rotational velocity.?

In 1969, Sir Geoffrey Taylor was the first to theoretically describe that when the charge
exceeds the surface tension of a viscous polymer drop at a needle tip when a voltage is applied, a
cone forms (coined the “Taylor cone”) and creates an electrically charged jet that is drawn to a
grounded metal surface.> He suggested the following equation to explain the effect of applied

voltage on the formation of the cone,

v =4—

H? /2L
7

3
1 ___) _ Eq. 3-1
N =3 (0.117myR) q
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where V. is the critical voltage required to form the Taylor cone, H is the needle-to-collector
distance, L is the length of the needle, R is the radius of the needle, and y is the surface tension of
the solution.> # Taylor’s equation reinforces the importance of applied voltage during
electrospinning and has led to many theoretical studies delving into the influence of Taylor cone
formation on fibre diameter.’”” Fibre morphology and characteristics are therefore dependent on a
multitude of solution and electrospinning processing parameters including, but not limited to,
solution viscosity, solution concentration, polymer molecular weight, needle gauge and length,
volatility and conductivity of the solvent, feed/flow rate, voltage, the distance between the tip of
the needle and the collector (needle-to-collector distance), and type of collector.® The most
common responding factor measured against these parameters is fibre diameter because it can be
easily measured using scanning electron microscopy (SEM), transmission electron microscopy
(TEM), or atomic force microscopy (AFM).! Since diameter also plays a large role in the end
properties and applications of the fibres, it will be one of the main properties studied in this
Chapter.

The radius of the jet decreases due to the series of stabilities and instabilities it undergoes
while electrospinning, which is caused mostly by the electrostatic repulsion imparted by the
applied voltage.” Therefore, the diameter of the jet is different at the nozzle (or not far after the
Taylor cone) when compared to the final fibre diameter at the collector. A scaling law has been

proposed to calculate the radius of the jet near the nozzle,

1
A1
h= (6“pQ )2 1 Eq. 3-2
VA

nlE

where 4 is the radius of the jet, u is the kinematic viscosity (or the viscosity divided by the

density of the solution), p is the density of the fluid, Q is the flow rate, [ is the current, £ is the
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electric field, and z is the needle-to-collector distance.® Another law is proposed to calculate the

radius of the jet at the collector,

1
I VA Eq. 3-3
h= [VS (7) 7 (2lny — 3)] !

where y is the surface tension, ¢ is the dielectric constant of the outside medium (i.e. air),
and y is the slope of the jet’s surface.> % 1% 1! Most importantly, these equations demonstrate that
flow rate, current (or voltage), and collection distance play crucial roles in controlling fibre
diameter during electrospinning.

Though numerous studies have been done on the effect of processing parameters on
randomly distributed Nylon 6 fibre morphology,'>!* there still exists a gap in studying the effect
of these parameters on aligned Nylon 6 fibres using a drum collector. In this Chapter, multiple
processing parameters for the electrospinning of neat Nylon 6 fibres are evaluated and the effect
of these parameters on fibre diameter and alignment are reported. The parameters investigated are
drum rotation speed, applied voltage, needle-to-collector distance, and flow rate. Scanning electron
microscopy (SEM) imaging was used to both visualize and quantify the degree of alignment and
fibre diameters. A detailed description of the electrospinning set-up and a small study into the

effect of jet focusing is also presented.

3.2 Experimental

3.2.1 Chemicals and Materials
Nylon 6 pellets (CAS No. 25038-54-4) were purchased from Sigma-Aldrich (Oakville,
ON, CA). BD PrecisionGlide needles (20g x 1 (0.9 mm x 25 mm)) and 3 mL luer lock BD syringes

(I.D. = 8.56) were purchased from SigmaAldrich Canada (Oakville, ON, Canada). The needle tips
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were sanded down using a Dremel rotary sander loaded with a 180 grit sanding disc to obtain
blunt-end needles (Mount Prospect, IL, USA). Acros Organic Formic acid (FA, 98%) and Saint-
Gobain Tygon Ultra-Chemical-Resistant Tubing (Formula 2375) were purchased from Fisher
Scientific Canada. Masterflex Fitting, Polypropylene, Straight Male and Female Luer Lock to

Hosebarb Adapters (1/16-inch ID) were purchased from Cole-Parmer (Montreal, QC, Canada).

3.2.2 Preparation of Nylon 6 Solutions

Electrospinning solutions were prepared by slowly adding Nylon 6 pellets to formic acid
at a loading of 20 wt/v%, then sonicating for 30 minutes. The solutions were left to stir overnight
at ambient conditions until all the pellets were dissolved. Each solution was vortexed then

sonicated for 5 minutes prior to electrospinning.

3.2.3 Electrospinning

Aligned electrospinning was performed using an 80 mm x 200 mm stainless steel drum
collector from MTI Corporation (Richmond, CA, USA) and an external power supply. The
stainless-steel drum was wrapped with aluminum foil. A single 3 mL syringe connected to a blunt-
tip needle via tygon tubing was used and was kept stationary during electrospinning. A copper
wire bent into a ring (d = 5 cm) was placed on the syringe needle to focus the electric field during
spinning. Electrospinning time was 30-60 minutes for each sample and was performed in a
plexiglass chamber to control humidity (RH ~ 25% and T ~ 18°C) as shown in Figure 3-1.

A table of the all the electrospinning processing parameters studied is presented in Table
3-1. If rotation speed was < 2500 rpm, the voltage was kept at 14 kV, the flow rate was kept at 2

pL/min, and the distance was kept at 10 cm. If rotation speed was > 3000 rpm, the voltage was
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kept at 21 kV, the flow rate was kept at 5 uL/min, and the distance was kept at 10 cm. When
varying distance (5-13 cm), voltage was kept at 21 kV and flow rate was kept at 5 pL/min. When
varying voltage (14-24 kV), distance was kept at 10 cm and flow rate was kept at SpL/min. When
varying flow rate, (1-7 pL/min) voltage was kept at 21 kV and distance was kept at 10 cm. A study
on jet focusing was done at the faster rotational speeds (= 2500 rpm) using the Cu wire ring

(pictured in Figure 2-3).

Table 3-1. Electrospinning parameters and the corresponding rotation speeds investigated in this chapter.

Drum Rotation Speed (rpm)
0 100 500 1000 2000 2500 3000 4000

14 X X X X X X X
17 X
Voltage (kV) 3 ¥ 5% 5%
24 X X
5 X X X
7 X

Distance (cm) 8 X
10 X X X X X X X X
13 X

1 X
2 X X X X X X X
Flow Rate (uL/min) 4 X
5 X X
6 X
7 X X
Jet Focusing X X X

3.2.4 Characterization

Scanning electron microscopy (SEM) images were taken using a Zeiss Sigma (Gemie) field
emission scanning electron microscope at nanoFAB. Electrospun samples were kept on the
aluminum foil and cut into 1cm x lem squares then placed onto SEM stubs using carbon tape. All
samples were imaged using an EHT of 1.00 kV and using the SE2 Everhart-Thornley or InLens

detector. Image analysis was completed using the ImageJ software. For fibre diameter analysis, n
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= 30 for all samples. For degree of alignment analysis, n = 90 for the samples collected with jet
focusing and n = 30 for the remaining samples. The degree of alignment of each fibre was corrected

in respect to the spinning direction.

3.3 Results and Discussion

Humidity Chamber. Humidity plays a crucial role in the efficacy of electrospinning and
consistency in the morphology of the fibres.!® Therefore, in order to maintain the humidity during
electrospinning, I designed a custom 5-walled plexiglass chamber with the Mechanical Shop in

the Department of Chemistry, as shown below in Figure 3-1.

Figure 3-1. Photograph of the rotating drum electrospinner set-up inside the plexiglass chamber. Each of the
components are labelled as follows: a) air inlet, b) air outlet, c) air disperser, d) sliding door, ) cord connected to
power supply, f) grounding wire, g) rotating drum, h) drum control box, i) arm that holds syringe(s), and j) syringe
pump.
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The chamber is made of 1” thick plexiglass sheets bound together by chloroform. An inlet
on the side of the chamber (Fig. 3-1a) allowed for dry air to be pumped into the box, and the outlet
(Fig. 3-1b) prevented pressure buildup in the box. Holes were drilled along the length of a
polyethylene hose that was fashioned into a disperser (Fig. 3-1c), which was connected between
the inlet and outlet to prevent excess airflow during electrospinning. Sliding plexiglass doors in
the front allowed for easy access into the chamber as well as a way to control humidity (Fig. 3-
1d). The bottom of the chamber was open so that the counter of the fumehood was exposed. All
power cords and connectors were fed through holes drilled into the sides of the chamber (Fig. 3-
le,f), then covered with tape to trap air flow in the box. The humidity and temperature were
measured with a portable monitor in the chamber. The relative humidity and temperature for the
fibre mats collected and characterized in this Chapter were measured at ~ 25% and ~ 18°C,
respectively.

The chamber houses all instrumentation sans the external power supply for
electrospinning. The rotating drum electrospinner consists of a rotating drum (Fig. 3-1g) and a
control box (Fig. 3-1h). The control box changes the drum rotation speed and the transverse speed
of the moveable arm that holds the syringe needle (Fig. 3-1i); however, in this study, the moveable
arm was kept stationary at the centre of the drum. Finally, the syringe pump was also placed inside
the chamber (Fig. 3-1j). The wiring and alligator clip connected to the power supply (the red wire
in Fig. 3-1) were fed through one of the holes on the side of the chamber (Fig. 3-1¢). The grounding
wire for the rotating drum (the yellow and green coiled wire) was fed through the other hole on
the other side of the chamber (Fig 3-1f). Each wire and cord were also wrapped with a paper towel
at any place of contact between wires to mitigate charge buildup on the coatings of the wires/cords

fed through the same hole.
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Figure 3-2. SEM images of electrospun mats collected at increasing drum rotation speeds: A) 0 rpm, B) 100 rpm, C)
500 rpm, D) 1000 rpm, E) 2000 rpm, F) 3000 rpm, G) 4000 rpm, H) a jitter plot of the angles of deviance for the fibres
in each mat, and I) a plot of the fibre diameters for each fibre mat. The white arrows indicate drum rotation direction.

Varying Drum Rotation Speed. The alignment of the Nylon 6 fibres with increasing drum
rotational speeds was first studied. Scanning electron microscopy (SEM) images of the resultant
fibre mats are presented in Figures 3-2 A to G. A jitter plot visualizing the spread of the angles of
deviance of the fibres with respect to spinning direction in each mat is presented in Figure 3-2H
and a plot of the fibre diameters for each sample is presented in Figure 3-2I. The fibres at all
collection speeds were long, smooth, and thin. All fibre mats had super-fine “spider-web” fibres
in addition to the thicker fibres. Islam et al. suggested that the amide groups in Nylon 6 are ionized

in formic acid when a high voltage is applied during electrospinning, which causes electrostatic
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repulsion between individual polymer chains and thereby reduces the viscosity in small regions of
the solution.'® Though these “spider-web” fibres are present, the morphology of the larger fibres
was not affected.

The degree of alignment of individual fibres is directly related to the collection speed when
using a rotating drum,! 2 therefore, the differences in the alignment and diameter of the fibres
were quantified using SEM. At 0 rpm (or randomly distributed fibres), the fibres are orientated in
numerous different directions and have an average diameter of 110 nm (Fig. 3-2A). When the
drum rotation speed is increased to 500 rpm (Fig. 3-2B), there is an increase in average fibre
diameter to 133 nm due to a change from the stationary collector used at 0 rpm and the rotating
drum used at 500 rpm; however, the alignment of the fibres does not differ significantly from the
randomly distributed fibres (Fig. 3-2H). The alignment deviations and the average fibre diameters
stay relatively the same until 2000 rpm (Fig. 3-2E), where the fibre diameter decreases to an
average of 102 nm and the alignment angles become less deviant and start to become more
centralized around the norm. This is also visually observed as the fibres appear more aligned in
Figure 3E. At 3000 rpm (Fig. 3-2F), a significant portion of the fibres fall within 30° of the norm
and the fibre diameters decrease slightly to an average of 97 nm. Finally, at 4000 rpm (Fig. 3-2G),
the angles of deviation of the fibres are relatively similar to those collect at 3000 rpm; however,
the average diameter decreases further to 89 nm. The decrease in diameter over increasing drum
rotation speeds is due to the process of aligning the fibres, which is caused by the drum collector
physically stretching the fibres into alignment. At increasing collection speeds, the stretching
tensile force also increases which further thins the fibres.!” Overall, the fibres were more aligned

and thinner with increasing drum rotation speed.
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Figure 3-3. Photographs of the copper wire ring placed onto the syringe needle for jet focusing.

Jet Focusing. In order to achieve greater alignment, a copper wire was fashioned into a
ring and placed onto the syringe needle while electrospinning, as depicted in Figure 3-3. The wire
acts as a conductive ring that confines the jet by constraining the electric field.!” The main goals
of focusing the jet and electric field around the jet is to inhibit the whipping motion of the jet early-
on during spinning, which results in a decrease in the spot size for fibre collection.!” By stabilizing
the movement of the jet during this unstable whipping stage, the fibres are less likely to orient
randomly onto the collector. The copper wire ring reported here is a quick and simple approach
compared to the use of complex electrodes for improved fibre alignment reported in previous

studies.> '8
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Figure 3-4. Effect of jet focusing on the alignment of fibres. SEM images of focusing done at A) 2500 rpm, C) 3000
rpm, and D) 4000 rpm. Distribution frequency for the angle of alignment of fibres collected at B) 2500 rpm, D) 3000
rpm, and F) 4000 rpm, and G) a jitter plot of the angles of deviance for each of the fibre mats. The white arrows
indicate drum rotation direction.

The effect of jet focusing was visualized and quantified using SEM, as shown in Figure 3-
4. Three drum rotation speeds were investigated: 2500 rpm (Fig. 3-4 A, B), 3000 rpm (Fig. 3-4 C,
D), and 4000 rpm (Fig. 3-4 E, F). No changes in fibre morphology were found when jet focusing
was used (Fig. 3-4 A, C, D). As expected, the alignment of the fibres increased with increasing
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rotational speeds. In the 2500 rpm fibre mats, 58% of the fibres fell within 30° of the norm (Fig.
3-4B), which drastically increased to 79% at 3000 rpm (Fig. 3-4D). Alignment further increased
at 4000 rpm where 83% of fibres fell within 30° of the norm (Fig. 3-4F). The alignment impact is
also visualized in the jitter plot in Figure 3-4G, where the fibres spun at 2500 rpm have a larger
spread of angles whereas the fibres spun at 4000 rpm have a higher number of fibres aligned closer
to the norm (or 0°). The combination of focusing and high drum rotation speed appear to have a
large impact on Nylon 6 fibre alignment. The remainder of the data presented in this Chapter was

collected using jet focusing.
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Figure 3-5. Effect of varying voltage on fibres collected at 3000 rpm on A) fibre diameters and B) alignment, and at
4000 rpm on C) fibre diameters and D) alignment.

Varying Voltage. In electrospinning, an external power supply is used to apply a high

voltage to the blunt-end metal needle of a syringe containing a polymer solution. By applying a
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high voltage, a charge is built up on the needle and propagated to the surface of a polymer drop at
the needle tip.? The drop is attracted to a grounded metal collector (in this case, a drum collector)
and fibres are deposited on the surface. Figure 3-5 shows the fibre diameters and angles of deviance
when fibres were collected at 3000 rpm (Fig. 3-5 A, B) and at 4000 rpm (Fig. 3-5 C, D) with
varying voltages between 14 and 24 kV. In both cases, the fibre diameters did not differ
significantly between voltages; however, the fibres collected at 3000 rpm did increase slightly in
average diameter when spun with an applied voltage of 24 kV and the fibres collected at 4000 rpm
decreased slightly in average diameter when spun with increasing applied voltages. According to
Equation 3-1, an increase in applied voltage will decrease fibre diameter, which is in agreement
with the data presented in Figure 3-5. This is also consistent with a previous report from Bazbouz
et al. showing that randomly distributed Nylon 6 fibres decreased in fibre diameter with increasing
voltage.!® The jitter plots visualizing the spread of the angles of deviance in Figure 3-5 B,D show
that most fibres stayed within 30° of the spinning direction, but at 21 kV, there are a higher
proportion of fibres closer to the norm.

