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Chapter 1 General Introduction

Chapter 1

General Introduction

1.1 Cellulose
1.1.1  Briefintroduction

Cellulose, (1—4)-f-p-glucan, is the most abundant carbon resource on earth (Figure 1.1). It is produced by
plants, trees, bacteria and some animals (tunicate) via the biosynthesis, and the total annual biomass
production is as high as 1.5 x 10" tons." Because of the increasing demand for sustainable and
environmentally friendly products, cellulose is a prime candidate for replacing oil-based feedstocks. Due to its
favorable properties such as hydrophilicity, chemical stability, biodegradability, biocompatibility, and
renewability, cellulose has been historically used in various material fields such as textile, and pulp and paper
industries. Since cellulose molecule contains three hydroxyl groups in an anhydroglucose unit (position 2, 3
and 6 of the anhydroglucose unit, Figure 1.1), physical and chemical properties of celluloses can be tailored
by substitution of the hydroxyl groups. Such cellulose derivatives have been produced on an industrial scale,
and contributed to the development of high-tech materials such as flat panel components in liquid crystal

displays, hollow fibers for artificial kidney dialysis, components of medicines, and food additives.

OH OH o
OH o OH
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Figure 1.1. The chemical structure of cellulose (n: degree of polymerization).

1.1.2  Structure and morphology of cellulose microfibrils

Cellulose is organized into unique crystalline nanofibrils via the biosynthesis.” The nanofibrils are typically

called cellulose microfibrils.’ The cellulose microfibrils are the smallest elements next to cellulose molecules,
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Figure 1.2. Schematic of the unit cells for cellulose I, (triclinic, red line) and Iz (monoclinic, blue line). (a) Crystal
structure of cellulose I viewed orthogonal to the ab plane with the unit cells of cellulose I, and Ig, (b) relative

configuration of I, with respect to I unit cell, and the models of I, (c) and Ig (d) unit cells.

and composed of two different allomorphs (Figure 1.2), namely cellulose I, (a triclinic and one-chain unit cell)
and I (a monoclinic two-chain unit cell),*® which are collectively called cellulose L. In the cellulose I crystals,
cellulose chains are tightly packed with a parallel-up configuration, and the microfibrils exhibit high
crystallinity. The aspect ratios of the microfibrils are as high as >300, with small widths of 2-20 nm, and these
sizes depend on the source of cellulose origin. The microfibrils show excellent physical properties such as
high crystal moduli (130-150 GPa),”” high strength (3-6 GPa),'® and a low coefficient of thermal expansion
along the c-axis direction (6 ppm K™),"" arising from their high crystallinity.

Higher plant celluloses form especially ultrafine cellulose microfibrils with ~3 nm in width consisting of
approximately 30—40 cellulose chains (Figure 1.3), and the microfibrils play a significant role on the structural
support of the plant bodies. Because of their mechanical reinforcing potential and nano-size, the plant
cellulose microfibrils have been attracting attention as renewable building blocks in nanomaterials, and
isolation of the microfibrils from the plant body is a critical challenge that must be met to successfully
produce high-performance nanomaterials. However, it is difficult to isolate the microfibrils because they are
firmly hooked up with one another by interfibrillar attractive forces such as hydrogen bondings. Therefore,
extensive research has been reported on the production technique of nano-fibrillated celluloses, which is

typically called nanocelluloses, based on both mechanical and chemical approaches.



Chapter 1

General Introduction

Tree Fibers Cellulose fiber Cellulose Cellulose
microfibrils molecule
o &
‘.: Ulbt
M
. < ‘.. ..""
Fiber surface ‘O
- = @i . v
/ (] i 4 Pe
-
» ‘. L' «
i
L »
by
W &
ot s
't
« *'. ) s
P
= »
] Saw
[ Tew
«a [
"
< ’
¢ Sl
o \;&"‘:
W, .
t«.I.. LS
« g
L3 H. b
< &uc‘
™ ry é
\ Bt ] oy | ‘v
Wood Wood tissue width 20-30 um | |
length 1=3 mm width ~3 nm
length > 1 um

Figure 1.3. The hierarchical structure of wood celluloses.

1.2 Nanocelluloses
1.2.1  Cellulose nanowhiskers

Stable suspensions of rod-like crystalline cellulose nanoparticles can be prepared by submitting native
cellulose to a harsh sulfuric acid hydrolysis often followed by ultrasonication. Such nanoparticles are typically
called “cellulose nanowhiskers”. Cellulose nanowhiskers can be extracted generally from plants and the
mantle of tunicates, and the shape and size are more or less fixed by the source of the cellulose. The sulfuric
acid treatment provides sulfate ester groups on cellulose crystal surfaces, and the negatively-charged sulfate
groups on the surface of the nanowhiskers make it possible for them to be stably suspended in aqueous media.
Prolongation of the hydrolysis time induces not only an increase in surface charge but also decreases in both

yield and length of the fibrils. Controlled sulfuric acid hydrolysis of wood cellulose yields suspensions of
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highly crystalline nanowhiskers with ~5 nm in width and 100-300 nm in length,'* with yields of 30-50 %.
The preparation of cellulose nanowhiskers by the treatment of wood or cotton fibers with sulfuric acid was
first reported by Ranby."*'* In 1959, Marchessaut et al. discovered that the nanowhisker suspensions display
birefringence beyond a critical concentration."” Revol et al. demonstrated in the early 1990s that cellulose
nanowhiskers form a chiral nematic liquid-crystalline phase.'® Following this discovery, the optical and

liquid-crystalline properties of cellulose suspensions were the focus of several studies.'”*

1.2.2  Microfibrillated celluloses

Microfibrillated cellulose (MFC) can be prepared from wood cellulose by harsh aqueous mechanical

23-24 25-26

treatment, such as a high pressure homogenizer treatment, a grinder treatment, a microfruidizer
treatment,”’ and a pressure refiner treatment.”® The homogenization process results in disintegration of the
wood celluloses, and viscous MFC suspensions in water can be obtained. Since MFC is usually consists of
bundles of cellulose microfibrils, the width and length of MFC are typically in the range of 20—40 nm and
several micrometers, respectively. Enzymatic pretreatment can facilitate the nanofibrillation during the

mechanical treatment, and MFCs with 5-30 nm*

in width are successfully prepared. By drying the MFC
gels, stiff, strong, and tough MFC films can be prepared.’’? Taking advantage of their fine web-like and

highly fibrous network structure, flexible and deformable “sponge-like” aerogels can also be prepared by

freeze-drying of aqueous MFC gels. ™

1.2.3  TEMPO-oxidized cellulose nanofibrils

Catalytic and selective oxidation of primary hydroxyl groups of carbohydrates using
2,2,6,6-tetramethylpiperidiniyl-1-oxyl (TEMPO) has opened up new possibilities of development of
polysaccharide chemistry (Figure 1.4). Since the first report by de Nooy et al.,** this technique has been

applied to various kinds of polysaccharides to obtain the corresponding polyuronic acids.*>*’
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Figure 1.4. Regio,.3selective oxidation of C6 primary hydroxyls of cellulose to C6 carboxylate groups by
TEMPO/NaBr/NaClO oxidation in water at pH 10.

Recently, the TEMPO-mediated oxidation has been applied to native celluloses to obtain cellulose
nanofibrils.*** The oxidation can selectively and efficiently convert the C6-primary hydroxyl groups exposed
on crystalline cellulose microfibrils to C6-carboxylate groups.* The original crystal structure of cellulose I, the
crystallinity indices and the crystal sizes were unchanged after the oxidation.*"***> The oxidized nanofibrils
can be individualized at the microfibril level by gentle mechanical treatments in water, by repulsive forces
such as osmotic pressure and/or electrostatic repulsion. When wood celluloses are used, the obtained
TEMPO-oxidized wood celluloses are convertible to TEMPO-oxidized cellulose nanofibrils (TOCNs) of ~3 nm
in width and >1 pm in length dispersed at the individual nanofibril level in water. Figure 1.5 shows
characteristic images of cellulose nanowhiskers, MFC, and TOCNs, which were prepared from wood
celluloses. TOCNs have obviously higher dispersibility and aspect ratios with a uniform width of ~3 nm, than
the other nanocelluloses. Therefore, TOCNs are attractive building blocks for nanomaterial architecture.
Transparent TOCN films can be prepared by casting the TOCN dispersions in water, and the films exhibit high
gas barrier properties,* low thermal expansion rates,*® and high Young’s modulus and strength.** *® The

TOCN dispersions can also be converted to stiff hydrogels and tough aerogels.*®
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Figure 1.5. TEM images of nanocelluloses: (a) cellulose nanowhiskers,”(b) MFC, and (c) TOCNs.*!

1.3 Cellulose/polymer nanocomposite
1.3.1  Polymer nanocomposite

Polymers have been a part of life in the world because of their advantages such as ease of production, light
weight, and often ductile nature. However, polymers have lower modulus and strength as compared to metals
and ceramics. One way to improve their mechanical properties is to reinforce polymers with rigid fillers such
as minerals, ceramics, or metals. Using this approach, mechanical properties of the polymers can be

50-51 <

effectively improved with small additions of the fillers. Since the first reports in the late 1980s, polymer

nanocomposite”, which is the polymer material reinforced with nanofillers, has attracted substantial academic

52-54 55-57

and industrial interest. Recently, carbon nanotubes, graphene, and nanoclays,sg'60 have often been used
as nanofillers in polymers, and the mechanical properties of the polymers, such as strength, elastic modulus,
and thermal deformation can be substantially improved with small amounts of the fillers. Therein, the rigid
nanofillers serve as the load bearing and reinforcing part, and the stress is transferred at the interface between
the nanofillers and polymer matrices. Since specific surface areas of the nanofillers are several orders of larger

than those of microfillers, the nanocomposites often exhibit superior mechanical properties to traditional

microcompostes with the small addition.
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1.3.2  Cellulose/polymer nanocomposite

Cellulose nanofibrils hold great potential as a renewable alternative to the above-mentioned nanofillers. The
cellulose nanofibrils have high elastic modulus and large specific surface areas, and therefore, contribute to the
principal structural support of living plant bodies. Because of their reinforcing potential, the use of the cellulose

nanofibrils as nanofiller has attracted considerable interest. In the mid-1990s,%'%*

Favier et al. first reported the
reinforcing potential of tunicin cellulose whiskers in poly(styrene-co-butyl acrylate) matrix, by casting a
mixture of aqueous suspensions of the poly(styrene-co-butyl acrylate) latex and the nanowhiskers. They
demonstrated that the storage modulus of the polymer can be significantly increased above the glass—rubber
transition temperature by the addition of the nanowhiskers, which was well explained by the percolation
model. Following these reports, a number of cellulose nanofibril/polymer nanocomposites have been reported
so far.% Most of these works have focused on improvement in elastic modulus and tensile strength of

6667 thermal conductivity™ optical

polymers. Besides these properties, coefficient of thermal expansion,
properties,”” and oxygen barrier property” of cellulose/polymer nanocomposites have been investigated for

their wider applications such as electronic devices, packaging, and biomedical applications.

1.3.3  Challenges for cellulose/polymer nanocomposite: Problem statement

Although cellulose/polymer nanocomposites generally exhibit better thermal dimensional stability, elastic
moduli, and tensile strengths than neat polymers, the cellulose nanofibrils inherently have two main issues as a
nanofiller because of their polar and hydrophilic nature: (i) low dispersibility in polymer matrix and (ii) poor
interfacial interaction with the matrix. Low dispersibility of the nanofibrils in polymer nanocomposites leads to
mechanical properties far below theoretical predictions, and poor interactions between the nanofibrils and
polymer matrices generally result in brittle behavior of the resultant nanocomposites. A possible solution for
this is surface modification of the cellulose nanofibrils. Suitable surface modification can improve not only the
dispersibility but also the nanofibrils/polymer interfacial interaction, which leads to effective stress transfer to

the nanofibrils.



Chapter 1 General Introduction

1.4 Surface modification of cellulose nanofibrils

1.4.1  Surface modification of cellulose nanofibrils
Various kinds of surface modification methods have been applied to cellulose nanofibrils so far. Covalent

modification of the hydroxyl groups on the nanofibril surfaces is a simple and major technique for tailoring the

71-73 97476 3977-84

surface properties, which is through acetylation,” " esterification by “grafting onto or “grafting from

85-86 87-89

method, etherification, urethanation, and silylation.go'92 However, it is generally difficult to control the
covalent reactions; the reactions could proceed into the crystallite core, which leads to losing the unique
characteristics of crystalline cellulose nanofibrils. Physisorption of surfactant on cellulose whiskers enhance the

93-94

dispersibility in nonpolar organic solvents, and using the dispersions, mechanically enhanced

cellulose/polypropylene nanocomposite can be prepared.”°

1.4.2  Selective surface modification of TOCNs

The chemical modification of hydroxyl groups on the crystalline cellulose surfaces has the problem that
the reaction could proceed to the internal region of the cellulose. On the other hand, cellulose nanofibril
surfaces can be selectively and densely modified by using carboxyl groups of TOCNs. On the surface of

40, 43-44

TOCN:S, carboxyl groups densely exist, and the carboxyl groups can be used as selective anchoring sites

for further modification of the nanofibril surfaces.””'"

The main advantage of this strategy is that cellulose
nanofibril surfaces can be selectively modified without losing the unique reinforcing potential of the

nanofibrils.

1.5 Research objectives

The first objective of this research was to selectively modify the TOCN surfaces to facilitate their
dispersion in organic media. TOCN surfaces were selectively modified on covalent and non-covalent
approaches, by using surface carboxyl groups as anchoring sites (Figure 1.6). The dispersibilities of the

surface-modified TOCNs were evaluated in various organic solvents. The second objective was to develop
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Figure 1.6. Schematic illustration of the process for the preparation of TOCN/polymer nanocomposites.

TOCN/poly(;-lactide) (PLLA) nanocomposites using the surface-modified TOCNs as nanofillers. The
mechanical reinforcing properties of the surface-modified TOCNs were evaluated using theoretical models,
and compared against those of surface-modified single-walled carbon nanotubes. Moreover, the effect of

surface-modified TOCNs on crystallization kinetics of PLLA was evaluated.
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Chapter 2
Selective Surface Modification of Cellulose Nanofibrils through

TEMPO-Mediated Oxidation

2.1 Abstract

Nanoscale surface engineering of crystalline cellulose nanofibrils has been developed through selective
modification of carboxyl groups on the surface of 2,2,6,6-tetramethylpiperidiniyl-1-oxyl-oxidized cellulose
nanofibrils (TOCNs). TOCNs were prepared from wood cellulose, and the surface carboxyl groups were
selectively modified on covalent and non-covalent approaches by the use of carbodiimides and amines. When
TOCNs were reacted with either N,N’-diisopropylcarbodiimide (DIC) or N,N’-dicyclohexylcarbodiimide
(DCC), diisopropyl or dicyclohxyl groups were selectively introduced on the carboxyl groups via N-acylurea
structures, respectively. Convertion ratios of carboxyl groups to N-acylureas were approximately 80 and 60 %,
when DIC and DCC, respectively. When primary alkyl or polyethylene glycol (PEG) chains were used, they
were introduced onto most of (>95%) carboxyl groups on the TOCN surfaces via ionic bondings. The carbon
number of alkyl chain lengths introduced onto TOCNs varied using n-decyl-, n-dodecyl, n-tetradecyl-,
n-hexadecyl- and n-octadecyl-amines, and the DP,s of PEG chains used were 23 and 48. The dispersibility of
the TOCN-N-acylureas, alkylated-TOCNs, and PEG-TOCNs were investigated in various kinds of organic
solvents. Original TOCNs are dispersed only in water or polar organic solvents. On the other hand, after
surface modification, the surface-modified TOCNs were stably dispersed not only in water and polar organic

solvents but also in nonpolar organic solvents such as chloroform and toluene.

2.2 Introduction

Controlling the dispersion of cellulose nanofibrils in polymer matrices is the most important in the

development of high-performance polymer nanocomposites; the properties of the nanocomposites result
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primarily from the dispersibility of the nanofibrils. However, it is generally difficult to disperse the nanofibrils
in polymer matrices, because they have high surface energies and are prone to aggregation in various media,
not only in aqueous solution but also organic media. Therefore, the development of surface-modification
techniques for the dispersion of the nanofibrils is required toward their wider applications.

