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Abstract

This dissertation presents the results of highly collaborative research on the
fluid-phase assembly of cellulose nanocrystals (CNC) into ordered films. Due to their
extraordinary properties, CNC are increasingly being considered as nanoscale building
blocks for advanced materials. However, controlled and predictable assembly into ordered
structures is necessary for CNCa&aeobjects.st and.i
This work focusedbn CNC films with two different structures: 1) nematicallygakd
films for application as the structural layer in microelectromechanical systems (MEMS),
and 2) chiral films for application as optical devices such as reflectors, security papers, or
filters. The key contribution of this research has been to obtasight into the
relationship between dispersion microstructure, shear response, and the final structure and
properties of the filmThese results can be used to guide the development of specific
applications based on CNC films.

In the first portion of the work, rheoeoptical microscop and
microspectrophotometry wengsed to gain new insights into the interrelated effects of
liquid crystalline phase behavior, flow, and microstructural relaxation on CNC films.
Aqueous liquid crystalline CNC dispersions shdwgreater alignment after shear than
isotropic or biphasic dispersions. dwever, CNC gels exhibited lowegnlignment at
equivalent shear rate®ptical contrast measurements were found to be an effective and

facile way of quantifying microstructural relaiat after the cessation of shear and the



anisotropy of CNC films.The combination ofgreater initial alignment and slower
relaxation of sheareliljuid crystalline dispersions resultednematically aligned films
Depending on their thickness, these filcas be optically transparent in the visible regime
or exhibit tunable interference colors.

Using a novel microfabrication scheme, the nematically aligned films were
processed into MEMS test devices including doubly clamped beams (DCB), cantilever
beam arrays (CBA), residual stress testers (RST), and mechanical strength testers (MST).
Using theselevices it was determined that the CNC film has an elastic modulus of 72 GPa,
a compressive residual stress of 66 kPa, and a fracture strength of 2 GPa. While not
guantified, it was clear from curvature in different cantilever beams that the films had
anisotropic mechanical properties.

In the latter portion of the work rhesmallangle neutron scattering (rh&ANS)
was used to investigate the shear behavior and relaxation of CNC dispersions, mostly in the
biphasic regime. Order parameter increased witth lshear rate and concentration.
Interestingly, three region like behavior was observed in both the rheology versus shear
rate and order parameter versus shear rate curves for the biphasic disggasedsrihe
rheaSANS and rhemptical microscopy dai amechanism has be@mnoposed to explain
this behavior. Preliminary results of the modeling of this systenalamepresented. In
future work the model will be used to further explain the flow behavior of CNC and to help
guide the fabrication of chirdllms throudh controlled relaxation of flovaligned CNC
dispersions.

These studies on tHeow behavior of CNdiquid crystal highlight thenterplay

between dispersion microstructure, shear response, and microstructural relaxdten



processing methadstudied provided a foundation for establishing the processing route on

largescale assembly &NC filmswith controlled morphology
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Chapter 1 Introduction

Since its discoverin 1838 cellulose has been usextensively in many industries;
particularly in pulp and paper, and textiles. Industrial applications of cellulose and
cellulose derivatives include rayon and acetate fibers, regenerated cellulose films such as
cellophane, excipients in tablets, and foadditives' Research into the nanoscale
propertiesofcellue began as ear | y adsignifitantinctedsemos . Tt
interests t arti ng i n 2fTHeécreasein tesearch & Pértially duw the
discovery of chiral nematic structure in cellulose nanocrystal dispersions. Due to their
excellent strength and stiffness the most widely studied cgiph of cellulose
nanocrystal§CNC) has beems a reinforcing agent in polymer nanocomposites. However,
cellulose nanocrystaksre increasingly beingonsidered as nanoscale building blocks for
advanced materiafsSome potential applications include iridescent films for security
papers, polarizing rotators for lasers, optical storage devices, steapbnsive fluids, and
applications in nanomedicine ancheaensingd.

Similar to other nanomateriald controlled and predictable assembly into ordered
structuresisneses ary for CNCOs outstanding properti
Historically, controlled assembly was an issue in polymer manufacturing, where the
mechanical properties attained by polymer fibers were a fraction of the theoretical
maximums’ Such discrepancies have largely been attributed teidea morphologies,

particularly, chains aligning negparallel to the stress direction. For dispersions oflifa



polymers and anisotropic nanomaterials, the balance between rotational and treatslatio
entropy results in the formation of lyotropic liquid crystalline phases above a critical
concentration that is a function of solute aspect ratio, size polydispessity
solventsolute thermodynamic compatibility’° The combination of lyotropic liquid
crystalline phase behavior and processing shear has been shown to facilitate the production
of highly aligned fibers and films. One of the best known commercial products enabled by
this approach is DuPont Kevfawhich is solution spun from a dispersion of the-fixe
polymer poly(pphenylene terephthalamide) in concentrated sulfuricacid.

CNC also possess the anisotropic shape and rigidity needed to form lyotropic liquid
crystalline phases. Moreover, CNC extracted using sulfuric acid hydrolysis can be readily
dispersed in water at sufficient concentrations for cholesteric liquid crystalline phase
formation'? Producing CNC films is an area of aigg researchthat requires
understading the combined effects of dispersion microstructure and processing on film
properties Previous studies have separately investigated the effects of initial
microstructure, flow behavior, and microstructural relaxation during drying on CNC
dispersions amh films, but there has been little work focused on understanding the
interrelationships between these parameters.

This dissertation presents the results of highly collaborative research on the
fluid-phase assembly of cellulose nanocrystals (CNC) into edd@ms. While the final
applicatiors wereconsidered throughotihis work, the keycontributon of this research
has beerno obtain insight into the relationship between dispersion microstructure, shear
response, and the final structure and propertiéiseofilm. Along with the major results in

these sections, preliminary results from a number of secondary projects will be presented



Chapter 2 provides background information@NC, liquid crystals, rheology and phase
behavior of rods dispersed in liggidand CNC films. Chapter 3 provides information on
instrumentation and experimental techniqUéde results and discussion are organized into
two sections: 1) nematically aligned films for application as the structural layer in
microelectromechanical systs, and 2) chiral films for application as optical devices such
as reflectors, security papers, or filte@hapter 4primarily providesinformation on
rhecoptics of CNC for and their application in nematic films for MEMS, and Chapter 5
primarily provides information on rhe®ANS of CNC for their application in chiral films

for optical applications. Finally, l&apter 6 summarizes the conclusions of this research.



Chapter 2 Background
2.1 Cellulose Nanocrystals
2.1.1Cellulose Structure

Cellulose, the worl dos “massfirst isolatednby ant
Anselme Payem n t h e e d islthg mdin8cOn6tituent of plant cell walls asd i
produced naturally by a variety of organisms including some bacteria, fungi, algae, and
even some animafé Cellulose has been characterized as a high molecular weight polymer
o f -1,4linked anhydreD-glucose units, where the repeat unit is a dimer of glucose,
referred to as cellobios@igure2.1).'® In 192Q X-ray investigationshowedthat natural
cellulosefibers contain both amorphous and crystalline regtbfi$e crystalline regions
are formed due to cel |l ul-and mtérmolecubanhydzogeny t o w
bonds(Figure 2.2). The poportions and size of thedered and disordered regioas
highly dependent on the cellulose soutrcBespite the abundance of hydroxyl groups in
its structure and its hydrophilic nature, cellulose is insoluble in water due to its highly

crystalline structure.

Nonreducing end Cellobiose Reducing end

Figure 2.1 Chemical structure of cellulog2.



Figure 2.2 The hydrogen bonding network in crystalline cellul5se.
2.1.2Cellulose Nanocrystal Isolation

The predominant method for the isolation of cellulose nanocrystals (CNC) is by
acid hydrolysis of cellulose fibers where the CNC siab(e2.1) and surface chemistry
depend on the cellulose source and reaction condifidisice the acid cannot penetrate
the crystalline regionsghe amorphous regions of the celluloseefitare preferentially
hydrolyzed®® While long readbn times will completely digest the cellulose, terminating

the reaction will result in the production of CNE.



Table 2.1 Length and widtof cellulose nanocrystals from various sourtes.

Source Length(nm) Width (nm)
Bacterial 1001000 5-50
Cotton 70-300 5-15
Cotton Linter 25500 6-70
Microcrystalline Cellulose 35500 3-48
Ramie 50-250 5-10
Sisal 100500 35
Tunicate 100-3000 9-30
Valonia >1000 10-20
Soft Wood 100200 35
Hard Wood 140150 4-5

The production of a colloidal solution of CNC by acid hydrolysis was first reported
by Ranby in 1949° Acid hydrolysis of either wood or cotton cellulose fibers was
performed in boiling 2.5 N sulfuric acid ¢§BO,) for 1-8 hours. The resulting CNC was
repeatedly washed by centrifugation with distilled water. At a pH, dhéd maximum
cellulose concentration of 0.5% in the sol was achieved. Ranby and Ribi further
characterized these CNC morphologically by electron microscopy and structurally by
X-ray and electron diffractioff. They concluded that the hydrolysis resulted in-likel
particles having thesame dimensions as the crystalline regions of the cellulose fibers
(Figure 2.3). The particleshad high crystallinity andhe same structure and lati
dimensions as cellulose fiber. Marchessault et. al. hypothesized tleatlthéal solutions
of CNC arosdrom repulsive forces of sulfate half esters introduced to the surface during
sulfuric acid hydrolysié® Analysis of freeze dried CNC showed about 1% to 2% sulfur
and electrophoresishowed that the particles were negatively charged. Today, typical
hydrolysis pocedures use strongids withcontrolled temperature, aetd-cellulose ratio,
and time. Specific protocols have been established for the optimal production of CNC from

a variety of cellulose sources. Dong et. al. studied the effect of preparation conditions on



the propertief CNC from cotton fibef? The hydrolysis conditions were optimized by
varying temperature and time while thdfaric acid concentration was constant at 64%
(w/v) with cellulose to acid ratio of 1:8.75 (g/ml). Low hydrolysis temperature required
reaction times of up to 18 hours while at high temperatures the reaction was hard to control
and resulted in sample ddoration. The optimal reaction temperature was determined to

be 45°C, producing &4% vyield after 1 houf*

Figure 2.3 Electron microscope image of sulfuric acid hydrolyzed CRIC.

Simultaneous to Ranby, Battista explored the hydrochloric acid (HCI) degradation
of cellulose fiber$® His work investigated the effects of time, temperature, and acid
concentration on theydrolysis of both native and regenerated cellulose. A wide variety of
cellulose sources were investigatadd data was collected on weight loss and degree of
polymerization of the hydrolysis produdtvhen mild hydrolysis conditioa (low acid

concentrationand low temperature) were used for longer periods of time, the average



degree of polymerization of the resultant material was the same as when harsh hydrolysis
conditions are used for a short period of time. The average degree of polymerization levels
off to a constant value after a certain degree of hydrolysis, dependent primarily on the
cellulose sourceDegree of polymerization was determined through a correlation with
solution viscosity and relates to the length of the CNC (the longer the rod, thex high
degree of polymerization)n a later patent Battista et. al. claimed that this method
produces cellulose crystallites with a high degree of perfection and an unusually high level
of chemical purity’® Hydrochloric acid hydrolysis had been used rélgeim a studyby

Araki et. al.to produce CNC with no surface functionalization beyond the native hydroxyl
groups®’ In this study softwoodraft pulp was hydrolyzed with 4 N HCI with a cellulose to

acid ratio of 1:35 (g/ml) at 8@ for 225 min. The resultant material was washed repeatedly
by centrifugation until the pl4. These CNC were compared with thosepared from

the same cellulose source by the more commgBOrhydrolysis. Transmission electron
microscopy (TEM) observations gave almost identical appearances for the samples and
X-ray diffraction patterns indicated that the crystalline form was neddwntical.
Conductometric titration showed that the HCI hydrolyzed CNC was completely devoid of
strong acid groups on tlseirface Figure2.4).

Braunand Dorgan reported on a singiep method for the isolation and surface
functionalization of CNC using acichtalyzed esterificatioff. This reaction scheme
(Figure2.5) uses a mixture of hydrochloric and acetic acids to simultaneously hydrolyze
cellulose and introduce a methyl ester group onto the surface. Cotton linter was hydrolyzed
in a mixture of 17.5 Macetic acid and 0.027 M HCI with a cellulose to acid ratio of 1:25

(9/ml) at 105C with reaction times between 4 to 20 hours. The resultant material was
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Figure 2.4 Conductometric titration curves @&@NC. (a) H,SO, hydrolyzed (b) HCI
hydrolyzed andc) HCI hydrolyzedwith initial addition of 5 ml of 0.01 M HCY’

washed by centrifugation repeatedly until thergbiched 5 and the turbid supernatant was
collected. TEM images indicated that the size of CNC obtained using the mixed acid
system are similar to those from HCI hydrolysis of the same cellulose s&anaeer
transform infrared (FTIR) spectra of the sample after dialysis exhibited a C=0 stretch at

1736 cmt that is not present in the HCI hydrolyzed CNC indicating that methyl ester

groups are covalently attached to the surface of the CNC.
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Figure 2.5 Reaction scheme illustrating the simultaneous hydrolysis and esterification of
celluloe?®

2.2 Liquid Crystals

Liquid crystals are amesophaséhat possesses bothetbrder of a crystal and the
fluidity of a liquid. Entitiesthat form liquid crysta are termechesogens and can be of two
types, thermotropic or lyotropic. Thermotropic mesogens are small molecules with rigid
cores, and their phase transitions dependeamperature. Lyotropic mesogens can be a
variety of anisotropic macromolecules such as rigid polymers and rodlike nanomaterials.
When dispersed in a solvent their phase transitions depend on their concerraten.