Varying Flow Rate. In solution electrospinning, a syringe loaded with a polymer solution
is placed in a syringe pump that depresses the plunger of the syringe at a constant rate. The rate at
which the solution is expelled from the syringe has a direct effect on the stability of the polymer
drop at the tip of the needle, and therefore an effect on the stability and formation of the Taylor
cone.” ? It has been found that increasing the flow rate also increases fibre diameter because a
larger polymer drop is formed at the needle tip; however, a faster flow rate comes at the cost of
slower solvent evaporation and lower charge density.!® Additionally, a study done on the effect of
flow rate on randomly distributed Nylon 6 fibre mats showed that a faster flow rate increased the

deposition area on the stationary collector.’
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Figure 3-6. Effect of varying flow rate on fibres collected at 3000 rpm on A) fibre diameters and B) alignment, and
at 4000 rpm on C) fibre diameters and D) alignment.

Figure 3-6 shows the effect of flow rate on the fibre diameter and alignment of fibres
collected at 3000 rpm (Fig. 3-6 A, B) and at 4000 rpm (Fig. 3-6 C, D). Interestingly, the average
fibre diameters decreased by approx. 50 nm with increasing flow rates when collected at 3000 rpm
(Fig. 3-6A). The fibre diameters increased to a max of 114 nm at 5 pL./min then decreased to 95
nm at 7 pL/min when collected at 4000 rpm (Fig. 3-6C). Both collection speeds showed the
smallest fibre diameter at 2 uL/min, with average values of 97 nm for 3000 rpm and 89 nm for
4000 rpm. The decrease in diameter at 4000 rpm is due to the faster collection speed, which thins
the fibres as explained previously. Though this seems to be contrary to what was stated previously
about increasing fibre diameters with increasing flow rates, it is important to note that the applied
voltage was not altered at each flow rate. This means that at a higher flow rate there was less charge

per area on the polymer drop,?’ which is shown by the increase in fibre diameter at 5 uL/min at
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both collection speeds. Equation 3-3 also shows that an increase in flow rate while keeping all
other parameters constant will also increase fibre diameter at the collector. There was no
significant effect on the alignment of fibres with varying flow rates, as shown in Figures 3-6B and
3-6D. Finally, none of the fibres collected in this study had beading, meaning that the flow rates
used here are below the critical flow rate for the electrospinning of Nylon 6 fibres.!”

Varying Needle-to-Collector Distance. Finally, the effect of needle-to-collector distance
on fibre diameter and alignment was investigated. By varying the distance, a few processes can be
affected: 1) the solvent evaporation rate, 2) the area of the stable and unstable whipping regions,
and 3) the thickness and deposition area of the fibre mat.!® The whipping instabilities during
electrospinning causes thinning of the fibres before deposition. By decreasing the area of this
region, the jet goes through less (and sometimes no) whipping which generates thicker fibres. Too
slow or too fast evaporation rates can also cause fusion of the fibres after collection.!” A previous
study on the collection distance on randomly distributed Nylon 6 fibres also showed that the

diameter of the resultant fibre mat decreased with decreasing distances.?!
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Figure 3-7. Effect of varying needle-to-collector distance on fibres collected at 3000 rpm on A) fibre diameters and
B) alignment, and at 4000 rpm on C) fibre diameters and D) alignment.

Figure 3-7 shows the effect of collection distance on the fibre diameter and alignment for
fibres collected at 3000 rpm (Fig. 3-7 A,B) and at 4000 rpm (Fig. 3-7 C,D). Surprisingly, at both
drum rotation speeds, the average fibre diameter increased with increasing collector distance (Fig.
3-7 A,C). On the other hand, the alignment of the fibres improved with farther collection distances
(Fig. 3-7 B,D). Again, it is important to note that the voltage and flow rate was kept consistent at
all distances studied. A larger needle to collector distance means that the electric field area is larger
which leads to a decrease in the attraction of the charged jet to the grounded collector, as described
in the simplified electric field equation below,

E=- Eq. 3-4
where, E is the electric field strength, U is the voltage, and d is the needle-to-collector

distance.!® According to Equation 3-4, if the needle-to-collector distance is increased, then the
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electric field strength decreases when U is constant. This means that the jet is experiencing a
weaker E which reduces the sharpness of the Taylor cone thereby increasing fibre diameter.!® This
phenomenon is also described by Equation 3-2 where an increase in z (or needle-to-collector
distance) will cause an increase in fibre diameter at the collector when all other parameters are

constant.®

3.4 Conclusion

The effect of processing parameters on Nylon 6 fibre diameter and alignment in aligned
electrospinning was studied. The parameters investigated were: 1) drum rotation speed, 2) jet
focusing, 3) applied voltage, 4) flow rate, and 5) needle-to-collector distance. In order to control
humidity during spinning, a custom-built humidity chamber was used to house the electrospinning
set-up. Drum rotation speeds from 0 to 4000 rpm were investigated, where fibre diameter
decreased and alignment increased with increasing collection speed. Degree of alignment
increased when a copper wire fashioned into a ring was placed onto the needle to focus the jet
while spinning, thus jet focusing was used for the rest of the study to obtain good alignment of the
fibre mats. Varying applied voltage did not significantly alter fibre diameter, but a voltage of 21
kV gave rise to better fibre alignment. Fibre diameter increased at a flow rate of 5 pL/min but
decreased at flow rates above and below this feed rate. There was also a slightly better alignment
at this value. Finally, increasing collection distance produced thicker fibres and slightly better

alignment at 10 cm.
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Chapter 4. Influence of Cellulose
Nanocrystals on the  Mechanical
Properties and Crystallization of Aligned
Nylon 6 Electrospun Fibre Mats

4.1 Introduction

In Chapter 3, the effect of electrospinning parameters on neat Nylon 6 fibre alignment was
investigated. As mentioned previously, by using a rotating drum collector, the orientation of the
produced fibres within the mat can be controlled. Stationary collectors give rise to randomly
distributed fibres. Both the syringe needle and the substrate are kept stationary, which allows for
the bending instabilities of the polymer jet to randomly deposit fibres onto the substrate as a
multilayered non-woven network.! The final mat has fibres with vastly varying alignments. The
use of a network of randomly distributed fibres are desirable for many different applications,
including drug delivery and adsorption.>* On the other hand, fibres can be forced into alignment
using two main methods: electrostatic repulsion between two collectors while spinning or physical
stretching of the polymer fibres into alignment using a rotating collector.*¢ As was shown in
Chapter 3, by increasing the rotational speed of the drum collector, fibres became increasingly
aligned with the spinning direction. By aligning the fibres with respect to each other, the stress
transfer is dissipated along the axis of the fibres thus increasing the elastic modulus and tensile
strength.® 7 The alignment of polymer fibres can be used further for processing into braided yarns

or ropes for a variety of applications including textiles, sutures, and sensors.5!!
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The next step is to incorporate CNC into electrospun Nylon 6 fibres. The interest in
cellulose nanomaterials has expanded over the past few decades. The use of a cellulose-based
nanomaterial in polymer composites is appealing as a bio-based reinforcing filler due to the
biorenewability and biodegradability of the material itself.'> As mentioned previously, CNC has
been widely used in composites as it gives rise to large increases in elastic modulus with very little
loading percentages.!> '3 CNCs can favourably interact with a polymer matrix via hydrogen
bonding, and alongside the highly crystalline and stiff nature of CNCs, they can ultimately increase
the mechanical properties of a composite.!? However, the main concern when using CNC is the
prevention of inter-particle aggregation that tends to lead to lower mechanical properties, as has
been extensively discussed in the previous Chapters.'# ! Therefore, solvent mixing and sonication
in aqueous or highly polar solvents, such as for solution cast thin films and electrospinning, is used
to obtain uniform dispersions of CNC within a composite rather than direct mixing such as in melt
extrusion or compounding.'®

Nylon 6 is one of the most commonly used polymers for the production of industrial fibres,
ropes, and thin films.!” It is a semi-crystalline polymer that changes crystal structure depending on
processing technique used, temperature, or with the addition of fillers.!® As was observed in
Chapter 2, CNC has been shown to influence changes in the crystalline structure of Nylon 6 thin
films.!* 1 Other than one report by Buyukada-Kesici et al. looking into the adsorptive properties
of CNC-Nylon 6 randomly distributed electrospun fibre mats,® no studies investigating the
influence of CNC on the crystal structure of electrospun Nylon 6 fibres have been previously
reported.

Herein, this Chapter describes the mechanical results of CNC-Nylon 6 composite fibres

using either a stationary or rotating drum collector. Then, the chemical and thermal properties, as
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well as the crystallization, of the aligned Nylon 6 fibres is investigated using FTIR, DSC, and
XRD. The influence on these properties when CNC is added is discussed. To my knowledge, this

is the first report of aligned CNC-Nylon 6 fibres using in-solution electrospinning.

4.2 Experimental

4.2.1 Chemicals and Materials

Nylon 6 pellets (CAS No. 25038-54-4) were purchased from SigmaAldrich Canada
(Oakville, ON, CA). Spray-dried sulfate half-ester Na-form cellulose nanocrystals (CNC) were
purchased from Celluforce (Montreal, QC, CA). BD PrecisionGlide needles (20 g x 1 (0.9 mm x
25 mm)) and 3 mL luer lock BD syringes (I.D. = 8.56) were purchased from SigmaAldrich Canada
(Oakville, ON, CA). The needle tips were sanded down using a Dremel rotary sander loaded with
a 180 grit sanding disc to obtain blunt-end needles (Mount Prospect, IL, USA). Acros Organic
Formic acid (FA, 98%+) and Saint-Gobain Tygon Ultra-Chemical-Resistant Tubing (Formula
2375) were purchased from Fisher Scientific Canada. Masterflex Fitting, Polypropylene, Straight
Male and Female Luer Lock to Hosebarb Adapters (1/16-inch ID) were purchased from Cole-

Parmer (Montreal, QC, CA).

4.2.2 Preparation of Cellulose Nanocrystal and Nylon 6 Solutions

Electrospinning solutions of 20 wt/v% (total solids/solvent) were prepared by adding
cellulose nanocrystals to formic acid (1, 2.5, and 5 wt/wt% CNC/Nylon 6) and bath sonicating for
30 minutes. Nylon 6 pellets were added to the CNC solution (100, 99, 97.5, and 95 wt/wt% Nylon
6/CNC) while magnetically stirring. The total solids in solution was 20 wt/v%. The solutions were

left to stir overnight at ambient conditions until all the pellets were dissolved. Each solution was
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vortexed then sonicated for 5 minutes prior to electrospinning and used no more than 2 weeks after

preparation to prevent using CNCs that could be acid hydrolyzed by formic acid.

4.2.3 Production of Randomly Distributed Electrospun Fibre Mats

Randomly distributed electrospun fibres were collected on a 20 cm x 20 cm stainless steel
plate that was covered with aluminum foil. A single 3 mL syringe with a blunt-tip needle was used.
Electrospinning was performed with a constant flow rate of 2 ul./min, a constant voltage of 21 kV,
and a working distance (tip of syringe needle-to-collector distance) of 10 cm. Electrospinning time

was 3 hours for each sample and done at ambient conditions (RH ~ 37% and T ~ 21°).

4.2.4 Production of Aligned Electrospun Fibre Mats

Aligned electrospinning was done using an 80 mm x 200 mm drum collector from MTI
Corporation (Richmond, CA, USA). The stainless-steel drum was wrapped with aluminum foil. A
single 3 mL syringe connected to a blunt-tip needle via tygon tubing was used and kept stationary
during the electrospinning process. A copper wire bent into a ring (d = S5cm) was placed on the
syringe needle to focus the electric field during spinning. The aligned fibre mats used for
mechanical testing were produced using optimal conditions for each solution concentration
dependent on the formation of the Taylor Cone, thus, flow rate and voltage differed between
samples because of a change in solution viscosity due to the addition of CNC. Keeping working
distance and rotational speed constant (10 cm and 4000 rpm, respectively), the following flow
rates and voltages were used: 2 pL/min & 18 kV (100% Nylon 6), 1.5 pL/min & 20 kV (1 wt%

CNC), 1 uL/min & 20 kV (2.5 wt% CNC), and 0.8 pL/min & 21 kV (5 wt% CNC). Electrospinning
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time was 3 hours for each sample and was done in a plexiglass chamber to control humidity (RH

~25%and T ~ 18°C).

4.2.5 Characterization

Scanning electron microscopy (SEM) images were taken using a Zeiss Sigma (Gemie) field
emission scanning electron microscope at nanoFAB. Electrospun samples were kept on the
aluminum foil and cut into 1cm x lem squares then placed onto SEM stubs using carbon tape. All
samples were imaged using an EHT of 3.00 kV and using the SE2 Everhart-Thornley or InLens
detector for the aligned or randomly distributed fibres, respectively. Image analysis was completed
using the ImageJ software. Fibre diameter visualization was created using an open-source program
and represented as an average shifted histogram (ASH) plot.?°

Transmission electron microscopy (TEM) images were completed by the Microscopy
Facility in the Department of Biological Sciences using a Philips/FEI (Morgagni) transmission
electron microscope with Gatan camera at 80 kV. Samples were cut from the aligned electrospun
mats and exposed to osmium tetroxide vapour for 1 hour, then embedded in Spurr resin and cured
overnight at 60°. A microtome was used to smooth the resin blocks to the correct depth, then final
sections were taken using a diamond knife and placed on a Cu mesh grid.

Fourier transform infrared (FTIR) analysis was completed by the Analytical
Instrumentation Lab in the Department of Chemistry using a Thermo Nicolet 8700 FTIR
Spectrometer. A freestanding sample was cut from the fibre mat and placed in the pathlength of

the laser. All spectra were collected from 4000 to 650 cm™! at 128 sample scans and a resolution

of 4.000.
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Differential scanning calorimetry (DSC) was completed using a TA Instruments DSC-
Q1000 at nanoFAB. Samples (4-5mg) were placed in a hermetic aluminum DSC pan, then heated
from 25°C to 250°C at a heating rate of 10°C/min and under nitrogen. In the percent crystallinity

calculations, a value of 230 J/g for AH'%

of Nylon 6 was used. Data was processed using the TA
Universal Analysis software.

Thermogravimetric analysis (TGA) was competed using a TA Instruments Discovery TGA
at nanoFAB. Samples (4-5mg) were placed in a platinum sample holder, then heated from 25°C to
500°C at heating rate of 10°C/min and under nitrogen. Data was processed using the TA Universal
Analysis software.

X-Ray diffraction (XRD) analysis was completed using a Rigaku Ultima IV XRD at
nanoFAB. It was equipped with a Cu x-ray target, with operating voltage of 40 kV and 44 mA.
The parallel beam was used at a scan axis of 2theta with glancing angle omega at 0.5°. Scan mode
was continuous, sampling width was 0.05° with a range from 8° to 38°, and a scan speed of 2°/min
was used. The divergence slit was 0.1°. Data was processed using Jade 9.0 with ICDD database
2010.

Mechanical tests were performed using the TA Instruments ElectroForce 3200 uniaxial
testing machine (10 N max. capacity load cell) by Eyup C. Demir and Jiawei Chen, PhD students
in the Department of Mechanical Engineering. Test strips were prepared from the electrospun
samples by cutting with a rotary cutter to obtain sample dimensions of 10mm x 75mm then peeling
the mats from the aluminum foil. All samples were stored in a desiccator for at least 12 hours to
remove excess moisture and residual solvent. The tensile tester instrument has grips that hold

25mm of the test strip, therefore gauge length was set to S0mm between the grips. A C-shaped

mechanical testing frame made from paper was used to hold the samples in the grips to prevent
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sliding of and reduce stress concentration on the samples during testing. All samples were placed
between the grips in a way where the alignment direction of fibres was parallel to the testing
direction. All tests were performed at ambient conditions. The strain rate was set at 0.1
mm/mmemin (Smm/min). The results were averaged over 4-5 measurements according to the

ASTM 882-12 standard.

