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Preface

Cellulose nanocrystals (CNCs) owes much of its versatility to its surface
characteristics and molecular structure, as these can be tailored to a variety
of applications. Characterizing and controlling these properties with
sophisticated tools is central to thin-film formation and piezoelectric product
development. Our intent in compiling this work is to provide the collective
experience of cellulose nanocrystal manipulation at nano scale level and film
formation for new product development. We hope that the book will allow
the reader to quickly understand the used theory in a given problem. Results
and the advanced models described may be applied to understand and control
the alignment of CNCs during film formation and piezoelectric, static energy
harvesting applications. Furthermore, the scientific background of calculated
polarizability of prolate objects in aqueous solution was used to describe
electrophoretic phenomena of CNCs subjected to electric fields are also
discussed. Moreover quantum-mechanical calculation is performed on basic
crystal structure of cellulose for polarization calculation as well. The body of
this work is organized into five numbered chapters based on our recently
published, but significantly supplemented articles. Chapter I, the General
Introduction provides limited information to readers who are less familiar
with the unique characteristics of cellulose and cellulose nanocrystals.
Chapters II-IV are stand-alone documents with the supplemented works,
containing all the necessary sections including references. Chapter V
contains an overall summary and the conclusions in the form of theses. There
are few individuals who contributed to these works. They are mentioned by
name in the Acknowledgements section. Nonetheless, to salute those who
provided scientific and physical help, encouragement, friendship and love
during the course of this undertaking, the plural version “we” is practiced in
this write-up.

Levente Csoka
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Chapter 1

General introduction

Carbohydrates represent important structural and functional components of
cells and tissues including simple sugars, starches, animal and plant
celluloses, chitin, galactoglucosamins and many other compounds. They
consist of three basic building blocks; single or double bonded oxygen, carbon
and hydrogen in various conformations. The most basic carbohydrate units
are monosaccharide, disaccharides and trisaccharides. Slightly higher
polymeric degrees of carbohydrates are referred as oligosaccharides, while
ten of more linked monosaccharide units are classified as polysaccharides'.

Monosaccharides can be further divided according to their carbon content
as aldose, ketose, triose, tetrose, pentose, hexose or heptose. At this point it
should be mentioned that biopolymers are generally divided into three major
groups; polysaccharides, nucleic acids (DNA and RNA) and proteins,
however the basic units can be similar. For example, pentoses (5-carbon
monosaccharides) are the components of ribonucleic acid (RNA) and
deoxyribonucleic acid (DNA), with de-oxylation of ribose at the second
carbon in the later. In nucleic acid formation, the hydroxyl group of the first
positioned carbon atom is replaced with a nucleotid base. Hexoses are
stereoisomers (same molecular formula and sequence of atoms, but different
three dimensional conformation), having identical stereo epimers and form
subunits of celluloses and most sugars in fruits and blood. Epimers, chiral
molecules can rotate the plane-polarized light for right (assigned as D) and
left (assigned as L). Alfa (a) glycosidic bonds are formed between carbons
having identical stereochemistry and beta () type glycosidic bonds are
between different stereochemistry. D-glucose is a hexose repeating unit and
principal component of cellulose via the ($-1-4 glycosidic linkage. In xylan
and chitin, amylose («-1-4-linked), xylose and N-acetyl-D-glucoseamin ([3-
1-4-linked) are known as homopolysaccharides. (3-1-4 linked polysaccharides
are known as structural integrity in organisms. a-1-4-linked amylose is an
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energy-storage polysaccharide, denoted as a heteropolysaccharide since its
repeating sugar unit consists of more than one type of sugar molecule.

In this way, a chemical characterization and basic units, main bonds
within cellulose is built up. Cellulose is a most abundant natural biopolymer
of linear 3-1-4-linked glucose units at molecular level, which (in contrast to
starch) are oriented with a CH2OH group at C5. Cellulose can be found in
higher plants, marine animal, algae, fungi, bacteria, invertebrates and even
amoeba. The repeating unit is comprised of two anhydroglucose rings bond
together in such a way that one molecule is rotated 180 degree in order to
accommodate the bond angles of acetal oxygen bridges. Cellulose is fibrous,
water insoluble substance and has a role in maintaining the structure of plant
or marine animal cell walls. This fascinating biopolymer was first discovered
and isolated by Anselme Payen in 1838"% Frey-Wyssling et al. (1948)"!
were the first to explore the plant cellulose fibrillar ultrastructure by electron
microscopy. They found that essential and secondary cell walls exhibit a
fibrillar texture. With respect to the molecular axis’ terminal groups reducing
functionality and a nonreducing end can be distinguished (Figure 1.1.).

cellobiose unit

A
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OH OH
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HO 7 Oﬁm Oﬁ/OH
o HO
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OH OH "
%(—/

non-reducing end anhydroglucose unit reducing end
(AGU)

Figure 1.1. Molecular structure of cellulose

The glucopyranose rings have 4C1 chair conformations. Physical
properties of cellulose are influenced by its supramolecular structure, namely
the hydrogen bonding network. The three kinds of hydroxyl groups bond
equatorially in anhydroglucose units under different polarities, and the
resulting inter- and intramolecular interactions are responsible for the
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stabilization, crystalline structure and hydrophilic nature of cellulose (Figure
1.2.). The H-s in the left ring serve as hydrogen bond donators, while O-s in
the right ring including the glycosidic O bond contribute as hydrogen bond
acceptors for the hydrogen bonding network (Figure 1.2.). In nature
cellulose chain does not exist individually it is assembled of individual
cellulose chains and forming fibrillary or fiber like material. In most of the
higher plants cellulose is surrounded by hemicellulose and lignin matrix.
Around 36 linear [-1-4-linked glucan chains form subfibrils (2-20 nm in
diameter), which consist of repeating ordered (crystalline) and not ordered
(amorphous or chain dislocations) parts in the fringed fibril theory. Pure
cellulose subfibrils exist in bacterial cellulose and valonia only.
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Figure 1.2. Most probable hydrogen bond pattern of cellulose I. (Kolpak and Blackwell 1976,
1978)

In the ordered cellulose chain region, strong and complex inter and intra
molecular hydrogen-bond network formed. Hence cellulose subfibrils has
different crystalline polymorphs. In native cellulose (cellulose I) found in
nature, there are two intramolecular hydrogen bonds, which are between the
OH-3--05’, and between the OH-2-- 06’ for bonding the layers and one
intermolecular hydrogen bond, OH-6--0O3 for linking the layers laterally,
depending on the hydroxymethyl conformation at the C-6 position'!.
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Native cellulose I consists of two distinet crystal phases, namely Io and
IB. The Iot/I8 ratio defines cellulose properties and varies within the cellulose
microfibrils as well as in different cellulose sources. Algae and bacterial
cellulose specimens are rich in Ia form, while cotton, wood and ramie fibers
are rich in If crystalline allomorph®!.

The crystal structure and hydrogen-bonding system in cellulose I and If
respectively from synchrotron X-ray and neutron fiber diffraction apparatus
are shown in Figure 1.3.

Figure 1.3. Crystal structures of cellulose I (left) and I (right). Top row: down the
chain axes. Middle row: perpendicular to the chain axis and in the plane of hydrogen
bonded sheets. Bottom row: perpendicular to the hydrogen bonded sheets.
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In both of these structures, cellulose chains are parallel but they differ in
their hydrogen bonding patterns, i.e. in the crystalline structure. Io
corresponds to a triclinic unit cell (a = 0.6717 nm, b = 0.5962 nm, ¢ =
1.040 nm, o = 118.080, B = 114.80° and y = 80.37°) containing two
chains per unit cell, while I§ exists in a monoclinic unit cell having one
cellulose chain (a = 0.7784 nm, b = 0.8201 nm, ¢ = 1.038 nm, o = § =
90° and y = 96.5°). Furthermore, I type cellulose is metastable and can
be converted irreversibly into the irreversible IB. Later in the Chapter 2 the
I crystalline structure of cellulose has been used for the quantum mechanical
polarization calculation, which has not been calculated in this context earlier.

Chemical, physical and enzymatic degradation of fibrillary cellulose fibers
led to a colloidal suspension, which was observed by electron microscopy in
1950s as has been mentioned earlier. The observed degradation product was
a needle-shaped crystalline cellulose particles having identical crystalline
structure as the original fiber or fibrils. After the acid hydrolysis conditions
were optimized, Marchessault et al.”) demonstrated that colloidal
suspensions of cellulose nanocrystals (above a certain concentration)
exhibited nematic liquid crystalline alignment, so the nanocrystals not
randomly oriented in the liquid media. That observation helped later to
explore the orientation of cellulose nanocrystals in thin films or surface
functional modification. Chiral nematic alignment was one of the first natural
film forming ability of CNCs colloid producing different colors under
polarized light. The orientation of the CNCs is slightly different at each of
the nematic planes due to rotation of the magnetic direction about the
perpendicular cholesteric axis'®’. Taking advantage of such phenomena,
several techniques have been used in attempts to control the alignment of
CNCs. These techniques include the rotational shearing of gels!”’ and the
application of intense magnetic!'®" and electric fields!'*'*. However, these
techniques are time consuming and expensive, especially because the
requirement of high (electric or magnetic) fields. Additionally, control over
the thickness of the final films is not easily accomplished, nor the extension
of the films. Most of these mentioned techniques resulted oriented cellulose
nanocrystals on a drop size area only. A recent study of cellulose nanocrystal
thin films demonstrated birefringence to be a result of intrinsic shape and
optical anisotropy of rod-like cellulose nanocrystals, oriented by a spin-
coating process. Birefringence varied with thickness and relative location to
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the spin axis, allowing preparation of solid samples ordered for maximally
anisotropy!”..

Using the crude cellulase enzyme from Trichoderma viride, positive- and
negative-type cellulose spherulites can be formed by artificial polymerization
of cellulose via cellobiosyl fluoride, as observed by optical polarization
microscopy!'®!. Like starch granules, spherules show optical birefringence,
suggesting polymerization proceeds via two independent mechanisms. Under
given polymerization conditions, the majority of the spherulites show a
negative-type structure, indicating that cellulose chains within a spherulite
have a predominantly tangential orientation’”.. Both the introduced film
formation techniques from cellulose nanocrystals and artificial
polymerization of cellobiosyl fluoride resulted diverse applications in many
scientific fields.

In general, the possibility to control the architecture of two- and three-
dimensional arrays of proteins, nanoparticles and nanomaterials is critical in
applications related to biotechnology (vaccines, diagnostics, etc.), biosensing,
electronics, optics, microengineering and electrocatalysts!'”'®. The same can
be stated about the emerging utilization of CNCs as a building block for a
broad range of structures, antimicrobial packaging and aerogels for
wastewater treatment, drug delivery or surface coatings. In such cases the
additional benefit of improved mechanical characteristics with aligned CNCs
might be realized™. Oriented cellulose nanocrystals offer potentially
increased surface mechanical strength and wear resistance. A transverse
Young’s modulus, hardness and coefficient of friction of 8.34+0.9 GPa,
0.38+0.03 GPa and 0.51+0.23 respectively, were determined. Notably,
the transverse Young’s modulus was found to be in agreement with reported
values predicted by molecular modeling and measured for single CNCs by
using atomic force microscopy, while the friction coefficient and wear
resistance were enhanced and within the ranges that are useful in high
performance applications!?!,

Cellulose nanocrystals have been used as a reinforcing material in
composites to improve their mechanical properties®. This is in part due to
their relatively high intrinsic strength, high aspect ratio and low density. The
use of CNCs in high performance coatings is attractive not only because of
their expected properties but also because they may provide a platform for
fundamental studies related to their assembly. When used in composites,
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CNCs have been shown to affect markedly the properties of the resultant
materials, depending on the processing conditions® and their
supramolecular organization!'®!,

The overall aim of this chapter was to introduce and point the way
forward of cellulose nanocrystal’s characteristics, some basic processing and
novel film-formation properties were also briefly outlined. The author feels
that this basic knowledge is imperative to comprehend the overall importance
of film forming ability and utilization of CNCs. For some readers there are
obvious details, for others the entire Chapter might be unfamiliar.
Nevertheless, this Introduction tried to summarize the essential features of
cellulose nanocrystals with the hope that it is deep enough to provide valuable
facts and information and short enough to avoid redundancies and
tediousness. In the following sections further solutions are extended related
to CNCs thin films, properties and applications by transforming them into a
more formalized order, which attempts to address the following objectives:

i) To develop of highly oriented cellulose nanocrystals and nanofibrillar
films by calculating the dielectrophoretic and polarizability properties
(electric field strength and frequency) using the Clausius-Mossotti approach.

ii) To calculate the polarizability of the unit cellulose nanocrystal using
quantum mechanical approach at subnanometer level.

iii) To experimentally measure the piezoelectric response of the highly
aligned cellulose nanocrystal thin films.

iv) To develop and validate a finite element simulation (eigenfrequency
analysis) of a piezoelectric cantilever.

v) To fabricate bacterial cellulose nanofibrillar self-standing films for
energy harvesting applications from bacterial cellulose.

The results of the theoretical, analytical and experimental works are
presented in each chapter separately and are summarized in form of new
scientific results at the end of the chapters.

Part of this general introduction chapter has been published by our
research group in Acta Histochemica Vol. 115, pages 22-31, in 2013, in
Cellulose Vol. 22, pages 779-788, in 2015, and in a Tappi Press published
book chapter and some other journal listed in the references.



dc_1242 16

General introduction 13

The potential benefits that can be gained through the formation of aligned
CNC films are expected to broaden the possible applications of such
sustainable, biologically-derived material. One of the most important
emerging area of aligned cellulose nanocrystals or nanofibrils is in micro-
energy harvesting systems. Energy harvesting systems made from cellulose
is capable of scavenging milliwatts from solar, vibrational, thermal®® and
biological sources. Our recently published works report micro-energy
harvesting technologies, one based on vibrational piezoelectric!®***! system
and the other one is based on solar energy®”, which capable scavenging of
12 pW/em?® energy in indoor environment.
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Chapter 2

Dielectrophoresis of cellulose nanocrystals

2.1. Introduction

Ultrathin films of cellulose nanocrystals (CNCs) produced by controlled
assembly have gained recent attention not only because of a number of
emerging applications such as fabrication of advanced materials but also due
to the fact that they can be used to better understand the nature of complex
interactions in related systems.!!