CNC liquid crystals are lyotropic sémh focuseon lyotropic liquid crystals.
2.2.1Liquid Crystalline Structure
Friedel first reported on the existence of different types of liquid crystalline phases

in 19222° He characterized liquid crystals as nematic, cholesteric, or smectic. Nematic
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liquid crystals possess lomgnge orientational order aloagrector known as the director

but do not possess positional ord@rientation along the director is not perfect, but is
quantified by the order parametemich is the ame as the orientation functian.?® The

order parameter is describby Equatio2., wher e d i s the angle be
axis and the director and the angled brackets indicate an average over all rods in the system
Due to long relaxation times, lyotropic liquid crystals often have a polydomain structure

with varying local directors, giving them a globally isotropic structure. This is illustrated in
Figure2.6. The order parameter has a value of 1 for perfect alignment and O for random

orientation.
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Figure 2.6 Diagram envisaging the arrangement of liquid crystalline domains to illustrate
the distinction between local directors, n, and the global director, N.

Cholesteric, or chiral nematic, liquid crystals possess local nematic order, however
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layers are rotated periodically about an axis perpendicular to the director. The distance in
which the rods make a full rotation is known as the piftie cholesteric pitch shortens as

the concentration increases and can be described by Eq@&tiavhere Pis pitch, c is
concentration and A and n are scaling factors related to the syStempitch is also
effected by temperature, hydrostatic pressure, and salt content.

- p
) m— (2-2)

Finally, smectic liquid crystals exhibit both long range orientational and positional

order. Representations of each Friedelian class are shdviguire2.7.
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Figure 2.7 Friedelian classes of liquid crysta nematich) cholesteric, c) smectfc.

2.2.2Lyotropic Liquid Crystalline Phase Behavior

Doi and Edwards described the dynamics of rigid rodlike polytheosigh a series

of regimes as the concentration is increased: dilute, semidulute, isotropic concentrated,

12



biphasic, and liquid crystallin®.In dilute solutions, defined as when the average distance
between rods is much larger than the rod length, the rods can rotate and translate freely.
the semidilute regne, therotation of the rods is severely restricted by other radsrther
increase in concentration causes both the rotation and translation to be hitfuered
called tle isotropic concentrated regimehere the motion is confined to straw like
volumes as shown ifrigure 2.8. When the concentration exceefds the isotropic to
biphasic transition concentration, the system enters the biphasic regimea Heuéel
crystalline phaseoexiss with an isotropic phasAs the concentration is increased in this
regime the fraction of liquid crystalline phase incesasntil the solution reachégc, the
biphasic to liquid crystalline transition concentration and the solution becomes a single
liquid crystalline phasef-or uncharged monodisperse rods the concentration of rods in
each phase remains constant, and or@yfithction of each phase changes with increasing

concentrationLyotropic liquid crystalline phase transitions are illustrateBigure2.8.

INCREASING CONCENTRATION, ¢

Al

DILUTE SEMIDILUTE ISOTROPIC BIPHASIC LIQUID
CONCENTRATED CRYSTALLINE

Figure 2.8 Lyotropic liquid crystalline phase transition&dapted from Doi and
Edwards®®3!

13



2.2.30nsager Theory

Onsager (19487 and Flory (1955) theories are among the first developed to

predict the phase transitions in lyotropic liquid crystals. Flory theory is still commonly

used for rodlike polymer liquid crystals, however many rodlike nanomhteystems
adhere more closely to o®Onsraggerddst yoraingdi nfailn
(L>>d).*Onsager 6s theory considers idealansol uti
athermal solvent, which interact only through excluded volume interact8ased on

Onsager theory, andf | ¢, and the coexistence concentrationgolume fractiorare given

by Equation®.3and2.4. Volume fractionf and weight fractionv arerelated through the

densitieg of the rod and the solvent as shown in Equ&tian

Q
%o OB us (2.3)
Q
% 18 & (2.4)
(y ” 0 (2‘5)
00 ” 7 7 B
p pu

According toOnsager theoryaspect ratio (L/d) of rigid rods predicts the phase
transition and coexistence concentrations. However, real systems rarely consist of
completely monodisperse rods. Lekkerkerker et. al. considered this problem and noted a
number of findings* 1) Fractionation occurs, where the longer rodsrttie liquid
crystalline phase at lower overall concentration. 2) The biphasic region covers a larger
range of concentrations. Bhe order parameter of the longer rods tends to be greater than

that of the shorter rods. A number of more recent theories foather expanded Onsager
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theory to account for other interactiand polydispersit§™>°
2.2.4Stroobants Lekkerkerker -Odijik Theory

The Onsager modification most relevant to this w&tkpobants, Lekkerkerker,
and Odijik (SLO) theorydescribe phase separation in rodlike polyelectrolyteghe
effectsof the charged rods are twold. First, there isn increase in theffective diameter
of the rodsDes. Second, a twisting factor &ccouns for the preferred perpendicular
orientation of charged rods. Odijik showed that the coexisting concentrations of rods in the
biphasic region were given by Equati¢h6and2.7.** In these equations the concentration
is expressed as the number density of rods, and h and b the twisting factor and the second
virial coefficient of the system, respectively.

6 08 wIp T X LoD (2.6)

6 TP wpp T O TGN (2.7)

2.2.5Rheological Signaturesof Liquid Crystalline Polymers

Nematic liquid crystalline polymers (LCP) often exhibit extraordinary rheological
properties, howeverin spite of extensive researdheir flow behavior isnot fully
understood. Although the properties can vary considerably from one LCP to another, there
are anumber of typical features: 1@aximum in the viscosity versus concentration curve,

2) three region viscosity versus shear rate behavisigB)change of the first normal stress
difference 4) long oscillatory transients, and 5) the @d&rz ruleis not obeyedit should

be noted, however, that not all of these features are observed in every LCP. While the
majority of research on liquid crystalline assembly has focused on polymers, the same

framework can be used to understand the rheology okeodéinomaterial liquid crystafs.
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The flow behavior of cholesteric liquid crystals has been studied far less than nematics, but

many of the same principapply:?

2.2.5.1Maximum in Viscosity \ersus Concentration

For typical polymer solutions, the viscosity increases monotonigawith
concentration. For lyotropic liquid crystallipwlymers generally, the viscosity increases
with concentration in the isotropic region and reaches a maximum in the biphasic region.
The transition from biphasic to liquid crystalline is typically the right shoulder of the
pealk®, before the viscosity again increases in the liquid crystalline rediis is not
surprising, since molecules can slide past each other more readily in the nematic state than
in the isotropic statérigure2.9 shows this typical behavior for PBG incnesol** Also as
the shear rate is increaséite maximum shifts to lower concentrations and the value of the
maximum is depressed. This is because at high shear rates ordering is caused by both flow

and liquid crystalline phase behavior.

Figure 2.9 Viscosity versus concentration curve of PBG ircrasol at several shear
44
rates.
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2.2.5.2Three Region Viscosity érsusShear Rate Curve

FormanyLCPs, three distinct regions occur in the viscosity versus shear rate curve
as shown inFigure 2.10.*° Regions | and Il are lowsheasrate and higtsheasrate
sheatthinning regime, respectively, and region Il is a Newtonian plateau at intermediate
shear ratedt is not clear for som&CPs if three region behavior is present, and it is not
known whether the absence of thregion behavior is due to differences in the systems or
to experimental limitations in the shear rate ranges explbrgdre2.11 shows seven flow
curves for various LCPE While it is not difficult to discern three region behavior in three

of these curves, others only exhibit one or two regions.

REGION | REGION ! REGION
I I Il ) Il
1 I
. I |
> I I
@ | |
§ Tumbli I '
£ umbling ; X
i . 1
{ Wagging |
' '
i I
' ' Flow Aligning
Shear Rate

Figure 2.10 Three regions flow curve by Onogi aAdada’®

In isotropic polymer solutins, the viscosity versus shear rate curve typically
consists of two regions, a Newtonian plateau at low shear rates and a shear thinning region
when the flow becomes strong enough to orient the molecules. Region Il and Il in LCPs
can be thought of as dngous to the behavior of isotropic polymer solutions. Therefore, it

is region | that distinguishes the behavior of a LCP. While the origin of region | shear
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Figure 2.11 Flow curves illustrating thédifficulty of determining three region behavior

for LCPs*3

thinning is still debated, three mechanisms have been profioisethe first mechanism,

shear thinning results from competition between orientation of the molecules at the

boundary and in the shr field. The second mechanism attributes shear thinning to the

texture of the liquid crystal. The third mechanism suggests that the LCP may undergo shear

induced phase separation, which causes shear thinning.

Region Il behavior is better understood thmagion I, however there are still two

mechani sms t hat are seen

f

o

r

t

he

Newt oni

directors in the polydomain textytewhile the second is due to vorticity alignment of the

rods over a limited shear rate rarfgén region lll, the flow is sbbng enough to increase

the order parameter through flow alignment, which results in shear thinning. Typically,

region Il has a lower slope than region I.
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2.2.5.3Sign Change of First Normal Stress Difference

Along with the three region behavior of the viscosity versus shear rate curve,
another striking behavior of LCPs is the behavior of the normal stresses under sh&ar flow.
In ordinary polymer solutions the first normal stress differendg {§Na positive quantity
that steadily increases with shear rakégure2.12 shows N versus shear rate for a 17 wt %
PBLG and rreresol solutiorf? It shows the typical behavior ofiNor a LCP, where at low
shear rates Nis a positive increasing function of shear rate. At intermediate shear rates,
N1 suddenly decreases and changes to a negative value. Asasbeémfurther increased,

N1 becomes positive once again. The fall in N1 to negative values occurs at approximately
the beginning of region Il behavior. The origin of negative N1 is still not completely
understood, however, it is largely believed toéeonsequence of the transition from
Atumblingd to Awaggingo of t h ®imilat itortreee t o r

region behavior, negative N1 has not been observed for all LCP systems.
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Figure 2.12 N, versus shear rate of 17 % PBLG (M, = 350000) and rcresol for two
cone angle¥
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2.2.5.4Long Oscillatory Transients

For LCPs, different transitions are often observed when shear flow is started, the
flow direction is reversed, or the shear rate is suddenly chdh§ed.ordinary polymer
solutionsat low shear rateshe shear stress grows monotonically until it reaches its steady
state value, while at higher shear rates there may be some oveaasbadbien a steady
decrease to the steady state value. In either case the transient résgisriee only a few
shear units (shear units are given by the nondimensional prgjluetgure 2.13 shows
different behavior for a 37 wt % PBLG im-cresol solution, whictsitypical of other LCPs.

An oscillation of sheastress is seen with time after gtartup of flow. This oscillation can
last for as long as 100 shear units or more. The oscillatory behavior shows an important
regularity, withstress versus shear unit cuni#sng up. Scalingbehavior has also been
seen after the cessation of shear, where the time for the strain to be recovered grows with
the previously applies shear rate. This suggests that the elastic energy stored in the shear

induced distortions of the texture is proportional to sheaffate.
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Figure 2.013 Reduced shear stress versus shear unit curve of 3¢ RBLG in mcresol
solution®
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2.2.5.5Cox-Merz Rule Not Obeyed
The CoxMerz wle is an empirical rule which states that for valuegraidw the

steady shear viscosithi(gh equals the complex viscosity (w). Although not fully
explained theoretically, this empirical rule applies well to ordinary polymer solufibiss.

is not the case for LCPs, as showmrFigure2.14 for 50 wt % HPC in water. This is not
surprising, since in LCPs, the microstructures, and fberehe rheology evolved by
continuous shear and oscillatory shear are usually diffdreatldition to not following the
Cox-Merz rule, measurements lof(w) suffer reproducibility problems. This is due to the
response of the material being significgriibsed on its shear history. In small molecule
thermotropichematics it takes only minutes for a LCP to heal itself from itsrdthistry.
However, in lyotropimematics it can take anywhere from days to nearly a*§&ance it

is impractical to wait this long for testing after sample loading, it is often necessary to

employ a preshar protocol to erase the shear history and obtain reproducible results.
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Figure 2.14 Comparison between steady shear and complex viesoft 50 % wt. HPC
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2.3 Cellulose Nanocrystal Aqueous Dispersions
2.3.1Colloidal Stability of CNC

Cellulose nanocrystal suspensions were first observed by Ranby upon waghing
of acid by centrifugation of sulfuric acid hydrolyzed cellulose nanocrystals {ENC® It
was later shown that the dispersion arises from the ionization of surface sulfastéidf
as the pH increases resulting in repulsive forces between the nanoéfyEiaither
investigation by electron microscopy showed that these suspensions were in fact
dispersions of individual unit particles and small aggregates.