4.3 Results and Discussion

The most commonly used solvent for the dissolution of Nylon 6 is formic acid. It is an
organic acid that has a pKa of 3.75 and a boiling point of 100.8°C. Formic acid has also been used
to prepare CNCs from pulp as an alternative to sulfuric acid.?! Not surprisingly, because of the use
of formic acid in the preparation of CNCs, the CNCs used in this project were readily dispersed
in-solution after sonication. A short study investigating the effect of storage of CNC in formic acid
was previously done, as mentioned in Chapter 2. We found that the crystallinity of CNC did not
significantly change after storage in formic acid after 7 days (data not shown here). However, all
solutions were still used within 2 weeks of preparation to prevent using CNCs that may be

potentially acid hydrolyzed by the solvent.
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Figure 4-1. Electrospinning set-up for (A) the randomly distributed fibre mats and (B) the aligned fibre mats.

Electrospinning Set-Up. A comparison of the experimental set-up for the randomly
distributed and aligned electrospinning methods is pictured in Figure 4-1. In the randomly
distributed fibre mats, a 20 x 20 cm metal collector was placed 10 cm away from the tip of the
syringe needle, as shown in Figure 4-1A. Fibres were deposited onto an aluminum foil sheet
covering the square stationary collector. This collector was chosen for the collection of the
randomly distributed fibre mats over a stationary drum collector due to the larger surface area of
the sheet, thereby producing larger mats that were later cut for mechanical testing. For the aligned
fibre mats, the electrospinning set-up was the same as the one presented in Chapter 3. Briefly, an
80 mm x 200 mm drum collector was rotated at 4000 rpm and a copper wire was used to focus the
jet during spinning, as shown in Figure 4-1B. By rotating a drum while electrospinning, the fibres
are stretched and forced to physically align in the same direction as rotation. A more detailed
description of the rotating drum set-up can be found in Chapter 3.

The surface area of the drum collector is much larger than the stationary collector thus the
effective cross-sectional area (or thickness) of the mats was much smaller than the randomly

distributed fibre mats when collected over the same electrospinning time. Sample calculations to

84



find the effective cross-sectional areas of the fibre mat are shown in Equations 4-1 to 4-4 below,
with the corresponding values listed in Table 4-1.
The effective cross-sectional area of the composite was calculated by first determining the

volume fraction of CNC (Eq. 4-1) and Nylon 6 (Eq. 4-2),

DenePenc
Vene = Eq. 4-1
NCT BencPene + DrePre
1)
Ve NoPNG Eq. 4-2

"~ DencPene + Do

where, Venc is the volume fraction of CNC, Vg is the volume fraction of Nylon 6, @¢pyc
is the mass fraction of CNC, pcp( is the density of CNC (1.5 g/cm? at 25°C)?*2, @y, is the mass
fraction of Nylon 6, and py is the density of Nylon 6 (1.084 g/mL at 25°C).

Then, the composite density (Eq. 4-3) and, finally, the effective cross-sectional area was

calculated (Eq. 4-4),

Pc = VencPene + VePre Eq. 4-3
ca, = 2
= Eq. 4-4
“ T pe L d

where, p. is the density of the composite, m. is the mass of the composite, CAc is the

effective cross-sectional area of the composite, and Is is the length of the sample.

Table 4-1. Calculated effective cross-sectional areas of the randomly distributed and aligned fibre mats.

Effective Cross-Sectional Area (m?)

wt% CNC Random Aligned
0 4+1x1073 2.1+0.1x10%
| 4.0+0.5x107 2.1+£02x10%
2.5 3.4+05x10° 1.7+ 0.3 x10®
5 3.3+0.8x10° 1.4+0.1x10%
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Figure 4-2. SEM images of randomly distributed electrospun fibre mats at A) 0 wt% CNC, B) 1 wt% CNC, C) 2.5
wt% CNC, and D) 5 wt% CNC. The inset images are average shifted histogram (ASH) plots for each sample.

Visualization of Randomly Distributed CNC-Nylon 6 Fibres. The collection of fibres
directly onto a stationary collector is expected to produce fibre mats consisting of randomly
orientated fibres. SEM was used to confirm the random orientation of the fibres and also provide
information about fibre morphology and diameter. The SEM images of the randomly distributed
electrospun fibres are shown in Figure 4-2, with average shifted histogram (ASH) plots
representing the fibre diameters beside each respective image. All fibres produced with the
randomly distributed protocol are smooth with no beading. Average fibre diameter does not differ
significantly between CNC loadings, with values at 129 + 28 nm for 0 wt% CNC, 121 + 21 nm for
1 wt% CNC, 123 + 27 nm for 2.5 wt% CNC, and 111 £ 26 nm for 5 wt% CNC. In all the samples,
there are secondary super-fine “spider-web” structures in addition to the larger, thicker fibres,
which is more apparent with higher CNC loadings, as shown in Figure 4-3A. The most common
explanation for these secondary structures was suggested by Islam et al., where the authors
suggested that the amide groups in Nylon 6 are ionized in the acid solvent (i.e. formic acid) when
a high voltage is applied during electrospinning.?® The ionization of the polymer causes in increase

in electrostatic forces between individual polymer chains thereby disentangling some regions of
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the polymer in-solution and ultimately leading to a reduction in solution viscosity.?* 2> The
addition of the sulfate half-ester CNCs may also lead to increased electrostatic repulsion between
CNC and ionized Nylon 6 causing the formation of the super-fine fibres. Even though these thin
“spider-web” fibres are present in all samples, the overall morphology of the thicker, larger fibres

appear unaffected with increased CNC loading.

A

Figure 4-3. Close-up SEM images of the spider-web structures for the 5% CNC randomly distributed fibre mats (A)
and aligned fibre mats (B).
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Figure 4-4. SEM images of aligned electrospun fibre mats at A) 0 wt% CNC, B) 1 wt% CNC, C) 2.5 wt% CNC, and
D) 5 wt% CNC. The white arrows indicate drum rotation direction, and the inset images are average shifted histogram
(ASH) plots for each sample.

Visualization of Aligned CNC-Nylon 6 Fibres. After confirmation of successful
electrospinning using a stationary collector, fibres were produced using a rotating drum collector.
As stated previously, it is expected that the rotating drum collector physically forces the alignment
of the fibres. SEM was used to gauge alignment of the fibres and to obtain information about the
morphology and diameters of the fibres. The SEM images of the aligned electrospun fibres are
shown in Figure 4-4, with the ASH plots representing fibre diameters beside each respective
image. All aligned fibres are smooth and also show no beading, as observed for the randomly
distributed fibres. Similar to the randomly distributed fibres, super-fine “spider-web” structures
were also seen in the aligned fibre samples (Fig. 4-3B). The average fibre diameter decreased by
around 15 nm compared to the randomly distributed fibres, with values at 102 + 22 for 0 wt%
CNC, 101 £+ 23 nm for 1 wt% CNC, 109 + 29 nm for 2.5 wt% CNC, and 107 + 32 nm for 5 wt%
CNC. This decrease in diameter compared to the randomly distributed fibres is expected as the
stretching of the fibres when aligning causes further thinning of the fibres and therefore a decrease

in fibre diameter.> 26 Even with the difference in applied voltages and flow rates at each CNC
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loading in order to maintain the Taylor cone, the fibres did not vary in diameter between each of
the loadings. Though the majority of fibres are aligned, there are some fibres that deviate from the
alignment direction (as presented in the Figure 3-4F of Chapter 3). This deviation is attributed to
three possible factors: an increase in charge repulsion by the outermost layer of fibres, an increase
in fibre density that decreases the apparent charge on the drum collector, and the snapping of some
fibres at high rotational speeds.?’-** Though all these factors may play a role in the misalignment
of fibres, over 83% of the fibres collected in this study fall within an angle deviation of 30° from

the spinning direction (Figure 3-4F of Chapter 3).

Figure 4-5. TEM images of neat Nylon 6 along the fibre axis (A) and of the cross section (C), and of 5 wt% CNC
along the fibre axis (B) and of the cross section (D). The red circles indicate a cross-section of a fibre, and the white
arrows point to CNCs.
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TEM Images of the Aligned Fibres. The physical alignment of the fibres alongside the
electric field alignment during electrospinning may play a role in CNC alignment in individual
fibres. Thus, transmission electron microscopy (TEM) was used to confirm the presence of CNC
and to visualize the dispersion and alignment of CNCs within the aligned fibres, as shown in Figure
4-5. Fibre mats of neat Nylon 6 and 5 wt% CNC were embedded in resin and sections of the resin
block were cut along the axis of the embedded fibres and across the width (or cross-section) of the
fibres. The neat Nylon 6 fibres in Figure 4-5 A,C show no presence of CNCs; however, there are
few small dark spots attributed to dried stain particles. The 5 wt% CNC fibres in Figure 4-5B
clearly show the presence of CNCs as long fibrous particles along the length of the fibres. At 5
wt% CNC, there is the presence of a few agglomerates of CNCs but most of the CNC particles are
dispersed well along the axis of the fibre, which suggests that the electrospinning process may
orient the CNCs in the spinning and collection direction.’® 3! When viewing the cross sections of
the fibres in Figure 4-5D, the dark spots are cross-sections of CNCs within the fibres (circled in
red). The lengths and widths of the particles present in the TEM images are consistent with those

for CNC.3?
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Figure 4-6. Mechanical results comparing randomly distributed (blue) and aligned (pink) fibre mats at increasing

CNC loadings (0, 1, 2.5, and 5 wt%): A) Elastic Modulus, B) Tensile Strength, and C) Strain at Break.

Table 4-2. Summarized mechanical results for the random and aligned fibre mats.

Random Aligned
Ny Elastic Tensile Strain at Elastic Tensile Strain at
CN é Modulus Strength Break Modulus Strength Break
(MPa) (MPa) (a.u.) (MPa) (MPa) (a.u.)
0 525+29 50+5 0.13+0.03 1420 £ 107 85+22 0.06 +0.01
1 530 +42 53+4 0.15+0.02 2208 + 117 118 +£30 0.07 £0.02
2.5 460 + 20 49 +38 0.15+0.05 1849 £ 111 102+ 16 0.08 £0.02
5 394 + 28 38+6 0.11+0.02 1270 £ 208 80+18 0.07 £0.01

91



Mechanical Results. As mentioned previously, the mechanical properties of the fibre mats
are expected to differ with fibre alignment. Aligned electrospun fibres are proven to be

mechanically stiffer than their randomly distributed counterparts.> 33

In aligned fibre mats, the
stress transfer when testing is being exerted on the individual fibres rather than on a network of
randomly distributed fibres. The aligned fibre mats have the majority of the fibres orientated in the
same direction as testing, thus the fibres become taut at low strain rates due to there being a lack
of movement of the individual fibres prior to displacement. On the other hand, the randomly
distributed fibres are orientated in numerous different directions in addition to the testing direction,
therefore movement and realignment of individual fibres is greater while displacement occurs
during testing, especially of fibres that are perpendicular to the testing direction. This wider
distribution of fibre direction allows for greater stretching of the fibre mat thus a higher strain is
required to break the samples.’

Tensile tests of the fibre mats were performed, and elastic modulus (EM), tensile strength
(TS), and strain-at-break were quantified. Figure 4-6 and Table 4-2 show the mechanical results
of both the randomly distributed and aligned electrospun CNC-Nylon 6 fibres. Both the EM and
TS are significantly higher for the aligned fibre mats than for the randomly distributed fibre mats.
In the case of the randomly distributed mats, the average EM did not significantly change after the
addition of 1% CNC. On the other hand, the aligned fibre mats increased in EM by 55% for 0 wt%
and 1 wt% CNC, respectively. There was also no significant difference in average TS for the
randomly distributed or aligned fibre mats after the addition of 1 wt% CNC. At CNC loadings
above 1 wt%, EM and TS decreased for all samples to values below those for neat Nylon 6. This

is consistent with other studies that show a decrease in mechanical properties of CNC-Nylon

composites at higher CNC loadings.® '*3* As seen for the films presented in Chapter 2, there is an
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increased probability of aggregation at high loadings. These aggregates can act as defect or local
stress points in the fibres causes premature failure. A decrease in crystallinity may also decrease
the mechanical properties, which will be discussed in the following sections. The strain at break
values of all the aligned fibre mats are also almost half than those for the randomly distributed mat
samples (Table 4-2). This is due to the freedom of the individual fibres in the randomly distributed
mats to align in the testing direction.’> Overall, the tensile strength and elastic moduli of the aligned
fibre samples are over 2 and 3 times larger on average than those of their randomly distributed

counterparts, respectively.
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Figure 4-7. FTIR analysis of aligned CNC-Nylon 6 electrospun mats at 0 wt% CNC (blue), 1 wt% CNC (green), 2.5
wt% CNC (purple), and 5 wt% CNC (red).

FTIR Analysis. The chemical structure of the aligned fibre mats was investigated using
FTIR, as presented in Figure 4-7. All spectra from 0 to 5 wt% CNC in Figure 4-7A show predicted
Nylon 6 bands at 3291 cm™ (N-H str.), 3089 cm™ (N-H str.), 2932 ¢cm™ (CH» asym.), 2859 ¢cm™!
(CHz sym.), 1638 cm™ (amide 1), 1543 cm™! (amide II), and 1374 cm™ and 1263 cm™! and 1200
cm! (amide III + CH, wag).? In the lower IR region from 1200-860 cm™! in Figure 4-7B, there is

also the presence of predicted Nylon 6 bands at 1170 cm™ (CONH skeletal motion), 1118 cm! (C-
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C amorphous str.), and 1070 cm™ and 1062 cm! (C-C str.). The appearance and increase of the
glucose C2, C3, and C6 C-O stretching vibrations at 1112 ¢cm™, 1062 cm™, and 1035 c¢cm™,
respectively, confirm that CNC is present in the composites.’’” A full list of the FTIR band
assignments is presented in Table 4-3.

The FTIR spectra also provide insight into the crystalline microstructure of Nylon 6. The
bands at 973 cm! and 925 cm™! are attributed to the CONH in-plane stretching of the y and a
crystal allomorphs of Nylon 6, respectively.!” The a allomorph is the most stable form as it is a
result of the extended planar conformation of the polyamide chains, whereas the y form is the less
stable form as it is the result of some twisted chains.?% *® Both allomorph bands at 973 and 925 cm"
"have increasingly larger peak intensities and band broadening with increasing CNC loading (Fig.
4-7B). Electrospun Nylon 6 fibres predominately crystallize in the y form,*% 3*-#! therefore any
changes in the crystallization of the a form must be due to the addition of CNC. The fast collection
speed during electrospinning in this study (4000 rpm) allow for only a short period of time for the
fibres to dry and crystallize, which is consistent with the fact that the y allomorph forms as a result
of fast crystallization.'® These observations are in contrast with CNC-Nylon 6 thin films, where
Nylon 6 crystallizes in a predominately a form due to the slow drying of the films and the addition
of CNC instead induces the y form.!* ! Though the y form is known to be weaker than the a form,
we still observed an increase in the EM of the aligned fibres with the addition of CNC (Fig. 4-6).
This is similar to what was observed in the films presented in Chapter 2, where the stress transfer
and interactions between Nylon 6 and CNC overcame the potential decrease in mechanical

properties of the fibres solely due to changes in crystallinity.
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Table 4-3. FTIR band assignments for the CNC-Nylon 6 spin-coated films.