Self-assembly of high aspect-ratio nanoparticles, such as CNCs, is
facilitated by their geometry, dimensions, surface and intermolecular
interaction forces and, from their response to external (electric and/or
magnetic) fields. For example, convection-driven assembly has been used in
coatings with spherical nano- and micro-particles.*” Highly crystalline
CNCs obtained after their cleavage from the cell wall of fibers®*% allows the
creation of functional systems via simple and inexpensive self-assembly.
Ultrathin films of cellulose nanocrystals (CNCs) have been developed by
using the Langmuir-Schaeffer (LS) lifting!"*! and also the convective/shear
assembly (CSA) techniques.!'*'*) The resulting structures were found to be
isotropic in the case of the LS method, while the CSA films comprised aligned
CNCs. In the latter approach, orientation was achieved by a subtle balance
of effects that included nanoparticle geometry (aspect ratio, mainly), surface
charge density of the CNCs and the substrate, surface tension forces and
withdrawal rate in the CSA setup.!'®'® Directed assembly of CNCs and
microcrystals has been carried out using external electric,!**'**% magnetic!'”
201 and shear fields.>'*2!) However, such external fields have had limited
success in producing highly oriented CNCs within these films. Compared to
magnetic fields, application of electric fields typically requires less energy.
Furthermore, the fact that alternating current (AC) can be used opens
additional opportunities for manipulation of particle orientation.



dc_1242 16

Dielectrophoresis of cellulose nanocrystals 17

Shear alignment of CNCs in a convective assembly setup was shown to
be an effective, inexpensive and scalable method."*’ However, improved
control of orientation, faster processing and improved particle alignment,
optimization are desirable. Therefore, we propose the fabrication of
ultrathin films of highly oriented CNCs by using a convective/shear forces
coupled with low intensity electric fields. Indeed, the second aim of this
chapter was to present the polarization calculation based on quantum-
mechanical approach. In this respect, a classical molecular evaluation by
dipole moments also included to get a better physical insight into such
phenomena in an extended mode on cellulose nanocrystals.

Given the highlighted objectives, the first part of this chapter resulted one
peer reviewed scientific publication in Journal of Colloid and Interface
Science (a Q1 qualified journal), Vol. 363 in 2011, pages: 206-212 and
three presentations at scientific symposia at 241* ACS Annual Conference,
Los Angeles, CA, USA in 2011 and at 13™ International Conference on
Organized Molecular Films, Quebec City, Canada, July 18-21, in 2010 and
at International Conference on Nanotechnology for the Forest Products
Industry, Espoo, Finland, Tappi Press, in 2010, ISBN:9781618390011.
The second part of that chapter has been worked out as an extension of the
previous work using the quantum mechanical approach for the polarization
calculation of cellulose nanocrystal.

2.2. Materials and methods

2.2.1 Materials

Ramie fibers from Stucken Melchers GmbH & Co., Germany, were used in
the production of cellulose nanocrystals. The fibers were cut in small pieces
and purified with a Soxhlet extraction system and then hydrolyzed with 65
% sulfuric acid at 55 °C for 30 min under continuous stirring. The resulting
suspension was filtered through a sintered Buchner funnel, washed with
deionized water and recovered by subsequent centrifugations at 10,000 rpm
(10 °C) for 10 min each. Finally the resulting suspension was dialyzed
against deionized water and then against Milli-Q water for a few weeks. The
obtained CNC suspension was stored at 4°C until use. The dimensions of the
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CNCs were 1854 25 nm in length and 6.5 = 0.7 nm in width, as determined
by transmission electron microscopy 2. Deionized water from an ion-
exchange system (Pureflow, Inc.) followed by treatment in a Milli-Q®
Gradient unit with a resultant resistivity of >18 MQe+cm was used in all
experiments. The particles were confirmed to be 88% crystalline as
determined by WAXS. In theoretical consideration NFC (nano fibrillated
cellulose) was also included in the calculation to see the effect of different
dimensions of the particle up to 1000 nm.

2.2.2 Preparation of CNC films

Aqueous CNC suspensions of 2.5 wt% concentration were used in all particle
deposition experiments by using a withdrawal speed of 8.4 emh™, which was
found to be optimal for obtaining highly oriented films!'*'*), The CNC films
were created in a convective assembly setup combined with an AC electric
field. The AC electric field was generated by a power amplifier (Krohn-Hite
Model 7500-DC to 1 MHz wideband power amplifier, Krohn-Hite Corp.,
Brockton, MA) driven by a sine wave from a function generator (Wavetek
Model 134, Wavetek Corp., San Diego, CA). The reported voltages are
peak-to-peak values.

Microscope glass slides were used as support for thin sheets of freshly
cleaved mica which were used as a carrier of the CNC film. To this end mica
sheets were gently glued onto the glass slides and the topmost layer was
peeled off to uncover a clean, pristine mica surface. Before CNC assembly,
the glass-mica carrier was treated with a 500 ppm polyethyleneimine (PEI)
solution, which made cationic charges available for electrostatic interactions
with the negatively charged CNCs. In the course of convective self-assembly,
a droplet (ca. 20pl) of liquid suspension was placed in the wedge formed by
a tilted (24°) glass slide and the mica carrier (Figure 2.1). The CNC
suspension was held by capillary forces and the liquid meniscus was
withdrawn horizontally across the mica carrier by translating the tilted glass
slide. This translation was produced with a syringe pump (NE-500 New era
pump systems, Inc, Wantagh, NY) that moved the tilted glass at a constant
speed of 8.4 emh™. To create the constant AC electric field around the mica
carrier, two parallel aluminum electrodes spaced 5 mm apart from each other
were placed on the edges of the mica sheet and connected to a power amplifier
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(see Figure 2.1). The CNC film deposition was carried out at room humidity
and temperature.

Deposition glass slide

Al electrodes Base substrate glass slide

Figure 2.1. Schematic illustration of the convective assembly setup coupled with an electric
field. In a typical experiment, a volume of CNC suspension was placed between a tilted,
deposition glass slide and a base substrate consisting of mica with pre-adsorbed PEI
(polyethyleneimine) and supported on a glass slide. The distance between the aluminum
electrodes was 5 mm and withdrawal of the deposition glass slide occurred in the horizontal
direction at a constant speed (v) of 8.4 cmh-1

The system was driven by a computer, allowing precise control of the
withdrawal speed. The alignment of CNCs in the obtained ultrathin films
with application of AC electric fields was examined at field strengths of 100,
400 and 800 Vem™ and frequencies of 200 and 2000 Hz. The results were
compared against assemblies obtained in the absence of external electric
fields. The typical thicknesses of the deposited films were ca. 38 nm, as
measured by ellipsometry.

A Matlab code was used to determine the degree of CNC alignment. AFM
height images were used to perform grain partition and filtering and the
resulting images were analyzed for the angles of the long axis of the CNCs
with respect to a reference line in the withdrawal direction. The degree of
CNC alignment was defined as the number % of CNCs in the angle range
between O and 20 degrees in the withdrawal direction considering symmetry
conditions. Typically, more than 300 CNCs were counted in image
processing and at least 3 different locations, from the different films were
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analyzed for each condition. More details about this method can be found in
Ref. 13,

An AFM XE 100 from Park Systems (Santa Clara, CA) was used in non-
contact mode to obtain topographic images of the surface. A pyramidal silicon
tip with a radius of less than 10 nm and an aluminum coating on the backside
(Park Systems, Santa Clara, CA) was used with an applied constant force of
42 Nm™ and a frequency of 330 KHz. At least three different films at three
different positions were imaged for each deposition condition used. The
images were analyzed using the XEI software, and only flattening of one
regression order was used to correct the slope of the tip/sample interaction.

To apply a style, begin by selecting the text to which the style needs to
be applied, and then choose the style name from the styles list box on the tool
bar or by using WSPC Toolbar. The WSPC templates contain all the styles
that are required for formatting the documents. It is crucial and
recommended to exploit the usage of styles as much as possible to format the
text. However, apply direct formatting only as a last resort when the style,
for some reason, is incompatible with the requisite. As a note of caution, do
not use any style for a purpose other than that for which it was intended or
for the want of effort.

2.3. Theoretical consideration

Frequency-dependent changes in polarizability of biological cells and colloidal
particles™™ take place from structural, Maxwell-Wagner polarization
effects.*?%! Dielectric models have considered the properties of the particles
by assuming spherical or ellipsoidal geometries. *** When colloidal particles
are suspended in low conductivity medium different states of polarizability
occur, less or more polarizable than the medium. These states of
polarizability are frequency-dependent. At low frequencies the surface
charges are expected not to affect the polarization mechanism while at high
frequencies the differences in permittivity are dominant factors. *' The
charges of opposite signs on either side of the particle lead to an effective
net-induced dipole moment. In dielectrophoresis (DEP), when a non-uniform
electric field is applied on a dielectric particle, a force unbalance takes place,
as described by Pohl in 1951. *! Consequently the colloidal particles move
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towards or away from regions of high field, depending on their polarizability
relative to that of the medium. #"32

Similar phenomenology as the one described above is expected to offer a
simple approach to align CNCs at low AC electric fields. Calculated dipole
moments and the Clausius-Mossotti factors can describe the critical
frequencies for alignment and the peak dielectrophoresis of CNCs. The DEP
is a phenomenon where a force is exerted on a dielectric particle in a non-
uniform electric field to move or rotate it in a given surrounding media. The
potential at the crystal surface depends on the field frequency as well as
electrical and geometrical characteristics. In this investigation a prolate
spheroid geometry was assumed for the CNCs. *** Tt was also assumed that
during polarization by an external, homogeneous electric field the ellipsoid
CNCs acquired only a dipolar moment; multipoles of higher orders were
assumed to be absent. *”!

The dipole moment depends on the frequency of the applied electric field
and the dielectric properties (permittivity and conductivity) of the particle
and the fluid. ¢

The dielectric force Fprp can be described by

Foer = PUE, (2.1)

where Ej is the applied electric field and p; is the dipole moment. The
dipole moment for an ellipsoid can be calculated by the volume integral of the
polarization vector ( P ), which is constant over the volume:

p. =4m’be K E (2.2)

where a,b stand for the major and minor half axes, respectively and the
1= x, y components represents the directions projected along these axes of
the particle. ¢ is the permittivity of the medium and K; denote the Clausius-
Mossotti (CM) factor. The complex CM factor for homogeneous ellipsoid can
be written as:
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1 (Ep _Em)

_ == _ _ _ 2.3
i) Bem+A(Ep —&m) (2:3)
with
e=e-i 7 (2.4)

E,W

where p and m refer to the particle and the medium, respectively. ¢ is the
conductivity of the dielectric and ® is the angular frequency of the applied
field. A; is a component of the depolarization factor along any of the three
axes of the ellipsoid (=1, 2, 3). For a prolate ellipsoid the major axis
component of the depolarization factor is given by

_1-ef o fire)
A=Sg [Iog(l_ej Ze} (2.5)

where e is the eccentricity:
2
o= 1—(bj (2.6)

If the particle shape is close to spherical, e tends to unity, as expected.
Due to the symmetry of the ellipsoid of revolution, the components of the
depolarization factor at the two other axes of the prolate ellipsoid (i= y, 2)
have the same value, given as:

AZ:A\/::L_ZA& (2.7)

Finally, the DEP behavior can be described using the average of the real
part of the Clausius-Mossotti factor for the three possible axes of
polarization:
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RelK (w)] :% > RelK; (w)] (2.8)

i=X,Y,z

On the other hand, the rotation of particles can be determined by the
equilibrium of hydrodynamic and electrorotation (ER) torque, according to
the imaginary part of the Clausius-Mossotti factor:

Im[K ()] = :§:In{k§(aa] (2.9)

1
3 i=x,y,z

The nature of the particle or the type of material is critical. Of relevance
to the present work are the measured dielectric properties of cellulose:
cellulose,®” cellophane,®® microcrystalline cellulose® and regenerated
cellulose,'*”! which have been reported to be similar (values below 0.1 MHz).
In this work the real and imaginary part of the CM factor were calculated by
assuming the dielectric constants (permittivity and conductivity at given
frequencies) and provided in Ref. **

Figure 2.2 shows the real and imaginary components of the CM factor for
CNCs calculated at different temperatures. Since the polarizability of CNCs
is low (see Figure 2.2(a) for the real part of the Clausius-Mossotti factor),
Re[Ki(®)] becomes negative (Re[Ki(®)]<0), and the particles are expected
to move toward regions with minimum electric fields. This is called negative
dielectrophoresis (n-DEP). As the water medium temperature increases the
real part of the CM factor is shifted to higher frequencies but still remains in
the negative dielectrophoresis (n-DEP) region. At high frequencies (beyond
10? Hz), the value of the real part of the Clausius-Mossotti factor changes
sharply but remains in the n-DEP region. As can be observed in Figure
2.2(a), the calculated real part of the CM factor have no crossover frequency;
this was also the case when different medium conductivities were considered.

From Fig. 2.2b, we can assume that a frequency of the electrical field
around 2 kHz can be useful for the CFCs alignment during the shear
assembly.
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Figure 2.2. Real (a) and imaginary (b) components of the Clausius-Mossotti factor as a
function of the frequency of the electric field applied to CNCs. The CNCs were modeled as
prolate ellipsoids and suspended in aqueous medium.
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The b/a ratio was found to play a minor role in nanoparticle rotation rates,
changes by no more than tenths of a percent were calculated. This result is
explained by the fact that the reduction in the moment of electrical forces
(polarization in the direction normal to the symmetry axis decreases for
elongated ellipsoids) is compensated by a diminishing viscous friction.¢*!!

In the 20-100 °C temperature range the peaks of the electro-rotation
(ER) spectrum of CNCs shifted linearly to higher frequencies with T (see
Figure 2.2(b)). This is due to the inverse temperature dependence of
permittivity and conductivity. When the temperature is increased, the
intermolecular forces become less dominant and the particles are more
unrestricted to respond to the applied electric field, thus giving a shifted peak
at higher field frequency. A temperature of 25 °C was used in further
theoretical and experimental considerations (no significant changes with
temperature of the medium were observed).

Fig. 2.3 shows the real and imaginary components of the Clausius-
Mossotti (CM) factor for NFCs calculated at different lengths. Since the
polarizability of NFCs is low, same as CNCs (see Fig. 2.3a for the real part
of the Clausius—Mossotti factor), Re[Ki(w)] becomes negative (Re [Ki(w)] <
0), and the particles are expected to move toward regions with minimum
electric fields similar to CNCs. As the length of NFCs increases (the diameter
stay 20 nm for each), the real part of the CM factor is shifted to higher
frequencies but still remains in the negative dielectrophoresis (n-DEP)
region. At high frequencies (beyond 700 Hz), the value of the real part of the
Clausius— Mossotti factor changes sharply but remains in the n-DEP region.
As can be observed in Fig. 3a, the calculated real part of the CM factor have
no crossover frequency.

In the 200-1000 nm length range, the peaks of the electrorotation (ER)
spectrum of NFCs shifted linearly to lower frequencies with length (see Fig.
3b). But the magnitude of the rotation speed in increased compare to CNCs.