The difficulty of obtaining good dispersions of hydrochloric acid hydrolyzed
cellulose nanocrystals (CNBCI) has been noted in the literatdfé/an den Berg et. al.
prepared both CNGA and CNGHCI suspensions from tunicate celluldd&he CNC
were sonicated for 6 hours at a concentration ofv®.% and dispersion was assessed by
inspection between crossed polarizing films. yrged the@resence of birefringence when
viewed between the films was usedtlas crieria forgood dispersability. The CNSA
formed permanently birefringent dispersions at 0.1 %t and above, however,
homogeneous dispersions were not formed with the -Gl ®C The suspension of
CNC-HCI had been obtained from cotton and wood pulp after ficgmt mechanical
agitation. Wherthe CNC-HCI was placed in water atvét % solids it settled out rapidly,
but when this mixture was blended at high speed for 15 minutes a stable suspension of
aggregates was achiev¥d.

Araki et. al. reported on ¢hinfluence of the surface charge on the flow properties
and viscosity behavior of CNC suspensi6hs.CNC-SA and CNGHCI suspensions were

prepared using the established methods. Stable suspensions were obtained for each type of
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CNC and both suspensions showed flow birefringenEEM images showed that
individual particles had the same dimensions for be®®dand HCI hydrolyzed samples,
but the CNGHCI was significantly moraggregatedFigure2.15). In order to vary surface
charge poshydrolysis addition of surface sulfate esters was carried out by reacting
CNC-HCI with 55% (w/w) SO, for 2 hours at 4% or 60C. The additional treatent
had no effect on the size and shape of the particles, the effect on the aggregation behavior
of the suspensions shownn Figure2.15. The resliant sulfur content and amount of acid
groups for each nanocrystal type is showiiahle?2.2.

Although the poshydrolysis esterified samples onlyatha small difference in
surface chrge their viscosity behavior walsastically different(Figure 2.16), indicating
that the viscosity behavior is strongly affected by surface charge in the ranges0f 50
mmol/kg. In shear flowthe viscosity of the CNECI sample decreased over time,
reachingequilibrium after 30 minutes. This behavior was explained as an effect of severe
inter-particle aggregation that wasstroyed by shear flow.

Table 2.2 Sulfur content and the amounts of acidic groups in losinanocrystafs,

Conditions Sulfur content® Amounts of acidic groups*’ {mmol/kg)
(mmol/kg)
Strong acid groups Weak acid groups
Hydrolyzed by H.50, 240 84 26
Hydrolyzed by HCI 2 0 16
Esterified at 40°C 101 53 29
Esterified at §0°C 158 G0 28

The results of conductometry for the H,30,-hydrolyzed suspension are from our previous study
*Determined by X-ray fluorescence analysis
®Determined by conductometric titration
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Figure 2.15 TEM images of (a) CNE&CI, (b) CNC esterified at 4Q, (c) CNC
esterified at 68C, and (d) CNESA.2"%°
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Figure 2.16 Relative viscosities of cellulose suspensions versus volume frattion.
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Cellulose nanocrystals prepared by mixed hydrochloric and acetic acidsABNC
form initially stable suspensions during centrifugafidhlowever,Braun et. al. showed
that increased hydrophobicity of these particles causes decreased colloidal stability in
water and theCNC-AA precipitate over a period of weeks.In comparison, CNGHCI
suspensions remain stable over this time peridte ihcrease in hydrophobicity was
verified by an increase in static contact angle when compared teHCOIC ;= {82 + 1.8
for CNC-HCI and 24.9 + 0.9for CNG-AA). While significant mechanical agitation was
necesary to suspend CNHECI, this wamot observedor CNC-AA. This observationwas
reported to be consistent with multiangle lalggt scattering data, which indicates that
the addition of methyl ester groups to the surface reduces hydrogen bonding and facilitates

individualization of the particles.
2.3.2Liquid Crystal line PhaseBehavia of CNC

Due to the rodike morphology of cellulose nanocrystals, dispersions of individual
particles and small aggregates formed by sulfuric acid hydrolysis exhibit lyotropic liquid
crystalline phase behavior. This was first observed by Marchessalltirt1952 when a
gel formed on the surface of a heated suspension of ramie®CW@en viewed on a
polarizing microscopethe gel was found to be birefringent, indicatinguidcrystalline
orde. Further samples were obtained by centrifugation of the suspensions at 2§),000
resulting in dispersions with concentraisoranging from 13 to 15 wt % (8.3 to 9.7 vol.%)
These dispersions also exhibited birefringence when viewed between crosseensolar
When the dispersion was dried down into a film rather large birefringent areas were
observed and the structure is said to be reminiscent of the spherulitic behavior of high

polymers Figure2.17). The liquid crystalline character of the dispersion was attributed to
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parallel alignment of the CNC (nematic order).

Figure 2.17 Dried down film ofbirefringent dispersion between crossed polariZers.

Revol et. al. first reported the se&lfdering of cellulose nanocrystals into stable
chiral nematic phasé8 CNC dispersions were prepared by thésid acid hydrolysis of
kraft wood pulp from black spruce. Upon standing at room temperature, &@(W8
vol %) dispersion spontaneously separated into an upper isotropic and a lower anisotropic
phase. When viewed on a polarizing microscopeeshfy ®nicated dispersion began
form small tactoids with birefringent bands after a few minutes. With, tingetactoids
settlel and mergd yielding fingerprint textures indicative of a chiral nematic liquid
crystalline phasé-igure2.18). The source of the chiral nematic orde€CNC suspensions
is still not known, but it has bedrypothesized that the chirality of the cellulose fibers must
somehow be transferred to the nerystals, possibly by a helical geometry or helical

charge distributiori’ It has beemotedby Revol et. k that the chiral nematic order was
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retained when these dispersions were dried into fifms.

\ \\\\\\\\\

Figure 2.18 Optical micrograph between crossed polars of the anisotropic firased
by dispersions of sulfuric acid hydrolyzed cellulose nanocry&tals.

The critical concentration required for the formation of a chiral nematic phase of
cellulose nanocrystals in electrolyfree aqueous dispersion depends stroaglZNC size
and charge dsity; it can range from about 1 to 10 wt % (0.61 to 6.3 vol.’%)
Urefe-Benavides et. al. investigated the phase behavior of cotton$MNdispersions
(without added electrolytesising both crosgpolarized optical microscopy and rheology.
At 20 °C, it was determined that the isotropic to biphasic phase transition was at %0 vol
(4.8 wt %)and the biphasic to liquid crystalline phase transition fell between 10% vol
(16.0 wt %)and 12.1 vol% (18.4 wt %. These phase transitions are sensitive to the
presence of electrolytes or other molecules in the dispersion. Dong and Gray investigated

the effect of eleven different counterions on ordered phase formation of cellulose
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nanocrystal dispersiornid They saw that as counterion concentration increased so did the
concentration of CNC required to form an ordered phase. This behavior was also
dependent on the type of counterion present. For inorganic counterigiéalHK", and

Csht he critical concentration increased wi
counterion. The effect of organic counterions was more complicated with critical
concentration dependent on both the hydrophobic interaction and steric repulsion of the

courterion(Figure2.19).
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Figure 2.19 Sketch iIIustrating the hydrophobic interaction in cellulose neystal
dispersions in the presence of organic counterions.

2.3.3CNC Rheology

There is a growing body of woda the rheology of CNC dispersiotis>” °®%? The
detailed heological properties and liglicrystalline phastansitions have varied between
studies due tdifferences in CNGize and surface chemistry, as welb#gerences in the

exact methods used to detect the liquid crystalline phase trasdifi@fiaBenavides et. al.
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and Wu et. al. bib studied CNC prepared from cotton cellulose with similar average aspect
ratios of 12 and 13, respectivéR#? However, they reported significantly differguttase
transition concentrationdJrenaBenavides observed the transition from isotropic to
biphasic at 2.7 vol % and from liquid crystalline to gel at 14.5 vol %, while Wu observed
these same transitions at 1.0 vol % and 3.0 vol %, respectBelly. Wu et al. and
UrenaBenavides etal. showed that in contrast to the rheological behavior typically

§%% there is no maximum is

associated with lyotropic liquid crystalline dispersidh
observed in the biphasic region of a viscosity versus concentration'¢fR%.Since
similar results have beeneported for hallyosif8 a charged tubular nanoclay, and
therefore may be due to changes in ionic strength thi¢é increasing concentratioim
addition, three region viscosity versus shear rate behavior is typically considered a
signature of fully liquid crystalline dispersiaffsbutfor CNC this behavior has been more

frequently reported in the biphasic reginié®®*

2.3.4Small-Angle Scatteringfrom CNC

To the aut hor s owo Istadesv hagedogieined rheabogyyandt
smallangle scattering to investigate the effects of flow on the microstructure of CNC
dispersions. Orts eal. used rheology angmaltangle neutron scatteringhecSANS)
to effect of aspect ratio adheflow induced alignmenf fully li quid crystalline dispersions
They observed aransition fromcholesteric to nematic alignment during fI6Ebeling
et. al. conducted a smalhgle xray scattering SAXS) experiment on liquid crystalline
CNC dispersions and also saw enhanced ordering during$Gantrary to Orts efal., at
low shear rategbeling et. al. observed atiment in the vorticity planat certain shear

rates Two possible explanations were presented for this behavior. The first related to the
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alignment of planes within the polydomain structure of the liquid crystal, while thedseco
proposed endverend tumbling of the nanocrystals.

Schutz et. al. used SAXS and laser diffraction to study the packing of CNC and the
pitch in the cholesteric phase of CNC dispersiomsr the entire isotropic to liquidic
crystalline concentration raa§® The average CNC spacing decreases from 51 nm at 1.3
vol % to 25 nm at 6.5 vol %. The pitch
concentratia increases from 2.5 vol % to 6.5 vol %. The pitch as a function of
concentration is showin Figure2.20 and CNC spacing versus concentration is shown in

Figure2.21.

P (um)

¢ (V0|°/o)

Figure 2.20 Helical pitch as a function of CNC volume fraction determined by laser
diffraction.®®
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Figure692.21 Average centeto-center separation distance for CNC as measured by
SAXS.

2.4 Cellulose Nanocrystal Hms

Revol et. al. noted in 1992 that the chiral nematic order of a cellulose nanocrystal
dispersion was retained in a dried fitiPan et. al. reported an in depth study of the effect
of ionic strength, temperature, suspension concentration, and magndtanfigle chiral
nematic phase of cellulose nanocrystal filth§he addition of counterions to the CNC
dispersion reduced the chiral nematic pitch and this reduction is preserved in the films. At
significantly high counterion concentratiprthe chiral nematic phase is lost and an
isotropic film results. Increased temperature also resulted in reduced chiral nematic pitch
while an increase in dispersion concentration correlates to an increase in pitch.tbeying
films in the presence of a magnetic field resulted in an increased chiral nematic pitch for
dispersion concentrations that exhibit liquid crystallinity. It did not, however, promote the

formation of a chiral nematic phase in low concentration dispessirhe increase in chiral
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nematic pitch is attributed to the magnetic alignment of cellulose nanocrystals given their

nonzero magnetic susceptibility.
2.4.1Aligned CNC Films

While much of the literature has focused on magnetic and electrical alignment of
CNC, ordered cellulose nanocrystal films can also be prepared by shear alignment of liquid
crystalline dispersionS. This dissertation focuses on the effects of shear on alignment.
Unlike magnetic and electrical processing, shear is inherent in alihd&iich phase
manufacturing processds. oneliterature example, Hoeger et. al. used a convective shear
assemblyKigure2.22) to prepare aligned CNfims and looked at the effect of substrate
material, withdrawal speed, dwellulose concentration @lignment’? It was determined
that the nduced orientation of the CNC was balance of many forces including
hydrodynamic (shear and drag), Brownian, surface tension (capillary forces), and
electrostatic interactions (between the CNCs and the substraejfiGly, substrates
such as gold, with opposite charge as the CNC resulted in better alignment in the films.
Higher concentrationdispersions,where the CNC were partially aligned by liquid
crystalline selassembly resulted in better macroscopic alignment in the film.
Intermediate withdrawal rates resulted in the best alignment; this is explained by the
interaction of hydronamic and capillary forcésgure 2.23 shows an AFM image of a

highly aligned form prepared using this method.
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Figure 2.22 Experimental setup for convectighear assembly.
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Figure 2.23 AFM of film prepared on a silica substrédtem a 4.5% CNC dispersion at
intermediate withdrawal raté.