Wavenumber (¢cm™) Nylon 6 Assignment CNC Assignment Reference
3291 (m) H-bonded NH str. 1° and 2° O-H str. 36, 37
3089 (w) NH str. 36
2932 (m) CH: asym. str. C-H str. 36, 37
2859 (m) CH: sym. str. ¥

1638 (s) C-ONH str. (amide I) 36
1543 (s) CON-H in-plane bend (amide IT) + CN str. 36
1374 (m) CON-H str. (amide IIT) + CHz wag 36
1263 (m) CON-H str. (amide IIT) + CH> wag 36
1200 (m) a form CO-NH str. (amide I1T) + CHz wag 36
1170 (w) CO-NH skeletal C-O-C str. 36, 37
1118 (w) Amorphous C-C str. ¥
1112 (m) C-0 str. (C2) 37
1070 (w) C-C str. 36
1062 (m) C-0 str. (C3) 37
1035 (w) C-0 str. (C4) 37
973 (w) y form CO-NH in-plane str. 19
962 (m) a form CO-NH in-plane str. o
929 (m) a form CO-NH in-plane str. e
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Figure 4-8. DSC analysis of aligned CNC-Nylon 6 electrospun mats at 0 wt% CNC (blue), 1 wt% CNC (green), 2.5
wt% CNC (purple), and 5 wt% CNC (red).

DSC Analysis. An investigation into the effect of CNC on the crystalline and melting
behaviour of Nylon 6 was also done using DSC. In the DSC spectra in Figure 4-8, the a and y
forms appear at approx. 225°C and 215°C, respectively. The a allomorph at 225°C appears to
dictate the crystallization temperature of the composites, however, there is a shoulder at 215°C
attributed to the y allomorph peak. The 215°C y peak is higher in temperature than the melting
temperatures reported for CNC-Nylon 6 thin films, suggesting that the y allomorph is stabilized
when Nylon 6 is electrospun.!* ! The heat flow of the 215°C y allomorph also appears to decrease
with increasing CNC content. The presence of both the a and y allomorphs in all samples,
including neat Nylon 6, suggests that the formation of electrospun fibres induces both crystal
forms.** However, the forceable alignment of the fibres during electrospinning can induce an
alignment of the polymer chains, which may lead to a more planar conformation similar to that of

the a form of Nylon 6,** which supports the fact that the a allomorph is the dominant form as seen
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in DSC. There is also a decrease in the heat flow with increasing CNC content as a result of a
decrease of the peak area of the a allomorph. There is no significant difference in crystallization
temperature seen between each CNC loading as the peak maxima lies between 224-226°C. The
small decrease in heat flow between 40 and 100°C is attributed to water and residual solvent loss.

The degree of crystallinity of each composite was calculated from the DSC results using

Equation 4-5 (the same as Eq. 2-4),

_ AH;
- . 100
(1 - ¢) AHf

Xc -100% Eq. 4-5

where AHr is the heat of fusion of the composite, ¢ is the weight fraction of CNC, and
AH{'% is the heat of fusion of fully crystalline Nylon 6 (230 J/g).** The heat of fusion of each
sample was determined by taking the area under the peak between 200°C and 240°C, and was
found to decrease with increasing CNC content — from 81.6 J/g for 0 wt% CNC to 74.2 J/g for 5
wt% CNC. The degree of crystallinity therefore also decreased with increasing CNC loading, from
35.5% for 0 wt% CNC to 34.0% for 5 wt% CNC. A summary of the results from the DSC analysis
are found in Table 4-4. It can be said that CNC did not significantly influence the overall

crystallinity of the electrospun Nylon 6 fibres.
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Figure 4-9. XRD patterns for the aligned CNC-Nylon 6 electrospun mats at 0 wt% (blue), 1 wt% (green), 2.5 wt%
(purple), and 5 wt% (red) CNC. The theoretical peak positions for the a and y allomorphs are denoted with the vertical
dotted lines.

XRD Analysis. A final investigation into the crystallinity of the aligned fibres was done
using XRD, as shown in Figure 4-9. The XRD patterns show two diffraction peaks at 20.3" and
23.2°for the a allomorph, and one peak at 21.2° for the y allomorph.!® As stated previously,
electrospun Nylon 6 fibres have been shown to predominately crystallize in the y form, which is
confirmed by the largest intensity peak staying at 21.2° in the XRD patterns for all samples. As
CNC content increased, the intensity of the y peak decreased while the a peak became more
pronounced. The findings in this study are consistent with previous reports that show high cellulose
content induces the formation of the & allomorph in Nylon 6.1 143 At higher CNC loadings, there
is a greater chance of inter-particle CNC aggregation. This aggregation may reduce favourable

interactions between CNC and Nylon 6 in the electrospun fibres and thus force the transition of
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the polymer to the @ form. Of note, CNC is chiral in nature and this innate structural conformation
may also interact favourably with the twisted conformation of the y allomorph in Nylon 6,4 4 46
thus also providing an additional explanation for the high reinforcement seen in the mechanical
results.

It is also important to note that the solutions were increasingly more viscous with
increasing CNC content. This change in viscosity can greatly affect the ability of the individual
polymer chains to thermodynamically crystallize and may also slow down the evaporation of
solvent absorbed by CNC.** 47 Therefore, the possible slower drying with higher CNC loadings
due to more adsorption of the solvent may also result in the transition to the more stable a form.*!
This is quantified by the decrease in intensity of the y allomorph peak seen in XRD with increasing
CNC loading (Fig. 4-9).

The data obtained from DSC and XRD suggest that higher loadings of CNC inhibit the
crystallization of Nylon 6, which directly coincides with the mechanical results from Figure 4-6.
At 1 wt% CNC, there appears to be little difference in crystallization behaviour when compared
to neat Nylon 6. At 5.0 wt%, there is a decrease in the crystallization of Nylon 6 in both the « and
y forms implying that there is no preferred crystal orientation.*® At these high loadings, CNC may
aggregate thereby reducing favourable interactions with the polymer matrix and ultimately
restricting the mobility of the individual polymer chains during crystallization.*’ Thus, the elastic
modulus, tensile strength, and strain at break values were the same or lower for 5 wt% CNC when

compared to neat Nylon 6.
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Figure 4-10. TGA (A) and DTG (B) analysis of aligned CNC-Nylon 6 electrospun mats at 0 wt% CNC (blue), 1 wt%
CNC (green), 2.5 wt% CNC (purple), and 5 wt% CNC (red). The black arrows denote the trend with increasing CNC
loading.

Thermal Properties. Finally, TGA and DTG was used to investigate the thermal
properties of the aligned electrospun fibres, as shown in Figure 4-10. The TGA curves in Figure
4-10A show a small 2% decrease in weight loss at temperatures below 100°C which is attributed
to water and/or residual solvent loss. Beginning at around 200°C, there is another small decrease
in weight loss which is greater for the 5% CNC sample due to the earlier degradation of CNCs at
temperatures around 200°C.*? The onset temperature (To) significantly decreased with increasing

CNC loading — from 413.0°C for 0 wt% CNC to 390.3°C for 5 wt% CNC. After 450°C, there is a
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small remaining mass that is greater with higher CNC loading due to the residual char leftover
from CNC after degradation.’> In the DTG curves in Figure 4-10B, the first derivative peak
temperature (Tp) also decreased with increasing CNC loading, from 451.8°C for 0 wt% CNC to
437.1°C for 5 wt% CNC. The intensity and width of the Tp peaks do not vary significantly between
samples. Overall, the thermal stability of the composite decreased with increasing CNC loading
due to the earlier decomposition of CNCs. The decrease of both the To and Tp of the composites
also directly coincides with a decrease in the more stable a allomorph, as seen by DSC and XRD.

A summary of the data from TGA is presented in Table 4-4.

Table 4-4. Summarized DSC and TGA data for the aligned CNC-Nylon 6 fibres.

DSC TGA
CNC (Wt%) Peak, (°C) AH; (J/g) X (%) To (°C) Tr (°C)
0 2242 81.6 35.5 413.0 4518
1 2253 80.4 353 406.3 449.4
2.5 226.6 75.8 338 390.3 4476
5 225.4 742 34.0 390.3 437.1

4.4 Conclusion

Nylon 6 reinforced with CNC was electrospun from formic acid. A comparison of the fibre
morphologies and mechanical properties were performed on randomly distributed and aligned
fibre mats. There was a significant increase in elastic modulus and tensile strength when the fibres

were aligned at all CNC loadings with values that were 2 and 3 times larger than the randomly
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distributed fibre mats, respectively. A CNC loading of 1 wt% showed the highest reinforcing
impact in both the randomly distributed and aligned fibre mats. All other mechanical properties
decreased at loadings of 2.5 wt% and above. The results from FTIR, DSC, and XRD of the aligned
fibres all showed that the process of aligning the fibres induces the formation of both the y and «
crystal allomorph in Nylon 6, where the aligned fibre mats predominately crystallized in the y
form. The presence of CNC in the composite fibres reduced the crystallization of the polymer in
the y form and ultimately inhibited crystallization. The decrease in the more stable a form with
higher CNC loadings coincides with a decrease in mechanical properties at loadings above 2.5
wt%. The percent crystallinity of Nylon 6 was calculated from the DSC results and decreased by
1.5% with the addition of CNC. Finally, the thermal stability of the polymer also decreased with
increasing CNC content due to the earlier degradation of CNC as well as a reduction in the
crystallization of Nylon 6 in the more thermally stable « crystal form. The work presented here
demonstrates the mechanical reinforcing capability of CNC in electrospun Nylon 6 fibres. Of note,
this is the first time that CNC particle alignment along the axis of the electrospun Nylon 6 fibres
was visualized using TEM. This study opens the door to the use of CNC reinforced Nylon fibres

for textile applications such as in strengthened fishing lines or ropes.
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Chapter 5. Surface Modification of
Cellulose Nanocrystals with Diazonium
Salts

5.1 Introduction

During the processing of CNC, the strong acid treatment imparts surface functionalization
dependent on the type of acid used. The most commonly seen functionalizations are with -OSO3"
and -OH groups as seen with sulfuric or hydrochloric acid treatments, respectively.! The hydroxyl
groups make homogenous dispersions difficult due to strong interparticle hydrogen bonding, thus
the treatment with sulfuric acid is favoured because of the enhanced interparticle repulsions that
drive the colloidal stability and dispersion of CNC in aqueous solutions.>? However, this limits
composite processing to aqueous or polar matrices, which is in contrast to the hydrophobicity of
most polymers.> Consequently, grafting of additional hydrophobic molecules is typically
performed to increase dispersion and increase favourable filler-polymer interactions.*

As discussed previously, one of the biggest difficulties faced when using CNC as a filler
in polymers is the incompatibility of the nanoparticles and the polymer causing poor distribution
of individual CNCs within the matrix.® To overcome this, a multitude of surface functionalizations
have been utilized for the compatibilization of CNCs in polymer matrices.> * 7 With a focus on
composite production, surface modifications range from covalent and ionic bonding to
physisorption of molecules onto CNC.* ® Most importantly, the type of molecule chosen dictates
the strength and type of interactions at the CNC-molecule and CNC-matrix interfaces, where most
of the previously reported work has focused on the grafting of alkyl-rich molecules onto CNC.* 8

With our group’s expertise in aryl diazonium chemistry on conductive surfaces,’!! we wanted to
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expand upon the methods used for CNC modification to include multilayer aryl radical
functionalization. Of note, previous reports on radical grafting onto CNCs typically use some type
of radical polymerization, such as atom transfer radical polymerization (ATRP) for polymer
growth from the surface.!? 1?

Diazonium salts are a proven versatile starting material for the modification of a variety of
materials including carbon, metal, and polymer surfaces.!* ' The aryl radical generated
electrochemically'®, thermally!’, or spontaneously'® bonds to 2D or 3D surfaces in monolayers or
multilayers depending on reaction conditions.!” The wide array of substituents available on
diazonium salts also allow for precise tailoring of the surface in order to obtain additional
properties of the material. More relevant to the work in this thesis, effects of surface modification
range from improved dispersion in solvents,'® to increased interface interactions,® to the
possibility for further reactivity and formation bi-functional multilayers on surfaces via coupling
through the bound diazonium molecule.?! 2

Two methods for the formation of diazonium salts (also called diazotization) are the ex-
situ and in-situ methods. In the ex-situ method, the diazonium salt is prepared prior to modification
of a surface.!>2?* An aniline precursor is reacted with a reducing agent, typically sodium nitrite, in
an aqueous acidic solution at 0°C. Sodium nitrite reduces the aryl amine to the cationic diazonium
ion, with the counterion being the base pair of the acid in solution. Finally, a two-step purification
is required to obtain the final dried diazonium salt. Though the ex-situ method is the most common,
there are dangers to consider when preparing diazonium salts in this manner. Firstly, the reaction
must take place at or near 0°C to prevent excess nitrous acid and nitrogen gas formation, as well

as to prevent spontaneous decomposition of the salt at room temperature.?* Secondly, the choice

of the acid reaction medium is crucial in preventing further decomposition. It has been found that
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diazonium salts synthesized using the ex-sifu method with tetrafluoroborate or sulfonate
counterions are more stable than those with chloride counterions.?® Lastly, some functionalized
diazonium salts are unstable when purifying from solvent, limiting the choice of functionalities on
the diazonium cation.?® However, one advantage of preparing diazonium salts using this method
is that they can be prepared ahead of time in larger batches. There are a handful of reports in the
literature that list all hazards and to prepare researchers in their laboratories when synthesizing
diazonium molecules ex-sifu,?* 2’ but so long as thorough precautionary measures are taken, it is
still a powerful tool when preparing diazonium salts.

Contrary to the ex-sifu method, it may be desirable to prepare diazonium salts in-situ. In
this method, the diazonium salt is formed in the same reaction medium as the surface under
ambient conditions. Alternative acids that give more stable counterions and/or are less corrosive
are used with an optionally more stable reducing agent (e.g. isopentyl nitrite or t-butyl nitrite).?
When ready to use the diazonium salt for surface modification, the entirety of the diazonium
solution is added to the surface without prior purification, preventing any unwanted decomposition
due to instability. Different solvents that are more compatible with the surface or diazonium salt
can also be used. For example, Baranton and Belanger grafted 4-bromophenyl diazonium, 4-
nitrophenyl diazonium, and anthraquinone-1-diazonium to a glassy carbon electrode using
acetonitrile.?” The authors compared the in-situ grafting with pre-prepared (ex-situ) diazonium
salts dissolved in acetonitrile and found that the electrochemical properties of the modified
electrode did not vary significantly between methods. Nonetheless, the choice of using either the
ex-situ or in-situ method depends on the reaction medium for surface modification as well as the

solubility and stability of the functionalized diazonium salt.
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Figure 5-1. Proposed monolayer and multilayer bonding of diazonium molecules on a surface.

Azo coupling of diazonium molecules to surfaces take advantage of the capability of the
cationic -N2" group on the diazonium cation to form covalent bonds with the surface. Under
particular conditions, diazonium cations spontaneously form multilayers on surfaces where an
unreacted diazonium cation binds to the aromatic benzene ring of a bound diazonium in positions
ortho to the p-substituents.?® The thickness, or degree of grafting, of the diazonium multilayer can
be controlled by varying the functional groups, grafting time, or type of reducing agent.” 3!:32 In
the case of multilayer formation, the covalent bonds formed between diazonium molecules and
between the diazonium and the surface are suggested to be a combination of carbon-carbon (C-C)
linkages and azo (-C-N=N-C-) bridges,** 34 as illustrated in Figure 5-1. The functionalization of a
surface with a layer of hydrophobic aryl groups can promote greater dispersion, adhesion, and
stress transfer to the filler in a hydrophobic polymer, thereby also increasing the thermal and/or
mechanical properties of the polymer as a result.!> 33

The ease of spontaneous modification, the introduction of hydrophobic aryl groups, and
the possibility for additional grafting via substituents on the aryl groups make diazonium surface

modification an attractive route for compatibilization of carbon-based fillers in polymer matrices.
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This has been taken advantage of when preparing surface modified fillers for mechanical
reinforcement purposes. For example, Valles ef al. used p-aminobenzenediazonium as a covalent
interlayer between graphene and poly(methyl methacrylate) (or PMMA) for increased mechanical
properties in PMMA.*¢ By adding a layer of PMMA around the graphene, favourable dispersion
of the graphene-diazonium-PMMA filler in PMMA was achieved thereby increasing both the
elastic modulus and tensile strength of the polymer compared to unmodified graphene-PMMA.
Another common method to increase interface interactions is by choosing an R group on
the phenyl that will form favourable interactions between the filler and the polymer via Van der
Waals forces — most commonly, hydrogen bonding.!> Yu et al. modified graphite oxide (GO)
layers with 4-aminoazobenzene-4’sulfonatediazonium for incorporation into poly(vinyl alcohol)
(or PVA).?” The authors suggested that the sulfonate group on the phenyl and the hydroxyl groups
on GO formed strong hydrogen bonds, which increased interfacial adhesion as well as dispersion
of GO in PVA. The combination of favourable interactions led to a significant increase in elastic
modulus compared to pure PVA. Regardless of the mode of reinforcement, the role of the filler is
to provide a route of stress transfer between the filler and the polymer matrix where surface

modification provides a further increase in adhesion at the filler-matrix interface.?®

NH,
N02 NH2

No* N* Ny*

Figure 5-2. Structures of diazonium cations used for surface modification of CNC. From left to right: 4-
nitrobenzenediazonium, 4-aminobenzyldiazonium, and p-aminobenzenediazonium.