From Fig. 2.3b, we can assume that a frequency of the electrical field
between 700-1000 Hz can be useful for the NFCs alignment during the shear
assembly, which is rougly the half than can be used for CNCs.
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Figure 2.3. Real (a) and imaginary (b) components of the Clausius-Mossotti factor as a
function of the frequency of the electric field applied to NFCs.
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In sum, the calculated polarizability of prolate objects in aqueous solution
was used to describe electrophoretic phenomena of CNCs and NFCs
subjected to electric fields. Resulting CM spectra for dielectric properties of
homogeneous prolate ellipsoids assisted in discriminating between purely
physical and temperature-induced changes, ®™ and to find the optimal field
strength and frequency for isotropic alignment. The polarization model
introduced here was used further used to understand and control the
alignment of CNCs during film formation. Results for CNC alignment in
ultrathin films are described in more detail in the next section in light of the
CM function. NFCs were used only in the theoretical approach showing the
CM function at different length of the particle.
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2.4. Results and discussion

Ultrathin films of CNCs deposited on mica surfaces were observed in air by
using AFM. In our earlier work CNC suspension subjected to
shear/convective forces was shown to produce a disorder film on mica. Other
substrates were found to favor better alignment under the experimental
conditions employed. Therefore, mica as the most unfavorable substrate for
CNC alignment was used in this work. This condition also helps in decoupling
the effects of electric field from the complex contributions of shear and
capillary forces.!"® Prior to AC field-assisted shear assembly, two reference
deposition experiments, without application of electric fields, were carried
out. AFM images of ultrathin film of CNCs assembled on mica and also on
mica with a pre-adsorbed layer of PEI are presented in Figures 2.4a and
2.4b, respectively.

Figure 2.4. CNC films assembled on pure mica (a) and on mica with a pre-adsorbed layer of
cationic PEI (b) by the CSA technique. The withdrawal direction is indicated by the arrow.
The films were produced with the AC electric field turned off.

The withdrawal direction is indicated in these figures by the respective
vector which was used relative at a given angle of the applied electric field.
It can be generally concluded that shear forces created randomly oriented,
anisotropic multilayers of CNCs.!"! The degree of alignment quantified by
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the number density of CNCs in the angle range between 0 and #=20° on pure
mica (Figure 2.4a) and on mica with a pre-adsorbed layer of PEI (Figure
4h), was 16 and 56%, respectively. It was noted that the data for the
experimental degree of alignment had a large standard deviation owing to
the disordered nature of the film.

Film formation was observed to depend on the withdrawal speed (see
Experimental section) and on the rate of solvent evaporation. Mica was
primed with a pre-adsorbed layer of cationic PEI, with an ellipsometric
thickness of less than 1 nm. The films of CNC deposited on the mica pre-
treated with PEI were multilayered, as can be determined from typical CNC
film thicknesses of ca. 40 nm. More homogeneous deposition was favored in
the case of the positively charged substrate. The bottom layer of CNCs was
expected to bind to PEI via van der Waals and electrostatic interactions,
rather than by forming crosslinked networks.**) Such anchored layer likely
worked as an insulation and under an AC electric field it facilitated alignment
of CNCs in the upper layers. In fact, the PEI adsorbed layer was shown to
facilitate a linear growth of ultrathin films of CNCs.

During deposition, the withdrawal speed must be matched with that of
the settling particles so as to maintain a continuous and homogeneous film
consolidation. Moreover, the deposition surface must be wetted by the CNC
suspension in order to enable sliding on the substrate, to maintain a constant
evaporation rate and to form a stable film.!**! At high evaporation rates
instabilities in the growth of the structure, for example rupture or stripping
of the film, may occur.**!

In the experiments the evaporation rate decreased linearly with time and
therefore the formation of structured assemblies improved after some
withdrawal distance from the initiation of the deposition, i.e., at a distance
from the edge of the deposited film of CNCs.

In contrast to the randomly oriented CNC film shown in Figure 2.4,
application of an external electric field induced CNC orientation. For
example, Figure 2.5 shows aligned nanoparticles on mica with pre-adsorbed
PEI in films obtained by shear assembly coupled with an electric field of 100
Vem™ AC and 2 kHz frequency.
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Figure 2.5. AFM height image of an ultrathin film of CNCs assembled under an electric field
of 100 Vem™ and 2 kHz frequency. The electric field vector is perpendicular to the withdrawal
direction, which is indicated by the arrow.

In the experiments illustrated in Figure 2.5 the electric field was directed
perpendicular to the withdrawal direction. However, by changing the field
strength and frequency the orientation direction could be altered according
to the bivariate map for the orientation parameter (0,) shown in Figure 2.6.
In this figure the polarizability of CNCs is presented as a function of field
strength and frequency.
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Figure 2.6. Magnitude of the orientation parameter (0,) of CNCs as a function of field
strength and frequency. This bivariate map was plotted using DPlot Graph software,
according to the equations described in the text. Crosses are drawn at frequency-field strength
conditions used in experiments that yielded films illustrated in Figures 2.5, 2.7 and 2.8.

The effective polarizability is the proportionality constant in the linear
relationship between the induced dipole moment and the external field. More
specifically, dipoles and particles such as CNCs have a special form of
polarization, on account of the Maxwell-Boltzmann distribution (MBd); the
dipoles can be oriented in such a way to have a net dipole moment along the
direction of the field.
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The component of the external electric field direction of the dipole moment
can be calculated from Eq. 2.10:

- p, cos8 (2.10)

and the potential energy of a dipole in an electric field can be calculated
as the real part of the scalar product in Eq. 2.11:

V(8) = -AT(p.E) 2.11)

where 4 is a factor that can be used to adjust the theoretical model to the
numerical data and < is the angle between the dipole axis of the particle and
the direction of electric field.*”!

If all orientations in water medium were equally likely, the average
component along the field would be zero.*”! But on account of the MBd, the
probability (P) of finding the dipole axis is proportional to: %

_V©

e ?
Pusd =72 vig (2.12)

je‘ﬁfde
0

where £ is the Boltzman’s constant, and 7 the temperature. Hence, the
orientation parameter (0,) can be calculated by integration of the MBd over
solid angles:

2
O, = jPMBd cos26d6 (2.13)
0

This function (Eq. 2.13) is proportional to the external field in the
bivariate plot shown in Figure 2.5. It can be seen that at low field strength
and frequency the mean dipole moment is proportional to the field and the
polarizability and the dipoles are oriented antiparallel to the electric field, as
was the case observed in Figure 2.7. Over the inflection point (at a value of
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0, of 0.407, Fig. 2.6) high field saturation starts to take place and all the
dipoles are parallel to the external field.

At low-frequency AC fields, particle polarization and interactions are
controlled by the particle and fluid conductivities.!*”! This effect is frequency-
dependent in the case of cellulose in aqueous medium.*”’ At high-frequency
AC fields, the charges have insufficient time to respond and orientation
polarization is dominant; conductivity no longer plays a role.**”” In the
present case of low—to—medium frequencies, both the permittivity and
conductivity are important.

In order to further illustrate the implications of the bivariate map shown
in Figure 2.6, a series of experiments were conducted to validate the
predictions for the direction and degree of alignment. Moreover, image
analyses were performed on AFM scans using a MATLAB code to calculate
the alignment of CNC particles according to O, (reported here as % number
density of particles in the 0 - #=20° leading angle range). The alignment of
CNC particles at low intensity electric field and frequency (400 Vem™ and
200 Hz) was 46 %; at low intensity electric field and high frequency (100
Vem™ and 2000 Hz) it was 77 %. At high intensity electric field and
frequency (800 Vem™ and 2000 Hz) it was 88 %. The combination of electric
fields and shear forces that favored alignment in the same direction produced
nearly perfect orientation of CNCs in the film.

Figure 2.7 shows an AFM scan of the end section of a CNC film deposited
on mica with pre-adsorbed PEI and obtained by shear assembly assisted with
an electric field of 400 Vem™ AC and 200 Hz frequency. In this arrangement
anisotropy and some degree of alignment was observed in the section close
to the edge. For this field strength and frequency range the particles were
expected to align perpendicular to the electric field (see bivariate map in
Figure 2.6).
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Figure 2.7. AFM height image end sections of ultrathin film of CNCs formed under an electric
field of 400 Vem™ and 200 Hz. The preferred alignment is parallel to the withdrawal direction,
indicated by the arrow. The length of the deposited CNCs film on mica with pre-adsorbed PEI
was o cm.

In contrast, when the electric field strength and frequency were increased,
the CNCs tended to align parallel to the field direction, as shown in Figure
2.8. Highly oriented, anisotropic structures were observed in the middle
section of the film.

If simultaneously the AC electric field and frequency are decreased, the
magnitude of the induced dipole moment of the CNCs also decreases and the
field-induced rotational torque is not large enough to overcome thermal
forces. Consequently, the isotropic phase grows and eventually spans the
entire frequency range.!!



dc_1242 16

Dielectrophoresis of cellulose nanocrystals 39

Figure 2.8. AFM height image of the middle sections of ultrathin film of CNCs formed under
an electric field of 800 Vem™ and 2000 Hz. The alignment of particles produced a highly
oriented structure. The electric field vector in this case is perpendicular to the withdrawal
direction, indicated by the arrow.

It was observed that over large scanned areas the ultrathin films of CNCs
exhibited ordered and disordered domains. This can be explained by the
polydispersity of the particle suspension or nanocrystal aggregates which
created instabilities in the alignment, during film deposition. Different
particle geometries can also cause some dislocations or multilayer formation.
However, the developed technique for ultrathin film coating showed that the
process of alignment was stable for the middle part of the film and that
dislocations were damped with the progress of film deposition (steady state
conditions) and also by the decreasing CNC volume fraction as solvent
evaporation occurs (in the meniscus formed between the substrate and the
moving plate, see Experimental).

The effect of geometry and size of CNCs are expected to be relevant. Such
variables may affect water evaporation rate and explain the inhomogeneous
volume fraction during the shear assembly and also the formation of
aggregates after deposition. In order to obtain a more direct understanding
of such effects, further experiments with CNCs of different average size and
size distributions must be performed.
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The main parameters that affect the formation of ultrathin films are
accounted in Dimitrov and Nagayama equation: **

Lo Aig
" ha-§)a-¢)

where § and & are the porosity and height of the deposited colloidal
crystal, ¢ is the volume fraction of the particles in suspensions, j. is the
evaporation flux, and [ is the evaporation length (which is the integral of total
evaporation flux per unit length). 8 is an interaction parameter that relates
to the mean solvent velocity to the mean particle speed before entering the
drying domain® and takes values between O and 1. 3 depends on the
particle-particle and particle-substrate interaction: the stronger the
interaction, the smaller 8 will be. PEI treatment of mica decreased {3 relative
to the value for bare mica. It can be concluded that reducing the withdrawal
speed may increase the alignment further, as calculated for the evaporation
length by using 0.74 for the density of packed ellipsoids and considering that
water evaporation flux per unit length did not depend on the particle diameter
(I~4.2 c¢m for 8.4 emh™).

Deposition speed exceeding the natural assembly rate of a monolayer, as
described by Eq. 2.14, results in incompletely ordered films.!”® If the ambient
air around the deposition plate is not saturated by water vapor, fast, ordered
assembly is expected to take place under electric fields (Fig. 2.8).

The primary driving force for the convective transfer of CNC particles is
the water evaporation from the freshly formed aligned CNC film. The volume
of the CNC suspension decreases with the withdrawal motion and the film
thins out gradually, as the water evaporates. Unsaturated air with water
vapor around the forming film causes influx from the meniscus toward the
formed film. This influx compensates the evaporation of water from the film
and particle flux makes a dense, aligned CNC film under the electric field.
The particle flux is obviously stronger than the migration effect of low
voltage electric field and, as stated, CNCs are subject to negative
dielectrophoresis (the particles tend to align at low electric fields). Because
the AC voltage is maintained in the entire withdrawal shear process, until
the water is evaporated, the densely packed alignment cannot change further.

(2.14)
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The model handles simultaneously the dielectric properties of CNCs and
water medium around it. When water evaporates to unsaturated ambient air,
the ratio between the dielectric materials will change. Hence the formation
of the aligned CNC film is irreversible when the proper amount of water
evaporates.

Using the theoretical consideration above (eq.2.1-2.9) a finite element
model has been built up to effectively simulate the dielectrophoretic behavior
of CNCs on a lab-on-a-chip device. With that dielectrophoretic approach the
CNC particles can be shorted, separated and also control the film formation.
In the following section we demonstrate the fabrication of periodic and
alternate, short particles using n-DEP. The Clausius-Mossotti principle
behind is schematically depicted in Fig. 2.9.

Figure 2.9. Principle of shorting CNCs with a microfluidic device. A cross sectional view of
the electrical field strength formed around the electrodes (e). Bright areas corresponding to
higher electric field appear at both edges and surfaces of the electrodes.

An integrated array electrode with four independent microelectrode
subunits (200 pm wide and ~100 pm distance between them) was fabricated
as a template to short CNCs. In the present system, the n-DEP force is
induced by applying an AC voltage and frequency (optimized above) to align
CNCs toward a weaker region of electric field strength. These regions are
indicated by light blue between the electrodes at the bottom of the image
(Fig.2.9.). The CNCs were guided apart from the high electric field regions
(from the edges of the electrodes and from their surface). Dielectrophoretic
patterning was observed under a AFM microscope after drying the patterned
CNC film.

The following 2 images (Fig.2.10. a and b) show the built n-DEP type
chip device with the CNC suspension on it (Fig.2.10.b).
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Figure 2.10: a and b. A modeled microfluidic device after fabrication (a) and with CNC
suspension and AC connections.
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The strength of the AC electric field was visualized using Comsol
Multiphysics finite element software package. Fig. 2.9 clearly shows that
deep valleys of electric fields are created above the electrodes and high
mountains between the bands. Thus, suspended CNC particles moved to that
areas (between the bands) in the n-DEP electrical and frequency region.
When the water evaporated the low electric field regions was observed by
AFM microscopy. It can be clearly seen in Fig. 2.11. that the n-DEP region
of the device were loaded with aligned CNCs.

Figure 2.11. AFM image about the patterned CNCs between the electrodes.

In sum, the polarizability of CNCs has been considered in an electric field,
and used to interpret CNC alignment in a convective assembly setup that
induced shear forces during withdrawal of the deposition plate. While this is
clearly an approximation to describe the highly complex system involved, it
was useful to explain the origins of highly ordered CNC structures assembled
on flat surfaces. Most importantly, the proposed methods enabled the
production of continuous films, which is in clear contrast to previous efforts.
Finally, it is hoped that the results will help on-chip manipulation and further
assembly of CNCs with n-DEP forces.™
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2.5. Spontaneous polarization of cellulose nanocrystals using quantum-
mechanical approach

Beside the well-known Clausius-Mossotti polarization calculation powerful
and accurate ab inifo quantum-mechanical methods have been developed for
the calculation of piezoelectric response of different materials. The latter
method includes also the polarization calculation, but with a different
approach. The Clausius-Mossotti polarization calculation predict physical
properties of biological cells and inorganic particles as well with a
homogeneous discrete properties of a colloid like particle. The quantum-
mechanical method uses individual, elemental crystal properties, which
exploit the theory of Berry phases developed by Vanderbilt” ¢! Resta!®”
and co-workers.