Reising et. al. prepared films bbth ramlomly aligned and flovaligned CNC"
They studied the effects of dispersion pH and shear rate on the order parameter and
mechanical properties of the films. All sheared films were cast from dispersions with
concentrations just below the gel point. Mechanical properties were investigated both

parallel and perpendicul#o the flow direction in flowaligned films.They found that the
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degree of alignment in the films increased with higher casting shear rates and higher
suspension pH. The maximum orientation of S = 0.53 was achieved for CN@Qsosge
having a neuteral pH and produced using a shear rate of 10Beselastic modulus of the

films scaled with degree of alignment, and was highly anisotropic. The maximum modulus
measured was 31.5 GPa in the parallel direction, corresponding t&PaOin the
perpendicular directionThe order parameter and mechanical properties of their,films
made at low pH (CN@) and neutral pH (CN@), are shown iTable2.3.

Table 2.3 Order parameter and mechanical properties of CNC fillh&C- is CNC with

low pH, CNCn is CNC with neutral pH, A (axial) refers to the direction parallel to flow, T

(transversejefers to the direction perpendicular to flow, and the numbers in brackets are
standard deviatioff’

TABLE 1 CNC neat film properties.
Suspension Film
Samples Concentration S Density E G [ WF
0 3 f f
(Wt%) (g/em®) (GPa) (MPa) (%) (MJ/m?)
A T A it A T A T
CNC-l
Unsheared 13 0.04 1.43 14.9 - 70 - 0.6 - 0.26 --
(0.11) (1.4) (29) (0.3) (0.19)
10 s 10.3 027 XX 216 85 61 45 03 07 0.13 0.18
(0.2) (14) | (21) (12) | (0.1) (0.2) [(0.09) (0.11)
100 s 10.3 0.36 155 23 {2 49 46 04 09 0.10 0.21
(0.02) (21) (©0.7) | (8 (1) | (0.4) (0.3) [(0.04) (0.11)
CNC-n
100 s 7.5 0.53 1155 297 6.7 77 48 03 09 0.12 0.23
(0.02) (1.2) (0.2) | (10) (2) (0.1) (0.2) |(0.04) (0.04)
CNC-n
w/ heat 75 0.53 1.55 315 70 70 36 02 06 0.09 0.18
100 s (0.02) (0.5) (0.8) (6) (13) [(0.03) (0.3) |(0.01) (0.04)

2.4.2Cholesteric CNC Films

After their discovey of cholesteric structure in CNC films, Revol et.rakealedn
a patentthat the chiral nematic director of these films is oriergedoendiculato the
substrate on which the film is dried allowing for optically active fifhg/hen the chiral
nematic pitch of the film is on the order of the wavelength of visible light iridescent colors

are reflectedThe relationship of the pitch to the wavelength of the reflectedadighgiven
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by Equatior2.8, where n is the average r&dtive index of the materidP is pitchandq is
the angle of the incident light to the helical axis.
& 0 & (2.8)

For example, cholesteric ordering of chitin causes the iridescent pkesietisboucardi
to reflect orange colors in regions where P = 370 nm and green colors in regions where P =
310 nm’* Thereflectionband of CNJilms can be tailored by modifying the ionic strength
of the dispersion, desulfating the cellulose nanocrystals, or varying cellulose nanocrystal
size.Since a number of studies have been conducted to further refine helxradig and
control pitch in CNC films.

In a recent studypumanli et. alproduced multicolored cholesteric CNC films by
the slow evaporation of CNC dispersions on polystyrene subsfrafédsese films
exhibited a polydmain texture where different domains had different reflectance colors
(Figure2.24). Scanning electron microscofyEM)was used to measure the pitch in each
domain and these values were compared to calculated values from the reflectance
wavelength Table 2.4). The pitch values measured by SEM were very consistent with
those measured by reflectance.

Park et. alreported a rotational shear method that guides the hetixateon and
yields dramatically improved uniformity in CNC filmi& By varying the rate of rotation,
they were able to control the reflectance color exhibited by the films. This method resulted

in films with highly uniform pitch, and little variation between dains.

35



I I I I 1 1

400 450 500 550 600 650 700 750
Wavelength [nm]
areac

0 1 ' 1 1 L I
400 450 500 550 600 650 700 750
Wavelength [nm]

aread

0.0 T SR R S S
400 450 500 550 600 650 700 750

Wavelength [nm)]

Figure 2.24 Correlation of optical and electron microscandthe reflectance spectra of
different domains? a) Reflected crospolarized image of CNC film ith white circles
showing areas b, ¢, and d from cresstional SEM images {#) and corresponding
reflectance spectra-f¢ were acquired.

Table 2.4 Cholesteric pitch of different domains in CNC films asedmined from the
crosssectional SEM image’s.Domains correspons to domains refererioefigure2.24.

domain b domain ¢ domain d
color of the domain orange green blue
4, (nm) extracted from spectra 590 530 470
pitch (nm) from SEMs 190+ 15 170+ 10 150 + 10
no. of periods 6.5 + 05 75+ 05 8.5+ 05
predicted 4, (nm) from SEMs 593 530 468
predicted thickness (um) 1.235 1.275 1.275
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Chapter 3 Experimental Section

3.1 Cellulose NanocrystalDispersionPreparation

In the course of this work, CNC from a number of batches with varying cellulose
sources and reaction conditions wereduda thework on nematic films for MEMS
applications CNC of were produced from Whatman ashlegierf aid (cotton cellulosg.
Sulfuric acid lydrolyzed CNC-SA) was preparedn our lab at Auburn while our
collaboratorsfrom the Kitchens Groumt Clemson University, preparestetic acid
hydrolyzed(CNC-AA) andhydrochloric acid fdrolyzed CNC-HCI). In the later part of
the work on chiral films for optical application€NC-SA became commercially available
in large batches and were purchased r om t he Uus Forest Ser:
Nanomaterials Pilot Plant ant the Forest Products Laboratory in Madisoim @iler to
minimize the impacts of batch to batch variation, each portion of this work was done using
CNC from a single batclA schematishowing the resulting surface chemistry from each
type of hydrolysis is shown iRigure 3.1. Since the majority of the work was done with
CNC-SA and CNC-SA is not a standard term in the literature, all CNC were sulfuric acid

hydrolyzed unless specifically noted.

37



OH OH .
HO o’
R "O%O\E?\
HO OH

OH

OH OH OH OH OH OH OH OH OH OH OH OH

Microfibril

OH OH OH OH OH OH OH OH OH OH OH OH
. Acetic Acid
Sulfuric Acid Hydrochlaric Hydrolysis
Hydrolysis Acid Hydrolysis CI¥|C AZ
ENC-SA CNC-HCI '
on OH SO~ OH SO,- oH oH OH OH OH (g4 Qo oH ©H COOCH; OH COOCH, OH

—

SO5” 505 OH Ho HO OH HO

COOCH
HO Ho SO3= HO ~73 3

COOCH; 5 €OOCH, HO

Figure 3.1 Schematic of CNC production using different types of acid ahydrolysis.
3.1.1 CNC-SAIlsolation from Cotton Cellulose

CNC were isolated fronwWhatman ashless filter aid (cotton cellulogesing
established method$?! The cellulose was hydrolyzésy continuous stirrigin 64 wt %
sulfuric acid at 4%C for 50 minutes. For each gram of cellulasg ml of sulfuric acid was
used. After 50 minutethe reaction mixture was quenched watt equal volume ofold
deionized water (DIW). The reaction mixture was then centrdfugge1Q800 xgfor 5
minutes and the supernatant was discarded. The precipitate-digpeesed in deionized
water (DIW) The washing step was repeated 3 timHse resultant CNC slurry was
dialyzed against DIW until the pH remained constdiot.disperse¢he nanocrystals the
mixturewas sonicatedsing a Sonics VC750 ultrasonic processor at 60% amplitude
total of 35 minutes in 5 cycles of 7 minutes on and 2 minutesTb#. dispersion was
allowed to evaporate at ambient conditions, with samples takerthe desired

concentrations
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3.1.2CNC-HCI and CNC-AA Isolation from Cotton

Whatman ashless filter paper (cotton cellulose) was soaked overnigBt3iml
DIW per g cellulosdor CNC-HCI or in 22.5 ml of 100% aceticcal per g cellulose for
CNC-AA. For CNGHCI 3.5 ml of 36% HCI per g cellulose was added and the mixture was
heated to 103C and allowed to react for 60 minutes with a reflux condeRseICNGAA
2.5 mli of DIW and 80 L HCI per g cellul os
105°C and alleved to react for 10 hours. For ba@NC-AA and CNGHCI, thereaction
mixturewas thercooled to room temperature in an ice bdthe reaction mixture was then
centrifugedat 8000 xg for 3 minutes and the supernatant was discarded. The precipitate
was redispersed in deionized water (DIWIhe washing step was repeated 3 times. The
resultant slurry was sonicatéatr a total of 35 minutes in 5 cycles of 7 minutes on and 2
minutes off. Water was then added to double the volume and the mixture was centrifuged
and washed until a turbid supernatant was observed. The supernatant was collected and the
process was repeated until no CNC could be recovered in the supeifag¢aipernatant
dispersion was allowed to evaporate at ambient conditions, with samplesatatten

desired concentrations

3.1.3Commercial CNC-SA

For the work inChapter Sspray dried cellulose nanocrystasodiwced by sulfuric
acid hydrolysis (CNC-SA) were obtained from the US F
Nanomaterials Pilot Plant at the Forest Products LatwgytaA vortex mixer was used to
mix approximately 12 g of CNC and 88 gdsuterium aide (D,0). The mixture was then

placed in anice bath and sonicatagsing a Sonics VC750 ultrasonic processor at 60%
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amplitudefor a total of 35 minutes in 5 cycles ofntinutes on and 2 minutes off. The
mixture was stirred by hand during the off cycles. The sample concentrationeassred
by thermogravimetric analysis (TGA) and the dispersion was diluted to obtain samples of

the desired concentrations.

3.1.4Commercial CNC-SA/Polymer Dispersions

The CNGSA/polymer dispersions used in Sectbd were made by firstdding
the polymer additive to 13 Wb (8.35 vol %)CNC dispersiorin a 20 mL glass vial with a
lid. The CNC was obtained in slurry form fronrhe US For est Servic
Nanomaterials Pilot Plant at the Forest Products Labordimsee how a polymer additive
affected the film propess, polyethylene oxide (PE®jth molecular weights of 100,000,
1,000,000 and 8,000,000 were mixed into the dispersion. ThewiE@dded so that the
dispersion resulted in 2% 5%weight of the additive. After addition, the dispersion was
first mixed in a vortex mixer for 5 minutesd then left undisturbed overnight to allow the
additive to fully dissolve into the dispersion. After 24 houhe dispersion was again
mixed for 5 minutes with aortex mixer. Flocculated dispersions were prepared by
dropwise addition ofl0 vol % HCI until the celulosic material in the dispersien
flocculated.Flocculation was determined by the physical transition of the dispersion from
translucent to opaqué&he dispersion was mixed with the vortex mixer after every drop of
HCI was added. Before tlwastingof each film, the dispersion wagainmixed using the

vortex mixer.
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3.2 Cellulose NanocrystalCharacterization
3.2.1Determination of Size Distribution

A Pacific Nantechnology NanB SPM was usedo perform atomic force
microscopy (AFM) to determine the size distribution of the CB#Cused in this work.
Approxi mately 10 &SA wasfpipe@ied Onfo avreshly caved MiCa
surface. The dispersion was allowed to sit for 5 minutes omit& surface, which was
then blown dry with dry air, leaving behind adsorbed CNC on the surface. The AFM was
operated in static, nonc o’areamtatresaiutod ef 102 a ¢ h
and a scan speed of 0.25 Hz. An image of the tip wasn&at using a porous aluminum
standard surface and Gwyddionds blind tip
deconvolute the shape of the particles from the geometry of the tip. The length, width, and

height were measured for a minimum of 100 CNC.
3.2.2Determination of Sulfate Content

The extent of sulfate functionalizatioof the CNCGSA was determined by
conductiometric titration using a Suntex -3Z0 conductivity meter with a CelRarmer
19050666 conductivity cell. An aqueous solution of 10 mM sodiymarbxide (NaOH) was
added in 100 pl increments to 200 ml of 0.75 mg/ml C8KC The mixture was stirred and
allowed to equilibrate after each NaOH addition. The conductivity measurements were
corrected for dilution effects and plotted against added volunida®H solution. The

equivalence point was determined to be the minimum in the conductivity curve.
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3.3 Film Casting

Aligned CNC filmsin Section4.3.4.2were prepared by doctor blade coating on
glass microscope slides using a Gardco Microm Il film applicator. Doctor blade coating
applies unidirectional shear to the dispersion at a consteat site. A droplet of the CNC
dispersion was transferred to the top of the glass slide using a spatula. The dispersion was
then drawn down the substrate with the blade of the film applicator. The gap height was
controlled using the adjustable micrometamnghe film applicator. Wet thicknesses ranging
from 50 to 200 em were wused with drawdown
approximately 100'for all films. After castingthe films were allowed to dry overnight at
ambient conditiondDrop castfins wer e prepared by pipetting
polystyrene petri dish and allowing it to dry.