111



In this Chapter, we test the hypothesis that diazonium cations can be used to chemically
modify the surface of CNC. Three p-substituted diazonium molecules were utilized for surface
functionalization of CNC. The structures of the diazonium cations used are illustrated in Figure 5-
2. The diazonium molecules in this study were chosen due to the strong signatures of the nitrogen-
containing functional groups during characterization as well as the possibility of increased
hydrogen bonding between CNC and Nylon 6. Two methods of diazotization were used: ex-situ
and in-situ synthesis. The efficacy of the modification was characterized to confirm grafting and
to investigate chemical and thermal properties. Finally, a short study of the mechanical properties
of modified CNC-Nylon 6 thin films is presented. Members of our collaborative team have
previously reported the use of diazonium cations to modify CNC for the incorporation into
electrospun polystyrene fibres.**> 4’ The work in this Chapter provides a thorough characterization

of CNC modified with diazonium precursors.

5.2 Experimental

5.2.1 Chemicals and Materials

Cellulose nanocrystals (CNC) were supplied by Innotech Alberta (Edmonton, Canada).
The CNCs were received in the sulfate-half ester form as a spray-dried powder, with an apparent
particle size as determined by DLS as 100-230 nm, a surface charge of <-30 mV at pH 6.5-7, a
total sulfur content of 0.5-1 wt%, and a thermal stability of 240-275°C. L-Ascorbic acid, ethanol,
acetonitrile, acetone, diethyl ether, sodium nitrite, tetrafluoroboric acid (5%), hydrochloric acid,
4-aminobenzylamine, p-phenylenediamine, 4-nitroaniline, and 4-nitrobenzenediazonium
tetrafluoroborate were purchased from Sigma Aldrich (Oakville, Ontario). The GXF/GHP

membrane (25mm diameter, pore size 0.45 pum) Acrodisc filters and BD syringes were also
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purchased from Sigma Aldrich (Oakville, Ontario). Deionized (DI) water measured at 18.20) was

used in all instances of water.

5.2.2 Purification of 4-Nitrobenzenediazonium Tetrafluoroborate (4-dNB)

The as-purchased 4-nitrobenzenediazonium tetrafluoroborate (4-dNB) salts were purified
via a two-solvent recrystallization method using acetonitrile and diethyl ether. Acetonitrile and
diethyl ether was placed in an ice bath to cool. In a beaker in the ice bath containing the 4-dNB,
acetonitrile was added to just dissolve the diazonium salts. Then, diethyl ether was added dropwise
until all the diazonium salts were precipitated out. The salts were subsequently vacuum dried and

washed with more cold diethyl ether until the ether wash ran colourless.

5.2.3 Ex-Situ Diazonium Salt Synthesis and Cellulose Nanocrystal Modification

The ex-situ method was adapted from a previously reported procedure by Solak et al.*' A
2M solution of the aniline precursor of the desired diazonium salt in tetrafluoroboric acid was
stirred in an ice bath at 0°C. Then, a 0°C solution of a 3:1 (NaNOz:aniline) molar ratio of aqueous
NaNO: (in DI water until just dissolved) was added dropwise to the aniline solution ensuring the
temperature of the solution did not exceed 4°C. After all the NaNO> was added, the solution was
left to stir for 30 minutes. The resultant diazonium salt was vacuum filtered and washed with ice
cold diethyl ether until the solution ran colourless. Finally, to ensure all unreacted precursors were
removed, a two-solvent recrystallization of the diazonium salt in ice cold acetonitrile and diethyl
ether was performed, followed by another vacuum filtration and wash with ice cold diethyl ether.

The solid diazonium salt was stored in the freezer until used.
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A 1.0 wt/v% aqueous CNC solution was prepared by bath sonicating CNCs in DI water for
10 min. After sonication, the CNCs were filtered using a 0.45um syringe filter to remove any large
agglomerates that were not dispersed during sonication. The purified diazonium salts and 4 v/v%
of 0.05 M l-ascorbic acid was added to the filtered CNC solution, bath sonicated for 1 hour, then
left to stir at ambient conditions overnight. The diazonium modified CNCs were purified via
centrifugation in acetonitrile at 5000 rpm for 30 minutes 3 times. The final diazonium modified

CNCs were freeze dried from water.

5.2.4 In-Situ Diazonium Salt Synthesis and Cellulose Nanocrystal Modification

The in-situ method was adapted from a previously reported procedure by Breton and
Belanger.?! A 0.2 M solution of the aniline precursor of the desired diazonium was prepared in 0.5
M HCI and stirred magnetically until dissolved at ambient conditions. Then, an equal volume of
0.2 M of aqueous NaNO; was added and stirred for 15 minutes. After diazonium salt formation,
an equal volume of 1.0 wt/v% of cellulose nanocrystals in DI water was added. Finally, 10 v/v%
of 0.05 M l-ascorbic acid was added and the solution was bath sonicated for 1 hour, then left to
stir at ambient conditions overnight. The diazonium modified CNCs were purified via
centrifugation in acetonitrile at 5000 rpm for 30 minutes 3 times. The final diazonium modified

CNCs were freeze dried from water.

5.2.5 Characterization
Fourier transform infrared (FT-IR) analysis was completed by Analytical Services in the

Department of Chemistry (Edmonton, Alberta) using a Thermo Nicolet 8700 FTIR Spectrometer.
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Freeze-dried samples were drop cast from methanol on a KBr plate and examined from 4000 to
600 cm.

X-ray photoelectron spectroscopy (XPS) analysis was completed at by characterization
staff at nanoFAB (Edmonton, Alberta) using a Kratos AXIS-165 spectrometer with a
monochromatic Al Ka source (1486.69 eV) at 126 W. The CasaXPS software was used for data
processing. The library was set to CasaXPS_KratosAxis-F1.lib and the high-resolution spectra was
adjusted by setting the C1s peak to the 285.00 eV binding energy.

Elemental analysis by combustion of Carbon, Hydrogen, Nitrogen, Sulfur (CHNS) was
completed by Analytical Services in the Department of Chemistry (Edmonton, Alberta) using a
Thermo Flash 2000 Elemental Analyzer for CHNS and Oxygen.

Thermogravimetric Analysis (TGA) was completed by Analytical Services in the
Department of Chemistry (Edmonton, Alberta) using a Perkin Elmer Pyris 1 TGA instrument. All
samples were heated from 25-600°C at a heating rate of 10°C/min and using Argon as the carrier
gas.

Contact angle measurements were prepared and collected by Dr. Rongbing Du. To prepare
the samples for analysis, 1 mL of 1 wt/v% of unmodified or modified CNC in deionized water was
drop cast onto a 1 cm x 1 cm silicon wafer then left to air dry. An FTA 200 Contact Analyzer (First
Angstroms, Virginia, USA) was used for analysis. All measurements were carried out at ambient
conditions. The captured images were analyzed using the FTA image analysis software.

X-Ray diffraction (XRD) measurements were prepared by Dr. Rongbing Du. Analysis was
done by the Nanotechnology Research Centre Characterization Facility in the National Research

Council Canada (Edmonton, Alberta). A Bruker D8 Discover XRD instrument with an IuS Cu Ka
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source and Vantec 500 2D detector was used. Measurements were analyzed using a 26 coverage

from 4 frames, a scan range of 5-95°, and a step size of 0.2°.

5.3 Results and Discussion

5.3.1 Surface Modification of CNC Using the Ex-Situ Method

Diazonium salts were prepared using modified procedures from two different methods: ex-
situ or in-situ diazotization. The results of the most commonly used ex-sifu method of synthesizing
diazonium salts reported by Bourdillon ef al. will be described first.*> A summarized reaction
scheme is presented in Figure 5-3. Briefly, the aniline (in this study, 4-nitroaniline) was dissolved
in tetrafluoroboric acid and cooled to 0°C, then sodium nitrite was added dropwise. The resultant
diazonium cation was purified via vacuum filtration and two-solvent recrystallization method to
remove unreacted aniline. The final product was stored in the freezer until used. Either the as-
purchased or freshly synthesized 4-dNB was used for modification. The solid diazonium salts were
combined with a sonicated CNC aqueous solution. Finally, l-ascorbic acid, a water-soluble
reducing agent, was added to initiate formation of diazonium radicals for surface modification.
The final diazonium modified CNC was centrifuged in acetonitrile (ACN) then freeze-dried from

water to obtain a dried, solid product.

i. HBF, or HCI
ii. NaNO,
NH, N,* BF4/CI"

Figure 5-3. Summarized reaction scheme for the synthesis of diazonium salts. HBF4 is used for the ex-sifu method
and HCl is used for the in-situ method. R = NO2, NH», or CH2NHo>.
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(ol Contact angle 32°

Contact angle 50°

Figure 5-4. Contact angle measurements and photographs of CNCs. (A) Photographs of unmodified CNC dried
powder and (B) unmodified CNC spin coated film, (C) contact angle measurement of unmodified CNC spin coated
film, (D) photographs of 4-dNB+CNC freeze dried material and (E) 4-dNB+CNC spin coated film, and (F) contact
angle measurement of 4-dNB+CNC spin coated film.

Wettability. Successful attachment of diazonium derived aryl groups to CNC particles is
expected to change the wettability of the CNC surface, thus the contact angle of water was
measured on solvent cast films of unmodified and modified CNC. The as-received spray dried
CNC material is a white powder as shown in Figure 5-4A. A solvent cast film of this material
appears clear and colourless (Fig. 5-4 B). The contact angle of water with the film is 32° (Fig. 5-
4C), a value reflective of a relatively strong interaction between water and the CNC film. It is
expected and known that water interacts with CNC via polar interactions and H-bonding resulting
in a lower contact angle. The reaction between CNC and 4-nitrobenzenediazonium
tetrafluoroborate (4-dNB) is expected to modify the CNC surface with nitrobenzene (NB) groups.
The reaction results in an orange-coloured solid material as shown in Figure 5-4D. Nitrobenzene
has an absorbance maximum at around 370 nm giving the solid material its orange color,? thus
the solvent cast film is also orange in color (Fig. 5-4E). Therefore, the change in color from white
to orange is consistent with modification of the CNC surface with nitrobenzene groups. The

contact angle for the NB modified CNC film is 50°, a value substantially higher than that on
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unmodified CNC. It would be expected that a nitrobenzene layer will weaken the interaction
between water and the CNC particles, thus the value of 50° is consistent of a film composed of

CNCs containing NB groups on their surface.
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Figure 5-5. FTIR spectra of 4-nitrobenzenediazonium tetrafluoroborate (4-dNB), cellulose nanocrystals (CNC), and
the material resulting from the reaction of 4-dNB and CNC (4-dNB+CNC).

FT-IR Analysis. 4-Nitrobenzenediazonium tetrafluoroborate (4-dNB) was used as the
initial diazonium salt for examination of reactivity with CNC due to the strong signature of the
nitro group in vibrational spectroscopy. The reactions between 4-dNB and CNC were first
examined by FTIR. Figure 5-5 is the FTIR spectra of the two starting materials and the resulting
surface modified material. The 4-dNB spectrum features all predicted bands at 2300 cm™ (-N2"),
1543 ecm! (-NO; asym.), and 1360 cm™! (-NO; sym.).!! The CNC spectrum is consistent with
spectra presented in the literature, showing bands at 1429 cm™! (-CH»-), 1375-1311 cm™ (1° and 2°
-OH), 1159 em™! (glycosidic C-O-C), and 1107-1030 cm™! (C-O of C2, C3, and C6 of glucose).*
In addition to all the CNC bands, the modified 4-dNB+CNC spectrum shows the appearance of
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the -NO, asymmetric and symmetric stretches at 1512 cm™ and 1354 cm™!, respectively, as well as
the presence of the aromatic ring stretch at 1589 ¢cm™. In cellulose membranes, diazonium cations
are suggested to bind to the C6 methoxy group on cellulose.*

The disappearance of the diazonium -N," stretch at ~2300 cm™ in the 4-dNB+CNC
spectrum suggests that no free, unreacted diazonium molecules are adsorbed to CNC. The small,
broad peak at 1630 cm™! in the unmodified sample is attributed to water adsorbed by CNC,* which
is significantly reduced after modification with 4-dNB. This suggests that the purification of 4-
dNB-+CNC in organic solvent (acetonitrile) in addition to the final freeze-drying step removed the
majority of residual water. The removal of water is crucial for further processing in polymer
composites where water can affect solution turbidity and final composite properties.***® The
results from Figure 5-5 are consistent with the bonding of diazonium derived 4-nitrobenzene with

the surface of CNC.
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Figure 5-6. HR-XPS spectra in the N1s region for cellulose nanocrystals (CNC) and the material resulting from the
reaction of 4-dNB and CNC (4-dNB+CNC).

HR-XPS. Further characterization of bonding was performed using HR-XPS. As shown in

Figure 5-6, there is no detectable nitrogen in the N1s high resolution spectrum of unmodified CNC.
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The 4-dNB+CNC Nls high resolution spectrum shows two peaks at 405.2 eV and 400.1 eV
attributed to -NO; and reduced nitrogen (-N=N- or -NH>), respectively. The appearance of a
reduced nitrogen species is commonly seen in surfaces functionalized by 4-dNB.#*->! Toupin and
Belanger electrochemically modified carbon black with three different diazonium molecules, one
of which was 4-dNB.** They suggested that the peak at ~400 eV is attributed to an azo (-C-N=N-
C-) linkage between the diazonium molecules grafted onto the surface.’* Therefore, it can be
inferred that the presence of the peak at 400.1 eV is due to a multilayer of diazonium molecules
that has formed on the surface of CNC via azo bridges. Additionally, it is possible that the nitro
group in 4-dNB is reduced in vacuo during XPS measurements, also contributing to the presence

of the reduced nitrogen species in the form of -NHo.

Table 5-1. CHNS analysis of cellulose nanocrystals (CNC) and the material resulting from the reaction of 4-dNB and
CNC (4-dNB+CNCO).

N (%) C (%) H (%) S (%)
CNC 0.00 40.85 6.14 0.60
4-dNB+CNC 0.20 42.67 5.96 0.31

CHNS Elemental Analysis. CHNS analysis was done to further confirm the presence of
the nitrogen-rich 4-nitrobenzenediazonium molecule. Table 5-1 lists the elemental analysis results
for CNC and 4-dNB+CNC using CHNS analysis. The unmodified CNC sample shows expected
atomic percentages for each of the elements detected,’?> with values at 0% nitrogen (N), 40.85%
carbon (C), 6.14% hydrogen (H), and 0.60% sulfur (S). After the reaction of 4-dNB with CNC,
the %N increases to 0.20% due to the presence of the nitro groups from 4-dNB and azo bridges in
the multilayer. The addition of carbon-rich aryl groups also increased the C content by 1.8%.