Two dependent non-zero piezoelectric constants (e, = e,5) in the
monoclinic and triclinic phase characterize the full piezoelectric tensor of such
cellulose nanocrystals. The calculation of shear components of the phases
have never been included in previous work. It therefore important to fill this
gap and to compute the full piezoelectric tensor e;;, of cellulose nanocrystals.
The second aim of this paragraph was to compare the piezoelectric behavior
of the cellulose nanocrystals with the experimental results obtained from
cellulose nanocrystal thin film piezo evaluation.

The quantum-mechanical method is based on the periodic linear
combination of atomic orbitals (LCAO) approach, where crystalline orbitals
are expanded over the basis sets of localized functions (atomic orbitals)”®!]
which means that molecular orbitals are formed as a linear combination of
atomic orbitals:

lpi = Z:l C;u'd),u (215)

where 1; is the i-th molecular orbital, c,; are the coefficients of linear
combination, ¢, is the p-th atomic orbital, and n is the number of atomic
orbitals, which are solutions of Hartree-Fock equations (a wave functions for
a single electron in the atom).

In the calculation all of the atomic orbital sets was employed with
different Gaussian contractions and eigenvalues and eigenfunctions were
calculated by the Hartree-Fock (HF) and Density-Functional-Theory (DFT)
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Hamiltonians functions. The Berry phase’s theory (BP) of polarization were
calculated according to the following equation (2.16):

0 = @nv/le])P - aj, = (V/4n?) Xy [ < un (K)|—ia}Vglu, (K) > dK(2.16)

where V is the direct unit-cell volume (333.378 A3 for triclinic unit cell of
cellulose), |e| is the electron charge, aj is the A-th reciprocal lattice basis
vector, nis the electron band index, K is the wave vector in the first Brillouin
zone, and u,(X,K) =y, (x,K)exp(iK-x), where {,,(x,K) is the n-th
crystalline orbital (eigenfunction of the one-electron Hamiltonian).

The lattice constants (in A) of triclinic unit cell of cellulose (Fig. 2.9.) used
in the calculations are as follows: a = 10.4001,b = 6.7176,¢c = 5.9627,a =
80.375°, B = 118.085°, y = 114,805°]. The polarization is calculated in the
transverse direction at zero electric field by a uniform shear strain. The sign
of piezoelectric tensor is fixed assuming that the positive direction of y and z
axis goes from the cation to the anion.

Figure 2.9. The figure shows a triclinic cellulose unit cell arrangement according to
Nishiyama et al. 1997.



dc_1242 16

Dielectrophoresis of cellulose nanocrystals 42

Figure 2.10. Some important symmetry points on the Brillouin zone of the triclinic cellulose
crystal (real space) and direction of planes

All of the following parameters P,aj, V and u, (K) are depend on the € =
[€1, &2, €3, €4, €5, 6] strain tensor state (in Voight’s notation). The two
dependent piezoelectric constants e;; (e14 = e,5) can be calculated using the
equations above. It ensues, in the most general case, that

aPi/0£=ZkakaPi/6£k =Zk0(keik (217)
By symmetry reasons:
e = (1/ay) 0P;/0¢. (2.18)

In order to avoid a multivalued problem, the polarization is not computed
directly, it is evaluated from the BP’s on the basis of reciprocal lattice vector.
The reciprocal lattice is a collection of point that represents allowed values
of wavevectors for Fourier series and Fourier transformations with the
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periodicity of the lattice. Then the correct piezoelectric constant can be
calculated from:

ey = (lel/2nVay) ¥ a;;0¢9;/0¢. (2.19)

For the calculation of polarization and piezoelectric tensor QuantumWise
software with VNL-ATK script interphase has been used.
The polarization of material is divided into electronic and ionic part:

P,=P, +P,. (2.20)

The latter is calculated using a simple classical electrostatic sum of point
charges:

p=S%,28, 1 (2.21)

where Z;, and r? are the valence charge and position vector of atom v, Q is
the unit cell volume and the sum runs over all ions in the unit cell. The ionic
polarization part (P;) of the modelled cellulose triclinic unit cell is 0.46, -
0.069 and -0.31 in the x,y and z direction respectively, where the longest
cell unit is coincide with the a lattice parameter (see Fig. 2.9.).

The electronic contribution to the polarization is obtained as:

2le|i G F)
P, = = 2 [ i, SHy f (il ) ey 2.22)

The electronic polarization part (P,) of the modelled cellulose triclinic unit
cell is 0.32, -0.077 and 0.44 in the x,y and z direction respectively, where
the longest cell unit is coincide with the a lattice parameter (see Fig. 2.9.).
The total polarization (Pr) of the modelled cellulose triclinic unit cell is -
0.148, -0.042 and 0.0317 C/m? in the x, y and z Cartesian direction,
respectively.

The calculated piezoelectric tensor assuming homogeneous strains. It is
referred as clamped-ion piezoelectric tensor. The calculated shear
piezoelectric stain values are 0.887 and 0.565 C/m?. These xy and xz strain
values leads to a polarization in the z and y-direction respectively.
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2.6. Conclusion

A convective assembly setup was used to produce highly oriented ultrathin
films of CNCs under low electric fields. CNC orientation was observed to
depend on the field strength and frequency and was calculated by assuming
the dipole moment value for prolate ellipsoids and the Clausius Mossotti
factor. The low electric field strength used in this investigation was observed
to be suitable for the formation of unprecedented anisotropic, homogeneously
oriented ultrathin films of CNCs.

The full polarization and piezoelectric tensor were computed for cellulose
triclinic unit cell using Berry Phase, HF and DFT with VNL as the
computational engine. We have shown that using modern ab initio
techniques it is now possible to predict the value of the piezoelectric tensor
in a computationally complex material such as cellulose. Finally, we have
introduced the calculated polarization.

The results of the analytical and experimental works indicated the following
conclusions:

1. It has been confirmed that convective shear assembly with low electric
field can produce highly oriented (degree of orientation is 88%) ultrathin
films of CNCs on mica substrate obtained from chemically digested ramie
fibers.

2. It has been confirmed that the orientation of CNCs were depend on AC
electric field strength and frequency assuming the dipole moment value for
prolate ellipsoids and the Clausius Mossotti factor.

3. It has been confirmed that the low AC electric field strength (800 V/cm,
2 kHz) and negative dielectrophoretic forces are suitable for unprecedented
anisotropic, homogeneously oriented, extended ultrathin films of CNCs
obtained from chemically digested ramie fibers.

4. It has been confirmed that quantum mechanical polarization approach
techniques is now possible to predict the value of the piezoelectric tensor in
a computationally complex crystalline material such as cellulose.
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Chapter 3

Ultrathin piezoelectric films of cellulose nanocrystals
prepared by electric field-assisted shear assembly

3.1. Introduection

Asymmetric crystalline structures can display inhomogeneous deformation
of strain gradients, associated with the piezoelectric response due to an
applied electric field. Biopolymer structures with such property include
cellulose, which can be used as soft electroactive material. Thus, cellulose
nanocrystals (CNCs), nanoparticles of low density, high mechanical
strength, thermal stability, chemical resistance, and biocompatibility!! can
be potentially used in components requiring a piezoelectric response,
including sensors and actuators, biomedical devices, and so forth.
Piezoelectricity is related to the change in polarization (electrical charge)
density and the occurrence of dipole moments within a material. It has been
generally considered of significance only in highly crystalline materials. The
piezoelectric effect in wood was first reported by Bazhenov in 1950.%
However, the magnitude of the piezoelectric constant in fibers and wood is
small mainly due to the random, heterogeneous distribution and a relatively
small amount of crystalline cellulose in the lignocellulose matrix. The
experimental verification of both direct and inverse piezoelectric effects and
quantification of the constants in the piezoelectric matrix were carried out by
Fukada in 1955.7 Only the shear piezoelectric constants —d;s = dg; are
finite while the other components are zero, according to uniaxially oriented
system of cellulose crystallites. Different wood species show considerably
different piezoelectric properties. Further, the piezoelectricity of a given
species varies depending on factors such as density, percentage of latewood,
and so forth.'! The piezoelectric modulus upon heat treatment of spruce
increases initially and then decreases, following changes in crystallinity."”’
Hydration also plays a role since it has been shown that the piezoelectric
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constant of bamboo in the dry state is larger than that in hydrated form.'®
The piezoelectricity in chemical wood pulps, cotton, and cellulose derivatives
such as cellophane, celluloid, and viscose rayon has been reported to depend
on the fibril orientation.”! The piezoelectric constant of regenerated
nanocrystalline cellulose (IT) was measured to be 35—60 pC/N, which was
considered suitable for energy harvesting and power generation.!"!

Ultrathin films of CNCs have been manufactured by several
methods.'® ') Therefore, given the native crystalline nature of CNCs it is
reasonable to ask the question if they can collectively yield a large
piezoelectric effect. Could this specially be the case in films of highly
aligned CNCs? Could such films induce high energy conversion and
piezoelectricity? Could such films be modelled using finite element
modelling environment? If this was the case, films or materials made with
aligned CNCs could be useful to produce and detect sound, to generate
voltage, or to manufacture nanosensors, actuators, microbalances, devices
for ultrafine optical focusing, and so forth."**! The deconstruction of fibrillar
cellulose by acid hydrolysis yields cellulose nanocrystal rod-like, highly
crystalline nanoparticles.

In studies related to the piezoelectric behavior of cellulose fibers, different
preparation and modification routes as well as characterization techniques
have been considered.*?! Corona poled electro-active paper made from
cellulose, cyanoethylated cellulose, and LiCl-DMAc modified cotton (0.32
index of crystallinity) were reported to have piezoelectric constants of
0.167,28 0.1—0.2,®" and 0.16" A/V, respectively. Such previous work
involved the use of cellulose (in fibers or in composites) combined with
chemical additives or electrolytes to allow the piezoelectric response;
however, to our knowledge ultrathin films of CNCs has not been considered
yet. Therefore, our present work explores the effective piezoelectric
coefficient do5 of CNCs assembled in ultrathin films which were previously
manufactured by a combination of shear and electric fields. The degree of
alignment of the CNCs within the films (as a function of voltage, frequency,
and shear used during their manufacturing) is proposed to allow control of
the piezoelectric behavior of the system and produce a large piezoelectric
response.

The dielectrophoretic properties of CNCs were investigated and reported
in a recent contribution.* The dipole density or polarization of CNCs was
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calculated by summing up the dipole moments per volume of the
crystallographic unit cell.®” The Clausius—Mossotti factor allowed the
description of the critical and characteristic frequencies as well as the peak
dielectrophoresis of CNCs. We also determined the optimal field strength for
isotropic alignment in thin films. Using the same methods of our previous
work,?! we obtained ultrathin films of aligned CNCs. By using shear forces
coupled with externally applied electric fields we investigated the effect of
alignment on the piezoelectric response of the CNC film.

The polarizability of CNCs under uniform electric fields and shear forces
during withdrawal of a deposition plate induced alignment. Mica was used as
solid support for the CNCs.!! Two reference films were obtained, without
application of electric field, and used to elucidate the influence of the solid
support. Film formation was observed to depend on the withdrawal rate as
well as rate of solvent (water) evaporation. Homogeneous CNC deposition
was observed when the solid support was modified with a positively charged
polymer layer. Thus, preadsorption of low molecular weight
polyethyleneimine (PEI) was used to facilitate a linear growth of ultrathin
films of CNCs on mica. The buildup of single or multiple layers of CNCs
depended on the concentration of the dispersion and other factors. The length
of the deposited CNC films on mica with preadsorbed PEI was 5 ¢m. The
typical film thickness and root-mean-square roughness (atomic force
microscope, AFM) were of the order of 38 and 2.5—3 nm, respectively.

Given the highlighted objectives, the first part of this chapter resulted
three peer reviewed scientific publications in ACS Macro Letters (a Q1
qualified journal) Vol. 1 in 2012, pages: 867-870 and Journal of Colloid and
Interface Science (a Q1 qualified journal), Vol. 363 in 2011, pages: 206-
212 and in Cellulose Vol. 22 pages 779-788 in 2015. The second part of
that chapter has been worked out as an extension of the previous work using
the finite element modeling approach for the utilization of piezoelectric
coefficient in engineering applications.
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3.2. Materials and methods

3.2.1. Cellulose Nanocrystals

Ramie fibers from Stucken Melchers GmbH & Co., Germany, were used in
the production of CNCs. The detailed procedure can be found in our previous
communication;®* briefly, ramie fibers were purified with a Soxhlet
extraction system and then hydrolyzed with 65 % sulfuric acid at 55 °C for
30 min under continuous stirring. Deionized water from an ion-exchange
system (Pureflow, Inc.) followed by treatment in a Milli-Q® Gradient unit
with a resultant resistivity of >18 MQ+cm was used. The CNC suspension
was filtered through a sintered Buchner funnel, washed with water and
recovered by subsequent centrifugations at 10,000 rpm (10 °C) for 10 min
each. The CNC suspension was dialyzed against deionized water and then
against Milli-Q water for a few weeks. The obtained CNC suspension was
stored at 4°C until use. The dimensions of the CNCs were 1854 25 nm in
length and 6.5 #= 0.7 nm in width, as determined by transmission electron
microscopy.26 The particles were confirmed to be 88% crystalline as
determined by WAXS.

3.2.2. Manufacture of CNC films

Aqueous CNC suspensions of 2.5 wt% concentration were used to make the
thin films by using a shear/convective assembly setup combined with an
externally-applied AC electric field. A withdrawal speed of 8.4 cm/h was
used for obtaining highly oriented films."**"! The AC electric field was
generated by a power amplifier (Krohn-Hite M7500 wideband power
amplifier) driven by a sine wave from a function generator (Wavetek M134).
The reported voltages are peak-topeak values. Microscope glass slides were
used as support for thin sheets of freshly cleaved mica, which were used to
deposit the CNCs. To this end mica sheets were gently glued onto the glass
slides and the topmost layer was peeled off to uncover a clean, pristine mica
surface. Before CNC assembly, the glass-mica solid support was treated with
a 500 ppm polyethyleneimine (PEI) solution, which made cationic charges
available for electrostatic interactions with the negatively charged CNCs. In
the course CNC assembly, a droplet (ca. 20P1) of liquid suspension was
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placed in the wedge formed by a tilted (24°) glass slide (deposition plate)
and the mica support (Figure 3.1). The CNC suspension was held by
capillary forces and the liquid meniscus was withdrawn horizontally across
the mica support by translating the tilted glass slide. This translation was
produced with a syringe pump (NE-500 New era pump systems, Inc,
Wantagh, NY) that moved the tilted glass at a constant speed of 8.4 cm/h.
To create the constant AC electric field around the mica carrier, two parallel
aluminum electrodes spaced 5 mm apart from each other were placed on the
edges of the mica sheet and connected to a power amplifier. The CNC film
deposition was carried out at 50 % relative humidity and 23°C. The system
was driven by a computer, allowing precise control of the withdrawal speed.
AC electric fields w strengths of 100, 400 and 800 V/cm and frequencies of
45, 200 and 2000 Hz were used.

deposition plate

Withdrawal direction
-€

Al electrodes

CNC film

...............