For CNC/Polymer films in sectioA.4 a droplet of the disprsion was placed on
packing tape and sheared w@ardco Microm Il film applicatoat a shear rate of 5 &nd
a gap height of 0.5 mm. To ensure consistency for all of the sheared films, a metal rod
attached to a syringe pump was used to provide a cdlystalocity of the blade for each
film. Packing tape was used as the substrate for easy removal of the films. After five hours
of drying at ambient conditions, the films were cut to an approximate width of 5 mm and
approximate length of 4 cm. The filmsere cut so that the long axis of the film was either

parallel or perpendicular to the flow in order to test for anisotropic mechanical properties.
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3.4 Characterization Methods

3.4.10ptical Microscopy

Optical microscopy is an important method for exploring baspetision state and
liquid crystallinity of rod like nanomaterials. Due to their small size, individual CNC
cannot be observed with an optical microscope, even at high magnification. This is because
the particle size is smaller than the resolution of tl@pacResolution is the smallest

resolvable distance between two objects and is determined by Edidtion

= (3.1)

Her e, & I s the wavelength ofmmtarddNAIT i ght
numerical aperture of the microscope. The real world maximum value of r is
approximately 250 nm. Aggregates and liquid crystalline domains within the dispersion
can be much larger than this and can be directly viewed under a light microshape. T
method was used to qualitatively assess the dispersion state of each CNC sample.

Liquid crystals are known to exhibit birefringence, meaning they have two indices
of refraction. Therefore, incident light on a liquid crystalline sample will be splitake
two different paths through the sample. After exiting the sample this light becomes out of
phase and recombines into a different polarization state. This phenorsetaken
advantage of in crogsolarized optical microscopy for the characterizatof liquid
crystals. When an isotropic material is viewed between crossed polarizers no light can pass
through the polarizers and the sample appears completely black; this is known as extinction.
However, for a liquid crystalline sample the change innmadton state allows some light

to pass through the second polarizer. By rotating the sample between the polarizers the
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angle of polarization changes and the sample will appear to change from bright to dark. A
variety of patterns have been noted for défe liquid crystalline phases. Of particular
importance for this research is the fingerprint texture that is characteristic of cholesteric
liquid crystals.

In this work mageawvere taken using a Nikon Eclipse 80i optical microscope with a
LU Plan Fluor 28/0.45NA Nikon objective lensSamples were prepared by sandwiching
the dispersion between a microscope slide and coverslip either h  or wi t hou't
SecureSeal Imaging Spackvhen an imaging spacer was not used, the cover slip was
tightly sealed usg fingernail polish or hot glueFor shearingCNC dispersionsthe
microscope was equipped with a Linkam CSS450 Optical Rheology Stagd.inkam
Optical Rheology Stage allows for images to be take of thelacity plane as shown
in Figure 3.2. Shear celimages were taken at room temperature with an L Plan SLWD
20x/0.35NA Nikon objective lens. Crossed polarizers were used for all imagkess
otherwise notedwith the shearing direction oriented &t @ 45 with respect to the

polarization axis, as indicated.
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Figure 3.2 Schematic of flow plane visible the Linkam Shear Cell.

44



3.4.1.10ptical Contrast Measurements

A Nikon DSRi2 microscope camera mounted on a Nikon Eclipse 80i optical
microscope equipped with crepslarizers was used to measure light intensities for optical
contrast OC) measurements. The intensity of the light transmittedutlin the crossed
polarizers wasalculatedby Nikon Elements imaging softwal®y averaging the RGB
intensitiesof each pixel of an-®it image For consistency, the maximum intensiky()
was always assumed to be when flbev direction was oriented 4swith respect to the
polarizer axis, while the minimum intensity,g) was when thélow direction was in line

with the polarizer. Equal exposure time was used for haifandl ., measurements.
3.4.2Rheology

CNC dispersions were analyzesing an Anton Paar MCR301 rotational rheometer.
For each concentration, steady shear viscosity versus shear rate curves were generated
from 0.01 to 100°S The time to steady state for each concentration was determined by a
startup flow test at 0.01% the sample time was then decreased linearly with increasing
shear rate. Some points for the low concentration dispersions were below the sensitivity of
the torque transducer; these points are not shown. Oscillatory measurements were
performed within thdinear viscoelastic region (LVE) for each dispersion from 0.1 to 100
rad/s (0.01 to 100 rad/s for the 15.8 vol % sample). The LVE was determined by amplitude
sweeps at a constant frequency of 10 rad/s. Since small changes in concentration can cause
large variations in rheological properties, measurements were made & &Ad an
evaporation blocker was used. The low viscosity isotropic sample was tested using a
MooneyEwart fixture geometry, while the biphasic, liquid crystalline and gel samples

were testd using 50 mm parallel plates. Both geometries were tested for the biphasic
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dispersion to ensure no experimental artifacts were present.
3.4.3Small-Angle Neutron Scattering

All neutron scattenig experiments were conducted in collaboration with Dr.
Kathleen Weigandt othe NGB 30m small angle neutron scattering (SANS) beam line at
the NIST Center for Neutron Research in Gaithersburg, MD. For flow experiments, the
instrument was configured with 6 A neutron wavelength and a sample to detector distance
of 85 m. For samples at rest, two additional configurations were used; 6 A neutron
wavelength and sample to detector distance of 1.9 m, and 8.4 A neutron wavelength and
sample to detector distance of 13.7 m. The sample environment was an Anton Paar
MCR501 rotéional rheometer with a titanium cup and bob (48.0 mm bob diameter and
50.0 mm cup internal diameter). All measurements were performed afC10
Measurements weperformed in both radial and tangentiabaigements order to probe
the microstructure irthe flowrvorticity and gradienvorticity planes, respectivelyA
schematic of the @uette cell and the flow planes is showrFigure 3.3. The scatteng
data was reduced to an absolute scale using the standard NIST Igor proefueet
the complicating effects of the curved transmisgath in the tangential configuration, the
tangential scattering data was scaled to match the absolute radial scattering intensity in the

common (vorticity) direction.
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3.4.4 Microspectrophotometry

Visible spectra were obtained from tG&C films using a CRAIC technologies
20/20 PV microspectrophotometer. Samples were placed between crossed polarizing films
and data was collected from 400 to 700 nm. Images of the sample area were taken using an

Ultrafluar 10x/0.2NA Quartz Zeiss objective lens
3.4.5Confocal Microscopy

Confocal microscopy was conducted using a Nikon A1R MP Confocal Microscope
at the Auburn University Research Instrumentation Facility. For confocal microscopy,
CNC were labeled with5-(4, 6-dichlorotriazinyl) aminofluoresceinDTAF) using

established method8.All images were take using a 40x objective and an excitation
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wavelength of 543 nm. 3D images of thatacked images were rendered using Nikon

Elements software.

3.4.6TGA-FTIR

Thermogravimetric analysis (TGA) is a testing method typically used to determine
the thermal decompo®n behavior of a material. Specifically, the mass of a sample is
monitored as a function of temperature as it is subjected to a controlled temperature profile
in a controlled atmosphere. TGA can also be used to measure the concentration of certain
componats in a mixture. The TGA used in this research was a TA Instruments (New
Castle, DE) TGA Q50. It consists of a highecision balance with a platinum pan for
loading the sample. The balance is enclosed in a small furnace which can be purged with
inert gassuch as argon. Inert gas can be used to prevent combustion or to prevent oxidation
of metal samples. In this resear@liGA was used to determine the concentration of CNC
dispersions and to study the thermal decomposition behavior of each type of CNC.

TGA can be coupled with Fourier transform infrared spectroscopy (FTIR) to
determine the chemical composition of thermal decomposition products. FTIR takes
advantage of the fact that molecular bonds vibrate at different frequencies depending on
the chemical @ments and type of bond. Vibrations can be caused by the absorption of
infrared (IR) light of energy (determined by wavelength) equal to the difference in energy
of two vibrational states. In a FTIR spectrometer a beam containing multiple wavelengths
of IR light is used. This beam first shines through a Michelson interferometer where
mirrors are used to cause wave interference and modulate the spectrum of the light. Raw
data of absorption versus mirror position, called an interferogram, is collected and

processed using a fast Fourier transform algorithm to produce the spectiankTIR
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used in this research was a Thermo Scientific (Waltham, MA) Nicolet iS10 FTIR equipped
with TGA-IR interface. The TGA is connected to the FTIR via a heated flow line. The
demmposition gasses are analyzed in a gas flow cell contained within an oven to prevent

the gasses from condensing.

3.4.7 Atomic Force Microscopy

Atomic force microscopy (AFM) is a form of scanning probe microscopy with
resolution on the order of fractions of@ometer. The AFM consists of a cantilever with a
probe tip at its end that is used to scan the material surface. When operatedontach
mode, as in the current research, the cantilever is oscillated at a frequency just above its
resonance frequen@nd is brought very close to the sample surface. Electrostatic forces
between the surface and the cantilever dampen the oscillation of the cantilever. Deflection
of the cantilever is measured by reflecting a laser beam off the back of the cantilever onto a
position sensitive detector. A feedback loop is used to maintain constant oscillation of the
cantilever by adjusting the tijp-sample distance. Measurement of thetogsample
distance at each point along the surface allows the AFM to develop a foipicgtamage
of the sample surface.

In this researchAFM was used to compare the roughness of films prepared from
different CNC samples as well as photoresist roughness after plasma treatment.
Additionally, AFM was used to determine whether CNC wasatsgy as individuals or as
a dispersion of aggregates bAjjowing CNC form a dilute dispersion to adsorb oato
molecularly smooth substrate. A Pacific Nanotechnology N&ui$PM AFM and an AFM

Workshop TTAFM were used in this work
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3.4.8Contact Angle Measuremat

Water contact angle measurements were used to determine the wettability of
photoresist surfaces after various treatments. The contact angle is measured as the interior
angle between the wetted surface and the water droplet. Surfaces with water cghact a
below 9@ are considered to be hydrophilic, while abové&@ hydrophobicA schematic
of the contact angle is shownwh er e d i s t Water cordacttasglesweran gl e .
measured using a Rarrart Instrument Co. (Succasunna, NJ) standardogoeeter. The
setup consists of a CCD digital camera, a backlight source, a moveable sample stage, and a
liquid injection syringe calibrated to deliver controlled liquid drop sizes to the sample
surfaces. DROPimage software wased to analyze images of tater droplet and

determine the contact angle.

v

Figure34Schematic of contact angle m&asurement
3.4.9 Mechanical Testing

An Ingtron 5565 Tensile Tester was used to ob&irass versus strain curves for
eachfilm with a croshead speed of 0.5 nimin with a 100 N load celFrom these curves

thet ensil e strength, Youngbés modul us, and t
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prepare each film for tensile testing, paper holders were placed on the ends of the film with

Gorilla Glue before being placed into the tensile tester.

3.5 Microelectromechanical System Fabrication

3.5.11% Generation MEMS

Cellulose nanocrystal MEMS were fabricated using a simple surface
micromachining technique in which the structural layer was deposited and etched on top of
a standard 40 sil i con tsnuthessiticonasubstrate Was firsty e r
deposited angatterned with holes to enable anchoring of the devices to the suliéédte.

a cellulose nanocrystal film was applied followglanother photoresist layer. Aipper
photoresist layer was subsequentgposited angbatterned and the exposed cellulose was
etched using oxygen plasma. Finally, the remaining photoresist was removed with acetone
leaving the CNC test devices on the substrate.

Photoresist adhesion wasomoted by priming the silicon substrate@XC film
with hexamethyldisdzane (HMDS) vapor. The wafer wpkced in a closed desiccator
with a small amount of liquid HMDS for 5 minutes, where HMDS vapors react with the
surface to form a hydrophobic layer. Spin coating was used to deposit a flkd of
Electronic Material$4620 photoresist on the wafer. A BreBerenceCE 100 spin coater
was used. The photoresist, a viscous cresol novolak solution, was dispensed in the middle
of the silicon wafer and was spread by spinning up to 500 rpm for& raatp rate of 100
rpm/s. The photoresist film was thinned to the desired thickness by spinning at between
2000 and 5000 rpm for 25 s with a ramp rate of 500 rpm/s. The thickness of the film was

determined by the final spispeed. Excess solvent wasnovel by soft baking on a hot
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plate at 118C for 1.5 to 3 min depending on the thickness of the photoresist film.