Interestingly, both the H and S content decreased slightly by 0.18% and 0.29%, respectively. This
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can be attributed to hydrogen extraction during the redox of the diazonium molecule and CNC,>®

as well as the displacement of the labile sulfate half esters on CNC under the reaction conditions.>”
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Figure 5-7. XRD analysis of cellulose nanocrystals (CNC) and the material resulting from the reaction of 4-dNB and
CNC (4-dNB+CNCO).

XRD Analysis. A potential change in crystallinity is an important factor to consider when
incorporating surface functionalized CNCs in polymers with the goal of increased mechanical
strength, as the crystallinity of CNC plays a key role in its reinforcing potential.’® Therefore, XRD
was used to study the effect of surface modification on CNC crystallinity, as depicted in Figure 5-
7. Both the unmodified CNC and 4-dNB+CNC spectra show all characteristic cellulose I peaks at
101, 101, 102, 002, and 040.* There is no significant change in crystallinity or apparent crystal
faces present after modification with 4-dNB.

Thermal Properties. There are numerous different polymer composite processing
techniques ranging from solvent evaporation to heating methods, as described in previous

60, 61

Chapters. Though CNC is known for its strong mechanical reinforcement properties, it suffers
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from burning and discoloration at elevated temperatures,*> which pose a problem when utilizing
high processing temperatures in melt mixing. Therefore, it is important to investigate the thermal

stability of surface functionalized CNC for applications in polymer composites.
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Figure 5-8. Thermogravimetric analysis (TGA) and the first derivative thermograms (DTG) of CNC (blue) and 4-
dNB-+CNC (red). The Weight Loss (%) axis on the left is for the TGA spectra (solid lines) and the dW/dT axis on the
left is for the DTG spectra (dashed lines).

Thermogravimetric analysis (TGA) and the first derivative of the thermograms (DTG)
were used to compare the thermal stability of the unmodified and modified CNCs, as shown in
Figure 5-8. Both the CNC and 4-dNB+CNC samples show a small 5% weight decrease in the first
225°C, which is attributed to water loss due to the hydroscopic nature of CNCs.*> From 25°C to
300°C, there is a gradual 45% weight loss of 4-dNB+CNC that can be attributed to the degradation
of the 4-nitrobenzenediazonium moieties, which has a melting point of 144°C.%? The initial
degradation of 4-dNB+CNC starts at a lower onset temperature (To) than for unmodified CNC,
193°C compared to 295°C, respectively, also attributed to the earlier degradation of 4-dNB. The

DTG of unmodified CNC shows a 1% derivative peak temperature (Tp) at 300°C, whereas the Tp
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of 4-dNB+CNC decreases to 234°C. The decrease in thermal stability after the addition of 4-dNB
is consistent with literature reports of radical initiated attachment of molecules to surfaces, where
radically formed bonds degrade at lower temperatures.** ¢ With both the To and Tp values
appearing at temperatures above the expected onset of CNC degradation at 190°C, we can confirm
that the 4-dNB molecules are covalently grafted onto the CNC surface. Past the Tp, the remaining
mass is attributed to char consisting of mostly low molecular weight hydrocarbons.* Though both
modified and unmodified CNC TGA curves follow the same trend past 300°C, the curve for 4-
dNB+CNC has a higher residue yield compared to CNC due to remaining char from the carbon-
rich diazonium multilayer. Considering the overall decrease in thermal stability observed, I
recommend that diazonium modified CNCs be used for non-heat or low-heat polymer composite
processing, such as spin coating or electrospinning, to prevent degradation of the diazonium

molecules at high processing temperatures.

5.3.2 Surface Modification of CNC Using the In-Situ Method

Another method to synthesize diazonium cations in-situ was investigated using a modified
procedure from Breton and Belanger.?! Different from the ex-sifu method, the in-situ method is
fast (15 minutes compared to >1 hours) and does not require purification of the resultant diazonium
salt prior to use for surface modification. The summarized reaction scheme is presented in Figure
5-4. Briefly, the chosen aniline form of the diazonium was dissolved in 0.5 M HCI. An equal
volume of 0.2 M sodium nitrite to the aniline precursor solution was combined and stirred at
ambient conditions for 15 minutes. The entirety of the resultant diazonium salt solution was used
for surface modification with CNC using the same procedure as the ex-situ method. 4-

Aminobenzylamine (4-ABA) and p-phenylenediamine (p-PD) were used in the in-situ method to
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yield 4-aminobenzyldiazonium (4-dAB) and p-aminobenzenediazonium (p-dAB), respectively.
The structures of the diazonium cations are illustrated in Figure 5-3. Similar to the choice of using
4-dNB in the ex-situ method, the presence of the nitrogen-containing amine groups in 4-ABA and

p-PD also make them easily distinguishable from cellulose during characterization.
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Figure 5-9. FTIR spectra of 4-dABA+CNC and CNC. (A) FTIR spectra of cellulose nanocrystals (CNC) and the
materials resulting from the reaction of 4-dABA and CNC (4-dABA+CNC), and (B) enlarged FTIR spectra of CNC
and 4-dABA+CNC in the 2400-800 cm™! region. The absorbance intensity of the 4-dABA+CNC spectrum in (B) is
increased by a factor of 4 to better show the peaks.

FTIR Analysis of 4-dABA+CNC. FTIR spectroscopy was used to assess the modification
of CNC with 4-aminobenzyldiazonium (4-dABA+CNC) using the in-situ method, as shown in
Figure 5-9. Both the CNC and 4-dABA+CNC spectra in Figure 5-9A show all expected peaks
corresponding to cellulose.** The 4-dANA+CNC spectrum in Figure 5-9A shows a sharp peak in
the -OH region at 3338 cm’! corresponding to the -NH> bend of the methylamine group in 4-dABA.
When comparing the lower IR regions in Figure 5-9B, there is the appearance of a weak -NH>
stretch at 1616 cm™ and a weak aromatic ring stretch at 1525 cm™ in the 4-dABA+CNC spectrum.
There is also an increase in intensity of the peak at 1060 cm™ relative to its adjacent peaks, which
is a result of the combined intensity of the C-N stretch from 4-dABA and from the C-O stretch of

C2 in CNC. As was observed in the ex-situ method, there is also a reduction of the absorbed water
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peak at 1637 cm™! for 4-dABA+CNC compared to unmodified CNC due to the purification in

organic solvent as well as freeze-drying.
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Figure 5-10. FTIR spectra of p-dAB+CNC and CNC. (A) FTIR spectra of cellulose nanocrystals (CNC) and the
materials resulting from the reaction of p-dAB and CNC (p-dAB+CNC), and (B) Enlarged FTIR spectra of CNC and
p-dAB-+CNC in the 2500-600 cm! region.

FTIR Analysis of p-dAB+CNC. p-Phenylenediamine to form p-aminobenzenediazonium
(p-dAB) was also synthesized using the in-situ method.®* FTIR analysis of the material resulting
from the reaction of p-aminobenzenediazonium and CNC (p-dAB+CNC) was performed, as
presented in Figure 5-10. Like the spectra shown in Figures 5-5 and 5-9, Figure 5-10A shows all
expected peaks for cellulose in both the CNC and p-dAB+CNC spectra. In the lower IR regions
presented in Figure 5-10B, the p-dAB+CNC spectrum has the appearance of two weak peaks at
1493 cm! and 1610 cm™ which is attributed to the aromatic ring stretch and -NH, stretch,
respectively. There is also a decrease in the peak absorbance of absorbed water at 1639 cm™! for p-
dAB+CNC.

Interestingly, though the p-phenylenediamine precursor has two amine groups that can

form the -N»" cation during diazotization,% no evidence of a band at around 2300 cm! correlating
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to the -N>" is present in the FTIR spectrum reported here. Instead, there is a sharp increase in peak
absorbance at 3334 cm™! and the appearance of the 1610 cm™ peak in the p-dAB+CNC spectrum
that corresponds to the -NH> group, as shown in Figure 5-10A. The availability of the unreacted
amine group provides a pathway towards further reactivity. It has been shown that the free amine
group can undergo an additional hydrolysis to form linear multilayers on boron nitride nanotubes.*®
The potential for different multilayer morphologies provides interesting routes for countless
tunable surface properties and applications for diazonium modified CNCs. Furthermore, this is the
first time that the in-situ formation of diazonium cations for the modification of CNC has been

reported.

5.3.3 Proposed Mechanism
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Figure 5-11. Proposed mechanism for the formation of aryl radicals from diazonium cations (A) and the attachment
of the aryl molecules onto CNC (B).

Proposed Mechanism for the Attachment of Aryl Radicals on CNC. A proposed
mechanism based on the data presented here and previous reports on the attachment of aryl

molecules onto CNC using diazonium chemistry is presented in Figure 11. In Figure 5-11A, the
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diazonium cation reacts with l-ascorbic acid where the -N>" is removed resulting in a radical aryl
molecule.%” Since aryl radical formation and CNC modification are carried out in the same reaction
vessel, the aryl radical then extracts a hydrogen from a C6 methoxy group on CNC leaving a
radical on the surface, as illustrated in Figure 5-11B.* It has been suggested that the C6 group is
the most reactive hydroxyl group on cellulose due to the free rotation of the group compared to
the C2 or C3 hydroxyls that are bound directly to the chair.®® % In an uncontrolled environment,
we expect that another aryl radical binds to the bound aryl forming a multilayer, as has been
observed on conductive surfaces.” ° Specifically, multilayer formation starts when a free aryl
radical binds to positions ortho to the substituent on the bound aryl group.”’> 7> Further

electrochemical studies should be performed in order to gauge the thickness of the grafted layer.’

5.3.4 Diazonium Modified CNC and Nylon 6 Thin Films

~o—CNC ~e—4-dNB+CNC
~o—4-dABA+CNC —+—p-dAB+CNC

0% 0.50% 1% 2%
CNC Loading (wt%)

Figure 5-12. Elastic modulus results for the diazonium modified CNC and Nylon 6 thin films at CNC loadings of 0,
0.5, 1, and 2 wt%. The blue line is unmodified CNC, the red line is 4-dNB+CNC, the green line is 4-dABA+CNC,
and the purple line is p-d AB+CNC.
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Effect of Aryl Modification on CNC-Nylon 6 Composite Films. The modification of
additives opens the door to the incorporation of countless nanomaterials in otherwise incompatible
matrices. More specifically, diazonium modification of fillers has been used for composite
reinforcement using carbon nanotubes (CNTs), graphene oxide (GO), and silica nanoparticles with
the goal of increasing filler-polymer adhesion and promoting better dispersion of the filler within
the matrix!> 22 Thus, a short study into the reinforcing impact of the modified CNCs in Nylon 6
was performed. Thin films were prepared using the same solution preparation and spin coating
procedure reported in Chapter 2. The elastic moduli of the films are presented in Figure 5-12,
where only one film per loading was tested. The incorporation of the diazonium modified CNC in
Nylon 6 decreased the elastic moduli at all loadings compared to the unmodified CNC films.
Overall, the elastic modulus decreased with increasing CNC loading suggesting that the modified
CNCs did not form favourable interactions with Nylon 6. Additionally, an observed poor
dispersion of the modified CNCs in formic acid led to aggregates which may act as fracture points
in the films (not shown here). This is contrary to our initial thoughts, where we expected the
nitrogen-containing groups on the aryl molecules to form hydrogen bonds with the amide groups
in Nylon.”7* Therefore, the mechanical results suggest that the interfacial adhesion between CNC
and Nylon is inhibited by the aryl multilayer. Though diazonium modified CNC did not increase
the mechanical properties of Nylon 6, other more compatible polymers and solvents may benefit
from the addition of aryl modified CNCs, such as aryl-rich polystyrene as presented in a previous

paper from our group.*
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5.4 Conclusion

Cellulose nanocrystals were modified with three different diazonium salts using two
diazotization methods. The diazonium molecules in this study were chosen because of the strong
signatures of the nitrogen-containing R groups when characterized using spectroscopic techniques,
as well as the possibility of increased compatibilization of CNC in Nylon 6. First, CNC was
modified with 4-nitrobenzenediazonium using an ex-situ method where the diazonium salt was
prepared and purified before modification. Grafting was confirmed using FTIR, HR-XPS, and
CHNS. The results of the characterization are consistent with the bonding of diazonium molecules
onto a surface. Crystallinity of CNC was unchanged after modification, as shown by XRD. The
thermal stability of the modified CNC, as evaluated by TGA, decreased due to the instability of
diazonium molecules at high temperatures. Therefore, it is recommended that diazonium modified
CNC be used as fillers in low temperature or solvent processing composite techniques. Secondly,
CNC was modified with 4-aminobenzyldiazonium and p-aminobenzenediazonium using the in-
situ method where the diazonium salt was prepared in-solution. Grafting was confirmed using
FTIR. This study showed that both the ex-situ and in-situ methods are valid options for
modification of cellulose nanocrystals with diazonium salts. Finally, composite films containing
each of the diazonium modified CNCs in Nylon 6 were produced, where the modified CNCs

decreased the elastic modulus of the films at all loadings compared to unmodified CNC.
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Chapter 6. Diazonium Radical Mediated
Surface Modification of Cellulose
Nanocrystals with an Alkylamine

6.1 Introduction

The poor dispersibility of cellulose nanocrystals (CNC) in organic solvents and most
polymers have motivated the development of methods for the attachment of alkyl or carbon-rich
moieties onto CNC. Modification methods range from esterification! 2 to adsorption® to grafting-
from methods like ring-opening polymerizations.*® All surface modification methods aim at
reducing the interparticle hydrogen bonding that make dispersion of CNC difficult in non-polar
matrices.® Additionally, longer chain molecules grafted onto CNC could intersperse within a
polymer matrix and become entangled in the polymer chains further improving interactions
favourable for mechanical reinforcement.” The choice of surface group can also tailor the
properties and interactions of CNC, from biological compatibility® to increased thermal
properties.” In the previous chapter, this reasoning was used when grafting a hydrophobic aryl
layer on CNC.

The use of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) for the oxidation of the CNC
surface is one of the most common intermediate methods for the attachment of molecules on
cellulose.!® The TEMPO radical reacts with hydroxyl groups on CNC to form a carboxyl group
that is used as a linkage between an alkyl group and CNC.!'!: 12 TEMPO oxidation and the ionic
sulfate ester groups formed after acid hydrolysis of cellulose enhance electrostatic interactions that
makes CNC colloidally stable in aqueous solutions compared to hydroxyl-only groups.!3 However,

these functionalities limit the types of interactions to polar or hydrophilic. Therefore, additional
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grafting must be done in order to shift CNC-matrix interactions to non-polar and hydrophobic ones
that promote better dispersion.’

A recent report from Hetemi et al. using the diversion of aryl radicals to functionalize a
polymeric surface intrigued us.'* In the paper, the authors indirectly modified polymethyl
methacrylate (PMMA) and high-density polyethylene (HDPE) with a 6-hexanoic acid molecule.
Contrary to typical aryl radical modifications, a sterically hindered diazonium molecule with two
methyl groups ortho to the azo group prevented the binding of the molecule to the polymer surface.
Instead, the ortho substituted aryl radical was used to abstract the bromine from 6-bromohexanoic
acid forming a 6-hexanoic acid radical that binds to the polymer. In order to confirm grafting of
the 6-hexanoic acid group, the modified PMMA or HDPE were post-functionalized with different
aromatic amines (4-nitroaniline, 1-aminoanthraquinone, and Neutral Red) using 1-ethyl-3-(-3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS),
which is a common coupling treatment between carboxylic acid groups and amine-terminated
molecules.!! When non-functionalized (i.e. neat) polymer was reacted with EDC/NHS and the
aromatic amines, no modification was observed which confirmed the mechanism of 6-hexanoic
functionalization on the surface. Further characterization using FTIR and XPS of the post-
functionalized polymers confirmed the binding of the aromatic amine molecules. This was
observed as the presence of the -NO: stretching bands in FTIR for polymer post-functionalized
with 4-nitraniline, the presence of a peak in the N1s region in XPS for post-functionalization with
the anthraquinone, and the absence of peaks associated with bromine.!'*

Prior to the modification of polymers, Hetemi et al. used the same modification mechanism
to functionalize glassy carbon (GC) electrodes with a perfluoroalkyl ((CH2)sCFs) group,' and

even co-functionalized conductive surfaces (Au and GC) by forming mixed alkyl and aryl layers.!®
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Electrochemical studies from Pinson’s group further confirms the modification of a surface using
the indirect method using cyclic voltammetry.!” They showed that the wave shape and intensity
did not change after 10 scans when the electrode was placed in a solution with the dimethyl
diazonium, suggesting that the diazonium is unable to bind to the electrode surface due the steric
hinderance as previously stated.!”