Solid support: PEl-coated mica

Figure 3.1. Schematic illustration of the shear/convective assembly setup used to
manufacture CNC films under a coupled electric field. In a typical experiment, a volume of
CNC suspension is placed between a tilted, deposition glass slide and a base substrate
consisting of mica with preadsorbed PEI and supported on a glass slide. The distance between
the aluminum electrodes was 5 mm. The withdrawal velocity of the deposition glass slide in
the horizontal direction was kept constant at 8.4 em/h.
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Typical CNC film thicknesses were estimated to be of the order of 38 nm
(surface roughness mean 4 nm) and therefore they consisted of CNC
multilayer structures (approximately 6 layers, considering the measured
CNC dimensions). The degree of CNC alignment was obtained by analyzing
AFM images. A Matlab code was used for image processing and analyses
that facilitated CNC identification, particle count and CNC orientation angle
of the longest axis of the nanoparticles with respect to the withdrawal
direction (Figure 3.1).

3.3. Piezoelectric measurement

A high degree of CNC orientation in the films is a key characteristic for the
piezoelectric response. AC electric fields (10 Hz) of different strengths were
applied on the dried films, which resulted in strain due to the converse
piezoelectric effect. Piezoelectric measurements were performed in contact
mode by measuring the deflection of the AFM tip in a Quesant Q-Scope AFM
(x—y scans were disabled; see Figure 3.2). Commercially available
conducting diamond AFM tips were used to avoid electrostatic interaction
between the tip and the sample. These experiments were carried out in an
environment with constant relative humidity (50%) and temperature (23
°C). The bottom electrode, underneath the CNCs films fixed on the AFM
stage, was connected to a signal generator using commercially available BNC
cables. For the top electrode, a copper probe was used. Each measurement
lasted ca. 30 s. The AFM tip deflection in the z-direction (extension or
contraction) was recorded using a built in lock-in amplifier. To avoid the
tip—sample electrostatic interaction, the AFM stage was grounded. For the
piezoelectric measurement a 10 Hz sin frequency signal was employed using
Wavetek M134 signal generator; this frequency was selected on the basis
that it is below the tip resonance and most environmental noise (20—200
Hz). The peak-to peak voltage was varied by 2.5 V units with a maximum
value of 20 V. During the experiment at one given voltage, 7—10
displacement measurements were carried out, and the averaged value was
used in the calculation. The piezoelectric constant was calculated from the
correlation slope of the measured tip displacement at the applied voltage.
Reference measurements were performed on (420 nm) ZnO thin films. The
7m0 film was obtained from deposition on silica wafer using an argon
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sputtering technique, and platinum (Pt, 164 nm) is used as the bottom
electrode.

‘ AFM tip

Top electrode
CNC film

I vic: substiate

—— Gold-coated glass slide
connected to a function generator

—AFM stage

Figure 3.2. Schematic illustration of the AFM system used to measure the displacement of
CNC films in contact with an AFM diamond tip and under given applied voltages (10 Hz
frequency).

3.4. Results and discussion

The piezoelectric response from the CNC film was monitored by measuring
the height deflection by using a conductive AFM diamond tip. The 10 Hz
signals of low and high voltage resulted in deflection perpendicular to the z
direction of the film, as observed in Figure 3.3. Three different sections are
shown in this figure to represent the cyclic (on— off) response of the film
subject to three different alternating voltages (10 Hz): 10 V (upper section),
15 V (middle section), and O V (bottom section). According to the shift in
height as a result of changes in AC electric fields, the strain response of the
film was found to be linear and non hysteretic. To our knowledge, no detailed
work related to piezoelectricity of crystalline cellulose or CNC films is
available to date. Thus, this contribution provides the first experimental
results showing that CNCs display such piezoelectric effects.

Piezoelectric experiments were performed on four different supported
CNC films, with different degrees of particle alignment. For a given voltage
7—10 repetitions were performed and the average used to calculate the
piezoelectric constant (Figure 3.4). A linear correlation between the
measured effective displacement and the applied voltage was observed.
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Figure 3.3. Map showing the extent of CNC film wavy displacement (z direction,
perpendicular to the surface) as a result of their piezoelectric effect. The extent of displacement
is indicated by lighter or darker fields as monitored by an AFM (conductive) diamond tip in
contact with the film. A single point was monitored under given intermittent electric fields
(10, 15, and 0 V). The deflection measured was used to calculate the piezoelectric constant
of the films. The x and y scales in the image are dimensionless but indicate film deflection
evolution with time as the voltage is turned on and off (see Figure 3.2 for the experimental
setup).

The values reported in Figure 3.4 were corrected for the contribution
from the solid support (mica sheet on gold-coated glass wafer). Films of
partly aligned CNCs (obtained by electric field assisted-shear at 800 V/cm,
45 Hz) yielded a piezoelectric constant of 0.97 A/V. A similar value, 1.10
A/V, was obtained with films manufactured under slightly lower electric
field strength and higher frequency (400 V/cm and 200 Hz).
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() y=2.07x
(i) y = 1.10x
(ii) y = 0.97x
(iv) y = 0.7x
O L L . L | . L . . |
0 10 20 30

Applied voltage, V

Figure 3.4. Vertical displacement of CNC films subject to externally applied electric fields.
Included are results for films produced under four different conditions during electric field-
assisted shear (films i—iv, Table 3.1). The films with the higher degree of alignment produced
a higher piezoelectric response, as indicated by the slopes of the profiles. The displacements
and voltages are both peak-to-peak values.

The respective degree of alignment for these films was 42 and 46%,
respectively (Table 3.1). CNC films with a higher degree of alignment (88%
alignment degree obtained under assembly at 800 V/cm and 2 kHz) yielded
a higher piezoelectric response, 2.10 AV,
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Table 3.1. Field Strength and Frequency Used during the Manufacture of CNC Films (i—iv)
by Using an Electric Field-Assisted Shear Assembly Setup*

Sample Field strength [V/em] degree of alignment piezoelectric
/ frequency [Hz] of CNCs [%] 2¢ coefficient (ds5)

i 800 / 2000 88 2.10

ii 400 / 200 46 1.10

iii 800 / 45 42 0.97

iv 100 / 2000 77 0.7

*The degrees of alignment of the obtained films as well as measured piezoelectric
coefficient d25 are reported (see Figure 3.2).

Thus, the alignment of polarization gradient in CNC films increased the
electromechanical actuation and strain. When CNCs were aligned
perpendicular to the withdrawn direction (100 V/em at 2 kHz), a lower
piezoelectric coefficient of 0.7 A/V was measured (Table 1). Despite the
expected high particle rotation at the high frequency (2 kHz), the low field
strength in this case (100 V/ecm) was not sufficient to effectively polarize the
nanoparticles.

An explanation for the observed high piezoelectric constant of CNC films
comes from the native crystalline cellulose, which comprises chains arranged
parallel with a 2-fold screw symmetry along the chains due to the (3-1,4
linkage of the D-glucose subunits.'*®*" The piezoelectricity of cellulose is due
to the anisotropic triclinic and monoclinic unit® 32 crystal structure
association with unevenly distributed carbon atoms and change of
polarization density of charged atomic groups under electric fields. This
involves the occurrence of electric dipole moments within the CNC particles.
The triclinic unit cell of Sugiyama et al.,’®") first suggested by Sarko and
Muggli as a two-chain cell,’” has a single-chain P1 structure, with adjacent
molecules shifted monotonically by one-quarter of the unit cell size in the ¢
direction. In the two-chain monoclinic unit cell, the corner chain is shifted
c¢/4 (c axis is perpendicular to the a and b crystalline plane here) relative to
the center chain, such that the overall configuration displays staggering of
adjacent chains.

A key observation is the fact that the piezoelectric response of CNC films
changes as a function of CNC alignment. However, the identification of the
detailed mechanism for the piezoelectric effect is beyond the scope of this
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study. However, it is associated with the dipolar orientation, the crystallinity
and alignment of CNCs in the films. More specifically, the piezoelectricity of
CNC particles involves the occurrence of electric dipole moments within the
particles; this may be associated with unevenly distributed carbon atoms and
change of polarization density of charged atomic groups under electric fields
within the anisotropic crystalline structure of cellulose I. Overall, the
naturally long-range ordered polymer chains and its polarizability are
responsible for the observed high shear piezoelectricity.

The calculation of the ratio of the overall macromolecular charge and
crystal skeleton constant indicates that CNCs have high flexoelectrical
capacity. We note that the CNCs lie flat on the solid support and the bottom
gold-coated glass slide serve as electrode. When the signal generator applies
different voltages between the top and bottom electrodes, a strain of
0.02—0.1% is induced in the film, leading to a vertical displacement of the
film. Such displacement Dijx, due to the external electric field can be
determined by eq 3.1:

Dk =i,k (3.1)

where d is the piezoelectric coefficient and o is the tensile stress. The
displacement is related to the generated charge by the following relation

q=[[D,dA (3.2)

where dA is an infinitesimal electrode area normal to the displacement. If
we consider that the piezoelectric effect is reversible, the applied voltage (or
generated voltage from the strain), V, can be related by the capacitance of
the thin CNC fl]m (CCchﬂm):

V = q/CCNC film (33)

with
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C _ Ecan €0l enc fitmWenc fim
ONC film =

tCNC film (34)

Here e is the relative permittivity of cellulose (4.032 F/m), &, is the
vacuum permittivity (8.85 X 10~ '* F/m), and the dimensions of the thin film
are lenctim = D X 1072, WoNChilm = 9 X 1073, and tencim = 38 X 107% m
corresponding to the length, width, and thickness, respectively. The
calculated capacitance is thus ~235 nF. Using the measured displacement
of the film it is possible to calculate the known, applied voltage using eq 3.3
in one direction only:

V = d,,odA — d14 Etcne fim

J.gtCNC fim it (3.5)

CCNC film C:CNC film

where E is the elastic modulus of nanocrystalline cellulose (assumed to be
137 GPa'"). Equation 3.5 results in a calculated applied voltage on the thin
film of 23.9 mV. Thus, the range of applied voltages (10—20 V) used for
generating the piezoelectric displacement seems sufficient enough for 10%
measurable strain in the film in the perpendicular direction of the ¢ axis. As
the film thickness increases, a lower capacitance and hence a higher
generated output voltage or piezoelectric response can be expected. However,
further investigation needs to be carried out to elucidate more details about
the effect of the CNC thin film thickness. We note that the inherent structure
(CNC alignment) of the thin film was not considered in this calculation, and
therefore the results are only provided as a guesstimate.

Some of the CNC films tested here yielded a piezoelectric constant which
was higher than the dss value measured for a 400 nm ZnO film, 1.3 A/V.
This latter experimental value was in agreement with reported figures and
provided verification of our measurement system.?®! Note that the
piezoelectricity of ZnO thin films is thickness- and crystal orientation-
dependent; hence Ar sputtering of the ZnO thin film can enhance c-axis
orientation and the piezoelectric constant.
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Thinking further eq. (3.1), the so-called coupling equations can be
combined considering the Hook’s law of linear elastic materials, which results
the strain-charge form of linear piezoelectricity:

S=sT+0d'E > SU = Sijlekl + dkijEk (36)
D =0T +¢E = D; = dijijk + EUE] (37)

where, S is strain, s is the compliance, T is stress tensor. The strain-charge
for a material with Hermann-Mauguin notations: P1(1,1,2,2 = m,2/m)
crystal classes (triclinic and monoclinic) like cellulose nanocrystals can be
written:

Iy

[Sl] st st sf3 0 0 0] [Tl] 0 00
Sz S3155, 553 0 0 0 Tz 0 00 |g
S3| | E E O O O []|T3] 0 00 1
=531 531533 g + E, (3.8)
54_ 00 0 Saa 00 |T4| d14 0 0 E
Ss 0 0 0 O SEs g lTsJ lO d250J 3
Se Lo 0 o0 O O SesllTg 0 0O

Applying the cellulose characteristics and using the Young modulus (E) and
Poission’s ratio (v), the following strain-charge tensor can be obtained:

1 —v N12,1
— Va1 3L 0 Gy
S11 E11 By, _E33 0 0 N12,2 T1q [0 0 0 '|
S22 Tz 1 =220 e 0 0
0 G1z [0 | (£
S P22 B, 330 T o ||
33 —|-vi3 E 1 Hiz23 M123 33 + IO 0 | EZ (3 9)
2523 5_33 S3q E_33 6_23 E,;  Gi2 Ty3 IO 0 d14_ | E :
|2513| 0 0 0 GL 8 Ti3 [0 dzs 0 J 3
|.2512J O O 0 63 1 I_T12J O 0 0
0o 0 o o




dc_1242 16

Piezoelectric CNCs thin films 61

Dri et al.” published the complex elastic compliance matrix for cellulose I,
(at 1, 1.5 and 2% strain, in [1/GPa] x 1000 unit) based on Nishiyama et
al.® initial structure with respect to the Cartesian system of coordinates.
The following notation contain the experimentally obtained piezoelectric
constant values as well in [A/V].

pﬂll 51.9 =74 —22 0 0 1127[Tu1] (00 0
S22 [—74 133 =05 0 0 —256}732 |6 0 0 ] E
S33|_|-22-05 48 0 0 22 ||Tss| {00 0 ||
25,3 0 0 0 600 —433 0 ||T:x |o 0 21 | 0
l2s.| | o o o0 -4333727 o ||r,| l0210 |'%3
losa] li12-256 22 0 o 23971lr) loo o !

(3.10)

The elastic compliance matrix has been used for the FEM calculation in the
next paragraph from eq. (3.10).

The direct piezoelectric parameters (Eq. 2.19) of cellulose nanocrystals can
be converted using the following equation:

E S
aD; _ oT;
e”=G§>"'(ﬁ9 (3.11)
Eq. 3.11 resulted e;, = —0.382, e;5 = 0.609 and e;5 = ey, = 0.441 C/m?.
The result implies that not only two identical shear piezo coefficient exist in
cellulose nanocrystals, but three independent. The unit triclinic and

monoclinic cell of cellulose is not symmetric, hence there should exist more
than 2 shear piezoelectric coefficient.
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3.5. CNC thin-film acoustic resonator modelling with FEM

In this section piezoelectric cantilever and composite acoustic resonator
has been modeled using finite element eigenfrequency-response analysis. In
both cases the piezoelectric layer was modeled as piezoelectric cellulose
nanocrystal thin film using the previously measured piezoelectric constants.