Stable dispersions of cellulose nanowhiskers with negatively charged sulfate groups have been prepared in
polar organic solvents such as N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO)." Okita et al.
reported that 2,2,6,6-tetramethylpiperidiniyl-1-oxyl (TEMPO)-oxidized cellulose nanofibrils (TOCNs) were
able to be stably dispersed at the individual nanofibril level in polar organic solvents such as DMEF,
N,N-dimethylacetamide (DMAc), N-methyl-2-pyrrolidone (NMP), 1,3-dimethyl-2-imidazolidinone (DMI) in
high yields by converting the sodium carboxylate groups of the TOCNs to free carboxyl groups
(TOCN-COOH).’ In these organic solvents, the sulfate or carboxyl groups on the surfaces were sufficiently
dissociated, which allowed them to be individually dispersed by osmotic effects and/or electrostatic repulsion
between the anionically charged fibrils. By using the organic solvent dispersions of cellulose nanowhiskers or
TOCNSs, mechanically enhanced polymer nanocomposites can be prepared by simple solvent casting
method.”” However, the dispersibility is limited in polar organic media, and the nanofibrils were not dispersed
in common low or non-polar organic solvents such as isopropyl alcohol (IPA), chloroform, and toluene, which
are good solvents for a wide range of organic materials. This is likely because that the dielectric constants of
these solvents are too low to sufficiently dissociate the surface sulfate or carboxyl groups.

The goal of this study was to develop a method to individually disperse cellulose nanofibrils in various
kinds of organic solvents. To achieve this goal, the surface carboxyl groups of TOCNs were selectively
modified on covalent and non-covalent approaches; the former involved the use of carbodiimides to form
N-acylurea formation with the carboxyl groups, and the latter involved the formation of ionic bondings with

alkyl amines or amine-terminated polyethylene glycol (PEG-NH,).
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2.3 Materials and methods
2.3.1  Materials

A never-dried softwood bleached kraft pulp (SBKP, Nippon Paper Ind., Japan), which contained
approximately 90% cellulose and 10% hemicelluloses, was used as the original wood cellulose. The SBKP was
stirred in a diluted HCI solution at pH ~2.5 for 2 h at 1% consistency for demineralization, and then washed
repeatedly with water by filtration. TEMPO, sodium bromide, a 13% NaClO solution, DMF, DIC, DCC,
n-decyl-, n-dodecyl-, ntetradecyl-, n-hexadecyl-, n-octadecyl-amines (C;o-, Ci2-, Ci4-, Ci¢-, and Cig-amines,
respectively), and other chemicals and solvents were commercial products of laboratory grade (Wako Pure
Chemicals, Japan), and used as received. PEG-NH, (SUNBRIGHT MEPA-20H, M,, 2182) was obtained from

NOF Corp. (Tokyo, Japan).

2.3.2  Preparation of TOCNs

TEMPO-oxidized cellulose was prepared from SBKP by the TEMPO/NaB1r/NaClO system. The SBKP (1
g) was suspended in water (100 mL) containing TEMPO (0.016 g, 0.1 mmol) and sodium bromide (0.1 g, 1
mmol). The NaClO solution (10 mmol) was added to the slurry, and the mixture was stirred at room
temperature and pH 10, where the pH was maintained by addition of 0.5 M sodium hydroxide solution.. The
TEMPO-oxidized cellulose (1 g) was treated further with sodium chlorite (1.8 g) in 0.5 M acetate buffer (90
mL) at pH 4.8 and room temperature for 2 days to convert residual C6-aldehydes to C6-carboxylates. The
TEMPO-oxidized cellulose was suspended in water (100 mL) at a 0.1 w/v % solid content, and the slurry was
homogenized at 7500 rpm for 1 min at room temperature using a double-cylinder-type homogenizer
(Physcotron, Microtec Nition, Japan). The gel thus obtained was then sonicated for 4 min using an ultrasonic
homogenizer with a 26-mm diameter probe tip at 19.5 kHz and 300 W output power (US-300T, Nissei, Japan)
and converted to a transparent aqueous dispersion of TOCNs with sodium carboxylate groups

(TOCN-COONa).
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2.3.3  Formation of N-acylureas

A transparent and flowable 0.1% w/v TOCN-COOH/DMF dispersion was obtained by sonicating
TOCN-COOH gels in DMF.>® DIC or DCC of 5 mol per mole of carboxyl groups of TOCN-COOH was
added to the 0.1% TOCN-COOH/DMF dispersion, and the mixture was stirred at room temperature for 6, 12
and 24 h under apparently homogeneous conditions. The mixture was then poured into a mixed solution of
0.01 M HCI and ethanol (1:1 by volume). The gel-like precipitate thus formed was collected by centrifugation,
and washed repeatedly with ethanol by centrifugation. Ethanol in the mixture was completely exchanged to
t-butanol by repeated centrifugation, and then the TEMPO-oxidized cellulose reacted with either DIC or DCC

was obtained by freeze-drying. Chemical structures of DIC and DCC are shown in Figure 2.1.

< Q5

DIC DCC

=C=

Figure 2.1. Chemical structures of N,N’-diisopropylcarbodiimide (DIC) and N,N’-dicyclohexylcarbodiimide
(DCC) used in this study.

2.3.4  Amine-salt formation with alkyl amines

The TOCN-COOH was nano-dispersed in a water-IPA mixture (1:1 by vol.) by sonicating TOCN-COOH
gels in the mixture.® A 1 % w/v solution of Cio-, Ci2-, Ci4-, Cis- or Cis-amine in IPA was slowly added to the
0.1 w/v % homogeneous dispersion of TOCN-COOH in water-IPA mixture under continuous stirring, in
which the amine/carboxyl ratio was adjusted to 1:1 by mol. All dispersions maintained the original
homogeneous states after the amine additions, and the dispersions were stirred at room temperature for 1 h.
When the Cis-amine was used, the dispersion was heated at 50 °C to completely dissolve the Cis-amine in the
water-IPA mixture. All TOCN-COOH/amine salts homogeneously dispersed in water-IPA mixture turned to

soft gels by the addition of excess water. The gels thus formed were washed with IPA to remove water and to
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solvent-exchange water-IPA for each organic solvent by repeated (>5 times) centrifugation at 12,000g for 15
min. These 0.1% (w/v) amine-treated TOCN gels suspended in each organic solvent were then subjected to
sonication for 1 min using an ultrasonic homogenizer (US-300T, Nihonseiki, Japan) with a 7 mm diameter

probe tip at 19.5 kHz and 300 W output power.

2.3.5  Amine-salt formation with PEG amines

1 M HCl was slowly added to the TOCN-COONa/water dispersion to form TOCN-COOH. The medium was
adjusted to pH ~2 and then stirred at room temperature for 30 min. The TOCN-COOH gel particles thus formed
were collected and washed with water, and then solvent exchanged through ethanol into each chosen solvent by
centrifugation or filtration. A 5 % w/v solution of PEG-NH, dissolved in each organic solvent was added to the
cellulose nanofibril gel, where the molar ratio of PEG-NH, to the carboxyl groups of TEMPO-oxidized
cellulose was adjusted to 1:1. The PEG-grafted cellulose nanofibril (PEG-TOCN) dispersions were obtained

after sonication for 3 min.

2.3.6  Analyses

Light transmittance spectra of the dispersions and films were measured from 400 to 800 nm with a
spectrophotometer (JASCO V-670). Fourier transform infrared (FT-IR) spectra of the TOCN films were
recorded using a JASCO FT/IR-6100 spectrometer under transmission mode from 400 to 4,000 cm™" with a 4
cm™ resolution. The degree of substitutions of the carboxyl groups were evaluated by determination of
nitrogen contents using an elemental analyzer (Flash 2000, Thermo Scientific, USA). X-ray diffraction
patterns of pellets, which were prepared from the freeze-dried TOCN-related samples by pressing at 750 MPa
for 1 min, were recorded from 10 to 30 ° of diffraction angle 26 using the reflection method by means of a
Rigaku RINT 2000 with monochromator-treated Cu Ko radiation (A 0.15418 nm) at 40 kV and 40 mA.
Crystallinity indices of cellulose I were calculated from the X-ray diffraction patterns. Solid-state *C NMR

spectra were obtained on a CMX300 spectrometer (Varian/ Chemagnetics, USA) operating at 75.6 MHz. The
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sample in a 4 mm zirconia rotor was spun at 5 kHz in a solid-state probe with the magic-angle. All spectra
were obtained by using a "HNMR 90° pulse length of 2.5 us, with a cross-polarization time of 1.0 ms and 60
kHz CW proton decoupling. The repetition timeand accumulation times were 3 s and 24,000, respectively. The
spectra were calibrated by using adamantine as an external standard. The contact angles of 2 pL water droplet
on the pellet samples were measured at 23 ° C and 50% relative humidity using a FAMAS DMS500 apparatus
(Kyowa Interface Science Co. Ltd., Japan). Nano-dispersibility of the isolated and purified reaction products
in each organic solvent was evaluated by visual observation, birefringence behavior between
crosspolarizers,and light transmittance of the dispersion with an UV—Vis spectrophotometer (JASCO V-670)

after ultrasonication in the organic solvent for 2 min.

2.4 Results and discussion

2.4.1  Formation of N-acylureas

2.4.1.1 Chemical structures of reaction products of TOCN-COOH with DIC in DMF

A transparent and flowable TOCN-COOH/DMF dispersion was obtained by the conversion of TOCN-—
COONa to TOCN—COOH, solvent exchange from water to DMF via acetone, and mechanical disintegration
of the gel-like TOCN—COOH particles suspended in dry DMF by sonication. It was initially expected that
carboxyl groups present on the TOCN surfaces could be converted to amides in the TOCN-COOH/DMF
dispersion by the addition of carbodiimide such as DIC or DCC, a primary amine and
4-dimethylaminopyridine (DMAP) as an agent to prevent formation of stable N-acylureas, which are reported
to be suitable for efficient amidation of carboxyl groups under non-aqueous systems.”'® In preliminary
experiments, various reaction conditions, where different amounts of reagents added, temperatures and times
were applied, were tested to prepare TOCN-COOH derivatives with high degrees of amidation. Cg-, Cp, and
Ci;-amines were used as primary amines in the experiments. In all cases examined, the reactions proceeded
under apparently homogeneous conditions, and neither formation of precipitate nor gelation of the mixture

took place during the reactions. Moreover, the original birefringence behavior was observed also after the
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reaction with DIC for 24 h. However, chemical structures of the reaction products after isolation and
purification were clearly different from the original TOCN-COOH, the corresponding amides or TOCN
/amine salts in any cases; no amides were obtained from TOCN-COOH under the reaction conditions.

The TOCN-COOH was then reacted only with DIC of 5 mol per mole of carboxyl groups of
TOCN-COOH in DMF at roomtemperature for 1 day, and the obtained reaction product was first analyzed by
FT-IR (Figure 2.2). The weight recovery ratio was >97%, and most of the recovery loss was caused by
repeated washing and purification processes using centrifugation. The absorption band around 1720 cm™ due
to stretching vibration of free carboxyl C=0O groups mostly disappeared, and new bands at 1698, 1658 and
1536 cm ' due to C=ON, C=ONH and N-HCO groups, respectively,''"* appeared for the reaction product.
The bands at 2750-3000 cm ' were ascribed to C—H stretching vibration of isopropyl groups. Most of other
bands remained almost unchanged after the reaction with DIC. Because the reaction product was washed
thoroughly with 0.01 M HCI, it was not plausible that carboxyl groups of TOCN formed ammonium salts with
DIC-derived compounds. On the other hand, it is likely from the FT-IR spectrum that the reaction product had
N-acylurea groups, which are possible to be formed from carboxyl groups by reaction with carbodiimide and

stably present in the product.' "

T I - |
COOH
1720 cm™
El
L
p m
g |b)
®
<
o
£
a)
1 1 1 1 | 1
4000 3000

Wavenumber (cm'1)

Figure 2.2. FT-IR spectra of the original TOCN-COOH (a) and reaction product of TOCN-COOH with DIC in
DMF at room temperature for 1 day (b). Reproduction of image with permission from Springer (© Springer 2011).
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Solid-state CP-MAS "*C NMR spectra of the original TOCN-COOH and the reaction product are depicted
in Figure 2.3. Although a small signal around 175 ppm due to carboxyl carbons of TOCN—COOH remained
after the reaction, two new signals at 155 and 169 ppm due to two carbonyl carbons of N-acylurea groups
appeared in the spectrum of the reaction product.' "> The signals in the range of 20-50 ppm were ascribed to
—CHs and —CH carbons of isopropyl moiety of the N-acylurea groups. The broad signals at approximately 66
and 63 ppm are ascribed to the C6 primary hydroxyl carbons inside crystalline cellulose microfibril (C6cryst.)
and microfibril surface (C6surf.), respectively, and the signals at approximately 89 and 84 ppm were due to
the C4 hydroxyl carbons inside crystalline cellulose microfibril (C4cryst.) and microfibril surface (C4surf.),
respectively.'*"> The original TOCN and TOCN-N-acylurea in Figure 2.3 had signal area ratios
Cocryst./Césurf. of 0.79 and 0.78, respectively, and had signal area ratios C4cryst./Casurf. of 0.47 and 0.48,
respectively. Because these signal ratios were mostly unchanged before and after the N-acylurea formation, it
can be concluded that the crystalline structure of the original TOCN was intact. Because a part of C6surf.
groups of the original wood cellulose have been converted to C6-carboxyls by TEMPO-mediated oxidation,

the signal area ratios C4cryst./C4surf. (0.47-0.48) were lower than those of Cocryst./Cosurf. (0.78-0.79).
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Figure 2.3. Solid state *C NMR spectra of the original TOCN-COOH (a) and reaction product of TOCN-COOH
with DIC in DMF at room temperature for 1 day (b). Reproduction of image with permission from Springer (O

Springer 2011).
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It can be concluded from Figure 2.2 and 2.3 that carboxyl groups of TOCN-COOH react with DIC in DMF
to selectively form N-acylurea groups (Figure 2.4), and no amidation takes place even by the coadditions of a
primary amine and DMAP under the conditions examined so far. Thus, although amidation of carboxyl groups
of TOCN—COOH could not be achieved by the reaction with DIC, introduction of two isopropyl moieties to
one carboxyl group of TOCN—COOH or introduction of hydrophobic N-acylurea groups into the hydrophilic

carboxyl groups of TOCN-COOH was succeeded by this reaction.
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Figure 2.4. N-Acylation of carboxyl groups of TOCN-COOH with DIC in DMF.

2.4.1.2  The effect of reaction time on the formationof N-acylurea groups

Since the chemical structure of the reaction product was confirmed in the previous section, the
conversion ratios of carboxyl groups of TOCN—COOH to N-acylurea groups by the reaction with DIC in DMF
under various conditions can be calculated from nitrogen contents of the reaction products. The relationship
between reaction time and the conversion ratio of carboxyl groups to N-acylurea groups is presented in Figure
2.5. Approximately 80% of carboxyl groups of TOCN-COOH were converted to N-acylurea groups after the
reaction for 12 h at room temperature, and this conversion ratio was almost unchanged even after the reaction
for 24 h. Because the weight recovery ratio of the product prepared by the reaction for 24 h was 97%, the
yield of the product was calculated to be 83% based on the N-acylurea structure of the product with the

COOH — N-acylurea conversion ratio of 78%.
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Figure 2.5. Change in conversion ratio of carboxyls of TOCN to N-acylurea groups during reaction with DIC in

DMF at room temperature for 0—1 day. Reproduction of image with permission from Springer (© Springer 2011).

When the amounts of DIC added were 1-3 mol per mole of carboxyl groups of TOCN—-COOH, the
conversion ratios were lower than 20% even after the reaction for 1 day. Meanwhile, when the amounts of
DIC added were increased to 7—10 mol per mole of carboxyl groups of TOCN—-COOH, the conversion ratios
were almost the same 80%. Thus, 5 mol per mole of carboxyl groups seemed to be the optimum addition level

of DIC examined so far.

2.4.1.3 Reaction of TOCN-COOH with DCC in DMF

When DCC, which is more bulky than DIC, was used in place of DIC as the reagent for the N-acylurea
formation of TOCN—COOH, similar results were obtained. Figure 2.6 shows the FT-IR spectrum of the
reaction product prepared from TOCN-COOH with DCC of 5 mol per mole of carboxyl groups of TOCN—

COOH in DMF at room temperature for 1 day.

25



Chapter 2 Selective Surface Modification of Cellulose Nanofibrils

COOH
1720 cm™!
3
8 '
Q Y
c b)
@©
2
o
g
a)
) ) ) ) ! )
4000 3000

Wavenumber (cm™)
Figure 2.6. FT-IR spectra of the original TOCN-COOH (a) and reaction product of TOCN-COOH with DCC in
DMF at room temperature for 1 day (b). Reproduction of image with permission from Springer (© Springer 2011).