Herein, this chapter investigates an alternate one-pot synthetic method for the alkyl
modification of CNC using diazonium radical mediated surface functionalization without pre-
treatment of the CNC surface. Cellulose nanocrystals are functionalized with propylamine using
an adapted diazonium radical mediated modification previously reported by Hetemi et al.'* 1°
Propylamine is the alkyl molecule of choice in this study as the terminal amine group may provide
both increased hydrogen bonding of CNC with Nylon 6 as well as increased hydrophobicity of
CNC due to the carbon-rich chain of the alkyl group. The propylamine modified CNC (PA-CNC)
was chemically and thermally characterized using FTIR, CHNS, XPS, and TGA. Finally, a short
look into the reinforcing capability of PA-CNC in Nylon 6 thin films is studied. To our knowledge,

this is the first time that CNC has been functionalized using diazonium mediated radical formation.

6.2 Experimental

6.2.1 Chemicals and Materials

2,6-Dimethylaniline, 3-bromopropylamine hydrobromide, acetone, acetonitrile, and
ethanol (100%), and isopentyl nitrite was purchased from SigmaAldrich (Oakville, ON, CA).
Spray-dried sodium-form cellulose nanocrystals (CNC) were provided by InnoTech Alberta

(Edmonton, AB, CA).
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6.2.2 Surface Modification of Cellulose Nanocrystals with Propylamine

Surface modification of the cellulose nanocrystals (CNC) was done using a modified
method previously reported by Hetemi et al'* 2,6-Dimethylaniline (100 mM) and 3-
bromopropylamine hydrobromide (50 mM) were stirred magnetically at 60°C in neat isopentyl
nitrite until dissolved. Dry cellulose nanocrystals (5 wt/v %) were added slowly to the isopentyl
nitrite solution and stirred at 60°C overnight. The resultant propylamine modified cellulose
nanocrystals (PA-CNC) were purified via vacuum filtration and washed with neat acetone,
acetonitrile, and ethanol until the supernatant ran colourless. The product was dried over vacuum

at ambient conditions.

6.2.3 Characterization

Fourier transform infrared (FTIR) analysis was completed using a Nicolet 8700 continuum
FTIR microscope. One milligram of dried sample and 100 mg of KBr powder were ground together
using a mortar and pestle, then pressed to form discs. Each sample was examined between 600 to
4000 cm’!, with a resolution of 4 cm™'.

X-ray photoelectron spectroscopy (XPS) analysis was completed using a Kratos AXIS-165
spectrometer with a monochromatic Al K(alpha) source (1486.69 eV) for unmodified CNC and
an achromatic Mg source (1253.6 eV) for modified CNC. Both survey and high-resolution spectra
were obtained. The CasaXPS software was used for data processing. The library was set to
CasaXPS KratosAxis-F1.lib and the high-resolution spectra was adjusted by setting the Cls peak
to 285.00 eV binding energy. For all peak fittings, a Gaussian-Lorentzian line shape and a Shirley

background was used.
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CHNS (Carbon, Hydrogen, Nitrogen, Sulfur) characterization was completed using a
Thermo Flash 2000 Elemental Analyzer for CHNS and Oxygen. The temperature was increased
from room temperature (25°C) to 600°C at a rate of 10°C/min. The sample weight used was
approximately 1.2 mg. Samples were run in duplicates and the percentages reported are the average
of the two measurements.

Transmission electron microscopy (TEM) imaging was completed by Arlene Oatway at
the Microscopy Facility in the Department of Biological Sciences at the University of Alberta. A
Philips/FEI (Morgagni) Transmission Electron Microscope was used. The samples were first
dispersed in ethanol at 0.5 mg/mL then bath sonicated for 5 minutes. The samples were drop-
casted onto a TEM copper mesh grid and left to dry for 10 minutes then double-stained with uranyl
acetate for 1 hour. Samples were imaged at 80 kV. Image analysis was completed using the ImageJ
software.

Mechanical tests were performed using the TA Instruments ElectroForce 3200 (10 N max.
capacity load cell) by Eyup C. Demir, a PhD student in the Department of Mechanical Engineering.
Test strips were prepared from the spin coated samples by cutting with a rotary cutter to obtain
sample dimensions of 10mm x 75mm. All samples were stored in a desiccator for at least 12 hours
to remove excess moisture and residual solvent. The tensile tester instrument has grips that hold
25mm of the test strip, therefore gauge length was set to S0mm between the grips. A C-shaped
mechanical testing frame made from paper was used to hold the samples in the grips to prevent
sliding of and reduce stress concentration on the samples during testing. All tests were performed
at ambient conditions. The strain rate was set at 0.1 mm/mmemin (Smm/min). The results were

averaged over 5 measurements according to the ASTM 882-12 standard.
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6.3 Results and Discussion

Proposed Reaction Mechanism. Cellulose nanocrystals (CNC) were modified with an
alkylamine using an adapted diazonium radical mediated method previously reported by Hetemi
et al. for the surface modification of polymers.!* Briefly, 2,6-dimethyldiazonium (2,6-dDM) (pale
yellow in colour) was prepared in-situ using 2,6-dimethylaniline as the aniline precursor and
isopentyl nitrite as the reducing agent. When heated to 60°C, 2,6-dDM decomposes homolytically
to form a diazonium radical and the solution colour changes from light yellow to dark orange. In
the presence of an alkyl halide (in this case, 3-bromopropylamine), the 2,6-dDM radical abstracts
the halide thus forming an alkyl radical. Then, the unhindered alkyl radical recombines with a
radical on the CNC surface and forms a covalent bond, leading to the formation of propylamine
modified CNC (PA-CNC) that is yellow in colour (Fig. 6-2 and 6-3). Proposed reaction schemes

for both the formation of the alkyl radical and the surface modification of CNC are presented in

Figure 6-1.
A NH, ——» Nyt —— = © B T"NH, Br "S"“NH
Isopentyl 60°C 2
nitrite
NHz
OH 0805 OH [e] 0S05 OH
B CNC A:# SN, PA-CNC
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Figure 6-1. A) In-situ diazotization of 2,6-dimethylaniline and subsequent radical formation of 3-bromopropylamine
and B) proposed mechanism for the surface modification of CNC with the propylamine radical.
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Figure 6-2. Photographs of (left) water, 5 wt% CNC and 5 wt% PA-CNC dispersed in water, and (right) the same
solutions after they were left to stand for 7 hours.

Colloidal Stability in Aqueous Solutions. After modification of CNC with propylamine
(PA-CNC), the colour of the final dried powder changed from off-white to light yellow, as shown
in Figures 6-2 and 6-3. An investigation into the colloidal stability of the alkyl modified CNCs
was performed by dispersing unmodified CNC and PA-CNC in deionized water, then leaving the
samples to sit at ambient conditions. After 7 hours, the unmodified CNCs remained dispersed
whereas the PA-CNCs fully settled to the bottom of the vial, as shown in Figure 6-2. In aqueous
solutions, CNC exhibits colloidal stability via long-range electrostatic repulsions between the
individual particles imparted by the charged surface groups — (-COO") in the case of TEMPO
oxidized CNC and (-OSOys") in the case of sulfate ester modified CNC. We know this to be true as
non-modified native CNC (i.e., CNCs with only hydroxyl (-OH) groups) are not colloidally
stable.!> When a carbon-rich alkylamine is bound to the CNC surface as presented here, the ionic
groups (-OSO3") are covered thereby decreasing the stability in water. Additionally, the addition
of propylamine may also displace the sulfate ester groups on CNC thus also decreasing its colloidal
stability. Therefore, the settling of PA-CNC overtime is consistent with the grating of a

hydrophobic layer on CNC.
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Figure 6-3. TEM images of A) unmodified CNC and B) PA-CNC. The inset photographs are of the dried powders
corresponding to each CNC sample.

TEM Images. Figure 6-3 shows the TEM images of CNC and PA-CNC, with photos of
the dried powders for each sample inset in the images. No significant differences are observed
between the modified and unmodified CNC. Particle diameters and lengths were measured from
the TEM images, yielding aspect ratios of 18 + 7 for CNC and 20 + 7 for PA-CNC. These values
are consistent with literature values for unmodified CNC.'® With no significant change in aspect

ratio after modification, we can conclude that the reaction conditions and modification do not alter

the shape of CNC.
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Figure 6-4. FT-IR spectra of unmodified CNC and PA-CNC. The blue line is unmodified CNC and the orange line is
PA-CNC.
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FTIR Analysis. The FTIR spectra of CNC and PA-CNC are presented in Figure 6-4. Both
spectra show predicted bands for CNC at 3345 cm™ (OH str.), 2900 cm™ (C-H str.), 1638 cm’!
(absorbed water), 1430 cm™ (-CH»-), 1372-1317 em™ (1° and 2° -OH), 1163 cm™! (glycosidic C-
0O-C), and 1112-1034 cm! (C-O of C2, C3, and C6 of glucose).!” Additionally, the lack of bands
associated with 2,6-dDM suggest very little is adsorbed to CNC even with the change in colour
observed in Figures 6-2 and 6-3. Due to the strong signature of the hydroxyl and C-O groups in
CNC, it is difficult to differentiate between the unmodified and modified CNC spectra, especially
in the IR regions expected for primary amines (~3300 cm™ and ~1600 cm™). Therefore, further

characterization using alternate techniques was performed, as described in the following sections.

Table 6-1. CHNS analysis of CNC and PA-CNC.

N (%) C (%) H (%) S (%)
CNC 0.00 41.03 6.01 0.76
PA-CNC 0.20 42.67 5.96 0.31

CHNS Elemental Analysis. CHNS elemental analysis was performed to confirm grafting
of propylamine on CNC. Table 6-1 lists the CHNS results of both CNC and PA-CNC. The
unmodified CNC sample show all expected atomic percentages for each of the elements detected,
with values at 0% for nitrogen (N), 41.03% for carbon (C), 6.01% for hydrogen (H), and 0.76%
for sulfur (S).2° Once grafted with propylamine, CHNS confirms the presence of propylamine in
PA-CNC with an increase of %N to 0.20% due to the primary amine group on propylamine (PA),
as well as an increase in %C by 1.64% due to the addition of the alkyl backbone of PA. Both the
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%H and %S content decreased slightly by 0.05% and 0.45%, respectively, similar to the results
obtained for diazonium modified CNC presented in the previous Chapter. This is due to the
abstraction of hydrogen from the redox reaction between the radical propylamine molecule and
CNC,*2! as well as the displacement of the sulfate ester groups on CNC at the elevated reaction
temperature and by the radical PA molecules.?? This coincides with the stability observations as
part of Figure 6-2, where the loss of sulfur correlates to a loss of the ionic -OSO3 groups thus
reducing interparticle repulsion. The CHNS data is consistent with the presence of propylamine
bound to CNC.

The degree of substitution of propylamine on the CNC surface was calculated from the

CHNS values using the follow equation reported by Carneiro de Oliveira et al.,?

ONMW sacu
MW N—MWp 40N

DSS = Eq. 6-1

where DSS is the degree of substitution of the surface, @y is the mass fraction of nitrogen
from CHNS (0.2%), MWagu is the molecular weight of a single repeating anhydroglucose unit in
CNC (162 g/mol), MWpa is the molecular weight of the propylamine moiety (58 g/mol), and MWx
is the molecular weight of nitrogen (14 g/mol). The DSS of PA-CNC was calculated as 0.25, which
is rather low when compared to the estimated value of <1 for CNC when assuming all possible
hydroxyl groups are fully modified.?®> This may be due to a few possible reasons. First, the poor
dispersibility of unmodified CNC in neat isopentyl nitrite reduces the availability of C6 hydroxyl
groups during modification. Second, alkyl radical formation may be increased by utilizing a better
halogen leaving group on propylamine, such as iodine.?* Lastly, the aryl and alkyl radicals may
form byproducts thus lowering the concentration of available alkyl radicals to react with CNC. We
are also assuming that propylamine forms a monolayer on CNC and not a multilayer similar to the

functionalization with aryl radicals, as proposed in Chapter 5. The results presented here are
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comparable to the nitrogen content of the post-functionalized polyethylene (0.6% nitrogen) from

XPS reported by Hetemi et al., s

low yield.!
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Figure 6-5. HR-XPS of A) the Cls region for unmodified CNC, B) the Cls region for PA-CNC, and C) the Nls

region for PA-CNC.

XPS and HR-XPS. Further characterization to confirm the grafting of propylamine onto

CNC was done using high resolution x-ray photoelectron spectroscopy (HR-XPS), as shown in

Figure 6-5. The HR-XPS of the Cls region for CNC in Figure 6-5A is consistent with those

reported in the literature, with three peaks at binding energies of 284.9 eV for adventitious carbon

and C-C bonds (or C1), 286.5 eV

for C-O bonds (or C2), and 287.9 eV for O-C-O bonds (or C3).!%
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25 In the PA-CNC sample in Figure 6-5B, there is also the presence of all three expected peaks,
but there is an increase in the peak intensity at 284.9 eV relative to the other two peaks. Since CNC
does not contain any C-C linkages because the glucose backbone has only C-O bonds,'® the large
increase in C-C content must be due to the addition of propylamine. The low intensity peak at
284.9 eV in the unmodified CNC spectrum is attributed to hydrocarbon contaminants, such as
lignin, that are not fully removed during the production of CNC.!3-26 This increase in intensity for
the PA modified CNC coincides with a 19.2% increase in atomic percent of the C1 peak at 284.9
eV in PA-CNC compared to CNC (Table 6-2). Finally, there is the appearance of a low intensity
peak in the N1s region of PA-CNC at 401 eV attributed to the C-NH> bond of the terminal amine

group in propylamine,'®

as shown in Figure 6-5C. A summary of the information from the
deconvolution of the C1s regions for unmodified CNC and PA-CNC samples is presented in Table

6-2.

Table 6-2. Summarized HR-XPS data in the C1s regions for CNC and PA-CNC.

Deconvolution Deconvolution

Sample Binding Energy (eV) Atomic % Assignment

284.9 11.9 C-C(C1)

CNC 286.5 68.0 C-0 (C2)
287.9 20.1 O-C-0 (C3)

284.9 31.1 C-C(C1)

PA-CNC 286.6 49.9 C-0 (C2)
288.0 19.0 O-C-0 (C3)
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Figure 6-6. XPS survey spectra of CNC and PA-CNC. The blue line is unmodified CNC and the orange line is PA-
CNC.

Table 6-3. Summarized XPS survey scan data for CNC and PA-CNC.

CNC PA-CNC
Element Bindil(leg‘gnergy Atf))/znic Bindil(leg‘gnergy Atf))/znic
Cls 287.1 56.0 286.6 62.8
Nls 402.1 0.0 400.6 1.3
Ols 533.1 39.9 533.1 32.1
S2p 170.1 0.86 169.1 0.55
Na2p 26.6 32 27.1 32

The XPS survey spectra and a summary of the survey spectra data for CNC and PA-CNC
are presented in Figure 6-6 and Table 6-3, respectively. The survey spectra for both samples show
peaks at binding energies of ~276 eV for Cls, ~533 eV for Ols, ~170 eV for S2p, and ~27 eV for
Na2p. The presence of the S2p and Na2p peaks are due to the ionic sulfate half ester groups formed
during the production of CNC.!° The lack of a peak at ~68 eV corresponding to Br3d confirms that

there is no unreacted 3-bromopropylamine adsorbed onto the CNC surface. The shift in the O KLL
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and C KLL peaks in PA-CNC compared to CNC is due to the difference in x-ray source used in
the XPS instrumentation when each spectrum was obtained.?’” The data in Table 6-3 show that PA-
CNC has an increase in carbon atomic percent by 6.8% and in nitrogen atomic percent by 1.3%
compared to unmodified CNC. This is further corroborated by the increase in N/C ratio by 0.02
and the decrease in O/C ratio by 0.20 after modification. Again, this is due to the addition of the
carbon-rich and amine-terminated propylamine group grafted on CNC. There is a decrease in the
oxygen atomic percent by 7.8% and in the sulfur atomic percent by 0.31% in PA-CNC due to the
displacement of some sulfate half ester groups during modification, which is consistent with the

data obtained from CHNS. The information derived from XPS is also consistent with the binding

of propylamine on CNC.
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Figure 6-7. A) TGA and B) DTG thermograms of CNC and PA-CNC.