The photoresist layers were patterned by photolithography. AZ P4620 is a positive
photoresist containing a UV sensitive diazonaphthaquinone\aadihe additive renders
UV exposed regions of the photoresist film preferentially soluble in a developer solution.
The wafer was exposed to UV light through a custom designed hard photomask (chrome
on quartz) which blocks some UV light to produce therddgattern. A Karl Suss MA/BA
6 mask aligner was used with exposure energy of 50 MJfdme exposure time was varied
depending on the thickness of the photoresist layer. The exposed regions of photoresist
were removed by immersion in a 3:1 mixture ofAD&nd AZElectronic MaterialglO0K
developer solution for 90 seconds.

An air plasma treatment of the patterned wafer was used to promote adtid¢iseon
CNC film to the photoresist layerhe wafer was treated in a custom plasma chamber at 0.5
torr and 100V power for 1 minute. This treatment significantly hydrophilized the surface
to allow a more uniform coating from aqueous dispersion. CNC films were deposited using
either dip coating or doctor blade coating. The films were stabilized for MEMS processing
by vacuum heat treatment at°60overnight. The CNC film was etched using a Matrix

Oxygen Plasma Asher at a pressure of 5 torr and 300 W RF forward.
3.5.22" Generation MEMS

In collaboration with Partha Saha variations were made to the CNC MEMS
fabrication procedure to improve the devic#sl image reversal positive photoresist
AZ5214E was spin coated on HMDS coated silicon substrate @ilidGhn was chosen for
convenience, but other substrates may be usetplate drying at 12 for 1 min was

appliedtoachieva photoresi st thickness ™arfdrpthofe m,
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1500. Next, using the anchoring mask, the thin layer was UV exposed and developed with
a potassium based developer AZ400K (1 part developer to 3 parts Wéerkposed
photoresist part was washed off with DI water followed by air drying. In the following step,
awafer withananchor pattern of photoresist was treated with air plasma at 0.05 torr and
100 watt for 1 min. After plasma treatmetiiewater contact anglef the patterned surface
decreaseftom 53to 17 Afterwardsthe CNC dispersion waheared and dried onto the
photoresist layer. Next, a 10 nm thin layer of O, was ebeam deposited athe CNC

film. This wasfollowed by spin coating of seconghotoresist layer, AZP4620n a
convection overthewafer was heated at 580 xC for 10 minutes to crodsk the second
photoresist layer to the MiO,. After sufficient coolingthe dried photoresist was UV
exposed in a similar fashi@s beforeexcept a device maskas usedo create the device
pattern After developing, some parts of theTiO, coated CNC film wereovered under

the secondphotoresist layer with the actual structypabfile of the MEMS devices. The
uncovered area of the/TiO, coated CNC film was theplasma etched to shape out the
device profiles othe CNC MEMS.The10 nm TiTiO, film was etched out first, applying
inductively coupled plasmasing CRk. Along with induction coil powera platen bias
voltage was applied to mallee etching anisotropic from tdp bottom. Afterwards, the
Ti/TiO, free CNC film was plasma etched using @tching quality was confirmed by
crosspolarized reflected microscopyiced pieces fowafer with devices were submerged
into stagnant isopropylleohol andacetone was used to wash off tesidualphotoresist
layers.Released devices were rinsesing 99% IPA solutionsubmerge in the IPA, and
transferred to aritical point dryer They were dried usingupercritical CQ@at1400 psi and

32xC. Thefinal devices werestoredin adesiccation chamber.
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Chapter 4 Nematic Films for MEMS Applications

This chapter summarizes the results from collaborative research between the Davis
and AshursGroups at Auburn University and the Kitchens Group at Clemson University
The overall objective of this work wase preparéCNCfilms with controlled morphologies,
such that their mchanical properties weresuitable for the production of
microelectromechanical systems (MEMS). CNC offemumber of advantages over
traditional dicon MEMS for some applications. These include renewability,
biodegradability,an easilytunable surface chemistry, and simple processtigemes,
which do not require high temperatures or harsh chemicsdiglitionally, anisotropic
mechanicabnd opticalpropertiescanresult from CNC alignment, which is not possible
with silicon.

A bottomup approach was used to fabricate CNC MEMS, starting with dispersions
of CNC with three different surface chemistries (GE&, CNGAA, and CNGHCI). The
dispersion prperties of each type of CNC were investigated, and {SX@vas determined
to be the most promising for fabrication into MEMS test devices. An extensive
rhecoptical study was performed that investigated the combined effects of initial
dispersion microstruate, flow behavior, and relaxation during drying on the final
microstructure of CNEA films. Finally, MEMS test structures wemesigned and a
fabrication method was devised and optimized ustogimonplace microfabrication

techniquesuch as photolithogpdy and etchinglrhe elastic modulus, residual stressgl
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fracture strength for the CNC MEMS were measured with these devices.
4.1 CNC-HCI

As received from our collaborators at Clemson Univgteie CNGHCI dispersion
was 0.88% vol %. This dispersionvas significantly more opaque than CMA
dispersions of similar concentration, but it appeared to be stable over a period of weeks.
The dispersion was concentrated by slow evaporation and samples were takerldi7,.24,
2.37, 2.73, and 3.06 véb. Although a rheological study of CNBCI was not performed,
the viscosityappeared to increase rapidly as the concentration was increased. Araki et. al.
also saw a rapid increase in viscosity with concentration for-€IRC>> At 3.06 vol %, the
dispersion did not flow without the application of shear.

The CNGHCI dispersions wre obsrved using crospolarized optical
microscopy A number of bright spots were observed in GNCI dispersions over the
entire range of concentrations studied. These spots were typically rectangular with some
irregularity in shape and were more prevalenhigher concentration dispersion. When
rotated under crossed polarizers the spots transitioned from light to dark indicating
nanocrystal alignment within these regions. When viewed withouted@ssarizers it
was determined that the bright regions inithages were caused by large aggtegaf
CNC-HCI in the dispersions and not by liquid crystalline domains. Alignmahin the
aggregates is due @NC6 st e to dogragaty laterally rather than randofhiVhese
aggregatear e | argest i n concentrated dispersion
length Figure4.1 shows images of a large aggregate at Innglgnification viewed with

and without crossed polarizers.

55



Figure 4.1 Large birefringent aggregate found in a 3.06 vol % GMT dispersion
viewed by optical microscopg) with and b) without crossed paleers.

Figure 4.2 shows microscope images of both dilute and concentrated-HGIC
dispersionsAt concentrations of 1.57 v@lb and belowno birefringence was observed
outside of the large aggregatelsen the sample was rotated between crossed polarizers. At
higher concentrations, while the majority of the dispersion appésatdpic, birefringent
areascould be found in the samples. The birefringent areas of the dispersion displayed a
polydomain stucture where different regions went light and dark as the sample was rotated.
The birefringent regions did not exhibit any of the comntexturestypically seen idiquid
crystalline dispersiong#s seerin Figure4.2f, when a spaces is not used between the slide
and the coverslip during sample preparation, the dispersion separatesgiatos of
flocculated CNC in coexistence with regionfsalmost atirely pure waterThis is likely
due to the smaller gapn samples where a spacer is used the flocculated regions are likely
piled on top of each other, resulting in a more uniform im&ge.origin of the birefringent
regions at higher concentrations urknown, however,t could be caused by lateral

alignment in flocculated CNEICI.
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Figure 4.2 Crosspolarized optical microscope images of CIMCI dispersionswhere
a), b), and c) are 3.06 vol fotated at § 45°, and 96, respectively and) and e) are 1.57
vol. % rotated at Dand 45 respectively.In images a) e) a 120em spacer was used
between the slide and the coverslipf) a1.07 vol % dispersion is shown using crossed
polarizers andlifferential interference contrasiithout a spacer between the slide and
the coverslip

CNC-HCI films prepared by drop casting and doctor blade coategshown in
Figure4.3. The drop cast films exhibited birefringence throughout, while only the large
aggregates were observed to be birefringent in the doctor blade TilmesMEMS
fabrication process was attempteth CNC-HCI films, however as can be seerfFigure
4.3c, the large aggregates disrupted the spin coating of photoresist and resulted in cracks in

the photoresist layer. Due to this, the use of G was not further pursued in tisork.

o & :"-.' 3 | » . . ‘ ’ L ’ ’ \ » . : # < A ]
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Figure 4.3 Optical microscopyimages of CNEHCI films: a) is a drop cast film from

al.57 vol % dispersion, I§ a doctor blade coated film from a 3.06 vol % dispersion, and

c) shows cracking in the photoresist layer caused by large aggregates during the MEMS
fabrication process.
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4.2CNC-AA

The CNCGAA dispersionreceived from our collaborators at Clemson University
was 0.67 vol %. As with CNEHCI, it was a milky white opaque dispersion that was
apparently stable for a period of weeK#fie dispersion was diluted by tlaeldition of
deionized water oconcentrated by slow evaporationaohieve concentrations 648,

0.84, 1.51, and 3.46 vol %s with the CNCHCI, a rheological study was not performed,
but the viscosity appeared to increase rapidly with increasing concentration.

The CNCGAA dispersions were observed using crgmsarized optical microscopy.
Unlike theCNC-HCI dispersions, large aggregates were not sedrerwise, the CNAA
dispersions behaved similar to the GINICI| dispersionskigure4.4 shows crespolarized
microscope images of 1.51 and 3.46 vol % CAEdispersions. Birefringence is seen in
both samples with areas transitioning from light to dark as the sample is rotated between
the polarizers. Again, when a sample was prepared without a $edeeen the slide and
coverslip, the dispersion sepaidiato regions of flocculated CNBA and regions that
are mostly solvent.

AFM was also used to investigate the dispersion state of-BAN@ water. A
droplet of 0.05 vol %CNC-AA was placed on a freshly cleaved mica surface. The
dispersion was allowed to sit for 5 minutes for the CNC to adsorb onto the surface, and then
the sample was blown dry. For comparison, the same procedure was followed for a
CNC-SA dispersion, whichs well known to disperse easily as individuals. The AFM
images of both samples are showfigure4.5. While to CNGSA adsorbed as individuals
onto he mica surface, the CN&A appear largely as bundles. In the CIA@ bundles, the

individual rods are associated in a lateral fashion. Thisteid&le association has been
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100 pm

Figure 4.4 Crosspolarized ogtal microscopyimages of CNEHAA dispersionswhere
a) and b) are 1.5d0l % rotated at Dand45°, respectively and) and d) are 3.460l. %
rotated at ®and 45 respectivelyIn images a) d) a 120em spacer was usdzbtween
the slide and the coversliin e) and f) the 1.5%0l % and 3.46 vol %dispersios
shown respectivelywithout a spacer between the slide and the coverslip
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Figure 4.5 AFM images of a) CNEAA, and b) CNCGSA adsorbed onto a mica surface.
seen previously for CN&. The lateral flocculation of the CNC is the likely cause of
birefringence in the crogsolarized optical images.

In order to further investigate the dispersion stéte, 0.93 vol % CNEAA
dispersion wadluorescently labeledvith 5-(4, 6-dichlorotriazinyl) aminofluorescein
(DTAF) using established methotsThe labeled CNE\A were diluted to 0.06 vol % and
both dispersions were imaged with confocal microscdpigure 4.6 shows a 3D
representation of-gtacked confocal microscope images of the 0.06 vol % -BNC
dispersionin this imagethe dispersion appeatis consist of regions of loosely associated
CNC-AA and regions that contain almost pure solvéihis is consistent with what was
seen in the optical microscopyages of samples prepared with no spa&ed.93 vol %,
as shown irFigure4.7, the loosely associated CN&A occupy a larger percentage of the
volume. However, there are still some regions that are mostly solvent, with littleA@NC
In this image, there are also some small areas with high fluorescence intensity. These are

likely strongly associated aggregsitd CNC-AA.
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Figure 4.6 3D representation ofomfocal microscope-gtacked images of a 0.06 vol %
CNC-AA dispersion.

Figure 4.7 3D representation of céocal microscope -stacked images of a 0.93 vol %
CNC-AA dispersion.
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Finally, cryogenic scanning electron microscdqpyyo-SEM)wasused in hopes of
better observing the dispersion state of individual &NC This work was done at the CIF
Microscopy Lab at Tulane Universitilowever, the freezing rate was not sufficient to
avoid microstructural changes resulting from the water fredrimg. In a process known
as icesegregationnduced seHassembly (ISISA), the CNC were organized by rejection
from the growing ice crystals. This resulted in a ribbon like morphology, which is shown in
Figure 4.8. Generally, he structue of the frozen CNC wadependent on dispersion
concentration, and as concentration was increased the ribbons become larger and bridges
are formed which connect the ribbortéowever, other structures, suchs a layeilike
structure and a network structure were obser¥egu(e 4.9). These structures can be
preserved as aerogels by lyophilizatidhile cryoSEM did not allow for imaging of
dispersion microstructuy@ sparkel an interest in a new research abé&NC aerogels
Future work on CNC aerogels should focus on how the CNC concentration, dispersion
microstructure, freezing rate, lyophilization conditions effect the structure of the final

product.
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Figure 4.8 Cryo-SEM images of 1.84 vol % CNBA dispersion showing the ribbon like
morphology resulting from ISISA
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Figure 4.9 Cryo-SEM image of a) 0.77 vol %NC-AA dispersion showing a layer like
structure, and b) 1.54 vol % CNEA dispersion showing a network like structure.