The FT-IR spectrum was similar to that for the reaction product prepared with DIC in Figure 2.2. The
increased absorption bands at 2800-3000 cm ' are due to CH stretching vibrations of cyclohexyl groups. The
conversion ratio of carboxyl groups of TOCN— COOH to N-acylurea groups was calculated to be 59% from
the nitrogen content, which was lower than that for the reaction product prepared with DIC. Probably, steric
factor of the bulky cyclohexyl groups of DCC resulted in the low conversion ratio. Consequently, however,
formation of N-acylurea groups from carboxyl groups of TOCN-COOH can be intrinsically achieved with

both DIC and DCC in DMF by the method presented in this paper.

2.4.1.4 Characteristics of TOCN-N-acylureas

X-ray diffraction patterns of freeze-dried TOCN before and after the reaction with DIC at room
temperature for 1 day are shown in Figure 2.7. The original cellulose I crystal structure with a relatively low
crystallinity of wood cellulose was maintained in the reaction product. The original TOCN and TOCN-N-

acylurea in Figure 2.7 had crystal widths of 2.8 and 2.7 nm, respectively, when calculated from the full width
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Figure 2.7. X-ray diffraction patterns of the original TOCN-COOH (a) and reaction product of TOCN with DIC in
DMF at room temperature for 1 day (b). Reproduction of image with permission from Springer (© Springer 2011).

at half maximum of the (2 0 0) diffraction peak by Scherrer’s equation. As a result, approximately 80 and 60%
of carboxyl groups present on the crystalline cellulose microfibril surfaces of TOCN-COOH can be converted
to N-acylurea groups by the reaction with DIC and DCC, respectively, in DMF without significant reduction
of the original crystallinity or crystal width of cellulose I. The solid-state >°C NMR spectrum of the reaction
product (Figure 2.3) also supports the same conclusion.

The nano-dispersibility of the TOCN-N-acylureas in organic solvents was evaluated for freeze-dried or
solvent-exchanged and thus never-dried TOCN-N-acylureas prepared with DIC and DCC at the conversion
ratios of 78 and 59%, respectively. DMF, IPA and dioxane were used as the dispersion solvents, and ultrasonic
treatment was applied to the suspensions for 2 min. When the freeze-dried TOCN-N-acylureas were used, no
homogeneous dispersions were obtained and the mixtures always contained gel-like particles or precipitates.
Thus, the once-freeze dried TOCN-N-acylureas could be no longer dispersed at the individual nanofibril level
in these organic solvents, probably because some inter-fibrillar hydrogen bonds are formed during
freeze-drying process. On the other hand, when the never-dried TOCN-N-acylurea gels were

solvent-exchanged to DMF and sonicated in fresh DMF for 2 min, transparent and flowable dispersions with
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birefringence behavior between cross-polarizers were obtained for TOCN-N-acylureas prepared with both
DIC and DCC, showing that nano-dispersion of the TOCN-N-acylureas can be achieved by the solvent
exchange method (Figure 2.8a). However, the TOCN-N-acylureas could not be completely nano-dispersed in
IPA or dioxane even by the solvent-exchange method, and some gels were observed at the upper internal wall
of the sample bottles. The TOCN-N-acylureas dispersed in DMF at the nanofibril level had high light
transmittances of >95% at 600 nm (Figure 2.8b). Moreover, the nano-dispersion states of TOCN-N-acylureas
in DMF were maintained without formation of any aggregates or gels for at least 3 months at room
temperature, showing that the nano-dispersion states are highly stable.

Nano-dispersion mechanisms in DMF are different between TOCN-COOH and TOCN-N-acylureas.
Dissociation of carboxyl groups and the subsequent electrostatic repulsion of TOCN—-COOH elements in DMF
is the primary reason for the nano-dispersion in DMF, which has a high dielectric constant of 36.7.> On the
other hand, solvation of N-acylurea groups (and maybe C2—OH and C3-OH groups as well) with DMF

molecules is likely to bring about the nano-dispersion of TOCN-N-acylureas. Moreover, free carboxyl groups
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Figure 2.8. Photographs of dispersions of the original TOCN-COOH in DMF, TOCN-N-acylureas in DMF, IPA,
and dioxane, taken with or without crossed-polarizers (a). Light transmittance spectra of the dispersions in DMF,

IPA, and dioxane. Reproduction of image with permission from Springer (© Springer 2011).

28



Chapter 2 Selective Surface Modification of Cellulose Nanofibrils

were still remained on the TOCN surfaces even after the reactions, which might have played a role on
dispersing TOCN-N-acylureas. These mechanisms may be less effective in nano-dispersion than those of

TOCN-COOH, resulting in slightly lower light transmitances of TOCN-N-acylureas in DMF (Figure 2.8b).

2.4.1.5 Hydrophobicity of the TOCN-N-acylureas

Contact angles of water droplet on TOCN increased from approximately 45° to 82° and 85° after the
reaction with DIC and DCC, respectively (Figure 2.9). Hydrophobicity of TOCN was thus increased due to
the introduction of hydrophobic diisopropyl and dicyclohexyl groups onto the TOCN surface via N-acylurea
structures. However, water-contact angles on the TOCN-N-acylureas gradually decreased by wetting
expansion as time goes by. This may stem from hydrophilicity of unreacted carboxyl and hydroxyl groups
remaining on the surface of TOCNs after the reaction. The TOCN reacted with DCC had a little higher
water-contact angle than that with DIC, although the TOCN reacted with DCC exhibited lower conversion
ratio of carboxyl groups. This is probably because cycrohexyl groups have higher hydrophobicity than
isopropyls. As a result, hydrophobic nature can be introduced to TOCN by conversion of hydrophilic carboxyl

groups to hydrophobic N-acylurea groups.
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Figure 2.9. Contact angle of water droplet on the pellets made of original TOCN and TOCN modified with DIC or

DCC. The number shown in parentheses indicate the conversion ratio of carboxyl groups to N-acylureas.

Reproduction of image with permission from Springer (© Springer 2011).
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2.4.2  Amine-salt formation with alkyl amines

2.4.2.1 Chemical structures of alkylated TOCNs

Because TOCN-COOH was found to be dispersed at the individual nanofibril level in water-IPA mixture
with 1:1 by vol. (but not nano-dispersed in pure IPA), formation of TOCN-COOH/alkyl amine salts proceeded
homogeneously without any precipitates in the water-IPA mixture by adding the amine/IPA solutions. When
the Cig-amine was used, heating of the dispersion at 50 °C was required to keep the homogeneous dispersion
state without precipitation of the Cjg-amine in the mixture. To remove water in the dispersions and to
solvent-exchange the water-IPA mixture for pure IPA as a dispersion medium, the TOCN-COOH/amine salts
were precipitated as soft gels by addition of excess water to the homogeneous dispersions, and the gel-like
precipitates thus formed were sufficiently washed with IPA for solvent exchange.

Figure 2.10 presents FT-IR spectra of the original TOCN-COOH film and the alkylated TOCN films. The
absorption band due to carbonyl stretching of free carboxyl groups of TOCN-COOH at 1720 cm™ mostly
shifted to that due to carboxylate groups at 1600 cm™ by the amine salt formation. The shoulder and small
bands at 1640 and 1540 cm™', respectively, are due to N—H stretching vibrations of protonated amine salt
groups. The bands at 2800-3000 cm™ are ascribed to C—H stretching vibrations of methyl and methylene
groups of alkyl amines. The relative absorbance peaks at 2890 and 2855 cm™' due to C—H stretching vibration
of methylene groups to those at 1000-1200 cm™ due to cellulose backbones increased with increasing the
carbon number of the alkyl amines used for neutralization of the TOCN-COOH. Other absorption bands due
to crystalline cellulose remained unchanged.

These FT-IR spectra indicate that most of the carboxyl groups of TOCN-COOH formed the amine salt
structures in the films. Nitrogen contents of selfstanding films of the TOCN-COOH/amine salts showed that
the degrees of the amine salt formation or those of introduction of amines to carboxyl groups were 95-99%
(Figure 2.10). Thus, more than 95% of carboxyl groups of TOCN-COOH were converted to the corresponding
alkyl amine salts in the present scheme, where the moles of alkyl amines added were adjusted to the same as
those of carboxyl groups of TOCN-COOH in the dispersions. It was confirmed by X-ray diffraction analysis

that the crystallinity and crystal width of the original cellulose I of TOCN-COONa were unchanged before
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Figure 2.10. FT-IR spectra of TOCN-COOH and alkylated TOCN films. Percentages in parentheses are the
conversion ratios from TOCN-COOH to TOCN-COQOH/alkyl-amine salts, calculated from their nitrogen contents.

Reproduction of image with permission from Springer (© Springer 2012).

and after the amine salt formation in all cases.'® As a result, long alkyl chains can be positionselectively and
almost stoichiometrically introduced into carboxyl groups present on the TOCN surfaces via the amine salt

formation.

2.4.2.2 Nano-dispersibility of alkylated TOCNs in IPA

The gel-like precipitates of TOCN-COOH/alkyl amine salts in IPA were then mechanically disintegrated
by ultrasonication, and flowable dispersions of alkylated TOCNs were successfully obtained (Figure 2.11).
When the Ci,-, Ci4- and Cjs-amines were used for neutralization of carboxyl groups of TOCN, the dispersions

showed high transparencies (>97% at 600 nm) and clear birefringence (Figure 2.11c), indicating that these
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salts were dispersed at the individual nanofibril level in IPA."” These dispersions of alkylated TOCNS stably
maintained the transparent dispersion states at room temperature for more than 3 months. In the cases of the
C10-amine, the light-transmittance became lower; the C;,-TOCN forms some fibril aggregates in IPA. The
light-transmittance of the C;s-TOCN dispersion was the lowest in the dispersions examined; complete
individualization of nanofibrils of this salt in IPA could not be achieved. Thus, the number or length of carbon
chains of primary amines used for the salt formation of TOCN-COOH influences the nano-dispersibility of the
alkylated TOCNSs in IPA, and the C,,-, C4- and Cjs-amines are adequate for nano-dispersion of the alkylated
TOCNSs in IPA. Because neither TOCN-COONa nor TOCN-COOH can be dispersed at individual nanofibril
level in pure IPA,’ introduction of hydrophobic alkyl chains to carboxyl groups of TOCN-COOH as amine
salts makes the nano-dispersion of TOCN in IPA possible. Probably, alkyl chains of the alkyl amine salts
densely introduced into the TOCN surfaces are effectively interacted with IPA molecule, resulting in the
complete nano-dispersion of the alkylated TOCNSs in [PA.

As shown in Figure 2.11, nano-dispersion of TOCN in IPA was achieved, when the Cj-, Cy4- and

Ci¢-amines are used. On the other hand, neither C,o- nor C;5- amine could give a highly transparent dispersion,
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Figure 2.11. Photographs of 0.1% w/v dispersions of alkylated TOCNs in IPA (a), three of them taken between
crossed-polarizers (b), and UV-Vis transmittance spectra of the dispersions (c). Reproduction of image with

permission from Springer (© Springer 2012).

32



Chapter 2 Selective Surface Modification of Cellulose Nanofibrils

although almost all carboxyl groups of TOCN-COOH were converted to the corresponding amine salts in both
cases (Figure 2.10). The alkyl chain length of the Ci¢-amine may be too short for each TOCN to be
sufficiently interacted with IPA. In the case of the Cs-amine, its solubility in IPA may be originally low at
room temperature.

As described in the previous paragraph, when the Cy,-, Cy4- and Ci¢-amines are used, alkylated TOCNs are
successfully nano-dispersed in IPA, keeping the integrity of the original crystal structure of TOCN. These
alkylated TOCNs were also dispersed in ethanol and polar organic solvents such as DMF, DMAc, and NMP.
On the other hand, when the same dispersion protocol of the alkylated TOCNs was applied to other organic
solvents such as chloroform, toluene and tetrahydrofuran (THF), the alkylated TOCNs could not be dispersed

at the individual nanofibril level in any of these solvents.

2.4.2.3  Preparation of alkylated TOCN films

The film properties of alkylated TOCNs were studied using the Cj,-, C4-, and C,-TOCNs. Flexible and
highly transparent self-standing films of these alkylated TOCNs were successfully obtained by casting and
drying of the dispersions in IPA. Figure 2.12a shows the photograph of C;,-TOCN films, and the film showed
high optical transparency (89% light-transmittance at 600 nm). Because IPA has a boiling point of 82.4 °C,
which is lower than that of water, evaporation energies required to make dried films from the IPA dispersions
of the alkylated TOCNs are lower than those for the aqueous TOCN-COONa or TOCN-COOH dispersions.
Time-dependent hydrophobic nature of the alkylated TOCN films was evaluated by measuring water-contact
angles in comparison with the TOCN-COONa film (Figure 2.12b). The TOCN-COONa film is highly
hydrophilic due to abundant sodium carboxylate groups densely present on the TOCN surfaces, and had an
initial water-contact angle of 54°. This value gradually decreased with time by partial spreading of water
droplet on the film and partial absorption of water into the film. In contrast, the alkylated TOCN films had
high water contact angles of 85°, and these values were unchanged for more than 10 seconds, showing that the

film has sufficiently hydrophobic nature. This is because the hydrophilic TOCNSs are densely covered with the
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alkyl chains. Thus, hydrophilic nature of TOCN films can be converted to hydrophobic by the formation of
alkyl amine salts on the TOCN surfaces.

The densities, moisture contents, and tensile properties of the self-standing films prepared from the
dispersions of TOCN-COONa in water and C;,-TOCN in IPA are listed in Table 2.1. The C;,-TOCN film had
clearly lower mechanical properties and lower film density than those of the TOCN-COONa film probably
due to a decrease in the amount of inter-fibrillar hydrogen bonds. The moisture content of the C;,-TOCN film
was lower due to the introduction of hydrophobic long alkyl chains in large quantity. The 50 um thick PET
films coated with ~1 pm thick TOCN-COONa and C;,-TOCNs were subjected to oxygen transmission rate
measurement at 23 °C and 0% RH. The oxygen permeability of the PET films decreased from 15.5 to 0.0015
mL m™ day™ kPa™' by coating with TOCN-COONa, showing that the TOCN-COONa layer has excellent
oxygen barrier properties. In contrast, coating of the C,-TOCN did not improve the oxygen barrier property
of the PET film at all. Because the film density of the C;,-TOCN was as low as 1.33 (Table 2.1), it is likely
that pore sizes in the film are larger and thus oxygen molecules easily permeate through the film, whereas the
TOCN-COONa film has a denser structure with much smaller pore sizes.'® Thus, the introduction of abundant

long-alkyl chains to TOCN by the formation of amine salts has a negative impact on oxygen barrier properties

of the TOCN films.
a) b)
100 T T T T I 1
K-GO OO0
< f 1 ©,-TOCNfim
S wf -
s 00000000 |
S 40f ]
5 I & C,TOCNfm |
O d ¢, TOCH film
20 | ¥ C,TOCNfim -
S ‘
Thickness : ~15 ym % 2 4 e 8 10 Original TOCN film
89% light-transmittance at 600 nm Time (<)

Figure 2.12. Photograph of self-standing film of C;,-TOCN film (a), and time-dependent changes in contact angle
of water droplet on the films of TOCN-COONa and alkylated TOCN films (b). Reproduction of image with
permission from Springer (© Springer 2012).
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Table 2.1. Fundamental and mechanical properties of self-standing films of TOCN-COONa and C;,-TOCN.

Density Tensile strength  Young’s modulus  Elongation at Moisture

break content
(gem™) (MPa) (GPa) (%) (%)
TOCN-COONa 1.44 247 + 11 94+1.0 6.7+04 11.0
C4,-TOCN 1.33 83+8.6 34+43 41+0.6 4.2

The mechanical and oxygen barrier properties of the C;,-TOCN films are clearly inferior to those of the
TOCN-COONa films. However, IPA is one of the good solvents for most monomers of plastics and also some
polymers. Thus, the alkylated TOCNs in IPA are expected to be used as nano-fillers for preparation of
fiber-reinforced plastics. This is because complete dispersion of fillers at the individual nanofiber level with
high aspect ratios is one of the necessary conditions to achieve the maximum mechanical properties of the

fiber-reinforced plastics and nanocomposites with smaller filler-addition levels.