The thin film resonators can be made from cellulose nanocrystal thin
films, because they can be designed to have smaller acoustic wavelength in
size than the electromagnetic wavelength compared with ceramic piezo
crystals.

In the first arrangement — composite acoustic resonator —, cellulose
nanocrystal active piezoelectric layer was formed on aluminum layer, which
has been placed over on silica wafer. This aluminum layer served as bottom
electrode and one more aluminum layer has been placed over the CNC layer
for the upper electrode. Both aluminum layers are 0.2 pm thick and the
piezoelectric layer is 9.5 pm thick. The width of the rectangular top electrode
is 500 pm. The bottom carrier silicon wafer is roughly 1.7 mm wide. This
arrangement has been modeled using a 2D model with Comsol Multiphysics
software package. The build-up model contain different mechanical and
electrical loss, damping factors in the piezoelectric layer. A structural loss
factor represents the hysteresis in a stress-strain curve and a dielectric loss
factor has been modeled with the polarization loss of the material. These
structural and polarization loss values are imaginary components of the
mechanical stiffness and relative permittivity. The parallel mode capacitance
model was used and the DC conductivity (admittance) can be presented as
S=G-+iB (G — conductance and B - susceptance).

The following Figure 3.5 shows lowest bulk acoustic mode of the
resonator identified from the solutions of eigenfrequency analysis. The real
part of the eigenfrequency is 82 kHz, which cause scaled deformation (2.39
pm) on the piezoelectric resonator and the imaginary part 16 kHz reflects to
the damping due to the structural loss and polarization loss.
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Figure 3.5. The lowest bulk acoustic mode, scaled deformation of the resonator identified
from the solutions of the eigenfrequency analysis. The modeled geometry is a 1 mm section of
the center of the resonator (horizontal and vertical axis dimensions are in pm).

The following Figure 3.5 shows the absolute value of admittance as a
function of frequency. It can be seen that higher frequencies increase the
global admittance in the whole modeled range of frequencies. Since the
piezoelectric cellulose nanocrystal thin layer is an insulating part of the
model, it can be concluding that this layer has a significant effect on
conductivity. Similar effect has been observed on antocyanin and nano TiO.
modified cellulose fiber sheet®®!. Here the modelled admittance trend is very
similar like that in the mentioned work. In the vicinity of the main resonance
there is no any additional responses or side resonance, which could reduce
the usability of the modeled resonator due to the only shear type piezo
response of cellulose nanocrystals.
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Figure 3.6. Absolute value of the admittance (dimension less) vs. frequency (Hz).

The loss tangent (tan 8=G/B) values of the piezoelectric device tend to
level at all frequencies and clearly exhibit a very low loss (data not shown).
In this modeling set-up aluminum electrodes has been applied with perfect
contact with CNC film, but in real experimental set-up it is not possible to
perform and the cellulose nanocrystals tends to increase the potential barrier
between the electrodes, extending from the Fermi levels of the metal to the
bottom of the conduction band of the dielectric. The height of the barrier will
depend on several factors such as Fermi levels and work functions of metal
and insulator, the presence of shallow traps, the thickness of the insulator
and its affinity towards the electrons %!, Since the metal has much lower
work function than the insulator, the contact of two materials involves
injection of electrons from the electrodes into the insulator and that is why
tangent values are very low in the modeled environment. This process
depends on the polarization conditions and the heat treatment as well ),

FEM simulation enabled to analyze proposed resonator configurations
using CNC as piezoelectric layer and investigate the electrical performance
of the composite and experimentally validate the approximate equations.
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3.6. CNC thin-film composite cantilever modelling with FEM

In this section the previously introduced shear type CNC piezoelectric
material is proposed to examine the energy harvesting performance of a
cantilever arrangement of the CNC thin-film. The shear mode dis=d2s
piezoelectric cantilever arrangement shown in Figure 3.8 schematically. One
end of the cantilever is fixed to a table surface to vibrate along the vertical
direction harmonically with a magnitude Y, at the formed angular frequency.
On the other end a proof mass has been located, which is used to control the
vibration and damping of the system. In the finite element calculation the
vibrational energy has been converted to electrical energy. The dynamic
modelling on the piezoelectric energy harvesting system is explained with
mechanical parts and electrical output is evaluated from the finite element
model. The mechanical modeling approach is simplified to a mass (M), spring
(with constant K) and piston (with a damping coefficient C) mounted on a
vibrating base (Fig.3.7)1"%,

~ o

o

ANNNNANNNNNNNY

Vibrating base

Figure 3.7. The cantilever single degree of freedom model.
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Figure 3.8. Shear mode piezoelectric cantilever schematic illustration.

The governing equation is:
7+ 28wpz + wiz = —y*! (3.12)

where z = x(t) — y(t) is the relative motion between the mass and
vibrating base and & = C/2vVKM is the damping ratio. For the piezoelectric
cantilever in Fig. 3.8, the resonance angular frequency can be calculated as
follows!*?!:

B \/9EIEb1b/<2EI(L_LP)3+5Eb1bL%(L_Lp)) (3.13)

Mtip+(33/140)Mbean

where M,;, is the mass at the end of the cantilever and can be calculate
as

M, = 1pLbty, + 1, Lpbyty, in which 7, L, b, t, and 1,,Lp, by, t, are the
mass density, length, width and thickness of the metal layer and the
piezoelectric layer, respectively.
Epl, = (1/12)(Ep/(1 —v?))bt3 = (1/12)Egbtj and EI = (1/3)Egb(t; +
3tpa® — 3tfa) + (1/3)E,b, (65 + 3t,a® — 3t2a) are the flexural rigidity of
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metal vibrating cantilever and piezoelectric/metal composite part, E}, is the
Young’s modulus, v is the Poisson’s ratio of the metal, E}, is the reciprocal
of elastic compliance, and a = (bEbt,f - prptg)/ (Z(bEBtb + prptp)) the
distance from the interface between piezoelectric layer and metal layer to the
neutral axis of composite part.

The resonance frequency (eigenfrequency) of the piezoelectric cantilever
can be calculated as 68.25 Hz according to Eq. (3.13), which is in good
agreement with the FEM simulation 68.7 Hz (Fig. 3.9).

60,5
L —
2055
x107*

Figure 3.9. (a) The finite element mesh and (b) the modal deformation of shear mode
piezoelectric cantilever.

The modeled CNC based piezoelectric cantilever bending sensor was
developed and later it will be validate by real experimental arrangement. The
model can properly describe the dynamic behavior of the sensor and estimate
the output voltage.
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3.7. Conclusion

In conclusion, we report the first experimental results showing that CNCs
have a large piezoelectric response and found three different coefficient. In
addition, the design and fabrication of ultrathin films of CNCs induce a high
electromechanical actuation and strain which changes as a function of CNC
alignment. Such structures can result in high mechano-electrical energy
transfer. Thus, the electromechanical properties of ultrathin films of CNC
can be considered in potential applications given their flexoelectric behavior,
biodegradability, and renewability. Moreover, a bulk acoustic resonator and
a piezoelectric cantilever are modelled using FEM analysis with the
experimental and theoretical shear piezoelectric coefficient. The piezoelectric
material and geometries of the proposed models can help us to predict ideal
eigenfrequency product with maximum electrical outputs.

The results of the analytical and experimental works indicated the following
conclusions:

1. It has been confirmed firstly that CNCs has a large piezoelectric response,
d2s=2.10A/V.

2. It has been confirmed that the oriented CNCs thin films induce high
electromechanical actuation and strain, which can results high mechano-
electrical energy transfer.

3. It has been proved that the electromechanical properties of ultrathin films
of CNCs and CNF's can be considered in potential micro-energy harvesting
applications given their flexoelectric behavior, biodegradability, and
renewability.

4. The developed finite element simulation procedure appears to adequately
validate the piezoelectric cantilever structure using cellulose nanocrystals as
a piezo layer on it.
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Chapter 4

Preparation and characterization of bacterial cellulose
thin films

4.1. Introduction

Bacterial cellulose (BC), also known as microbial cellulose, is a promising
natural polymer synthesized by certain bacteria such as Gluconacetobacter
xylinus. Even though it is chemically identical to plant cellulose, its
supramolecular structure and high purity cellulose content demonstrates
unique properties such as high crystallinity (63-71 %), high water holding
capacity (up to 200 times of its dry mass) and excellent mechanical strength.
Young’s modulus of BC sheets is in the range of 15-40 GPa, while that of a
BC single fibril up to 114 GPal"?. BC binds large amounts of water - up to
99 wt% during its biosynthesis in the aqueous culture media’®. Several
studies have focused on the utilization of BC as reinforcement material, in
biomedical applications” or cellulose based smart material devices!®™.

The isolation of cellulose nanoparticles without serious degradation, at
low costs and using an environmentally friendly method is constantly being
sought. Recently the application of ultrasound assisted extraction of plant
polysaccharides'®”'°. ultrasound assisted delignification™'#! ultrasound
assisted size reduction of cellulose!'® or intensification of enzymatic
hydrolysis™"***! has gained much interest.

Wang and Cheng!'% examined the use of high intensity ultrasound to
isolate fibrils from four cellulose sources: regenerated cellulose (Iyocell), pure
cellulose fiber, microcrystalline cellulose and pulp fiber. Wong et al.!'”!
investigated the effect of ultrasound irradiation time on the depolymerization
of plant and bacterial cellulose. Tischer at al.!'®! subjected BC pellicles to a
high power ultrasonic treatment for 15, 30, 60 and 75 min; these were
carried out in an ice bath for tissue engineering applications.
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The aim of the present chapter was to examine the effect of two main
ultrasound operating conditions, i.e the effect of temperature and distance
of ultrasonic probe from the bottom of the beaker on morphologieal,
structural and thermal properties of ultrasound defibrillated BC films. BC
was previously pretreated in chemically mild conditions in order to: (i)
maintain its native cellulose I structure, (ii) remove bacterial cell debris
and (iii) to emphasize the subsequent ultrasound defibrillation treatment.
The overall purpose of this research was to develop a method of obtaining
highly erystalline and thermally more stable BC films suitable for energy
harvesting devices, such as piezoelectric strain sensors. Energy harvesting
has gained significant interest in the last couple of decades, where the main
benefits are long-lasting operability of devices, no chemical disposal, cost
savings, safety, and maintenance free, no charging points and flexibility.
There are several vibrational power sources around us (photons, wind,
mechano-luminescence crystals, thermal power and biochemical vibrations)
where energy harvesting devices can show a good, alternative energy
harvesting performance at micro-powering scale. In the coming years new
electronic devices will be fabricated and the energy demand will decrease
dramatically. Batteries has 34-90 pW/em?/yr power, while ambient
vibrations can generate 375 pW/em® '?) Collecting power from these
ambient vibrations can meet with a practical level of power density for
remote sensing application with a target 100 pW/cm?® value™. Sensing in
technological point of view or in environmental application tend to increase
making our daily life more environmentally friendly. Energy harvesting nano
and micro scale technologies can scavenge milliwatts from solar, vibrational,
thermal and biological sources. Surface modified cellulose nanocrystals or
nanofibrils, p fibers can generate power, harvest energy as 10-12 pW/em®
magnitude in indoor environmental condition. The aim of the present section
is to introduce how we can fabricate chemically inert, well isolated
cellulose nanofibrils from bacterial cellulose to increase its energy
harvesting performance.

Given the highlighted objectives, this chapter resulted one peer reviewed
scientific publications in Ultrasonics Sonochemistry (a Q1 qualified journal)
Vol. 28, pages 136-143 in 2016.
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4.2. Materials and methods

4.2.1 Purification of nata de coco

Nata de coco cubes (PT. Cocomas, Indonesia) were washed and soaked in
distilled water (water purification, WP) until the pH was neutral (pH 5-7)
to remove the citric acid and other components of syrup added for
preservation. In order to improve purity of BC, nata de coco was further
purified by alkaline treatment to remove any remaining bacterial cell debris,
microorganisms and other soluble polysaccharides. After being water
purified, the nata de coco cubes were immersed in 2.5 wt% NaOH (6x10°
M) overnight. This process will be hereafter referred as one step purification
(OSP). Another sample was prepared in the same way and successively
treated with 2.5 wt% NaOCI (3.4x10® M); hereafter referred to as two step
purification (TSP). OSP and TSP treatments were carried out by adopting
the methodology as reported by Gea et al®'l. A third sample was prepared
by warming nata de coco in 0.01 M NaOH at 70°C for 2 h under continuous
stirring; this will be called as 0.01 M NaOH purification.

Subsequently, nata de coco cubes were rinsed under distilled water at
room temperature (RT) until the pH of the water became neutral. Once
neutral pH was reached, BC was mechanically ground and homogenized in a
400 W blender for 10 min (medium speed, 5 times x 2 min with 5 min
intervals). Afterwards, blended BC was poured into confined space silicon
trays, and dried via solvent evaporation in an oven at 50 °C, for two to three
days.

4.2.2 Ultrasonication of bacterial cdlulosefilms

After drying, the BC films were cut and were redispersed (0.1 % w/w,
immersed in 80 mL distilled water) and subjected to further grinding, this
time with a hand blender for 20 s, prior to ultrasonication. Sonication was
directly applied at low frequency (20 kHz) using an ultrasonic horn (Tesla
150 WS) with a tip diameter of 18 mm immersed in the suspension. HIUS
treatment of BC performed using three levels of temperature; room
temperature or no water bath (NoW), cold water bath (CW) and ice water
bath (IW) and two levels of ultrasonic probe distance from the bottom of a
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beaker; 1 cm and 4 cm respectively to evaluate the effect of cavitation active
zones, local circulation and ultrasonic intensity distribution on BC
microfibrils. The ultrasonic probe was placed close to the surface (4 ecm
distance) and close to the bottom (1 em distance) of a 100 mL cylindrical
beaker. A 7.4 em distance (1 wavelength of ultrasound in water) was not
possible to be examined, owing to the height of the beaker. When cold water
bath was used for cooling, the temperature was about 1242 °C, whereas it
was around 541 °C when ice bath was used. Frequency (20 kHz), amplitude
(20 microns), power (256 W /ecm®) and ultrasonication time (30 min) were kept
constant.

4.2.3 Preparation of bacterial cellulose films

Resulting ultrasound colloid dispersions were left to stand overnight.
Thereafter, the liquid supernatant phase (around 40 ml) was collected from
ultrasound treated BC, poured again into silicon trays and dried similarly
through solvent evaporation, for a second time. The dried, ultrasound
reconstituted BC films were carefully removed and stored in plastic bags until
further analysis. Due to the drying method, BC micro/nanofibrils were
randomly oriented, which assumes isotropic characteristics for the BC film.

4.3. Methods

Field Emission Scanning Electron Microscopy (FE-SEM)

FE-SEM micrographs were obtained using a Zeiss ULTRA Plus
(Oberkochen, Germany) instrument at an acceleration voltages of 1 and 2
kV. The suspensions were filtered through a gilded PC membrane and dried
for 1 h at room temperature. All samples were coated with a highly
conductive film of gold by Bal-Tec SCD 500.