4.3 CNC-SA

The rheology and phase behavior of GR& was investigated in a previous study
conducted by the Davis Group at Auburn Univigraind the Kitchens Group at Clemson
University™® Due to theireasydispersabilityat high concentration arlitjuid crystalline
phase behavip€NC-SA were chosen as the ideal candidate for films for CNC MEMS. An
extensive rhewptical study was performed that investigated the combined effects of
initial dispersion microstructure, flow behavior, and relaxation during drying on the final

microstructure of CNESA films.
4.3.1CNC Characterization

For this work CNC were prepared from cotton celluldsesulfuric acid hydrolysis
as described previously Bection3.1.1 Based on AFM, the size average CNC length was
112 nm with a standard deviation (G) of 39
and the average heigh was 5.5 nm (U0 = 2.3 nm). The CN

the presence 6B0;H introduced to the surface during hydrolysis. The pH of a 1.59 vol %
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dispersion was 2.3Zonductiometrictitration with 10 mM sodium hydroxide showed

there were 208 mnhof 1 SO;H per kg of CNC.
4.3.2Rheology

The ability of CNC to form aligned films is highly dependent on the initial
dispersion microstructure. The rheology and liquid crystalline phase behavior of cotton
CNC has previously been investigated by several resear¢h& %2 For example,
Urefe-Benavides et. al. determined that the isotropic to biphasic, biphasic to liquid
crystalline, and liquid crystalline to gel transitions occur at 3.07, 11.2, and 14.5 vol %,
respectively. However, it is well establishedtthatch to batch variations in aspect ratio,
polydispersity, ionic strength, and surface charge can alter the phase transitions and
rheological properties. Therefore, rheological characterization was perfamedte
dispersions used in this investigatioff.he resulting viscosity versus shear rate data is

shownin Figure4.10.
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Figure 4.10 Steady sheaviscosity of agueous CNC dispayss as a function of shear

rate Diamonds are the 3.27 vol % dispersion, squares are 6.98 vol %, triangles are 11.6
vol % and circles are 15.8 vol %rror bars are smaller than symbol size for most data.
Inset highlightghreeregion behavior of the 6.98 v& dispersion.
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At 3.27 vol % the behavior was nearly Newtonian. For the 6.98 vol % dispersion,
shear thinning was initially observed for shear rates below).fbowed by a plateau
between 0.45and 10 &, andagain shear thinning above 16 This type of three region
behavior is typically associated with lyotropic liquid crystalline disperstdiise origin
of the initial legion | shear thinning region is typically associated with director tumbling or
variations in the polydomain defect texture of the liquid crystal with fitThe region II
plateau at intermediate shear rates has been attributed to director waggiadicay v
alignment. The final,egion I, shear thinning region is caasby rodalignment in the
flow direction®® **4’ For the 11.6 and 15.8 vol % dispersion, shear thinning was observed
at all shear rates.

Viscoelastic property measuremershowed that the 3.27 vol % and 6.98 vol %
dispersions behaved as purely viscous fluids while the 11.6 vol % dispersion was
predominantly viscous3 0> G § with a strong dependence®fton frequency. The 15.8
vol % dispersion was a rheological gél,6was greater thaf 0at all frequenciestdn
d < ard{ dwas independent of frequency. Oscillatory rheology data for the 11.6 and

15.8 vol % dispersionare shown irFigure4.11.
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4.3.3 Optical Microscopy

4.3.3.1Initial Dispersion Microstructure

Polarized optical microscopy of the dispersions as a function of concentration and
shear rate are shown igure4.12; rows are in order of increasing concentration and the
columns are in order of increasing shear rate. The 3.27 vol. % dispersion iswiot gho
was completely isotropic. AtO's t he 6.98 vol. % sample is
crystalline domains interspersed in an isotropic phase. At the phase boundary for a
spherical droplet, the surface energy is minimized when the diredimngential to the
phase boundary, resulting in the cholesteric structure forming a concentric system of
sphere$? In Figure4.12f, at 11.6 vol % the sample is completely birefringent and exhibits
the fingerprint pattern that is typical of a cholesteric liquid crystalenlarged version of
Figure4.12f which clearly shows the fingerprint texture is showirigure4.13. It should
be notedhat the helix alignment is not uniform throughout the sample; there is local helix
alignment within the domains, but the dispersion is globally isotropic. When the
concentratn is increased to 15.8 vol %igure4.12k), the fingerprint texture is replaced
by a more random texture characteristic of transition to a gel phase in agreemeng with th
frequency i nd@&gsspoladzedirnages ofifper&dns that were allowed to

settle in sealed cuvettes for sevemabnths are shown ifrigure 4.14. These images

confirm the phase behavior of thisgersionsand x e mp |l i fy the dispersi
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Figure 4.12 Crosspolarized optical microscopy images of CNC dispersions after shear.
Dispersion concentrations are indicafed each row and shear rate is indicated for each
column.Scale bars are 100 pm.

o

Figure 4.13 Enlarged region oFigure4.12f showing the cholesteric fingerprint texture.
Scale bar is 100 pm.
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Figure 4.14 Crosspolarized images showing phase behavior of C&Gpensions in
cuvettesat a) 3.29, b) 6.98, and c) 11.6 vol. %. The liquid crystalline phase is
birefringent, while the isotropic phase appears dark.

4.3.3.2Rheo-Optics

The first row of Figure 4.12 shows images of the 6.98 vol % biphasic CNC
dispersion at shear rates ranging froma0D $*. In Figure 4.12b (0.1 §Y) the discrete
domains begin to breakup and ejate in the direction of she&emnantsofth bul | sey e o
texture can be observed as a fingerprint texture oriented perpendicular flowhe
direction This indicates that the shear is not strong enough to unwind the cholesteric pitch,
but has begun to orient the helical axes of the domains.-RN# experiments by Geng
et. al. also indicated that the cholesteric structure is retained when shearaigpidy
hydroxypropyl cellulose (HPC) dispersion at low shear rates in the region | tumbling
regime® In Figure4.12c, as the shear raie further increased into thegion Il plateau
(at 1.0 &), the domain®egin to merge and the isotropic fraction decreases, indicating that
the initially isotropic phase is beginning to be oriented by shear. The absence of the

fingerprint texture is indicative of a shear induced unwinding of the cholesteric pitch and
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transiton towards nematic alignmenh Figure4.12d (10 ") the egion Ill shear thinning
is beginning and the image is relatively uniform in color antutex No isotropic domains
remain as all the CNC are aligned in the direction of shear. As the shear rate is further
increased to 1007s(Figure 4.12e), the color shifts from orange to red with the texture
becoming smoother.

Aligned nanorod dispersions and films are known to exhibit remarkable
anisotropic optical properties, such as birefringéfideis this birefringence thatauses
the colors seen in crogmlarized optical images asertain wavelengths either
constructively or destructively interfere after passing through the sample. The interference
color depends on the retardation which is a function of the birefringence and thickness of
the sample. The relationship between coletamdation, thickness, and birefringence is
illustrated in the MicheLevy Chart Figure 4.15).%" In the charteach order refers to
approximagly 550 nm of retardation with various colors in each order resulting from a
particular optical retardation. For a nanorod dispersion or film, if the thickness and
nanorod alignments are uniform, a uniform interference color will be observed. As the
degre of alignment increases, the birefringence increases, and higher order interference
colors are seen. Therefore, the shift from orange to red betwgere4.12d andFigure

4.12e indicates increased order in the system.
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Figure 4.15 Michel-Levy birefringence bart. This chart gives interference colors as a
function of sample thickness and birefringence. Sample thickness is orattie and
birefringence is indicated by the diagonal lines. The numbers on -dpasxare
retardation.

The secondow of Figure4.12 shows images of the 11.6 vol % liquid crystalline
dispersion under shedtigure4.12g (0.1 §') clearly shows the elongation of domains to
form ellipsoids oriented in the direction of shear. This behavior was also seen by Onogi et.
al. for cholesteric dispersions of hydroxgpyl cellulose and nematic dispersions of
poly-paraphenylene terephtalamide (PP¥A)Unlike the biphasic dispersion, no
fingerprint texture is observed. However, colorful discontinuous stripes are iseitar, t®
those observed by UrafBenavides et. al. for a precholesteric dispersi@s the shear
rate is increasedhe striped texture becomes less pronounced, giving way to a more
uniform color. While a completely uniform interference color is not observed until above
25 §', the image at 0.251'sis predominantly first order orange. $hiransitions to a
second order blue at 0.398 and 0.631assecond order gre@nFigure4.12hat 1.0 §, and
a second order orange at 2.51 At 6.31 &', the interference color reaches a second order

pink, which becomes increasingly uniform as the shear rate is further incréddeinal
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images at intermediate shear rates not showigimwre4.12 areshown inFigure4.16. Asin

the case of the 6.98 vol % dispersithig thickness of the sample is constant. Therefibie,
change in interference color must be attributed to an increase in birefringence of the sample
indicatingthat as the shear rate is increased the nanocrystals are increasingly aligned in the
direction of shear. Little difference is observed in the sample from 2501160 &', due to

the nanocrystals reaching their maximum alignment. A plateau in oaglampter was
reported by Orts et. al. above 10bfer CNC from kraft pulp which are larger than those

from cotton®’
| — |
k

Figure 4.16 Sheared 11.6 vol % dispersions at additional shearoa#9<.158, b) 0.251,
c) 0.398, d) 0.631, e) 1.58, f) 2.51, g) 3.98, h) 6.815i8, j) 25.1, k) 39.8, and I) 63.1.s
Scale bar is 100 & m.

The final row ofFigure4.12 shows images for the 15.8 vol % CNC gel. Tdrdure
and colors irFigure4.12m, andn, are remarkably similar, indicating that there is very little
change in the microstructure of the gel from-001s". Similar behavior was reported by
Kiss et. al. up to 2007 sfor a polyb-benzytasparate géf In Figure 4.12, the colors
change and the domains become larger. Thiaused by a breaking of the gel structure
and partial alignment in the direction of shear. However, 108 sot a high enough shear
rate to fully break the gel and align the rods into a monodomain nematic structure.

Relaxation after the cessation sheaimportant for the manufacture of aligned

solid films. If the drying time is too longpolydomain textures reappear as the solvent is
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removed. This is especially problematic for low viscosity isotropic and biphasic
dispersions with short relaxation timf&¢or dispersions with higher initial cornteation,
solvent evaporation can quickly lock the system into a gel state where no further relaxation

can occuf®%®

To study relaxation, time lapse optical microscopy was performed after the
cessation of shear at 100, sand the intensity of light transmitted through the crossed
polarizers was measured. The light intendityransmitted by a birefringg material

between crossed polarizers can be expressedeagiatiord.1:

O— d Qx—i Qt&— (4.1)
wherepi s the intensity when the polarizer and
the polarizer and the optical axis of the material (in this case the orientation of the CNC),
@on is the birefringen amdiste finstitkness® Opticalv e | e n g
contrast(OC) is expressé as (hax!min)/(ImaxtImin), Where hax and hi,are the maximum
and minimum values of I when v atheyopticay d. F
contrast would be 1, while it would be 0 for a cdetply isotropic system. For thease,
ImaxiS assumetb always be 1(49, while In is always 1(0), resulting in the possibility of

negative values due to random fluctuations in domain orientation.

4.3.3.3Post Shear Relaxation

Crosspolarized optical microscopy ma g e s %and Gdand opticalScontrast
data for the biphasic, liquid crystalline, and gel dispersions during relaxation are shown in
Figure4.17. The initial optical contrasts are 0.80, 0.91, and 0.69 for the biphasic, liquid
crystalline, and gel dispersions, respectively. The biphasic dispersion relaxes relatively
quickly, and it reahes a globally isotpic state after approximately fiveinutes.