2.4.3  Amine-salt formation with PEG amines

2.4.3.1 Nano-dispersibility of PEG-TOCNs in non-polar organic solvents

A PEG-NH, (M,, 2182) was grafted onto TOCN surfaces via ionic bonding with their abundant C6-carboxyl
groups. The PEG-grafted cellulose nanofibrils were dispersed at the individual nanofibril level in chloroform,
tetrahydrofuran (THF) and toluene and showed birefringence when observed between cross-polarizers'” (Figure
2.13a). The dispersions were optically transparent with a light transmittance of more than 94% at 600 nm
(Figure 2.13b). Original TOCNs without the surface-modification were not dispersible in these solvents at all.
Thus, stable dispersion of the nanofibrils at the individual level in the organic solvents was achieved by grafting

the PEG chains densely on the TOCN surfaces via ionic bonds.
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Figure 2.13. Photographs of 0.4 % w/v PEG-TOCN/organic solvent dispersions taken with and without cross
polarizers (a) and UV-Vis transmittance spectra of the PEG-TOCN dispersions. The difference in light
transmittance is due to that in refractive index between TEMPO-oxidized cellulose nanofibril and the solvent. The
refractive indices of TEMPO-oxidized cellulose nanofibril, toluene, chloroform, and THF are 1.54, 1.49, 1.44, and
1.40, respectively, at 25°C; a larger difference in refractive index causes higher light scattering. Reproduction of

image with permission from American Chemical Society (©American Chemical Society 2013).

2.4.3.2 Chemical structure of PEG-TOCNs

The PEG chains were selectively and densely grafted to C6-carboxyl groups on the TOCN surfaces at a 1:1
molar ratio, which was evaluated from FT-IR spectra (Figure 2.14) and nitrogen contents determined by
elemental analysis. The PEG-grafted cellulose nanofibril/organic solvent dispersions maintained their original
nano-dispersion states for at least six months. Generally, for colloidal dispersions stabilized by end-grafted

chains, the repulsive forces between grafted chains ultimately arise from high osmotic pressures inside the

19-22

brushes. The thickness of the resulting PEG layers on each cellulose nanofibril surface was theoretically

calculated and estimated to be ~11 nm (Appendix),” indicating that the grafted PEG chains stretched away

from the cellulose nanofibril surface due to the highly dense grafting.
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Figure 2.14. FT-IR spectra of original TOCN film, PEG-NH,, and PEG-TOCN film at 4000—400 cm™' (a) and
18501500 cm .

The repulsive force between grafted polymer layers was dependent on the thickness and density of the
polymer brush layer. When another amine-terminated PEG sample with a shorter chain length of M, 1176 was
used as the grafting agent, the nanofibril/organic solvent dispersions were unstable in the organic solvents, and
formed gels within one week at room temperature after sonication. In this study, therefore, long PEG chains (M,,
2182) were grafted on the TOCN surfaces in high density, which may have provided effective repulsion between
the cellulose nanofibrils due to higher osmotic pressure, resulting in their stable and complete dispersion at the
individual nanofibril level. Some surface modifications of TOCNs or nanowhiskers have been investigated so
far. However, in these studies, the surface-modified nanocelluloses could not be dispersed at the individual
nano-element level in nonpolar organic solvents such as chloroform and toluene and instead existed as bundles

of nano-elements,'® 22

probably due to a low density of the grafted-chains on the nanocellulose surfaces or
shortness of the grafting chain length. Therefore, surface-selective grafting of long PEG chains onto TOCN

surfaces at high density allows the nano-dispersibility in these organic solvents.
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2.4.4  Dispersibility of surface-modified TOCNs in organic solvents
The dispersibilities of origianl TOCNs and surface-modified TOCNs were summerized in Table 2.2. The

dispersibilities were tested by birefringence examinations between crossed polarizers. As reported by Okita et

al.,” TOCN-COONa and TOCN-COOH are dispersible only in aqueous and polar organic solvents, which

Table 2.2. Dispersibilities of original TOCNs and surface-modified TOCNs in various organic solvents.

TOCN-COONa TOCN-COOH  TOCN-N-acylureas Alkylated TOCN PEG-TOCN

_Cfge ®Na [ </ZH _&_E_E_ ::H _C//Ze"'@ NHg-C,Hzneq _sze"@ NH3/E\/ oﬂ} CH,

'sze ®Na | i/ZH _g_z_g_ EH _sze'"@ NHy=C,Hynes _sze"'@ NHB/{\/ Oi? CH,

_Cfge ®Na | fZH _&_E_E_ v ‘C:/Ze--@ NH,-C .. _Cf(ooe'"@ NH3/E\/ Yo,

R=~)or < n=12, 14, and 16 n=48or23
Water O X X O
DMSO X X X O
DMI X O O O O
DMAc X O O O O
DMF X O O O O
NMP X O O O O
ethanol X X X O O
IPA X X X O O
acetonitrile X X X X O
methanol X X X X O
acetone X X X X O
THF X X X X O
chloroform X X X X O
toluene X X X X O
hexane X X X X X
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have high dielectric constants. Even after the introduction of hydrophobic isopropyl and cyclohexyl groups via
N-acylurea structures, the TOCN-N-acylureas are not dispersed in the other organic solvents such as dioxane
and IPA. When alkyl chains were densely introduced onto the TOCN surfaces, the alkylated TOCNs were
dispersed at the individual nanofibril level in ethanol and IPA. This is likely because that the length of alkyl
chains was longer than that of isopropyl or cyclohyxyl groups on the surface of the TOCN-N-acylureas.
However, the alkylated TOCNs were still not dispersed in nonpolar organic solvents such as chloroform and
toluene. On the other hand, when PEG-NH, which has longer chains than the alkyl chains were used as
grafting agent, the PEG-TOCNs were for the first time dispersed in nonpolar organic solvents such as
chloroform and toluene. The PEG-TOCNs were dispersed not only in nonpolar organic solvents, but also in
aqueous and various polar organic solvents.

Figure 2.15 shows nano-dispersion map of original TOCNs and surface-modified TOCNs/organic solvent
in terms of dielectric constant and viscosity of the organic solvent. As reported by Okita et al., TOCN-COONa
and TOCN-COOH are only dispersible in organic solvents which have high dielectric constant and high

viscosity. The dielectric constant plays a significant role on dissociating surface carboxyl groups of
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Figure 2.15. Nano-dispersion map of original TOCNs and surface-modified TOCNs/organic solvent in terms of

dielectric constant and viscosity of the organic solvent.
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TOCN-COONa and TOCN-COOH. The viscosity increases shear stress during mechanical treatment, and
thermodynamically stabilizes the dispersion. On the other hand, surface modification of TOCNs allowed
stable dispersions in various kinds of organic solvents. As noted above, the repulsive force between grafted
polymer layers was dependent on the thickness and density of the polymer brush layer. Therefore, the dense
layers of long alkyl or PEG chains allowed TOCNs to be dispersed by high osmotic pressure between the

layers.

2.5 Conclusions

The nano-dispersibility of cellulose nanofibrils in organic solvents was modulated by selective surface
modification of TOCNSs. The surface carboxyl groups of TOCNs were densely modified via either N-acylurea
structures or ionic bondings, without changing the crystal structure and crystal width of the original TOCNS.
Formation of N-acylurea groups from carboxyl groups of TOCN—COOH was achieved using TOCN-—
COOH/DMF dispersions by reaction with DIC or DCC at room temperature. When DIC and DCC of 5 mol
per mole of carboxyl groups of TOCN—COOH was used as the reagent in the reaction at room temperature for
1 day, the conversion ratio from carboxyls to N-acylurea groups was reached to be approximately 80 and 60%,
respectively. Dispersion of TOCN-N-acylureas in polar organic solvents was accomplished by sonication.
Introduction of long alkyl or PEG chains via simple ionic bondings was achieved by mixing TOCN-COOH
and the amines. The introduction was selective to surface carboxyl groups of TOCNs, and the conversion
ratios from free carboxyl groups to amine salt groups were more than 95%. When the C12-, C14- and
Cl6-amines are used, the alkylated TOCNs were dispersed at the individual nanofibril level in ethanol and
IPA. When PEG-NH, was introduced onto the TOCN surfaces, the PEG-TOCNs were stably dispersed not

only in water and polar organic solvents but also in nonpolar organic solvents such as chloroform and toluene.
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Chapter 3
Preparation and Characterization of PEG-TOCN/PLLA

Nanocomposites

3.1 Abstract

Surface grafting of crystalline and ultrafine cellulose nanofibrils with poly(ethylene glycol) (PEG) chains
via ionic bonds was achieved by a simple ion-exchange treatment. The PEG-grafted
2,2,6,6-tetramethylpiperidiniyl-1-oxyl -oxidized cellulose nanofibrils (TOCNs) exhibited nanodispersibility in
organic solvents such as chloroform, toluene, and tetrahydrofuran. Then, the PEG-grafted TOCN
(PEG-TOCN)/chloroform dispersion and poly(.-lactide) (PLLA)/chloroform solution were mixed, and the
PEG-TOCN/PLLA composite films with various blend ratios were prepared by casting the mixtures on a plate
and drying. The tensile strength, Young’s modulus, and work of fracture of the composite films were
remarkably improved, despite low TOCN addition levels (<1 wt %). The highly efficient nanocomposite effect
was explained in terms of achievement of nanodispersion states of the PEG-TOCNSs in the PLLA matrix.
Moreover, some attractive interactions mediated by the PEG chains were likely to be formed between the

TOCNSs and PLLA molecules in the composites, additionally enhancing the efficient nanocomposite effect.

3.2 Introduction

Biopolymer/filler nanocomposites have been extensively studied primarily for the preparation of
light-weight/ultrahigh-strength materials alternative to heavy steel and petroleum-based high-gas barrier films.
When rigid nanoparticles such as carbon nanotubes,'™ nanoclays*® and graphene’® are used as nanofillers in
polymer matrices, the resultant nanocomposites exhibit some improvement of their material properties when
compared with neat polymers or conventional micro-composites.

In nature, plant cellulose microfibrils, which are present in plant cell walls and individually consist of 3040
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fully extended cellulose chains, have high elastic moduli (~140 GPa),"' high tensile strengths (23 GPa),'* and
high aspect ratios (~3 nm and >1 um in width and length, respectively),"* and thereby contribute to the principal
structural support of living plant bodies. Much effort has been dedicated to the use of cellulose microfibrils as
reinforcing fillers in polymer nanocomposites because of their potential as mechanical reinforcing
nano-clements. However, cellulose nanofibrils inherently have two main issues as a nanofiller: (i) low
dispersibility in polymer matrix and (ii) poor interfacial interaction with the matrix. Therefore, surface
modification of cellulose nanofibrils is necessary to take advantage of the unique properties in polymer
nanocomposites.

In this chapter, our goal was to evaluate the previously described polyethylene glycol (PEG) was grafted
onto 2,2,6,6-tetramethylpiperidiniyl-1-oxyl (TEMPO)-oxidized cellulose nanofibril (TOCN) surfaces and the
PEG-TOCNs were used as reinforcements in poly (r-lactid) (PLLA). In general, cellulose nanofibril/PLLA
nanocomposite materials show brittle behaviour because of insufficient attractive interactions between
hydrophilic cellulose and hydrophobic PLLA matrix. Therefore, the interface should be carefully engineered
to achieve the transfer of the mechanical load to individual cellulose nanofibrils. Bulota et al. recently reported
that partial acetylation of the resulting cellulose nanofibrils leads to an increase in toughness of
cellulose/poly(.-lactide) (PLLA) nanocomposites. However, improvement of both stiffness and toughness
(resistance to fracture) still remains a challenge for these composites.”'’ Here, we report on the successful
preparation of cellulose nanofibril/PLLA nanocomposites with enhanced stiffness, tensile strength, and
toughness using the PEG-TOCNSs. The idea is to improve the nano-dispersibility of TEMPO-oxidized cellulose
nanofibrils in hydrophobic polymer matrix and the attractive interactions between the nanofiller and matrix
polymer, by grafting long PLLA-miscible polymer chains efficiently and densely onto the TOCN surfaces using

their abundant C6-carboxyl groups as anchoring sites (Figure 3.1).
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Figure 3.1. Schematic illustration of the process for the preparation of PEG-TOCN/PLLA nanocomposite films. a)
Origianl TOCNs. b) PEG-TOCNSs dispersed in chloroform. ¢) PEG-TOCN/PLLA nanocomposite film.

33 Materials and methods
3.3.1  Materials

A never-dried softwood bleached kraft pulp (Nippon Paper Ind. Co., Japan), which contained approximately
90% cellulose and 10% hemicelluloses, was used as the original wood cellulose. PEG-NH, (SUNBRIGHT
MEPA-20H, M,, 2182) was obtained from NOF Corp. (Tokyo, Japan). All other reagents were purchased from
Wako Pure Chemicals, Co., Japan and used as received. Poly(; -lactide) (PLLA) (Lacty™) with M,, and M, of

94,000 and 45,000, respectively, was supplied by Toyota Motor Co., Japan.

3.3.2  Preparation of PEG-TOCN dispersions in chloroform

Cellulose nanofibrils were obtained using a TEMPO/NaB1/NaClO system with 3.8 mmol NaClO per gram
of cellulose. Oxidation with sodium chlorite at pH 4.8 was subsequently carried out to convert the small amount
of aldehyde groups remaining after the TEMPO-mediated oxidation. The TEMPO-oxidized cellulose thus
obtained had a carboxylate content of 1.30 mmol g ', which was determined by conductivity titration. The
TEMPO-oxidized cellulose was then suspended in water at 0.1 w/v%. This suspension was homogenized at
7500 rpm for 1 min at room temperature using a double-cylinder-type homogenizer (Physcotron, Microtec
Nition Co. Ltd., Japan), and then sonicated for 4 min to be convert it to a transparent TOCN/water dispersion

using an ultrasonic homogenizer (26 mm probe tip diameter, US-300T, Nissei, Japan). The TOCN/water
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dispersion was centrifuged at 12000 g for 20 min to remove the small amount of partly fibrillated or unfibrillated
fraction (<10%). 1 M HCl was slowly added to the TOCN/water dispersion to form TOCNSs with free carboxyl
groups. The medium was adjusted to pH ~2 and then stirred at room temperature for 30 min. The TOCN gel
particles thus formed were collected and washed with water, and then solvent exchanged through ethanol into
each chosen solvent by centrifugation or filtration. A 5 % w/v solution of PEG-NH, dissolved in chloroform was
added to the TOCN gel, where the molar ratio of PEG-NH; to the carboxyl groups of TEMPO-oxidized
cellulose was adjusted to 1:1. The PEG-grafted TOCN (PEG-TOCN) dispersion was obtained after sonication

for 3 min.

3.3.3  Preparation of PEG-TOCN/PLLA nanocomposites

PEG-TOCN/PLLA nanocomposite films were prepared by casting mixtures of PLLA/chloroform solution
and PEG-TOCN/chloroform dispersion. PLLA was dissolved in chloroform solution at a concentration of 20 mg
mL". The PLLA/chloroform solution and the PEG-TOCN/chloroform dispersion were mixed in different ratios
and stirred for 30 min. The mixtures were cast in poly(fluoro acetate) petri dishes and dried at 30 °C followed by
vacuum-drying at room temperature for 24 h. The films were then hot pressed at 175 °C for 1 min and rapidly
quenched to obtain the final PEG-TOCN/PLLA nanocomposite films having various weight ratios of the two

components.

3.3.4  Analyses

Light transmittance spectra of the PEG-TOCN/organic solvent dispersions were measured from 400 to 800
nm with a spectrophotometer (JASCO V-670). For transmission electron microscopy (TEM) observation of film
cross-sections, the film was sectioned at 90° relative to the film surface using a Leica Ultracut-E microtome
equipped with a diamond knife. The approximately 100 nm thick sections were stained with 0.5% uranyl acetate
on a carbon support grid, and then observed by TEM using a JEOL JEM-2000EX microscope at an accelerating

voltage of 200 kV. Fourier transform infrared (FT-IR) spectra of the films were recorded using a JASCO
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FT/IR-6100 spectrometer under transmission mode from 400 to 4000 cm ' with a 4 cm™' resolution. Differential
scanning calorimetry (DSC) measurements were carried out using a Perkin-Elmer DSC 8500 instrument at a
heating rate of 10 °C min"'. Tensile tests of the films, which were ~150 um in thickness, were carried out using
a Shimadzu EZ-TEST tensile tester equipped with a 500 N load cell. Specimens of 30 mm and 2 mm length and
width, respectively, were measured at 20 mm min ' and a 10 mm span length, and at least 5 specimens were

measured for each sample.