4.3.1 Atomic Force Microscopy (AFM)

AFM experiments were performed using a MultiMode atomic force
microscopy 8 with a Nanoscope Veeco V controller (Bruker Nano Surfaces,
Santa Barbara, CA, USA) instrument. Small cut pieces of dried BC films
were placed on magnetic slides and the scans were obtained in tapping mode
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using a V-shape Silicon Nitride cantilever. Prior to the measurements, the
tip radius and geometry of the tip were calculated. Two repetitions of
imaging (5x5 pm and 1x1pm) were carried out. These experiments were
implemented in an environment with constant relative humidity and
temperature. Width was measured by image analysis using Imaged software
(Imaged 1.46, National Institute of Health (NIH), USA).

4.3.2 Fourier Transform Infrared Spectroscopy (FT-IR)

FTIR spectra of the BC films were obtained using a Jasco FT/ITR6300
equipped with an ATR PRO 470-H spectrometer. A total of 50 cumulative
scans were taken per sample with a resolution of 4 em™, in the frequency
range of 4000-400 cm™, in absorbance mode. ATR correction was applied
in each measurement.

4.3.3 X-ray Powder Diffraction (XRD)

The X-ray diffraction patterns were recorded at room temperature in the
5-80° 26 range using an MPD Pro Panalytical diffractometer equipped with
an Xcelerator linear detector. Cu-K (1.54056°A) radiation was used with
the 0.016° recording step and the 1000 s per step counting time. The
samples were powdered before the analysis.

XRD peak height method, developed by Segal and coworkers [20], was
used to determine the crystallinity index (Cr.I) by the following equation
(Eq.4.1)

Cr.[ =200 lam 1, (4.1)

200

where Iq is the peak intensity at the (200) (29 ~ 22.5°) plane, and L,
is the minimum intensity (amorphous scatter) at the valley between (200)
and (110) peaks (20 ~ 18°).

The interplanar distances of the crystallites (d-spacings) were calculated
with Bragg’s law,
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A = 2d sinf (4.2)

where A is the wavelength of the X-rays, d is the spacing between the
crystal planes in the atomic lattice, and ¥ is the Bragg angle between the
incident ray and the scattering planes®.

The crystallite sizes at di, d2 and ds, the three main peaks respectively,
were determined using the Scherrer equation®*:

0921
Hpp1 cosOpki

Cr.S.= (4.3)

where Cr.S. is the crystallite size, A is the wavelength of incident X-rays,
Hpy is the full-width at half-maximum (FWHM) and 6y, is the Bragg angle
at the corresponding lattice plane.

4.3.4 Thermal analysis

Thermal analysis techniques, thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) were used to measure the thermal
stability behavior of BC films. Thermogravimetric (TG) data were acquired
between 0 and 500 °C using a Perkin Elmer Diamond thermal analyzer
under nitrogen purging gas (100 em’min™) at a heating rate of 2°C min™.
Differential scanning calorimetry (DSC) analysis was carried out on a
Netsch DSC204 instrument under nitrogen purging gas (30 ecm®min™) at a
heating/cooling rate of 2 K min™'. Temperature and enthalpy were calibrated
using the melting transition of standard materials (Hg, In, Sn).
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4.4. Results and Discussion

4.4.1 Morphological analysis

FE-SEM images, of dried films after the purification treatments and prior to
ultrasonication are shown in Fig 4.1. The typical network structure
attributed to native BC was presented in all purified samples. The surface
structure of BC is characterized by a 3-D fibrous ultrafine network of well-
arranged nanofibrils, stabilized by the hydrogen bonds existing in cellulose
units!*27,

From Fig. 4.1a, it can be seen that, WP method was only adequate to
remove the syrups contained within nata de coco package. Bacterial cell
debris and other contaminants were slightly removed after the OSP
purification treatment, as shown in Fig. 4.1b. The successive treatment with
2.5 wt% NaOCl in TSP caused the removal of a higher amount BC debris
(Fig. 4.1c). However, their existence was still visible. From Fig. 4.1d, it is
clear that, BC treated in 0.01 M NaOH at 70 °C for 2 h under continuous
stirring, displayed the most ideal results. On their surface there were almost
no bacterial skeletons and only BC nanofibrils had remained. High resolution
FE-SEM images of non-ultrasound water purified BC samples and 0.01 M
NaOH purified BC samples after ultrasound treatment are shown in Fig. 4.1e
and Fig. 4.1f. Their mean width was found to be 23.16 and 11.15 nm
respectively.
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Figure 4.1. FE-SEM micrographs of (a) WP (1pm), (b) OSP (1pm), (c) TSP (1pm), (d)
0.01M NaOH purified (1 pm), (e) WP before ultrasound (200 nm) and (f) ultrasonicated 0.01
M NaOH - 1 em - CW (200 nm) BC samples
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4.4.2 Atomic Force Microscopy (AFM)

The surface topography of each BC sample was further characterized by
AFM (Fig. 4.2). The dense and aggregated typical BC structure on the dried
films, is more apparent by AFM microscopy.

Besides, agglomeration of BC microfibrils is also a result of the drying
process. Pa’e et al.*®! investigated the effect of different methods on the
crystallinity, swelling ability and tensile properties of nata de coco. The
surfaces of oven dried BC films were constituted of numerous randomly
oriented and overlapped fibrils producing an aggregated web structure.
During water evaporation, the capillary forces among cellulose fibrils
increased, their distance became much shorter and strong molecular contact
was achieved, resulting in solid, bulk films. Similar observations, as in FE-
SEM images were observed in the width of cellulose microfibrils.

Although alkali purification treatments were suitable to remove bacterial
debris, they were not appropriate to form suitable films for nanocellulose
applications. Ultrasound process altered the microfibrillar arrangement of
BC, leading to new films with different nanostructure organization, as shown
in Fig. 4.3. Similar films were obtained after drying the supernatant phase
of ultrasound colloid samples at 50 °C, independently of the purification
method.
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Figure 4.2. AFM images of (a) WP

M NaOH - 1 em - CW BC samples

, (b) 0.01 M NaOH purified and (c) ultrasonicated 0.01
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0.01 M NaOH

Figure 4.3. Macroscopic images of (a) WP, (b) 0.01 M NaOH purified and (c) ultrasonicated
0.01 M NaOH - 1 em - CW BC dried films

4.4.3 Fourier Transform Infrared Spectroscopy (FT-IR)

0.01 M NaOH treatment, was chosen for further research as the most
favourable purification method. The influence of ultrasound on 0.01 M NaOH
purified BC was first evaluated by FT-IR spectroscopy. For a more
comprehensive and qualitative analysis and investigation of the FT-IR
spectra, the FT-IR spectra were divided in two regions, 4000-2600 cm™ and
1800-800 cm™ (Fig. 4.4).

Within the absorbance range of 3600 to 3000 cm™, a consistent strong
and sharp peak (3340 em™) typical to cellulose I intramolecular hydrogen
bond was observed in all treatments. In purified treated samples the C-H
stretching band existed in 2900 em™, which is also assigned to cellulose 1.
However, after ultrasonication the absorbance in this region became broader
and alkaline treated samples displayed two peaks.

The “fingerprint” region 1800-800 ¢m™ is more complicated. This region
contains the largest number of spectral differences, which permits the
identification of any structural changes within cellulose samples. In all FT-
IR spectra, the following characteristic bands were observed: 1428 cm™
(CHs symmetric bending), 1330 em™ (- OH in plane bending), 1316 cm™
(CH; wagging at C-6), 1160 cm™ (C-O-C asymmetric stretching), 1111 ecm’
' (ring asymmetric stretching), 1058 ecm™ (C-O stretching), 1030 cm™
(stretching C-0) and 986 ecm™ (C-O valence vibration at C-6). This spectra
behaviour is assigned to native cellulose.
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Figure 4.4. Comparative FT-IR spectra of the (a) 3800-2600 ¢cm™ region and (b) 1800-800
em! region of BC samples: [1] WP no ultrasound, [2] 0.01 M NaOH purification no
ultrasound, [3] 0.01 M NaOH - 1 ¢cm - NoW, [4] 0.01 M NaOH - 1 em - CW, [5] 0.01 M
NaOH - 1em - IW, [6] 0.01 M NaOH - 4 cm - NoW, [7] 0.01 M NaOH - 4 em - CW, [8]
0.01 M NaOH - 4 cm - IW
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The most notable changes in cellulose occur at 1430 em™, 1162 cm™,
1111 em™, 986 em™ and 893 cm™ absorption bands. In these bands the
crystalline cellulose I spectrum differs significantly in relation to cellulose II
and amorphous cellulose [27,28]. Furthermore, there is no indication of the
following absorption bands, 1376 and 1278 cm™, assigned mainly to
crystalline cellulose IT and amorphous cellulose!®!).

The Lateral Order Index (LOI) and Total Crystallinity Index (TCI),
proposed by Nelson and 0’Connor®**! and 0’Connor®*! respectively, were
used to study the infrared crystallinity changes of cellulose samples. The so-
called hydrogen bond intensity (HBI), is closely related to OH region and the
intermolecular and/or intramolecular hydrogen bonding network, which
sensitively follows the physical and structural changes of cellulose during
ultrasound treatment®*#¢1. The results of the infrared crystallinity ratios
(TCI, LOI) and hydrogen bond intensity (HBI) are shown in Table 4.1.

It should be noted that even though this method is simple and fast, it
provides relative crystallinity index (Cr.1.) values only, owing to the fact that
the spectrum always contains contributions from both ecrystalline and
amorphous regions [35]. TCI is proportional to the crystallinity degree of
cellulose, while LOI is related to the overall degree of order in cellulose.
Poletto et al. report that cellulose samples with higher TCI, LOI and HBI
might demonstrate higher crystallinity. On the contrary, Carrillo et al.l*”
mentioned that higher crystallinity, in the case of regenerated cellulose, was
indicated when TCI values were increased and LOI values were decreased.

In this study, it had been attempt to investigate the possibility of
empirically estimating the crystallinity of BC relying on LOI, TCI and HBI
values. In accordance with the results, a combination of higher TCI and
lower LOI indices was selected for comparison among ultrasound treated
0.01 M NaOH purified BC samples, as reported in Carillo et al. The other
option, i.e. the combination of higher TCI and LOI values was preferred
among the different BC purification treatments.

The following ultrasound operating conditions of 0.01 M NaOH purified
BC samples were chosen for further characterizations with XRD, TGA and
DSC techniques: (i) 1 ecm distance of the ultrasonic probe - no water bath (1
em — NoW), (ii) 1 em distance of the ultrasonic probe - cold water bath (1
em — CW) and (iii) 4 cm distance of the ultrasonic probe - cold water bath
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(4 em — CW). No ultrasonicated 0.01 M NaOH purified BC samples were
also examined as control.

Table 4.1. Determined lateral order (LOI), total crystallinity (TCI) infrared crystallinity
indices and hydrogen bond intensity (HBI) values.

TCI LOI HBI
Treatment
A1372/A2900 A1430/A898 A3308/A1330

WP - No ultrasound 0.67 0.85 2.97
0.01 M NaOH - No ultrasound 0.73 1.32 3.80
0.01 M NaOH -1 ecm - NoW 0.76 1.22 2.81
0.01 MNaOH -1 cm - CW 0.75 1.21 3.35
0.01 M NaOH -1 em - IW 0.69 1.23 3.38
0.01 M NaOH - 4 cm - NoW 0.62 1.30 3.64
0.01 M NaOH -4 cm - CW 0.63 1.30 3.89
0.01 M NaOH - 4 em - IW 0.66 1.40 3.72

XRD results showed that in water purified and the highly crystalline 0.01 M
NaOH purified BC, Cr.I. was almost identical. This could be a possible
explanation of obtaining similar TCI and LOI values after ultrasonication. In
contrary, there were observed changes in these values among purification
treatments and in ultrasonicated OSP and TSP bacterial cellulose samples.
Cr.I was notably increased after application of ultrasound in OSP and TSP
bacterial cellulose.

4.4.4 X-ray diffraction analysis (XRD)

The X-ray diffraction patterns of ultrasound-treated BC obtained from 0.01
M NaOH purified nata de coco are presented in Fig. 4.5. Diffractograms
displayed three main characteristic peaks assigned to cellulose I in X-ray
diffractions, and these are located at approximately 26 = 14°, 16° and 22°
corresponding to 110 (d; spacing), 110 (d» spacing) and 200 (d; spacing)
crystallographic planes respectively. The diffractogram peak located at
around 26 = 35°, corresponds to 040 crystallographic plane!®**%!,
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Figure 4.5. X-ray diffraction patterns of [1] 0.01 M NaOH purification no ultrasound, [2]
0.01 M NaOH -1 em - NoW, [3] 0.01 M NaOH - 1 ecm — CW and [4] 0.01 M NaOH - 4 cm
- CW BC samples.
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The X-ray diffractograms, showed no change in peak intensities located at
the crystallographic plane reflections, indicating no transformation of
cellulose I'into cellulose IT allomorph due to ultrasonication. d-spacing values,
crystallite sizes of the three characteristic planes, as well as their crystallinity
index (Cr.I) calculated from X-ray diffractograms are given in Table 4.2.

Table 4.2. XRD d-spacings, peak intensities, crystallite sizes at 26 angles and Cr. L. of 0.01
M NaOH BC under the investigated ultrasound operating conditions.

Treatment d spacings (nm) Cr. size (nm) Cr. 1 (%)
d1 d2 d3 d1 d2 d3

0.01 M NaOH - 7.7
0.60 052 0.39 545 5.47 5.52

No ultrasound 8

0.01 M NaOH - 6.1 80.4
0.60 053 0.39 488 5.43

1cm- NoW 7 6

0.01 M NaOH - 5.8 77.6
0.60 052 0.39 471 5.19

1cem-CW 1 2

0.01 M NaOH - 5.6 81.7
0.60 053 0.39 5,55 5.57

4 em - CW 2 0

Results demonstrated no changes in the interplanar distances (d-
spacings) among untreated and ultrasound treated BC samples. d-spacing
values are in accordance with Amin et al.*!! who investigated the properties
of acid and mechanically treated, spray-dried BC obtained from nata de coco.
Nevertheless, the crystallite sizes in 110 (d; spacing), 110 (ds spacing) and
200 (ds; spacing) lattice planes displayed shifted values, influenced by the
different ultrasound operating conditions. These results indicate that
ultrasound treatment resulted in changes to the crystalline shape of BC
microfibrils.
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4.4.5 Thermogravimetric analysis (TGA)

The thermogravimetric (TGA) and derivative thermogravimetric (dTGA)
curves of ultrasound treated 0.01 M NaOH alkaline-purified BC samples
have been shown in Fig. 4.6.