Thermal Properties. Finally, the thermal stability of the modified CNC was evaluated
using TGA, as shown in Figure 6-7. The TGA spectrum of PA-CNC in Figure 6-7A shows small
differences from the unmodified CNC spectrum. The small weight loss until 100°C in both spectra
is attributed to water loss from absorbed water on CNC, however, PA-CNC has a slightly lower

weight loss (2% compared to 4% for CNC) as a result of less water absorption due to the
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hydrophobic nature imparted onto CNC because of the alkyl surface groups. Although there is a
slight earlier degradation of PA-CNC at around 275°C in Figure 6-7A (and as visualized as the
smaller dW/dT intensity in Figure 6-7B), the onset temperature (To) of both the CNC and PA-
CNC are the same, with values at 289°C. Between 120°C and 320°C, CNC has a 48% weight loss,
whereas PA-CNC has an increase in weight loss to 52% due to the degradation of the added alkyl
groups. The remaining mass for both samples are attributed to char from the degradation of
cellulose.!” CNC and PA-CNC also have the same first derivative peak temperature (Tp) of 300°C,
as shown in Figure 6-7B. The data from the thermograms confirm that the propylamine
modification of CNC does not significantly affect the thermal stability of CNC.

Effect of Propylamine Modification on CNC-Nylon 6 Composite Films. As mentioned
previously, one of the most common challenges when using CNC in polymer composites is the
dispersion of the particles to allow for adequate interface interactions. For CNCs, the polar-
hydrophilic and nonpolar-hydrophobic interactions of CNC and the matrix, respectively, are
deemed responsible for poor dispersibility leading to irreversible agglomeration.?® By modifying
the CNC surface, the surface energy is lowered thus promoting favourable non-polar interactions
with the polymer matrix.?-3% This has been demonstrated in multiple studies where modified CNC
exhibits lower surface energies and better dispersion in organic solvents and non-polar polymers.>%
31 More specifically, the modification of CNC with alkyl molecules is favoured as the long chains
can interact with and entangle in the polymer chains, as well as potentially co-crystallize with the
polymer creating an interphase between CNC and the polymer.” 2 Thus, we expect that the

addition of the propylamine on CNC may promote these interactions.
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Figure 6-8. Elastic moduli for the CNC or PA-CNC and Nylon 6 composite films. The blue line is for unmodified
CNC and the orange line is for PA-CNC.

The elastic moduli for the films are presented in Figure 6-8B. The addition of unmodified
CNC increased the elastic modulus of the films to a maximum of 2.50 wt% CNC. For the modified
PA-CNC films, the elastic moduli of Nylon 6 decreased at all PA-CNC loadings compared to neat
Nylon 6. Though the alkylamine molecule on CNC was thought to increase filler-matrix
interactions, the poor dispersity of the individual CNCs in formic acid may cause aggregation and
therefore decrease the ability of PA-CNC to interact with Nylon 6. As seen with the CNC-Nylon
6 films in Chapters 2 and 5, CNC aggregates can act as fracture points thus lowering the reinforcing
potential of the additive in the films. Additionally, the three-carbon alkyl molecule chosen here
may be too short to adequately interact and disperse within Nylon.*? It has been found that long
chain alkyl molecules on CNC can favourably interact with polymer matrices,” !? therefore further
work using longer chain alkylamines or additional grafting via the terminal amine to form longer
chains can provide alternate routes for compatibilization using the modification method presented

in this Chapter.
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6.4 Conclusion

Cellulose nanocrystals were modified with an alkylamine group using diazonium mediated
surface functionalization. This is the first time this reaction has been applied to nanosized CNC.
First, a dimethyl diazonium molecule was prepared in-situ. Due to the steric hinderance of the two
methyl groups ortho to the diazonium functionality, radical formation was diverted from the CNC
surface to an alkyl halide. The radical alkyl halide then forms a covalent bond with the CNC
surface, forming a propylamine modified CNC (PA-CNC). The colour of the final modified
product changed from off-white to yellow and did not stay dispersed in water overtime compared
to unmodified CNC. Due to the large characteristic peaks of CNC in FTIR, other methods,
including CHNS and XPS were used to confirm grafting. Both characterization methods showed
an increased in nitrogen and carbon content after modification, which is consistent with bonding
of an alkylamine on the surface. The degree of substitution was calculated using the nitrogen
content as determined by CHNS, with a value of DSS = 0.25. The thermal stability of CNC did
not significantly change after modification as evaluated by TGA and DTG. Finally, thin films
containing the modified CNCs in Nylon 6 were produced, where the elastic modulus of the thins
were similar to unmodified CNC films up to 1 wt%. At 2.5wt% and higher, the PA-CNCs
decreased the elastic modulus of the films significantly compared to unmodified CNC. The quick
and facile nature of the surface modification presented in this chapter opens up numerous pathways
for increased compatibilization of CNC in hydrophobic matrices or for further reactivity of the
CNC surface via the terminal amine group. Alternate alkyl halides with various functionalities or
chain lengths may also be used for the modification of CNC using this method to tailor surface

properties for use in composites or other functional materials.
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Chapter 7. Conclusions and Future
Directions

7.1 Chapter Summaries

The motivation of the work presented in this thesis was to investigate the effect of CNC in
Nylon 6 nanocomposites and to study the surface modification of CNC using diazonium chemistry.
This thesis presented two polymer processing techniques, spin coating to obtain freestanding thin
films and electrospinning to obtain nanofibre mats. The effect of electrospinning parameters on
the alignment and morphology of fibres obtained with a rotating drum collector was also discussed.
Finally, CNC was surface modified with diazonium cations and with an alkylamine using
diazonium cations with a brief study into the incorporation of the modified CNC in Nylon 6 thin
films. This thesis emphasizes the reinforcing capabilities of CNC in polymer matrices, which
provides an exciting route for industrial polymer applications.

In Chapter 2, CNC-Nylon 6 freestanding thin films were produced using spin coating.
Tensile testing was used to measure the mechanical properties of the films, which showed an
increase in Young’s modulus and ultimate tensile strength up to 1 wt% CNC loading then a
decrease at 2.5 and 5 wt% CNC loading. The decrease in mechanical properties was attributed to
aggregation of CNC at high loadings and the influence of CNC on the crystal microstructure of
Nylon 6, as shown using FTIR and DSC. In neat Nylon 6 films, the a allomorph was the
predominant crystal form. With the addition of CNC, the y allomorph was formed and became
increasingly more apparent at 5 wt% CNC. DSC also revealed a decrease in the heat of fusion and
in percent crystallinity with increasing CNC loading. The appearance of this less stable y

allomorph and the small decrease in percent crystallinity with the increase in CNC loading
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supports the decrease in the mechanical properties. The thermal stability of the films also decreased
with increasing CNC, with the To decreasing in 12°C at 5 wt% CNC. This is due to the degradation
of CNCs as temperatures below that of Nylon 6. This chapter emphasizes the importance of
dispersion and crystal structure when preparing CNC-polymer composites with the goal of
increased mechanical properties.

In Chapter 3, five different processing parameters were investigated for the electrospinning
of aligned Nylon 6 fibres using a rotating drum collector. The parameters investigated were drum
rotation speed, jet focusing, applied voltage, flow rate, and needle-to-collector distance. The
alignment of the fibres improved with increasing drum rotation speed from 0 to 4000 rpm. The
diameters of the fibres decreased with increasing drum rotation speed due to the faster pulling and
stretching of the fibres while spinning. In order to obtain greater alignment of the fibres, a copper
wire was fashioned into a ring and placed on the needle to focus the jet while spinning. At 2500
rpm, only 58% of the fibres were aligned within 30° of the norm. When increased to 4000 rpm,
83% of the fibres were aligned within 30°. Though fibre diameter did not vary significantly at 3000
or 4000 rpm when changing the applied voltage, flow rate, or distance, small trends were observed,
and the alignment of the fibres were improved in some cases. When changing applied voltage (14-
24 kV), the fibre diameters stayed consistent, but the fibre alignment was the best at 21 kV. When
changing flow rate (1-7 pL/min), the fibre diameters decreased at 7uL/min and were the thickest
at 5 pL/min, and the alignment was not significantly affected. When changing distance (5-13 cm),
the fibre diameter increased with increasing distance at 13 cm and showed the best alignment also
at 13 cm. This chapter emphasizes the importance in choosing processing parameters when

obtaining optimally aligned fibres during electrospinning.
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In Chapter 4, CNC was incorporated into Nylon 6 and the solutions were electrospun using
either a stationary or rotating drum collector, which yielded randomly distributed and aligned
fibres, respectively. The aligned fibres had smaller fibre diameters at all CNC loadings compared
to the randomly distributed ones, as described in the previous Chapter. TEM was used to visualize
the aligned fibres, and it was found that CNCs were aligned parallel to the fibre axis. The aligned
fibres also had significantly higher elastic moduli and tensile strengths compared to the random
fibres at all CNC loadings. This is due to the higher stiffness of the fibres when they are aligned
in the testing direction. However, the randomly distributed fibres exhibited higher strain at breaks
due to the greater freedom of the individual fibres to move during testing. In either the randomly
distributed or aligned fibre mats, a loading of 1 wt% CNC showed the highest mechanical
properties. Similar to the thin films, the decrease in mechanical strength above 1 wt% CNC was
attributed to the aggregation of CNC and its influence on the crystal microstructure of Nylon 6.
FTIR and XRD showed that electrospinning induced the crystallization of Nylon 6 predominantly
in the y form, and CNC decreased the crystallization of Nylon in both the a and y forms causing
the fibres to become more amorphous. This is also seen in DSC by the slight decrease in percent
crystallinity and a decrease in the heat of fusion with increasing CNC loading. Again, CNCs
decreased the thermal stability of the fibres, with a decrease in the To by 23°C and Tp by 15°C at
5 wt% CNC. This chapter emphasizes the difference between electrospun randomly distributed
and aligned fibres, and the importance of CNC dispersion and polymer crystallinity on the
mechanical properties of the composite fibres.

In Chapter 5, CNC was surface modified with diazonium cations. The synthesis of the
diazonium cations were performed using either ex-situ or in-situ diazotization. 4-

Nitrobenzenediazonium (4-dNB) was used as a benchmark molecule for characterization, which
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utilized the ex-situ diazotization. The surface modification of CNC with 4-dNB was confirmed
using FTIR, CHNS, and XPS. TGA was used to characterize the thermal stability of the modified
CNC product and was found to decrease with the addition of the diazonium multilayer. In-situ
diazotization was used to form 4-aminobenzyldiazonium (4-dABA) and p-
aminobenzenediazonium (p-dAB), and the grafting of the diazonium molecules on CNC was
confirmed using FTIR. Finally, the modified CNCs were incorporated into Nylon 6 solutions and
spin coated to create thin films. The preliminary mechanical results of the samples showed that the
modification of CNC with a diazonium multilayer decreased the elastic moduli, regardless of
diazonium molecule used, up to 2 wt%. This chapter emphasizes the modification of CNC with
diazonium cations, which has not been previously reported in the literature.

In Chapter 6, CNC was surface modified with propylamine using a diazonium mediated
reaction. 2,6-Dimethylaniline was converted into a diazonium cation, but due to the steric
hinderance of the ortho methyl groups cannot bind to CNC. Instead, radical formation is diverted
to the small 3-bromopropylamine molecule which then forms a propylamine (PA) radical. The PA
radical then reacts with the CNC surface to yield alkyl modified CNC. The alkylation of CNCs
caused them to become more hydrophobic, as seen visually when PA-CNC did not stay dispersed
in water when left over time. The modified CNCs also did not differ significantly in aspect ratio
compared to unmodified CNCs, as shown by TEM. The surface modification was confirmed using
FTIR, CHNS, and XPS. TGA was used to characterization the thermal stability of the modified
CNC product and was found to decrease with the addition of PA on the surface. This chapter
emphasizes the use of indirect modification of CNC using diazonium chemistry to obtain

hydrophobic alkyl modified CNC.
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7.2 Future Directions

7.2.1 Post-Functionalization of Diazonium or Propylamine Modified CNC

The diversity of functionalities on diazonium cations opens the door to countless additional
reactivities. As presented in Chapters 5 and 6, amine terminated molecules can be successfully
grafted onto CNC. The primary amine groups provide further reactivity that can be exploited using
covalent or electrostatic crosslinking. For example, a recent article published by Adel-Mehraban
et al. reduced both ends of the p-aminobenzenediazonium (p-dAB) molecule I presented in
Chapter 5.! The molecule was bound to a Cu substrate then a graphene layer was covalently bound
to the substrate via the para -N>" end of the p-dAB molecule. This mechanism can also be utilized
to crosslink individual CNCs together or to crosslink CNCs between the polymer chains for

enhanced composite toughness.??

7.2.2 Incorporation of Modified CNC in Nylon 6 Electrospun Fibres

The mechanical results presented in Chapter 4 showcase the reinforcing impact of
unmodified CNCs in electrospun fibres. The next step for the use of CNC is surface modification
in order to obtain different or enhanced properties. For example, our group recently published a
paper reporting the modification of CNC with stearic acid and the increase in the mechanical
properties of Nylon 6 films with the addition of the modified CNC. For use in electrospinning, the
long 18 carbon stearic acid molecule may cause favourable chain alignment or entanglement as
well as enhanced CNC-polymer interactions,* especially in aligned fibres. This may drastically

increase the elastic moduli of modified CNC-Nylon 6 aligned fibre mats.
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7.2.3 CNC-Polymer Electrospun Yarns

Figure 7-1. Photographs depicting the yarn spinning of Nylon 6 solutions: A) yarn spinning setup with the two syringe
pumps, cone collector, and drum collector, B) side-view of cone collector and motor powering the rotation of the cone,
and C) collection of the polymer yarn onto the rotating drum collector.

The scaling up of electrospun fibre mats includes post-processing the fibres into yarns for
use in ropes or textiles.’ I have done some preliminary work on the yarn spinning of Nylon 6. The
electrospinning setup that myself and Jiawei Chen, a PhD student in Dr. Ayranci’s group, made is
pictured in Figure 7-1A. In yarn spinning, two syringes have voltages of opposite charges applied
to them. A concave metallic cone is placed between the syringes and the fibres are collected on
the cone while it spins (Figure 7-1B). Once a sufficient number of fibres are collected across the
base of the cone, the fibres are carefully pulled from the centre of the base and the bundle of fibres
is placed on a rotating drum collector (Figure 7-1C). The combination of the rotation of the cone

and the rotation of the drum collector causes twisted yarns to be produced.
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Figure 7-2. SEM images of electrospun Nylene yarns.

Figure 7-2 shows preliminary SEM images using Nylene, an extrusion grade Nylon 6. The
individual fibres formed during electrospinning are twisted into fibre bundles that end up as yarns.
Optimization would need to be done to obtain yarns of consistent thickness and toughness to
prevent snapping of the yarns during collection. Then, the next steps for the yarn spinning would
be the addition of CNC to Nylon and the production of spools of yarn that could eventually be
braided into ropes using a yarn braiding machine.®’ Other polymers could also be yarn spun with
CNC, such as polyethylene glycol (PEG) or polyvinyl alcohol (PVA), and the addition of surface

molecules on CNC that change its colour could also act as dual reinforcing and dyeing agents.®
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