34 Results and discussion

Nanocomposite films were prepared by casting and drying mixtures of PEG-TOCN/chloroform dispersion
and PLLA/chloroform solution in various ratios. The films were quenched after hot-pressing to obtain
PEG-TOCN/PLLA composite films with an amorphous PLLA matrix, because the crystallinity of the PLLA
matrix also affects the resultant mechanical properties of the composites. The nanocomposite films, which were
ca. 100—150 pm in thickness, showed high optical transparency (Figure 3.2a); the light transmittance of the
nanocomposite containing 1.0 wt% cellulose nanofibril was 89% at 600 nm, and that of the neat PLLA was 90%.

Cellulose nanofibrils with widths of ~3 nm were homogeneously distributed and individually dispersed in the

Figure 3.2. a) Photograph of PEG-TOCN/PLLA nanocomposite film containing 1.0 wt % TOCNSs. b,c)

Cross-sectional TEM image of PEG-TOCN/PLLA nanocomposite film containing 1.0 wt % cellulose nanofibrils.
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Table 3.1. Thermal properties of PEG-TOCN/PLLA nanocomposites (1* run).

Sample TOCN content T, AHS AH, XS
(Wt %) (°C) (/g) (/g) (%)
PLLA - 58.8 33.0 33.0 0
PEG-TOCN/PLLA 0.1 545 39.0 39.1 0
nanocomposite 0.25 543 39.7 39.7 0
0.5 54.2 38.1 38.4 0
1.0 53.0 36.7 37.0 0

“ Melting enthalpy of PLLA component. * Crystallization enthalpy of PLLA component. AH, and AH,, were calculated
based on the weight fraction of PLLA component in the composites. © Degree of crystallinity of PLLA component in the
composites, which was calculated from 4H,. and 4H,,, (Supporting Information).

PLLA matrix (Figure 3.2b and c); dispersion of the PEG-TOCNs in chloroform allowed sufficient
corresponding nano-dispersion of cellulose nanofibrils in the PLLA matrix. Accordingly, the nanocomposites
had high optical transparency.

Table 3.1 shows the thermal characteristics of the PEG-TOCN/ PLLA nanocomposites obtained by DSC
analysis (Figure 3.3). The crystallinities of the PLLA matrices of all composites were estimated to be zero based

on the melting and crystallization enthalpies. Note that the cellulose nanofibril contents of the composites

TOCN content

1.0 %

Endo —

0.1%

Neat PLLA

20 40 60 80 100 120 140 160 180
Temperature (°C)
Figure 3.3. DSC curves of neat PLLA and PEG-TOCN/PLLA nanocomposite films with different TOCN contents

obtained from the 1st heating run at 10 °C min '. Reproduction of image with permission from American Chemical

Society (OAmerican Chemical Society 2013).
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expressed in this chapter correspond to those without grafted PEG moiety. The glass transition temperature (7)
of the PLLA matrix decreased with increasing PEG-TOCN content, indicating that the PEG-TOCNs were
sufficiently miscible with PLLA molecules in the nanocomposites. Therefore, attractive interactions were likely
present between cellulose nanofibrils and PLLA molecules, which were mediated by the surface-grafted PEG
chains. Moreover, the cold crystallization temperature decreased with the filler addition, indicating that
PEG-TOCNSs effectively acted as a nucleating agent for PLLA. A detailed investigation of the nucleating
properties is reported in the following chapter.

The mechanical properties of the nanocomposite films were investigated by tensile testing. Figure 3.4a
shows the stress-strain curves of the nanocomposites, and the obtained tensile properties at different TOCN
contents are shown in Figure 3.4b—d and Table 2. The nanocomposite containing only 0.1 wt % TOCNs showed

better mechanical properties than those of the neat PLLA film, and the properties were continuously improved
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Figure 3.4. Mechanical properties of nanocomposite films with different TOCN contents: a) stress-strain curves, b)
Young’s moduli, c¢) ultimate tensile strengths, and d) work of fractures. Reproduction of image with permission

from American Chemical Society (OAmerican Chemical Society 2013).
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Table 3.2. Tensile properties of PEG-TOCN/PLLA composite films.

Sample TOCN content Young’s modulus Ultimate tensile Work of fracture
(Wt %) (GPa) strength (MPa) MJm™)
Neat PLLA film - 1.23 +£0.05 40.6 £5.7 1.51+0.11
PEG-TOCN/PLLA 0.1 1.35+0.06 45.7+£2.0 1.94 +£0.27
composite film 0.25 1.45+0.12 46.0+ 1.0 2.20+0.22
0.5 1.55+£0.12 50.1+£29 2.21+045
1.0 1.72+£0.12 513+2.6 2.29+0.22

up to 1.0 wt % TOCN content. The Young’s modulus, ultimate tensile strength, and work of fracture of the

nanocomposite containing 1.0 wt % TOCNSs was increased by 40%, 26%, and 52%, respectively, compared with

the neat PLLA film. In this study, the PLLLA matrices in the composites were controlled to be amorphous, and it

was found that the PEG molecules themselves did not affect the mechanical properties of the PLLA film at all.**

Thus, the observed improvement in mechanical properties of the PEG-TOCN/PLLA composites was likely to
be due to a nano-reinforcement effect by the crystalline TOCNS.

In Figure 3.5, the increase in Young’s modulus of the PEG-TOCN/PLLA composites versus the volume
content of TOCNs was plotted with those of previously reported cellulose/PLLA composites,”” even though
other nanocomposites had different crystallinities of PLLA matrix. In the case of previously reported
nanocellulose/PLLA composites, cellulose loadings of >10 wt% (or ~8 vol%) have been required to achieve
increases in Young’s modulus comparable to those of the nanocomposites reported in this paper. Moreover, the
increases in Young’s modulus of the nanocomposites presented in this paper were in good agreement with those
calculated using the Voigt-Reuss and Halpin-Tsai models commonly used to predict Young’s moduli for
polymer nanocomposites (Appendix), indicating that the TOCNs are homogeneously nano-dispersed in the
PLLA matrix and attractively interacted with the polymer molecules. Thus, the nanocomposites prepared by the
combination of TOCNs and position-selective PEG grafting presented in this study showed a superior
reinforcement effect according to theoretical predictions, probably due to high nano-dispersibility of the

PEG-TOCN:s at the individual nanofibril level in the PLLA matrix and the presence of attractive interactions

between the two components.
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Furthermore, the work of fracture of the nanocomposite containing 1.0 wt% TOCNS also increased by 52%
in comparison with that of the neat PLLA film, probably due to attractive interactions between the PEG-TOCNs
and PLLA matrix molecules. In general, the addition of crystalline nanocelluloses to polymer matrix leads to
increases in both the Young’s modulus and brittleness of the resulting composites because there are almost no
attractive interactions between hydrophilic nanocellulose elements and hydrophobic PLLA matrix. In contrast,
our results indicate that attractive interfacial interactions present between PLLA matrix polymers and cellulose
nanofibrils, mediated by the grafted PEG chains. It has been reported that surface modification of carbon
nanotubes lead to increase in Young’s modulus, tensile strength, and toughness of the resultant carbon
nanotube/polymer nanocomposites, because the functionalization results in an extremely high
polymer/nanotube interfacial shear strength.'® Therefore grafted PEG layers are likely to have played a

significant role in the observed remarkable improvement of stress transfer efficiency in the present composite.
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Figure 3.5. Increase in Young’s modulus versus cellulose volume content for various cellulose/PLLA composites.
MCC: microcrystalline cellulose, MFC: microfibrillated cellulose, and TOCN: TEMPO-oxidized cellulose
nanofibril. Lines represent the theoretical predictions for the present nanocomposites by Voigt-Reuss model (black
solid line), Halpin-Tsai model (blue solid line), the modified mixture law (green solid line), and Cox model (brown
dashed line) (see Appendix). An Ey, value of 1.23 GPa was determined from the tensile test data. For TOCN, Ef of
145 GPa" and d; of 3 nm® were used, and a /; value of 1087 nm was the average length measured from TEM

images. Reproduction of image with permission from American Chemical Society (OAmerican Chemical Society

2013).
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3.5 Conclusions

We have shown a novel procedure for the fabrication of bio-based polymer nanocomposite materials, and
demonstrated that achievement of sufficient nano-dispersion states of cellulose nanofibrils in PLLA matrix and
attractive interfacial interactions between cellulose nanofibrils and PLLA molecules efficiently enhances the
improvement of the stiffness, strength, and toughness of the nanocellulose/polymer composites. The mechanical
properties of the cellulose nanofibril/polymer composites could be modulated by changing the type of grafted
chains. Thus, the surface-engineering of TOCNs developed in this study is expected to prove versatility towards
novel green nanocomposite materials. This technique, i.e. enhancement of the nano-dispersibility of cellulose
nanofibrils and incorporation of attractive cellulose/polymer interactions by densely grafting PEG chains onto

the TOCN surfaces, is simple and effective, and has potential for future green material applications.
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Chapter 4
Comparison of Mechanical Reinforcement Effects of
Surface-Modified Cellulose Nanofibrils and Carbon Nanotubes

in PLLA Composites

4.1 Abstract

Cellulose nanofibrils were prepared using 2,2,6,6-tetramethylpiperidiniyl-1-oxyl (TEMPO)-mediated
oxidation of wood cellulose, and the surfaces of the resulting TEMPO-oxidized cellulose nanofibrils (TOCNs)
were grafted with amine-terminated polyethylene glycol (PEG) chains via ionic bonds. PEG-TOCN/PLLA
composite films were prepared by casting mixtures of various ratios of PEG-TOCN/chloroform dispersion and
PLLA/chloroform solution. The mechanical reinforcement properties of PEG-TOCNs prepared using
PEG-NH, of two different PEG chain lengths were evaluated using tensile tests and compared against those of
PEG-grafted single-walled carbon nanotubes (PEG-SWCNT). PEG-TOCNs were individually dispersed in the
PLLA matrix so that the Young’s modulus increased with PEG-TOCN content, following theoretically
predicted values. In contrast, the PEG-SWCNT formed aggregates in the PLLA matrix, probably owing to
heterogeneous distribution of carboxyl groups. As a result, PEG-TOCN/PLLA composites showed superior
properties to those of PEG-SWCNT/PLLA composites in terms of optical transparency, strength, and

toughness.

4.2 Introduction

Recently, polymer nanocomposites have attracted considerable interest over the decades. By the
incorporation of nanometer-sized stiff particles, such as carbon nanotubes,' graphene,*® and nanoclays,”” into
a polymer, mechanical properties of polymers, such as strength, elastic modulus, and thermal deformation can

be substantially improved with a small amount of the fillers. In particular, carbon nanotubes have been shown
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to enhance mechanical properties of polymer.'” Because of the extraordinary mechanical properties of the
nanotubes such as high elastic modulus (~1 TPa)'®'* and high strength (4-20 GPa),"" incorporation of
carbon nanotubes into a polymer can effectively enhance its mechanical properties with only a small amount of
the nanotubes.

Cellulose holds great potential as a renewable alternative to carbon nanotubes. Cellulose forms unique
crystalline nanofibrils, called cellulose microfibrils, '® which have high elastic modulus (130-150 GPa),'”"”
and high strength (2-6 GPa).* Moreover, the nanofibrils have large specific surface areas and high aspect ratio
(>300) with small width (2-20 nm), that are comparable to those of single-walled carbon nanotubes
(SWCNTs). If the reinforcement potential of cellulose nanofibrils is fully realized, the nanofibrils are
attractive as environmentally-friendly alternatives to conventional fillers.

The goal of this chapter was to investigate the mechanical reinforcement properties of
2,2,6,6-tetramethylpiperidiniyl-1-oxyl (TEMPO)-oxidized cellulose nanofibrils (TOCNs) grafted with PEGs
of two different chain lengths in a PLLA matrix. Their performance was compared with that of carboxylic
acid-functionalized SWCNTs (SWCNT-COOH), the width, length, and average surface COOH density of
which are comparable with those of TOCN. PEG chains were grafted onto the TOCNs and SWCNTs
(PEG-SWCNTs), and the mechanical properties of PEG-TOCN/PLLA and PEG-SWCNT/PLLA were
compared. In addition, the effect of PEG chain length on stress-transfer efficiency in the PEG-TOCN/PLLA

composites during tensile testing was evaluated.

4.3 Materials and methods

4.3.1  Materials

A never-dried softwood bleached kraft pulp (Nippon Paper Ind., Japan), which contained approximately
90% cellulose and 10% hemicelluloses, was used as the original wood cellulose. Two kinds of PEG-NH,,
PEG(23)-NH, and PEG(48)-NH, (SUNBRIGHT MEPA-20H, n = 23 and MEPA-10H, n = 48, respectively)

were purchased from NOF Corp. (Japan) (see Figure 4.1). Carboxylic acid-functionalized single-walled carbon
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nanotubes (SWCNT-COOH, diameter: 4-5 nm, length: 0.5—1.5 pm) were purchased from Sigma Aldrich, and
used without further purification. SWCNT-COOH had carboxyl content of 1.90 mmol/g, which was determined
by conductivity titration. PLLA with M,, of 110,000 and M, of 80,000 (Lacty) was supplied from the Toyota

Motor Corp. All other reagents were purchased from Wako Pure Chemicals, Co. Ltd., and used as received.

H,NCH,CH,CH,~(CH,CH,0)-CH,, n = 23 or 48

Figure 4.1. Chemical structures of two PEG-NH, samples used in this study.

4.3.2  Preparation of PEG-TOCN and PEG-SWCNT dispersions in chloroform

A TOCN-COONa/water dispersion was prepared according to the procedure reported in the previous
chapter (Chapter 2). To the dispersion, 1 M HCI was slowly added to form TOCN-COOH gel particles. The pH
of the medium was adjusted to ~2 and then stirred at room temperature for 30 min. The gel particles were
collected and washed with water, and then solvent exchanged to chloroform through ethanol by repeated
soaking and centrifugation.” 5 w/v % solutions of PEG(23)-NH, and PEG(48)-NH, in chloroform were
prepared, and then each of them was added to the TOCN-COOH gel in chloroform, where the molar ratio of
PEG-NHj; to carboxyl group of TOCN-COOH was adjusted to 1:1. The dispersions of two PEG-grafted TOCNs
with different grafting chain lengths, PEG(23)-TOCN and PEG(48)-TOCN, in chloroform were prepared by
sonication of the mixtures for 3 min at temperature below 20 °C. A PEG(48)-grafted SWCNT
(PEG(48)-SWCNTs) dispersed in chloroform was prepared according to the method used for preparation of the

PEG-TOCN/chloroform dispersions but with sonication for 15 min.

4.3.3  Preparation of PEG-TOCN/PLLA and PEG-SWCNT/PLLA composite films

PLLA was dissolved in chloroform with a concentration of 20 mg mL . Three kinds of composite films with
different filler contents were prepared by casting of the mixture of a PLLA solution and one of the dispersions of

PEG(23)-TOCN, PEG(48)-TOCN, and PEG(48)-SWCNT in chloroform with various ratios. The mixtures of
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PLLA and the filler dispersion were stirred for 30 min, and powered in poly(fluoroacetate) petri dishes and dried
at 30 °C followed by vacuum-drying at room temperature for >1 week. All composite films were quenched

immediately after hot pressing at 180 °C for 1 min, to obtain amorphous PLLA matrices.

4.3.4  Analyses

Light transmittance spectra of the films were measured from 400 to 800 nm with a spectrophotometer
(JASCO V-670). Fourier transform infrared (FT-IR) spectra of the films were recorded using a JASCO
FT/IR-6100 spectrometer under transmission mode from 400 to 4000 cm ™' with a 4 cm ' resolution. Spectra for
the original SWCNT-COOH and PEG(48)-SWCNT were obtained using the KBr disk method. Differential
scanning calorimetry (DSC) measurements were carried out using a Perkin-Elmer DSC 8500 instrument at a
heating rate of 10 °C min"'. Transmission electron microscopy (TEM) observation was performed using a JEOL
JEM-2000EX microscope at an accelerating voltage of 200 kV. The PEG-TOCN/PLLA and
PEG-SWCNT/PLLA films with approximately 100 nm in thickness were stained with uranyl acetate and lead
citrate, respectively, on a carbon support grid, and then observed by TEM. Tensile tests of films with ~150 um
thickness were carried out using a Shimadzu EZ-TEST tensile tester equipped with a 500 N load cell. Specimens
with 30 mm length and 2 mm width were measured at 20 mm min"' and a 10 mm span length, and at least 5
specimens were measured for each sample. Scanning electric microscopy (SEM) observation of the fracture
surfaces pre-coated with metallic osmium by a Meiwa Fosis Neoc-ST (Japan) was performed at accelerating

voltage of 1.0 kV using a field emission-SEM (Hitachi S-4800).