Thermal degradation of BC includes depolymerisation, dehydration and
decomposition of glycosic units, and subsequent oxidation leading to the
formation of a charred residue. To examine the thermal degradation
behaviour, the onset thermal degradation temperature (Tq) was taken at 10%
weight loss. The thermal decomposition of cellulose known as maximum
degradation temperature (Tanax), was determined from dTGA curves.

The degradation patterns in terms of shape and temperature seems to be
quite similar for ultrasound-treated samples. All samples showed a slight
weight loss at low temperatures (<100 °C) corresponding to evaporation of
absorbed water. The T, temperature, were observed at 285 °C, 309 °C, 316
°C and 312 °C for 0.01 M NaOH purified, 0.01 M NaOH - 1 em - NoW, 0.01
M NaOH -1 em - CW, 0.01 M NaOH - 4 em - CW BC samples respectively.
The dTGA peak accounting for Tamax temperature of cellulose, were observed
at around 368 °C, 376 °C, 374 °C and 374 °C respectively.

The onset temperature and the maximum degradation temperature of
simply 0.01 M NaOH purified BC were both lower than that of the
ultrasound treated. The improved thermal stability of ultrasonicated BC
films is useful for potential medical and energy harvesting applications.
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Figure 4.6. (a) TGA and (b) dTGA curves of 0.01 M NaOH purified BC under the examined
ultrasound operating conditions
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4.4.6 Differential Scanning Calorimetry (DSC)

DSC thermograms of 0.01 M NaOH alkaline-treated BC samples obtained
after the considered ultrasound operating conditions are shown in Fig. 4.7.

The thermal behavior presented in all samples is related to monotropic
solid-to-solid transition, which is an endothermic reaction and frequently
oceurs in organic compounds, like cellulose. This kind of feature was possible
to be observed because of the low DSC heating rate (2 K min-1) and
indicated the slow transition and rearrangement of amorphous regions to a
stable crystalline phase. A possible explanation is given by Tischer et al.!'®!.
They claim that ultrasound energy transferred through shearing and
cavitation phenomena to the glucan chains, promoted the conversion of
amorphous material into crystalline material.

—0.01 M NaOH No Ultr.

-0.5
——0.01 M NaOH - 1 cm - NoW
——0.01MNaOH-1cm-CW

-1.0 ——0.01 MNaOH -4 cm-CW
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0 20 40 60 80 100 120 140 160

Temperature ( °C)

Figure 4.7. DSC curves of 0.01 M NaOH purified BC under the investigated ultrasound
operating conditions.
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4.4.7 Effect of alkaline treatment

Even though BC is free from hemicelluloses and lignin contaminants, the
ferment broth contains other impurities such as BC debris and the remaining
culture medium. The most suitable purification methods for the removal of
the mentioned impurities are distilled water, sodium hydroxide and sodium
hypoclorite solutions, or organic acids like acetic acids!***?!,

The most common purification BC method is in aqueous solutions of 0.1
M NaOH. However, in this study it was found that 0.01 M NaOH at 70 °C
for 2 h under continuous stirring was capable enough of removing BC debris.
Warm temperature conditions at 70 °C allowed better alkali penetration into
the inner parts of nata de coco cubes and BC aggregated mirofibrils than by
carrying out at ambient temperatures. It is well known that proteins and
nucleic acids can be hydrolyzed with alkaline solutions at warm
temperatures.

Alkaline treatments, even at these low concentrations, can cause a weak
to very low swelling on BC samples***’), It is assumed, that swelling
increased the contact surface area between solid and liquid phases and
assisted in accelerating the mass transfer and shear forces produced during
ultrasound, causing friction of BC microfibrils, thus crystallite size changes
took place.

4.4.8 Effect of ultrasound operating conditions

Ultrasound function, although seems to be simple, actually is quite complex.
Ultrasonication is influenced by many operating parameters and even slight
changes could attribute to significant variations in ultrasound efficiency.
Some parameters, such as geometry of ultrasonic horn, operating frequency,
ultrasound energy distribution are not easy to change or to control.

For this study, a frequency of 20 kHz was considered as the optimum
ultrasound frequency since it was found to be effective for extraction of plant
contents'”. The intensity of ultrasound, which is proportional to the
amplitude of vibration*®! was kept constant at 20 microns. Water due to its
susceptible action to formation of hydroxyl radicals during cavitation was
used as solvent.
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On the contrary, other parameters can be investigated in order of
achieving the most suitable ultrasound conditions. Considering the reaction
of a cavitational process, bulk operating conditions such as time, ultrasonic
power, distance of ultrasonic probe and temperature are crucial factors,
which often interact with each other.

It was found that as ultrasonication time was increased, faster cellulose
degradation rate was observed and crystallinity of cellulose was also
decreased!'®, Moreover, ultrasonic power influences the number of cavitation
bubbles formed, their lifetime and the generated cavitation intensity. On
account of preliminary research the selected operating time and power were
30 min and around 25 W/em?® respectively, to attain defibrillation and
liberation of nanofibrils, but which simultaneously avoids the possible
cellulose decomposition.

Acoustic cavitation phenomenon is a function of vapor pressure and
temperature. High solvent temperatures are more desirable to disrupt strong
interaction forces such as van der Waals, hydrogen bonds and dipole
attraction between the solute molecules and solute-matrix. In contrast at
lower temperatures depending on ultrasound intensity, vapor pressure is less
intense, a large number of bubbles collapse more violently with smaller
radius, higher internal temperature is reached and cavitation activity become
stronger!*fl,

The decreasing bath temperature influenced the temperature of BC
aqueous dispersions, so the ultrasound intensity and cavitation efficiency as
well. In the absence of water cooling, rapidly high temperature was obtained
into the BC aqueous colloid biphasic system. As a result, isolation of BC
micro and nanofibrils"*” could be amplified, yet ultrasound energy conversion
efficiency was promptly reduced. In ice water bath, liquid dispersion attained
the lowest temperature. Likelihood, acquired temperature was not sufficient
enough of breaking van der Waals and hydrogen bond forces of BC
microfibrils. It is believed that moderate temperature conditions
demonstrated in cold water bath treatment is the most favourable option.

Ultrasound intensity and the pressure field are not uniformly distributed
in the reactor. Highest intensity is found only close to tip and then rapidly
decreases mostly axially due to different damping forces, but also radially
from the ultrasonic probe. Besides it depends on tip diameter, the formation
of sound waves and position of probe into the liquid level*®), The distance of
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probe from the bottom of the container as the depth of probe immersion,
affect the number and distribution of cavitation zones and local turbulence
circulation displacement.

By minimizing dead zone areas below ultrasonic probe and the wall of the
beaker, at 1 ecm distance, a maximum contact degree between BC and mass
transfer forces of cavitation zones could occur. Numerical simulations
exhibited rather robust circulation and two active areas at 4 cm distance,
instead of one zone at 1 cm distance. It has to be mentioned, that
characterization techniques on the selected BC samples did not show any
essential differences between the applied distances. Based on subjective
observations and impression of results, it is thought that treatment at 1 em
distance resulted more preferable films compared to that of treatment at 4
cm distance.

4.5. Conclusions

The current chapter examined the feasibility of ultrasound treatment in the
separation of BC nanofibrils and the fabrication of thin BC films. High
intensity ultrasound, when it was applied in purified BC colloid dispersion,
had a considerable impact on morphology and supramolecular properties of
cellulose. The most favorable results were regarded to be obtained in 0.01 M
NaOH purified BC samples combined with 1 ¢m distance placement of the
ultrasonic probe from the bottom of the beaker, submitted to cold water bath
cooling. The supernatant phase of the ultrasound treated colloid was
subjected to solvent evaporation in order to obtain films with the finest BC
nanoparticles.

Cellulose-based energy harvesting devices, such as piezoelectric sensors,
are an emerging field of research. Further investigations in alignment of BC
fibrils, cellulose reactivity, piezoelectric film dimensions and fabrication of
piezoelectric cantilever, modeling of ultrasonication and piezoelectric effect
should be considered. However, the developed method resulted in the
formation of self-assembled, highly crystalline thin films, which could be
useful in nanotechnology applications where the utilization of such films is
important. One of that first, preliminary results is shown in the following
image. High-power ultrasound liberated bacterical cellulose nanofibrils has
been deposited on an alumina layer and tested in a cantilever mode to prove
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the piezoelectric response from the film. It can be seen from the image that
during the damping of the resonating cantilever (mechanical excitation),
different magnitude voltage peaks raised. This clearly indicate the direct
piezoelectric effect of the fabricated nanofibrillated cellulose film.

futo @ ™ Measure

0= 2m)
1mil

Figure 4.8. Electrical signal was obtained from high-power ultrasound liberated cellulose
nanofibrilas in a cantilever arrangement under mechanical excitation.

Our results demonstrated that ultrasonication was an advantageous
technique of isolating cellulose nanofibrils, while concurrently enhanced their
crystallinity. This mild way of mechanical treatment facilitated the
separation of inherent aggregated, purified BC microfibrils, altered the size
and shape of BC crystallites and introduced a new reformed homogeneous,
well-redispersed film. Variations in TCI, LOI and HBI index values imply
that ultrasound influenced the hydrophilic behavior and cellulose surface
accessibility and reactivity of the obtained BC films.
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Chapter 5

Summary of the new scientific results

The essential parts (Chapters 2, 3 and 4), as stand-alone documents,
provided descriptions of research works targeted to explore cellulose
nanocrystal material and surface properties, to investigate thin film
manufacturing processes and micro-energy harvesting product possibilities
via dielectrophoretic, quantum-mechanical and FEM modeling and were
published in number 1 journals in the field, receiving numerous citations.

Ultra-thin aligned CNCs films were successfully obtained in a convective
assembly setup that was used under conditions that favored shear-dominated
alignment. The degree of orientation of CNCs in these films was high. CNC
alignment was found to depend on a balance of forces that included
hydrodynamic (shear and drag), Brownian, surface tension (capillary forces),
and electrostatic interactions. Best alignment was obtained in cases where
the shear force was dominant by coupling it with a low intensity electric field
for CNCs and casting evaporation for CNF's. Studies of CNCs, CNFs do not
stop at the film formation possibilities. It is a very widely studied material,
can be further surface modified by esterification, etherification, oxidation,
silylation, polymer grafting ete, or combination of these techniques, which
open new functionalization and products for cosmetics, paints, emulsifiers,
absorbers and other application.

The objectives of the analytical and experimental works, conclusions, and
the new scientific achievements may be summarized as follows.

Brief rehearsal of the objectives and methodologies:

Chapter 2 describes the ultrathin films formation of cellulose nanocrystals
(CNCs) obtained by using a convective assembly setup coupled with a low-
strength external AC electric field. The orientation and degree of alignment
of the rodlike nanoparticles are controlled by the applied field strength and
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frequency used during film formation. Calculated dipole moments and
Clausius—Mossotti factors allowed the determination of the ecritical
frequencies, the peak dielectrophoresis as well as the principal orientation of
the CNCs in the ultrathin films. Quantum-mechanical modeling allowed the
determination of the polarization of an elemental cellulose crystal unit. As a
result of the combination of shear forces and low electric field highly ultrathin
films with controlled, unprecedented CNC alignment were achieved.

Chapter 3 deals with the piezoelectric response of felectric field-assisted
shear assembly manufactured thin films of aligned cellulose nanocrystals
(CNCs) on mica supports. The relationship between polarization gradients
and strain mechanics of the obtained films was examined by monitoring their
deflection with an atomic force microscope operated in contact mode. The
piezoelectric response of the films was ascribed to the collective contribution
of the asymmetric crystalline structure of the cellulose crystals. The
magnitude of the effective shear piezoelectric constant (dss) of highly ordered
CNC films was determined to be 2.1 A/V, which is comparable to that of a
reference film of a piezoelectric metal oxide. Moreover a FEM model has been
created based on the experimental results to evaluate the piezoelectric
behavior of samples in CNC composite cantilever arrangement.

Chapter 4 describes bacterial cellulose (BC) film formation for biomedical
or smart material applications. In this chapter, results on purified pretreated
BC presented, which was subjected to high intensity ultrasound (HIUS) and
was investigated for the development of BC films. The morphological,
structural and thermal properties of the obtained films were studied by using
FE-SEM, AFM, FT-IR, XRD, TGA and DSC characterizations. Results
showed that the most favorable purification treatment was the 0.01 M NaOH
at 70 °C for 2 h under continuous stirring. The most suitable ultrasound
operating conditions were found to be, 1 cm distance of ultrasonic probe from
the bottom of the beaker, submerged in cold water bath cooling around 1242
°C. The power (25 W/em?), time (30 min), BC concentration (0.1% w/w),
amplitude (20 pm) and frequency (20 kHz) were maintained constant.
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Summary of the new scientific results: thesis of the dissertation:

1. It has been confirmed that convective shear assembly with low electric
field can produce highly oriented (degree of orientation is 88%) ultrathin
films of CNCs on mica substrate obtained from chemically digested ramie
fibers.

2. It has been confirmed that the orientation of CNCs were depend on AC
electric field strength and frequency assuming the dipole moment value for
prolate ellipsoids and the Clausius Mossotti factor.

3. It has been confirmed that the low AC electric field strength (800 V/cm,
2 kHz) and negative dielectrophoretic forces are suitable for unprecedented
anisotropic, homogeneously oriented ultrathin films of CNCs obtained from
chemically digested ramie fibers.

4. It has been confirmed that quantum mechanical polarization approach
techniques is now possible to predict the value of the piezoelectric tensor in
a computationally complex crystalline material such as cellulose.

5. It has been confirmed firstly that CNCs has a large piezoelectric response,
d2s=2.10A/V.

6. It has been confirmed that the oriented CNCs thin films induce high
electromechanical actuation and strain, which can results high mechano-
electrical energy transfer.

7. It has been proved that the electromechanical properties of ultrathin films
of CNCs and CNF's can be considered in potential micro-energy harvesting
applications given their flexoelectric behavior, biodegradability, and
renewability. The energy conversion efficiency can be as high as 7.9%
(generated electrical energy /mechanical deformation energy ratio).

8. The developed finite element simulation procedure appears to adequately
validate the piezoelectric cantilever structure using cellulose nanocrystals as
a piezo layer on it.

9. It has been confirmed that high-power ultrasound is capable to liberate
individual nanofibrils from dense bacterial cellulose network suitable for thin
film application.
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The majority of these research were completed in 2015 with the
supplemented work and resulted in numerous peer reviewed scientific
publications listed here and presentations at scientific symposia. The works
discussed above, received significant international attention and was cited
approximately 77 times in highly regarded scientific journals.
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In the peer-reviewed publication above, the author of this dissertation is the
corresponding author in the 1%, 3™ 4™ 6™ 8" and 9" article.

5.1. Final closure

The author sincerely hopes that the works presented here contributed to a
certain extent to the better understanding and thoughtful utilization of
cellulose nanocrystals and thin films or coating products from it.
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