4.4 Results and discussion

4.4.1 PEG-TOCN and PEG-SWCNT dispersions in chloroform.
TOCN-COOH and SWCNT-COOH were grafted with PEG-NH, by forming ionic bonds between carboxyl

and amine groups (Figure 4.2a, b). Note that the width, length, and average surface COOH density of
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Figure 4.2. FT-IR spectra of (a) original TOCN, PEG(48)-TOCN, and PEG(23)-TOCN films, and (b) original
SWCNT and PEG(48)-SWCNT in the region of 400-4000 cm . (c) Photographs of 0.1 w/v % PEG(23)-TOCN
(left), PEG(48)-TOCN (center), and PEG(48)-SWCNT (right) dispersions in chloroform taken with and without

crossed polarizers.

SWCNT-COOH is comparable to those of TOCN-COOH. The PEG-TOCNs and PEG-SWCNT were
nanodispersed in chloroform for preparation of composites with PLLA. In order to investigate the effect of
grafted chain length on interfacial stress transfer efficiency in the composite, two PEG-NH, samples were used
as grafting agents: PEG(23)-NH, and PEG(48)-NH; having number-average degrees of polymerization of 23
and 48, respectively. These two PEG chains were grafted onto TOCN-COOH and PEG(48) was grafted on
SWCNT-COOH, and thus three types of dispersions, PEG(23)-TOCN, PEG(48)-TOCN and PEG(48)-SWCNT
dispersions in chloroform, were successfully prepared by sonicating TOCN-COOH/PEG-NH, or
SWCNT-COOH/PEG-NH, mixtures in chloroform (Figure 4.2c¢).

PEG(23)-TOCN and PEG(48)-TOCN were readily dispersed in chloroform, and the dispersions showed

high transparency of >97% at 600 nm and clear birefringence, indicating that they were dispersed at the
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individual nanofibril level in chloroform.?' Generally, cellulose nanofibrils cannot be dispersed at the individual
nanofibril level in non-polar organic solvents. In this study, by grafting long PEG chains onto the surfaces,
TOCNs were individually nanodispersed; the repulsive forces between grafted PEG chains arise from high
osmotic pressures inside the brushes.””** Although birefringence in PEG(48)-SWCNTs were not observed
between crossed polarizers, they formed a stable dispersion in chloroform. Because neither the original
TOCN-COOH nor SWCNT-COOH is dispersible in chloroform without PEG-NH,, they were stabilized by

osmotic pressure within the surface PEG layers.

4.4.2  PEG-TOCN and PEG-SWCNT/PLLA composite films.

The PEG-TOCN/chloroform or PEG-SWCNT/chloroform dispersion was mixed with a PLLA/chloroform
solution, and the mixture was stirred at room temperature to produce a homogeneous PEG-TOCN/PLLA or
PEG-SWCNT/PLLA mixture. The composite films were formed by casting and drying the mixtures. In this
study, all composite films were melted and immediately quenched to obtain amorphous PLLA matrices, which
can make clear the effect of filler addition on mechanical properties of the composite films. This is because
mechanical properties of PLLA and PLLA composites are significantly affected by the PLLA crystallinity,
which should not be taken into account in this study.

Figure 4.3a shows photograph of PEG(23)-TOCN/PLLA, PEG(48)-TOCN/PLLA  and
PEG(48)-SWCNT/PLLA composite films with different filler contents. Note that the filler contents in this study
were given as the weight percentage (wt %) of the fillers without grafted PEG moiety, compared to entire weight
of the composites. The thicknesses of the films were 150-200 pum. At any weight content,
PEG(23)-TOCN/PLLA and PEG(48)-TOCN/PLLA composite films were optically transparent, and the light
transmittance at 600 nm wavelength was above 87 %, which is comparable to that of neat PLLA film, while the
light transmittance rate of PEG(48)-SWCNT/PLLA composite films significantly decreased with increasing

SWCNT content (Figure 4.3b).
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Figure 4.3. (a) Photograph of PEG(23)-TOCN/PLLA, PEG(48)-TOCN/PLLA, and PEG(48)-SWCNT/PLLA

composite films, and (b) light transmittance ratios of the films at 600 nm.

TEM images of film cross-sections suggested that PEG-TOCNs were homogeneously and individually

dispersed in the PLLA matrices (Figure 4.4); the PEG-TOCN dispersions in chloroform allowed

nanodispersibility in the hydrophobic PLLA matrix. On the other hand, SWCNTs existed as bundles at the same

weight content, due to their strong aggregation tendency. Even though average surface density of carboxyl

groups on SWCNT-COOH is as high as that on TOCN, PEG-SWCNT showed lower dispersibility in the PLLA

matrix probably due to heterogeneous distribution of carboxyl groups in SWCNT-COOH. In contrast, it has

been proved that carboxyl groups are regularly present on TOCN surfaces; every one of two glucosyl units are

oxidized to glucuronosyl units by the TEMPO-mediated oxidation.”®

Flgure 4.4. TEM images of ﬁlm cross-sections of (a) PEG(23) TOCN/PLLA ,(b) PEG(48)-TOCN/PLLA, and (©)

PEG(48)-SWCNT/PLLA composites containing 1 wt % of fillers. Reproduction of image with permission from

Elsevier (© Elsevier 2013).

60



Chapter 4 Reinforcement properties of cellulose nanofibirls; A comparison with Carbon Nanotubes

70 T T T 3.0 T T T T
5 (a) . (b)
- - ® | 4
c 2.5
—~ 50 - 4 2
S =20+t -
S 40 i g
» 5 15 b
@ 30 4 @
o E
&4 —— PEG(48)-SWNT/PLLA % 1.0 —3 A
20 | —— PEG(48)-TOCN/PLLA -
—— PEG(23)-TOCN/PLLA 5 O PEG(23)-TOCN/PLLA
10 —— Neat PLLA 4 = 05f A PEG(48)-TOCN/PLLA
O PEG(48)-SWCNT/PLLA
0 1 1 1 00 L L L 1 1
0 2 4 6 8 0.0 0.2 0.4 0.6 0.8 1.0
Strain (%) Volume content (%) of filler
T T T T T T T T T T
20t (€) | (d)
© o 60 E
c c
o % =
E | £
3 c 50 i
8 2
S 17)
»n 15 1 Qo
[@)] ]
5 € 40| i
3 O PEG(23)-TOCN/PLLA = O PEG(23)-TOCN/PLLA
> = A PEG(48)TOCN/PLLA = D A PEG(48)-TOCN/PLLA
T O PEG(48)-SWCNT/PLLAT :l-“ m] PEG(48)—SWCNT/PLLA?]:
0-0 1 1 1 1 1 0 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Volume content (%) of filler Volume content (%) of filler

Figure 4.5. Tensile properties of PEG(23)-TOCN/PLLA, PEG(48)-TOCN/PLLA and PEG(48)-SWCNT/PLLA
composite films with different filler contents: a) stress-strain curves of neat PLLA and the composites containing
1.0 wt % of fillers, b) work of fractures, ¢) Young's moduli, and d) ultimate tensile strengths. Error bars represent

the standard deviation. Reproduction of image with permission from Elsevier (O Elsevier 2013).

Figure 4.5a shows tensile properties of PEG(23)-TOCN/PLLA, PEG(48)-TOCN/PLLA and
PEG(48)-SWCNT/PLLA composite films with different filler contents, where volume content of fillers were
calculated supposing that the densities of PLLA, TOCN, and SWCNT are 1.26, 1.63,*” and 1.35 g cm >
respectively. Remarkably, with only 0.1 wt % of TOCN, not only Young’s modulus and ultimate tensile strength
but also work of fracture (or toughness) increased for the PEG-TOCN/PLLA composites. The mechanical
properties were continuously improved with increasing TOCN content up to 1.0 wt % (Table 4.1). The Young’s
modulus, tensile strength, and work of fracture of the composite were increased by 29, 15, and 62 % at 1.0 wt %

(or 0.77 vol %) of TOCN. This enhancement was clearly due to the reinforcement by TOCNs, because PLLA
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Table 4.1. Thermal properties of PEG(23)-TOCN/PLLA, PEG(48)-TOCN/PLLA, and PEG(48)-SWCNT/PLLA

nanocomposites (first run).

Weight content AHS AH,L X°
of fillers
(wt %) (J/g) (J/g) (%)
Neat PLLA - 26.4 26.4 0
PEG(23)-TOCN/PLLA 0.1 36.1 36.4 0
0.25 34.7 34.7 0
0.5 37.8 37.8 0
1.0 37.5 37.7 0
PEG(48)-TOCN/PLLA 0.1 39.1 39.2 0
0.25 39.9 39.9 0
0.5 384 38.7 0
1.0 37.3 37.6 0
PEG(48)-SWCNT/PLLA 0.1 39.9 40.0 0
0.25 41.4 41.5 0
0.5 39.9 40.0 0
1.0 38.6 38.6 0

“ Melting enthalpy of PLLA component. ” Crystallization enthalpy of PLLA component. AH, and AH,, were calculated
based on the weight fraction of PLLA component in the composites. “ Degree of crystallinity of PLLA component in the
composites was calculated from 4H, and AH,,.

matrices in the composites were equally amorphous (Table 4.2), and PEG chains themselves did not play a role
in the mechanical improvement at all.*®

Generally, cellulose-based composites with hydrophobic polymer show brittle behavior because of low
interaction between the two components. In this study, surface-grafted PEG chains mediated interactions
between TOCNs and PLLA matrix, which led to good stress transfer from the soft matrix to stifft TOCNs. No
significant difference in mechanical properties was observed between PEG(23)-TOCN/PLLA and
PEG(48)-TOCN/PLLA composites, indicating that the PEG chain with DP,, 23 is long enough for the efficient
stress-transfer from PLLA molecules to TOCN elements in this nanocomposite system, which is likely due to

interfacial shear strength improved by surface PEG chains.
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In contrast, the addition of PEG(48)-SWCNT led to a marked reduction in toughness of the composite
(Figure 4.5b). Work of fracture of 1.46 MJ m for neat PLLA decreased to 1.01 MJ m™ at 1.0 wt % (or 0.93
vol %) SWCNT content. The Young’s modulus sharply increased with only 0.1 wt % loading of SWCNT due to
extraordinary high Young’s modulus of SWCNTs (~1 TPa).'”'> However, further addition of PEG(48)-SWCNT
resulted in saturation of the modulus and a decrease of the tensile strength because of the aggregation behavior
of nanotube elements in the PLLA composites as has been reported before.*"

In SEM images of the tensile fracture surfaces (Figure 4.6), there were many cracks on the tensile fracture
surface of PEG(48)-SWCNT/PLLA composite. Generally, aggregation of SWCNT bundles in polymer matrix is

inevitable in any cases, and the composites show brittle properties due to SWCNT slippage between the bundles

(Figure 4.6d). In contrast, PEG-TOCN/PLLA composites had relatively smooth fracture surface over a wide

Table 4.2. Tensile properties of PEG(23)-TOCN/PLLA, PEG(48)-TOCN/PLLA and PEG(48)-SWCNT/PLLA

nanocomposite films

Weight content ~ Volume content

of fillers of fillers Young’s modulus  Ultimate strength ~ Work of fracture
Sample (Wt%) (vol%) (GPa) (MPa) (MJ m™)
Neat PLLA _ - 1.46 £0.11 50.4+5.6 1.46 £ 0.06
PEG(23)-TOCN/PLLA 0.1 0.08 1.52+0.08 53.7+3.7 1.65+0.06
0.25 0.19 1.66 £0.14 55.1+£1.9 1.87£0.33
0.5 0.39 1.71£0.19 57.7+1.4 2.00+0.15
1.0 0.77 1.86 £0.19 57.8+3.2 2.35+0.39
PEG(48)-TOCN/PLLA 0.1 0.08 1.56+0.13 51.3+5.7 1.65+0.26
0.25 0.19 1.67 £ 0.15 52.7+4.2 1.73 £0.22
0.5 0.39 1.69£0.16 53.7+1.4 1.98 £ 0.02
1.0 0.77 1.88 £0.06 582+1.3 2.37+0.28
PEG(48)-SWCNT/PLLA 0.1 0.09 1.73+£0.17 509+43 1.21 +0.08
0.25 0.23 1.79 £ 0.15 52.9+6.7 1.28+0.13
0.5 0.47 1.80£0.10 47.3+4.6 1.05+0.19
1.0 0.93 1.80 £ 0.05 45.7+5.8 1.01 £0.10
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»y

Figure 4.6. SEM images of tensile fracture surfaces: (a) 1.0 wt % PEG(23)-TOCN/PLLA, (b) 1.0 wt %

PEG(48)-TOCN/PLLA, and (c, d) 1.0 wt % PEG(48)-SWCNT/PLLA composite films. Reproduction of image with

permission from Elsevier (O Elsevier 2013).

range, indicating that crack generation was suppressed in the composites, because individually dispersed

TOCNSs strongly interacted with the PLLA molecules in the matrix.

4.4.3  Model approach

In order to evaluate the reinforcement efficiency of PEG-TOCN in PLLA, model approach was employed.
Because TOCNs are considered to be randomly laminated in the PEG-TOCN/PLLA composites, the
well-established Voigt-Reuss model’*** and Halpin-Tsai model’>*® were used to calculate the theoretical

Young’s modulus of the composites. The modulus predicted from the Voigt-Reuss model (Evr) is described as

Ew =i, +(1—Vf)Em]+5{ S } (1)

8| E,(1-V,)+E,V,
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where Er and E,, are the moduli of the filler and matrix, and V; is the volume fraction of the filler. The

Halpin-Tsai model, which takes into account the aspect ratio of the reinforcing fillers, is described as

_ E 1+ 2(Zf/df )77LVf E +§ 1+ 2n,v; E )
o8 1=nv, IR E A P
where Eyr is Young’s modulus of the composite, and 7, and 71 are expressed as follows
(Ef /E )_ 1
M= - 3)
© (B /E,)+ 2, /dy)
— (E'f/E'm)_1 (4)

= (E./E,)+2

where /r and d are the average length and width of the filler, respectively. In this study, the E,, value of 1.46 GPa
was determined from tensile test data (Table 4.2). For TOCN, E¢ of 145 GPa' and d; of 3 nm* were used, and
the /; value of 1087 nm was average length measured from TEM images. For SWCNT, E; of 1 TPa was used,

and dr and /f were assumed to be 4.5 nm and 1.0 um, respectively, based on the catalog values.
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Figure 4.7. Young’s modulus of the composites versus filler volume content: (a) PEG(23)-TOCN/PLLA and

PEG(48)-TOCN/PLLA s, and (b) PEG(48)-SWCNT/PLLA. Lines present the theoretical predictions for the
composites by Voigt-Reuss model (black solid line) and Halpin-Tsai model (black dashed line). Reproduction of
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In Figure 4.7, Young’s moduli of the PEG(23)-TOCN/PLLA, PEG(48)-TOCN/PLLA, and
PEG(48)-SWCNT/PLLA composites were plotted versus the volume content of fillers. The modulus of
PEG(48)-SWCNT/PLLA composite did not follow either Voigt-Reuss or Halpin-Tsai model at higher SWCNT
contents, probably due to the aggregation of SWCNTSs (see Figure 4.6d again). On the other hand, those of
PEG-TOCN/PLLA nanocomposites found to be in good agreement with both of the theories. This clearly
indicates that the applied stress was ideally transferred to individual TOCNs, which have a high elastic modulus,
high strength, and extraordinarily large specific surface areas approaching 900 m” g, and thus the

nanocomposite achieved not only higher Young’s modulus and strength, but also higher work of fracture.

4.5 Conclusions

We have shown the reinforcing potential of plant cellulose microfibrils through surface modification of
TOCNs. TOCN surfaces were densely and selectively grafted with PEG(23)-NH, or PEG(48)-NH,, which
enabled them to be dispersed in chloroform. With the aid of the surface grafting, both PEG-TOCNs were
individually dispersed and strongly interacted with surrounding PLLA matrix, so that the resultant
nanocomposites showed higher stiffness, strength, and toughness, compared with neat PLLA, whereas
PEG(48)-SWCNT/PLLA became brittle with increasing the SWCNT content up to 1.0 wt %. Although
individual SWCNTs potentially have extraordinary mechanical properties such as higher tensile strength and
~10 times higher Young’s modulus than cellulose nanofibrils, they are prone to aggregate in various media, and
therefore the material properties are dominated by the bundle properties. On the other hand, TOCN surfaces can
be finely grafted, which enables us to fully take advantage of the reinforcing potential of cellulose nanofibrils.
We expect that this facile and efficient way to modify cellulose nanofibril surfaces could be applied in the

development of sustainable and lightweight/high-strength nanocomposite materials.
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Chapter 5 Nucleating ability of PEG-TOCNSs for PLLA

Chapter S
The effect of PEG-TOCNSs on the crystallization behavior and

thermo-mechanical properties of PLLA

5.1 Abstract

The abilities of surface-grafted cellulose nanofibrils for the nucleation of poly(-lactide) (PLLA) were
investigated. Cellulose nanofibrils with a width of ~3 nm were obtained from wood cellulose via the oxidation
using 2,2,6,6-tetramethylpiperidiniyl-1-oxyl (TEMPO) as a catalyst and successive mechanical treatment. The
TEMPO-oxidized cellulose nanofibril (TOCN) surfaces were selectively modified with amine-terminated
poly(ethylene glycol) chains, via simple ionic bonds (PEG-TOCN). The PEG-TOCN/PLLA composite films
were prepared using a solvent casting method with chloroform. The isothermal and non-isothermal
crystallization kinetics of the PLLA in the composites were studied using differential scanning calorimetry and
polarized optical microscopy. The PEG chains were densely immobilized on the surface of the cellulose
nanofibril templates, which had extraordinarily large specific surface areas. As a result, the surface-PEG layers
effectively increased the rate of crystallization of the PLLA in the composites. Because of the increased degree
of crystallinity after the isothermal crystallization, the composites showed better heat resistance than neat

PLLA.

5.2 Introduction

Poly(;-lactide) (PLLA) is one of the most widely used biodegradable polymers. Because of its
biocompatibility and renewability, PLLA is attractive for wide range of applications, including packaging,'”
and medical*® applications. However, a major drawback of PLLA is its low heat resistance. Although the
crystallization of PLLA itself is a simple and effective way to solve the problem, the crystallization rate of

PLLA is very low. Therefore, the use of neat PLLA typically results in an amorphous or very low-crystallinity
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material; the resultant material is easily distorted at its glass transition temperature (7,) of ~60°C, which limits
its potential for applications.
Much effort has been dedicated to enhancing the crystallization of PLLA. The addition of nucleating

agents is an effective method for increasing the crystallization rate of PLLA. Some micro- or nano-elements

10-11 12-15 15-17

such as talc,” montmorillonite, carbon nanotubes,'”" and graphene™'” are known to act as nucleating

agents for the crystallization of PLLA. These nucleating agents have large specific surface areas, and are thus
efficient in inducing the crystallization of PLLA on their surfaces. Organic compounds such as
benzenetricarboxylamide derivatives' and polysaccharide derivatives'® have recently been shown to play an
effective role as nucleating agents for PLLA. In addition to these nucleating agents, plasticizers such as
poly(ethylene glycol) (PEG) can also enhance the crystallization.”** PEG chains increase the polymer chain
mobility, which leads to an increase in the crystallization of PLLA via a reduction in the energy required for
the chain folding process during crystallization.”**

Cellulose nanofibrils are promising candidates for renewable nucleating agents for PLLA, and originate
from naturally occurring cellulose microfibrils,” which have high aspect ratios (>300) with small widths of 2—
20 nm and high crystal moduli (130-150 GPa).?**® It has been reported that these nanofibrils act as effective
nucleating agents when they are incorporated in semi-crystalline polymers such as PLLA,*"

32-35

polypropylene,**** and poly(3-hydroxybutyrate-co-3-hydroxyvalerate).** Since the crystallization is initiated

on their surfaces, the dispersibility of the nanofibrils in polymer matrices significantly affects the nucleation

29-30

rate. However, it is typically difficult to disperse hydrophilic cellulose nanofibrils in a hydrophobic

polymer matrix without any aggregation.
In the previous chapter, we showed a method that was used to achieve the individual dispersion of
cellulose nanofibrils in a hydrophobic PLLA matrix via the surface modification of

2,2,6,6-tetramethylpiperidiniyl-1-oxyl (TEMPO)-oxidized cellulose nanofibrils (TOCNs).>” Carboxyl groups

38-39

are exposed in high densities on the surface of TOCNSs,**” and these groups can be used as selective anchoring

40-46

sites for many kinds of functional groups. When long PEG chains are grafted onto the carboxyl groups,

the PEG-grafted TOCNs (PEG-TOCNSs) can be dispersed at the individual nanofibril level in a PLLA matrix,
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and the resultant PEG-TOCN/PLLA composites show enhanced mechanical properties with only small
amounts of the PEG-TOCNSs added.

In this chaper, we demonstrated the nucleating abilities of the PEG-TOCNSs for the crystallization of PLLA.
TOCNs were prepared from wood cellulose, and the surface carboxyl groups were selectively modified with
PEG chains via simple ionic bonds. Two PEGs with different chain lengths were used as grafting agents to
evaluate the effects on the nucleating properties. PEG-TOCN/PLLA composites containing 0.5 and 1.0 wt %
of TOCNs were prepared by casting and drying mixtures of the PEG-TOCN dispersions and the PLLA
solutions in chloroform. The crystallization behaviour of the PEG-TOCN/PLLA composites was investigated

under isothermal and non-isothermal conditions.

53 Materials and methods
5.3.1 Materials

A never-dried softwood bleached kraft pulp (Nippon Paper Ind., Japan), which contained approximately
90% cellulose and 10% hemicelluloses, was used as the original wood cellulose. Two amine-terminated PEGs,
PEG(23)-NH; and PEG(48)-NH, (Sunbright MEPA-10Hand MEPA-20H with n = 23 and n = 48, respectively)
were obtained from NOF Corp. (Japan). PLLA with M,, = 94,000 and M, 45,000 (Lacty”) was supplied from
Toyota Motor Corp., Japan. All other reagents were purchased from Wako Pure Chemicals, Co. Ltd., Japan,

and used as received.

5.3.2  Preparation of PEG-TOCN/PLLA composite films
PEG(23)-TOCN/PLLA and PEG(48)-TOCN/PLLA nanocomposite films were prepared by casting the
PEG(23)-TOCN/PLLA and PEG(48)-TOCN/PLLA mixtures in chloroform, respectively, according to the

procedure reported in the previous chapter (Capter 4).

72



Chapter 5 Nucleating ability of PEG-TOCNSs for PLLA

5.3.3  Analyses

Thermal analysis of the samples was carried out using a Perkin-Elmer differential scanning calorimetry
(DSC) 8500 instrument. Samples (2-3 mg) were sealed in aluminium pans. For the non-isothermal
crystallization study, the samples were heated to 185°C, maintained at this temperature for 2 min, and then
rapidly cooled to 0°C. The parameters were collected during the second heating run from 0 to 185°C at a
heating rate of 20°C min . In the isothermal study, samples were heated to 185°C, and then maintained at this
temperature for 2 min to erase any thermal history. The samples were then quenched to a desired
crystallization temperature (85, 90, 95, 100, 105, 110, 115, and 120°C), and then held at that temperature until
the isothermal crystallization was complete. The degree of crystallinity (X;) of the PLLA after isothermal

crystallization for 60 min was calculated from the DSC heating curve using the following equation:

_ AHp—AHg,

X
¢ AHR

x 100 (%) (5.1)

where 4H,. and 4H,,are the cold crystallization enthalpy and melting enthalpy, respectively, and AH,,” is the
theoretical melting enthalpy of 100% crystallized PLLA (93.0 J g ).¥ Wide-angle X-ray diffraction (WAXD)
measurements were carried out using a Rigaku RINT2000 diffractometer with Cu Ka radiation (A = 1.5418 A)
at 40 kV and 40 mA. The spherulite morphology of the PLLA crystal was observed using a Nikon E600 POL
polarized microscope equipped with two hot stages. The sample was initially melted at 185°C for 2 min on
one of the stages, and was then immediately transferred to another stage that had been preheated to the desired
crystallization temperature (85—120°C). The images were captured using Motic Image Plus 2.2S software.
Tensile tests were carried on films with a thickness of ~150 um using a Shimadzu EZ-TEST tensile tester
equipped with a 500 N load cell. Specimens with a length of 30 mm and a width of 2 mm were measured at an
extension rate of 20 mm min ' with a 10 mm span length. At least 5 specimens were measured for each sample.
Thermal mechanical analysis (TMA) was carried out using a 0.03 N load in a nitrogen atmosphere, at
temperatures from 30 to 140°C, with a heating rate of 5°C min ' using a Shimadzu thermomechanical analyser
(Shimadzu, Japan, TMA-60). The change in specimen length with temperature was recorded, and the linear

coefficient of thermal expansion (CTE) was calculated.
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5.4  Results and discussion
5.4.1  Non-isothermal crystallization behavior

Two PEG-NH, samples, PEG(23)-NH, and PEG(48)-NH, with average degrees of polymerization of 23
and 48, respectively, were grafted onto the TOCN surfaces via ionic bonds. The PEG(23)-TOCN and
PEG(48)-TOCN were individually dispersed in chloroform, and then mixed with PLLA/chloroform solutions.
The PEG(23)-TOCN/PLLA and PEG(48)-TOCN/PLLA composite films were prepared simply by casting the
PEG(23)-TOCN/PLLA-chloroform and PEG(48)-TOCN/PLLA-chloroform mixtures, respectively.

The addition of PEG(23)-TOCN and PEG(48)-TOCN significantly increased the crystallization rate of
PLLA under heating. The cold crystallization peaks of PLLA became sharp, and the cold crystallization
temperature (7,.) decreased from 134 to 120 and 111°C by the addition of 1.0% PEG(23)-TOCNs and
PEG(48)-TOCN:s, respectively (Table 5.1 and Figure 5.1). In this study, the weight contents were based on the
contents of TOCN without PEG moieties. The cold crystallization enthalpy (4H..) increased with increasing
PEG-TOCN contents. In contrast, no such nucleating effect was observed in the PEG/PLLA blends (without
TOCN) at these weight contents. The 7, of the PLLA matrix decreased with increasing PEG contents, which

showed that the PEG chains were sufficiently miscible in the PLLA matrix in this system.

Table 5.1. Thermal properties of PEG-TOCN/PLLA nanocomposites and PEG/PLLA blends in the second heating

run (heating rate 20 °C min ).

Sample Weight content Ty T, AH, Tm AH,
(wt %)

TOCN PEG (°C) 0 Jgh (°C) Jgh
Neat PLLA 0 0 58.3 134.0 10.6 160.0 10.6
1.0 % PEG(23)-TOCN/PLLA nanocomposite 1.0 1.5 50.5 120.0 39.8 157.5,162.2 39.8
PEG(23)/PLLA blend 0 1.5 48.9 129.3 10.5 158.8 10.5
1.0 % PEG(48)-TOCN/PLLA nanocomposite 1.0 3.0 51.9 111.3 40.8 155.5,162.5 40.9
PEG(48)/PLLA blend 0 3.0 49.1 129.5 19.0 158.3 19.0

Ty: glass transition temperature T¢: cold crystallization temperature, 4H,: cold crystallization enthalpy, T;,: melting temperature, AH.,:
melting enthalpy. 4H,. and 4H,, were calculated based on the weight content of PLLA component.

74



Chapter 5 Nucleating ability of PEG-TOCNSs for PLLA

Neat PLLA

J
J

1.0 % PEG(23)-TOCN/PLLA

PEG(23)/PLLA (without TOCN)

:

Exo —

1.0 % PEG(48)-TOCN/PLLA

PEG(48)/PLLA (without TOCN)

40 60 80 100 120 140 160
Temperature (°C)

Figure 5.1. DSC curves of PLLA and the 1.0 % PEG-TOCN/PLLA nanocomposites and PEG/PLLA blends in the
second heating run (heating rate: 20 °C minﬁl). The weight contents were based on the contents of TOCN without

PEG moiety (see Table 5.1).

PEG chains are typically used as a plasticizing agent for PLLA, and can significantly increase the cold
crystallization rate of PLLA (by >10 wt %);** the PEG chains enhance the chain mobility of PLLA as the
density of PEG chains increases, which leads to a reduction in the energy required for the chain folding
process during crystallization.”** In this study, the PEG chains, which were not immobilized on the surface of
the TOCNS, did not enhance the cold crystallization at all, probably due to the low PEG density in the matrix.
However, when the PEG chains were densely anchored on the TOCN surfaces (~1.4 chains nm?), the chains
significantly enhanced the crystallization rate of the PLLA; the rate increased as the PEG content in the
composite films was increased (Table 5.1). This demonstrated that the sufficiently dispersed PEG-TOCN
elements with large surface areas efficiently initiated the nucleation of PLLA. Moreover, the PLLA
mobility may have been increased by the dense PEG layers on the TOCN surfaces, which resulted in a
reduction in the energy required during crystallization. In addition, double melting behaviour was observed in
the PEG-TOCN/PLLA  composites (Fig. 5.1), which is explainable in terms of

melting-recyrstallization-remelting phenomenon.

75



Chapter 5 Nucleating ability of PEG-TOCNSs for PLLA

5.4.2  Isothermal crystallization behavior

The isothermal crystallization behaviour of the composites was investigated using DSC. Neat PLLA and
the PEG-TOCN/PLLA composites were melted at 185°C for 2 min, and subsequently cooled to different
isothermal crystallization temperatures (7.). Figure 5.2 shows the crystallization half-time (#,,) as a function
of the crystallization temperature 7, which ranged from 85 to 120°C. ¢, is defined as the time at which the
relative crystallinity (X;) reaches 50% of the total crystallinity, and can be calculated using the following

equation:

_ Jy@aH/atyat

Xe = J°(aH/at)dt

x 100 (%) (5.2)

The addition of PEG-TOCN enhanced the isothermal crystallization of PLLA to a remarkable degree. At
any T, the ¢, of PLLA decreased with the addition of PEG-TOCN (Fig. 5.2). The minimum ¢, value for the
neat PLLA and the PEG-TOCN/PLLA composites was observed at approximately 100°C.

PEG(23)-TOCN/PLLA and PEG(48)-TOCN/PLLA showed a minimum ¢, of 4.8 and 4.7 min, respectively, at

E [ O Neat PLLA @)
= 20 @ 1.0 %PEG(23)-TOCN/PLLA
« i V¥ 1.0 %PEG(48)-TOCN/PLLA
s .| © o
£ r O VS
o O O
© v
< 10f o
C
S ¢ O ¢
g ® *
= 5 V¢ $ e v
"a L
< [
o 0 1 . 1 . 1 . 1
80 90 100 110 120

Crystallization temperature, T_ (°C)

Figure 5.2. The crystallization half time (#,,) of PLLA film, 1.0 % PEG(23)-TOCN/PLLA, and 1.0 %
PEG(48)-TOCN/PLLA nanocomposites.
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Table 5.2. ¢, values for neat PLLA and PEG-TOCN/PLLA composites at various 7, values.

tin (mln) at Tc

85°C 90°C 95°C 100°C 105°C 110°C 115°C 120°C

Neat PLLA 16.8 14.3 13.1 8.8 10.6 12.6 15.6 21.7
0.5 % PEG(23)-TOCN/PLLA 12.9 9.2 7.8 7.6 7.3 8.1 13.4 16.6
without TOCN 20.0 10.7 11.2 7.7 94 9.0 15.0 21.7
1.0 % PEG(23)-TOCN/PLLA 8.1 6.5 53 5.5 4.8 6.4 8.3 14.1
without TOCN 11.5 9.4 6.7 7.6 6.1 8.6 9.9 15.1
0.5 % PEG(48)-TOCN/PLLA 12.3 8.3 6.5 5.7 5.7 7.3 10.0 16.5
without TOCN 20.0 12.3 11.3 8.6 9.1 11.3 13.8 18.8
1.0 % PEG(48)-TOCN/PLLA 7.3 54 4.7 4.6 4.7 4.8 8.1 12.1
without TOCN 9.3 7.3 6.6 5.7 6.0 8.2 9.9 15.7

105°C, whereas that of PLLA was 10.6 min. These values are comparable with that of the composite containing
1 % silylated cellulose crystals (¢, = 4.2 min at 110 °C) ** or that of the composite containing 1 % nanocellulose
prepared by aqueous counter collision (f,, = 3.4 min at 130 °C) *. In contrast, when only PEG molecules
without TOCNs were added to the PLLA matrix, the enhancement in isothermal crystallization was not as
significant as that achieved using the PEG-TOCNSs (Table 5.2). Thus, the isothermal crystallization of PLLA
was effectively enhanced by PEG-TOCNS.

The crystallization kinetics of the samples were described using the well-known Avrami theory.”*° In the

Avrami equation, X; is described as:
X; = l-exp(—kt") (5.3)

where n is the Avrami exponent and £ is the rate constant of crystallization. In this equation, 7 is dependent on

the crystal shape and the nucleation process. Equation (5.3) can be rearranged to give the following equation:
[In(1-X)] =In k + n In ¢ (5.4)

The parameter n can be obtained from the slope of plots of In[—In(1-X,)] versus In ¢.
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Figure 5.3. Isothermal crystallization curves obtained using DSC, and corresponding Avrami plots of In [-In (1-

X))] versus In (¢) at different temperatures; (a, d) 95 °C, (b, €) 105 °C, and (c, f) 115 °C.

Figure 5.3 shows isothermal crystallization curves for neat PLLA and PEG-TOCN/PLLA composites at 95,
105, and 115°C and the corresponding Avrami plots. The isothermal peaks became sharper after the addition
of the PEG-TOCNSs, which clearly showed that they enhanced the isothermal crystallization of PLLA. The n
and X, values obtained from the isothermal peaks are listed in Table 5.3. The Avrami exponent n was obtained
using a linear fitting of the X, data in the range of 20—70%. This exponent predicts the nucleation mechanism
and growth dimensions. For the neat PLLA, n was close to 4, indicating homogeneous nucleation with a
three-dimensional growth.”' In contrast, the n values of the PEG-TOCN/PLLA composites were in the range of
2.2-2.7, which revealed that the growth of the PLLA crystals occurred with homogeneous nucleation in one or
two dimensions in the composites.

The crystal growth of the neat PLLA and PEG-TOCN/PLLA composites was observed using polarized
optical microscopy at different 7. values (Figure 5.4). The PEG-TOCN/PLLA composites showed a
significantly higher nucleation density than the neat PLLA, because the nucleation was enhanced on the

TOCN surfaces. Moreover, no three-dimensional spherulites were observed for the composites; this was
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Table 5.3. Isothermal crystallization kinetics parameters at 95, 105, and 115 °C. X, was calculated based on the

weight content of PLLA component.

Sample T.=95°C T.=105°C T.=115°C

n Xe (%) n Xe (%) n Xe (%)
Neat PLLA 34 28.5 3.5 322 3.7 30.2
0.5 % PEG(23)-TOCN 2.7 324 2.8 37.0 24 38.0
1.0 % PEG(23)-TOCN 2.4 33.6 24 39.5 2.7 41.7
0.5 % PEG(48)-TOCN 2.4 32.6 3.0 37.1 24 39.6
1.0 % PEG(48)-TOCN 2.2 33.7 2.6 40.1 2.3 42.1

different from the behaviour observed for the neat PLLA. This was likely because the dense PEG-TOCN
networks in the composites prohibited the three-dimensional growth of the PLLA spherulites in the
composites. In a previous study, it was demonstrated that TOCNs with a width of ~3 nm and a length of ~1
um formed a network throughout a polymer matrix (i.e., via percolation) with a TOCN content of only 0.31
vol % (0.5 wt %).**

In this study, it is likely that dense TOCN networks were formed in the composites with 1.0 wt % TOCN
contents. As a result, the TOCN network in the PLLA matrix restricted the dimensionality of the crystal
growth of PLLA (which is consistent with the lower n values of the composites, as discussed previously). The
size of the PLLA spherulites in the neat PLLA films increased with crystallization temperature, and the
nucleation rate was lower. In contrast, the crystal size in the PEG-TOCN/PLLA composites was apparently
unchanged with temperature in the presence of the TOCN networks. The X, value increased up to 42.1 %
with the addition of PEG-TOCNSs (Table 2), which is as high as that of the composite containing 25 w/w %
microcrystalline cellulose (X, = 44.5 %) >. The X, value slightly increased with the addition of PEG-TOCNs
(Table 5.3). The WAXD patterns showed that the addition of PEG-TOCNs did not change the crystal forms of
the neat PLLA at all during isothermal crystallization (Figure 5.5). Thus, the PEG-TOCNSs increased not only

the crystallization rate but also the X, of PLLA, without changing the crystal structure.
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(a)

PEG(23}-TOCN/PLLA PEG(48)-TOCN/PLLA
0.5% 1.0% 0.5 % 1.0 %

Neat PLLA

Figure 5.4. Optical micrographs of neat PLLA and PEG-TOCN composites observed between crossed polarizers
after isothermal crystallization for (a) 5 min, (b) 10 min, and (c) 60 min at various crystallilzation temperatures.

The scale bar represents 100 um.
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Figure 5.5. Wide-angle X-ray diffraction patterns for neat PLLA and PEG-TOCN/PLLA nanocomposites

crystallized at 95, 105, and 115°C for 60 min. The films were composed of both o’ and a phases.

54-55

The thermal dimensional stability of the films after isothermal crystallization at 95, 105, and 115°C for 5 min

was evaluated using thermomechanical analysis. The composites exhibited better thermal stability than neat

PLLA, due to the increased crystallinity (Fig. 5.6a). The thermal expansion of the neat PLLA film increased

above the T, of ~60°C. In contrast, the thermal expansion values of the composite films were smaller than 4% in

10
(a)
8 -
— Neat PLLA
6 — PEG(23)-TOCN/PLLA

Thermal expansion (%)

—— PEG(48)-TOCN/PLLA

60

80 100 120 140

Temperature (°C)

CTE above T, (ppm K™)
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103
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(b) mmm Neat PLLA
mmm 1.0 % PEG(23)-TOCN/PLLA
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crystallization
Crystallization temperature
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Figure 5.6. (a) Thermal expansion behaviour of neat PLLA and 1.0% PEG-TOCN/PLLA composites after

isothermal crystallization at 105°C for 5 min, and (b) the linear thermal expansion coefficient (CTE) of the films

above the glass transition temperatures (7,) of the samples before and after isothermal crystallization at 95, 105,

and 115°C for 5 min.
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Table 5.4. Tensile properties of neat PLLA and PEG-TOCN films after isothermal crystallization for 5 min.

T, Young’s ultimate tensile  elongation X,
modulus strength at break
“C) (GPa) (MPa) (%) (%)
Neat PLLA - 1.29+£0.12 40.1+£2.0 6.1 +£0.45 0
95 1.42+0.29 40.8 +6.0 4.1+£042 29
105 1.44£0.15 41.9=+2.1 3.5+£0.36 4.6
115 1.41+£0.22 423+58 3.8+0.43 3.0
1.0 % PEG(23)-TOCN/PLLA 95 1.61£0.20 45.0+£4.6 4.0+£0.70 153
105 1.61+£0.10 43.0+29 3.0+0.21 21.2
115 1.56 £0.18 41.0+4.1 3.7+0.38 7.0
1.0 % PEG(48)-TOCN/PLLA 95 1.66 £0.28 50.0+4.7 3.0+ 048 18.6
105 1.66 £0.13 45.1+44 3.1+0.23 24.9
115 1.54+0.10 43.4+34 4.0+0.74 8.8

50
40 | .
E 30
=3
@
g 20k —— Neat PLLA (amorphous)
2 After isothermal crystallization at 105°C
Neat PLLA
10 | —— 1% PEG(23)-TOCN/PLLA
—— 1% PEG(48)-TOCN/PLLA
0 | | |
0 2 4 6 8

Strain (%)

Figure 5.7. Stress-strain curves for neat PLLA and PEG-TOCN/PLLA nanocomposite films after isothermal
crystallization at 105°C for 5 min.
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this temperature range. The CTE values of the composites decreased significantly (by approximately one order
of magnitude) after the isothermal crystallization, whereas the neat PLLA showed a modest decrease in its CTE
(Fig. 5.6b). The CTE value of the PEG-TOCN/PLLA nanocomposites was ~230 ppm K after the
crystallization, which is comparable that of xylan ester/PLLA blend (215 ppm K™) . This was
primarily due to the increased degree of crystallinity of the PLLA in the composites. The Young’s moduli of the
samples increased as the degree of crystallinity increased (Fig. 5.7 and Table 5.4). However, the crystallization

resulted in brittle failure as has been reported previously.”> **>’

5.5 Conclusions

In this study, we demonstrated the potential of PEG-TOCNs as a bio-based nucleating agent for PLLA.
Because the PEG chains were densely immobilized on the surface of the TOCNs, which had high specific
surface areas, the nucleation rate of PLLA was effectively increased on the surfaces. Because of the
sustainability and biocompatibility of cellulose nanofibrils, this technique is applicable in many fields, and in,
for example, medical and packaging applications. Moreover, this is a simple but efficient process. We expect

that it will be possible to tune the nucleating properties by changing the grafting agents..
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Chapter 6 Summary

Chapter 6

Summary

Surface modification of ultrafine cellulose nanofibrils with a width of ~3 nm has been developed, by using
the carboxyl groups on TOCN surfaces as selective anchoring sites. The surface carboxyl groups can be
selectively modified at high conversion ratios, by means of either covalent or non-covalent approaches. When
TOCNs are reacted with either DIC or DCC, diisopropyl or dicyclohxyl groups are selectively introduced on
the carboxyl groups via N-acylurea structures, respectively. By this reaction, hydrophobicity of TOCN films
efficiently increases due to introduction of two isopropyl or cyclohexyl moieties to one carboxyl group of
TOCN. When alkyl or PEG amines are used, they are introduced onto most of (>95%) carboxyl groups on the
TOCN surfaces via ionic bondings. Solvent dispersibility of TOCNs can be controlled by the surface
modification. When long PEG amines with a degree of polymerization of 48 are introduced to carboxyl
groups via simple ionic bondings, the PEG-TOCNSs are stably dispersed not only in water and polar organic
solvents but also in nonpolar organic solvents such as chloroform and toluene, despite original TOCNs are
dispersible only in water or polar organic solvents. These processes are highly surface-selective, and have
great versatility to the design of good interaction with various matrices in hybrid nanomaterials.

Bio-based PEG-TOCN/PLLA nanocomposites can be prepared by using PEG-TOCNSs as nanofillers. With
the aid of the surface modification, PEG-TOCNs are individually dispersed and strongly interact with
surrounding PLLA matrix, so that the resultant nanocomposites shows higher stiffness, strength, and
toughness, compared with neat polymers. Young’s modulus of the nanocomposites increases with TOCN
addition following theoretically predicted values, which means that the reinforcing potential of cellulose
microfibrils is fully realized. Since TOCN surfaces can be more finely modified than SWCNT surfaces, the
PEG-TOCN/PLLA nanocomposites show superior properties to PEG-SWCNT/PLLA nanocomposites in
terms of optical transparency, strength, and toughness. Moreover, the PEG-TOCNs show nucleating ability for
PLLA; the TOCNs effectively enhance crystallization of PLLA matrix due to their extraordinary high specific

surface areas, and therefore improve thermal dimensional stability of the nanocomposites.
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Chapter 6 Summary

In summary, we have demonstrated the potential of cellulose microfibrils as a reinforcing nanofiller in
polymer composite materials, through surface modification of TOCNSs. This surface engineering technique, i.e.
dense and selective grafting onto cellulose nanofibril surfaces using TOCNSs, is simple but effective, and
properties of the nanocomposites can be finely tuned by changing the grafting agents. Because of the
sustainability and biocompatibility of cellulose nanofibrils, we expect that this technique paves the way to

design novel green nanocomposite materials with superior functional properties.
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Appendix

Determination of average distance between two adjacent grafting points on
TEMPO-oxidized cellulose nanofibril surfaces

The average density of carboxyl groups on the TEMPO-oxidized cellulose nanofibril surfaces (I.oqy) was

determined by following equation (A1):

CCOOH (A 1 )

CCHZOH

Leoon = Tem,om %

where T is the average density of C6 primary hydroxyl groups exposed on the original cellulose

CH ,OH

microfibril surface, and C and Ci,oy are the contents of C6 primary hydroxyl group exposed on the

CH ,OH

original cellulose crystalline surface and C6 carboxyl groups of the TEMPO-oxidized cellulose, respectively,

expressed as mol per mol of monomer unit (mol mol ' of monomer unit). The parameters T and

CH,OH * CCHZOH >
Coony Were expressed as follows. Because the length of the repeating cellobiose unit in cellulose chains is

. .Sl
1.04 nm, Ceyon Was described as:

Lt , 1 (A2)
L _(.04xd,) " (1.04xd,)

CH,OH — B

where d, is a d-spacing of 0.60 nm, which corresponds to the (1 —1 0) plane of cellulose I, and > is 0.54 nm,

which corresponds to the (1 1 0) plane of cellulose IB.SZ In this study, cellulose microfibrils were assumed to

have square cross sections with sides of the same length.%* From equation (A2), Teyon Was calculated to be

1.7 nm . Following a previous paper, C was expressed by the following equation (A3):

G, G
dl d2

= (A3)

CCHZOH
G +1 |x & +1
d, d,

where C; and C; are crystal sizes of 3 nm, and C on Was determined to be 0.23 mol mol™! of the monomer

CH ,0H

unit. Because the molecular weights of glucuronosyl acid Na salt and glucosyl units are 198 and 162,
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. . 1
respectively, C is expressed as:®

CH ,OH

B

Ceoon = (A4)
O (1000 -36x B)/162

where B is the carboxylate content of TEMPO-oxidized cellulose (mmol g '), which was determined by the
conductivity titration method to be 1.3 mmol g™'. From equation (A4), C coon Was calculated to be 0.22 mol
mol ' of the monomer unit.

From equation (A1)~(A4), I'.ooy was determined to be 1.41 (nm?)

The average distance between two adjacent carboxyl groups on the TEMPO-oxidized cellulose nanofibril

surfaces (D) was presented as:

_1/2
(CCOOH X A)] (AS)

CCHZOH

D= |:FCHZOH X

A is the conversion ratio from free carboxyl groups to amine salt formation calculated by elemental analysis to

be 1. From equation (A5), D was determined to be 0.71 nm.

The thickness of the polymer brush layer on cellulose nanofibril surfaces

For polymer chains in a good solvent, the chain size is defined by the Flory radius (Rg):>*

Rr = aN*® (A6)

where a and N are the size of the monomer units and the degree of polymerization of the grafted chains,
respectively. For PEG chains, @ is 0.35 nm, and in this study, N was 48. The R calculated by equation (A6) is 3.6
nm while average distance between two adjacent grafting points (D) is 0.71 nm; the grafting points are so close
to each other that grafted PEG chains are forced to stretch away from the surface to avoid overlapping. When D

< Ry, the thickness of grafted chain layer (L) in a good solvent was estimated as: 5*°

L = aN@D)*® (D < Ry) (A7)
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From equation (A7), the thickness of PEG layer was estimated to be ~11 nm.

Thermal properties of PEG-grafted cellulose nanofibrils/PLLA nanocomposite

The degree of crystallinity (X.) of the PLLA matrix was estimated from DSC thermograms of the composites

using the following equation (A8):"’

AH —AH
X =" T2 L 100(%)
AH”

c

(A8)

c

where AH,, is the melting enthalpy and AH., is the crystallization enthalpy of the PLLA component of the

composites. AH.” is the theoretical melting enthalpy of 100% crystalline PLLA (93.0 J/g).%’

Theoretical Approach for Predicting Young’s Modulus of the Composites

The following four different models were used to predict the Young’s modulus of each PEG-grafted
cellulose nanofibril/PLLA nanocomposite, assuming that the nanofibrils were randomly laminated in the matrix,

and the results were compared with experimental values.

1. Halpin-Tsai model®™ >’

_ §X1+2(lf/df)77LVf +§X1+277TVf

8 l=nV; 8 1-n.V; "
(B JE)-1
LT B 1B+ 20,/ dy)

EHT

_ (Evf/Evm)_1
' (E,/E)+2

where Erand E,, are the moduli of a single cellulose nanofibril and the PLLA matrix, respectively, and /;, d, and
Ve are the length, width, and volume fraction of cellulose nanofibrils in the composite, respectively. Vr was

calculated assuming that the densities of cellulose nanofibril and PLLA were 1.6 and 126 g cm>,

respectively.®'’

2. Voigt-Reuss model °"'

3 5 E.E
Eyp==-UE,+(1-V)E, )+= a
VR 8( f f+( f) m)+8(Ef(1_Vf)+Emej
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3. Modified mixture law 55"

E MML

1

= giEf +(1-V,)E,

4. Cox model>"' "

ECox = HOULEfo +(1_Vf)Em

o =

1
5

27

m

B =
r E(1+v, )n(1/V;)

L

:[1— tanh(ﬁs)} 2
fs
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