Fluctuations in the optical contrast after this point are due to random variations in the
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alignment of domains within the viewing area. The liquid crystalline dispersion retains its
shear iluced alignment for much longer. Ten minutes after the cessation of shear the
optical contrast is 0.61 and the dispersion does not become globally isotropic until
approximately 17 minutes after shearing. In the gel phase, the dispersion undergoes an
initial relaxation in the first minute. It then reforms its gel structure and optical contrast is
relatively constant thereafter. This behavior is likely due to theaedransition described

by Kim et. al. where shear breaks the gel structure which quidkgnte into an aligned

gel after shed® However, it is important to note that since the CNC gel structure is
difficult to break the initial optical contrast is only 0.69 at 100 While the liquid
crystalline dispersion relaxes faster, higher optical contrast is possible. Note that the

dispersiordoes not have to dry fully to lock in the alignment. As the solvent evaporates and

concentration increases the relaxation will slow and form an aligned gel.

- F‘ ”
\'

Optical Contrast

Scal em
Time (min) Uppertowerc

Figure 4.17 Crosspolarized optical microscopynages of CNC suspensions over time
during relaxation from 100s® shear. Graph shows optical contrast over time.
Red=Biphasic, Blue=Liquid Crystalline, Green=Gel. Lines represeatdata point per
second. Symbols correspond to microscope images.
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4.3.4Film Properties

4.3.4.1Drop Cast Films

Drop cast films were prepared by allowing 200 ul of each dispersion to dry at
ambient conditions on a glass slide. Films cast from the isotropic, biphasic, and liquid
crystalline dispersions each show a cholesteric polydomaictste indicated by the
fingerprint texture oriented in varying directioridure4.18). The fingerprint texture is
less complete in the films casbm the isotropic and biphasic dispersions, as the liquid
crystalline domains were not present in the initial dispersion and formed as a result of
concentration increasing during drying. The color differences between the films are caused
by variation in he thickness of the films. The lower concentration dispersions resulted in
thinner films which exhibit less color than the film prepared from the liquid crystalline
dispersion. Thickness variations within the film were also observed, with the edges being
thicker than the centers. This is commonly observed for -dagp colloidal and
nanoparticle films and is caused by coffee ring formation where capillary forces cause the
nanocrystals to flow towards the edge of the drofléthis also results in further
nortuniformity in alignment, with the nanocrystals near the edge being aligned tangential

to the film edge.

4.3.4.2Flow-Aligned Films

In Figure 4.19, images of doctor blade coated films from each of the four
dispersions are shown with the flow direction oriented 3a48 @ to the polarizer. These
films were cast at a shear rate of approximately Ib@s t h a wet t hickness

with the drop cast films, the films made from isotropic and biphasic dispersions have a
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Figure 4.18 Crosspolarized opticalmicroscope images of drop cast filidg is from a
3.27 vol % dispersion, B) is from a 6.98 vol % dispersion, and C) is from a 11.6 vol %
dispersionScale bar is 100 pm.



cholesteric fingerprint texture. Interestingly, the film made from the isotragpebion,

which does not flow align in dispersiphas an optical contrast of 0.23. The beginnings of
the fingerprint texture are elongated in the direction of shear, similar to what is seen in the
biphasic dispersion during low shear. Although thdsrae slightly aligned by flow
relaxation after shear is almost instantaneous while drying i3 netefore, this alignment

is more likely caused by capillary flow ambing through thdiquid crystalline phase
transition during film drying than by any slieaduced alignment from the doctor blade
coating.Although the biphasic dispersion has an optical contrast of 0.80 when sheared at
100 §', the shear induced alignment fully relaxes during film drying resulting in a
polydomain film with an optical contrasf 0.01. Conversely, the gel dispersion relaxes
slowly during film drying. However, due to the difficulty of initially aligning the gel with
shear, the film is still nowniform with varying interference colors and an optical contrast

of 0.50. The film pepared from the liquid crystalline dispersion exhibits an exceedingly
high optical contrast of 0.96 and a uniform structure as indicated by the uniform
interference color. This suggests that the rods remain highly aligned during film drying and
are lockednto a gel state early in the drying process. This quick drying is possible due to
the low wet thickness of the film. Films with greater wet thicknesses, typically over 250
em, relax further during the dryinlgisproces
noted that the optical contrast of the film is higher than that of the initial dispersion at 100
s™. Similar resultdy Kim et. al.were explainedo be causgby additional packing during

the drying proces¥. It should be noted that at cracking is prevalent in CNC fibsve a
critical cracking thicknesss is common for colloidal film€.In our case, cracking is more

prevalent fofflow-aligned films and the cracks propagate in the direction of.shea
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Figure 4.19 Doctor blade coated CNC films made from a) isotropic, b) biphasic, c) liquid
crystalline and d) gel dispersioris. images with uppercase letters i@y direction is

oriented at 45with respect to the polarizer while lower case letters indicate alignment
with the polarizer. The scale bar is 100 ¢

4.3.4.3Film Interference Colors

The retardation, and therefore the interference color, of the film can be tuned by
changing the film thickres. Figure 4.20 shows images and CRAIC spectra of four CNC
films prepared by doctor blade coating from the liquid crystalline dispersion at'180 s
50 em wet thickness, the resultant-Lebyi | m i s
chart and exhibits high transparency throughout the visible region. As the wet thickness is
increased to 100, 150 and 20O0starderotafge, i nt e
second order blue, and second order yellow. This results in a narrowing of the transmitted
spectral band of the film which could be tuned to any region of the visible spectrum by

tighter control of the film thickness.
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Figure 4.20 CRAIC spectra and images of CNC films prepared from liquid crystalline

dispersiomat wet thicknessesofa) 50 em, ¢) 100 em, d) 150
aand b are rotated &t&d 45t o t he pol arizer, respectivel

4.4 CNC/Polymer Films

As discussed iection4.3.4.3 nematically aligned CNC films tend to crack along
the direction of alignment. In order to fabricate MEMS crack free films are necelsary.
simplest method would be to prepare films belbevdritical cracking thickness. However,
if thicker films are required another method would be necessary. We explored two
hypotheses on methods to eliminate crack formation in filihe.first was the addition of
polyethylene oxide (PEO); PEO is a watelubte polymer frequently used to provide

elasticity to nanomaterial assemblies. The effects of varying the molecular weight of PEO
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was explored. The second method was inspired by Singh et. al., who showed that
flocculating a colloidal suspension befditen castingcan reduce or eliminatthe cracking
of thicker films®?We also explored a combination of flocculation and polymer ifilths.
This section will discuss results of experiments done in collaboration with undergraduate
researcher Joshua Passantino on film cracking and the mechanical properties of these films.
All CNC used in thes section were received as a 13 wt % (8.35)vslu¥ty from the US
Forest Serviceods Cellul ose Nanomaterials P

Initially, CNC films were made at a dry thickness of 0.1 mm with a shear rate of 2.6
s'. At this thickness of film, cracking occurred in the ngyoof pure CNC films and
cracking was &o common in films with 13.3 % PEO in the dried film. Working with a
flocculated dispersion, cradkee films could be consistently made, and tensile testing was
performed on these films. This shows that 0.1 mas vabove the criticalracking
thickness for CNC filmsaddingPEO did not consishtly stop cracks from formindput
flocculation increased the criticatacking thickness.

In order to compare films from a flocculated and +flocculated dispersions, the
thickness of the films were lowered to 0.05 mm and a shear rate 6f\5ea selectedAt
the new thickness, films from ndlocculated dispersions could be made consistently
crack free and werdil robust enough for mechanictasting. To see how thHgms at 0.1
mm thicknesses and 2.8 sompared to the thinner films at 5:2, she tensile strength and
Young6s modulus in the direction parallel
flocculated dispersiongHigure4.21). With the exception of the CNC/PEO (100k) film, the
mechanical properties were independent of film thickniegsrestingly,the mechanical

properties were largely independenpofymer addition for the flocculatgtims.
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Figure 4.21 Comparison of the mechanical propertieslo€culatedfiims with different

thicknesses a) Youngds modu.lThesvalueshir) parenthess iare the st r e
molecular weights of the PEO. All films with PEO are 13.3 wt% PEO and 86.7 wt%

CNC. Dark gray is 0.1 mm thickness and light gray is 0.05 mm thickihbeserror bars

shown are thetandard error from each set of fims

Forthe remainder of this work films were prepared with thicknesses of 0.05 mm.
Figure4.22 showsrepresentativeross polarized optical microscopyages for films from
each formulation. The images shown are of the center of the film; however, images were
taken at multiple positions across the films to verify that the optical texture is uniform
across the area. Optical contrast was used to inditatgeigree of anisotropy in the films

and is indicated ifrigure4.22.
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CNC CNC/PEO (MW 100k) CNC/PEO (MW IM) CNC/PEO (MW 8M)

Flocculated
Figure 4.22 Representative csspolarized microscopy images of all films the
CNC/PEOfilm study. The film formulation is indicated at the top of each column. The
angle of the flow direction to the polarization axis is indicaedhe left of each row.
Flow direction is to the east in alf bnages and northeast in all4fhages. The top two
rows are nofflocculated films and the bottom two rows are flocculated films. The
numbers between each pair of films is the optical centfide scale bar is 100 pm.

Mechani cal properties including Youngos
for all of the CNC film formulations are shovim Figure4.23. The purenonflocculated
CNC films had a Youngds modul u sthisasfl4tilbes2 GP a
smaller than what Reising et. al. meastired previous study oaligned CNC films”

Perpendicular to the flow direction, our pureffom occul at ed f i |l ms had
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of 1.2 GPa, resulting in an anisotropy ratio of 1.8. The anisotropy ratio is the rat® of t
parallel mechanical property to the perpendicular mechanical proResty. s i n da@ds f i | m
an anisotropy ratio of 4.4 f wereprepaged¥smg ng oS
a shear rate of 100"sand a liquid crystalline dispersiptikely resilting in greater
alignmentand higher anisotropyalues for tensile strength and toughness in our pure
CNC films were closer to those measured by Reising. The average tensile strength was
31.5 MPa (parallel) and 12.3 MPa (perpendicular), only about timess lower than
Reisingds films. The aver a¢erald)andgbklhss v al
(perpendicular), which was approximately double that of Reigvng. wi t h t he Yol
modulus the tensile strength and toughness showed mechanicalomyisath anisotropy
ratios of 2.6 and 4.3, respectively.

For the norflocculated films, he addition of PEQesulted in a decrease in all
mechanical propertigglative to the pure CNC film§ his effect was also seen by Bardet
et. al. and is due to th@asticizing effect of the PE&.Interestinglywhile increasing the
PEO MW resulted in decreased optical anisotribpgsulted in an increase mechanical
ani sotropy. The Yo-dlotagléted flmohddiahisosopyadtiosofti.8, n o n
3.2, 4.2, and 6.0 for the pure CNC, CNE(® (100k), CNC/PEO (1M), and CNC/PEO
(8M) films, respectively.The addition of 100k MW BO resulted in films with no
anisotropy of tensile strength. However, as the PEO MW is increased the films regain the
tensile strength anisotropy that was seen in the €NC films, with anisotropy ratios of
2.2 and 3.1 for the CNC/PEO (1M) and CNC/PEO (8M) films, respecti¥ay.the
CNC/PEO (100k) filmghe toughness was higher perpendicular to flow, with an anisotropy

ratio of 0.29With higherMW there was no anismpy in toughness dhe films.
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Figure 4.23 Mechanical properties of CNC/PEO Fiims a) Youngds modul u
strength,and c) toughnessThe values in parenthesis are the molecular weights of the
PEO. All films with PEO are 13.3 wt % PEO and 86.7 wt % CNC. Dark gray is parallel
to the flow direction and light gray is perpendicular to the flow direction. The error bars
are the standard errtor each set of films.
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Flocculation of the dispersions prior to film casting also caused a reduction in the

mechanical properties of the filmghen compared to the ndlocculated pure CNC film

This could be due to a reduction in the density of thesfitaused by gaps left between the
flocs during dryinglinterestingly, although the flocculated films show optical anisotropy,
they exhibit little mechawgal anisotropyln the cases where mechanical anisotropy is
present, the films typically have higher nehanical properties in the direction
perpendicular to flowThe addition of PEO to the flocculated films has little effect on the
mechanical properties when compared to the flocculated pure GNC his suggests that

the flocsare the load bearing struce in these films.
4.5CNC MEMS (1% Generation)
4.5.1CNC MEMS Films

The fabrication of MEMS from CNGQCequiresthe ability to form smooth and
uniform CNC films that adhere to both silicon and photoresist surfaces. Ordering of the
CNC in the films could result inngsotropic mechanical properties that can be taken
advantage of for novel MEMS devices. The filneedto be stable enough to withstand the
MEMS fabrication process, including exposure to water and some organic solvents. CNC
films have been prepared ontbsubstrates. Additionally, free standing filmsremade

in order to study film microstructure.

4.5.1.1CNC Films on Silicon

Initial attempts at dip coating and dochdade coating of aqueous CNiiSpersions
onto silicon wafersesulted inlhe dispersion beath up in the center of the wafand an

uneven oatingof the surface upon drying. Theatingwas improved by using a CNC
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dispersion in 70% ethanol, however the effects of the new solvent on the liquid crystalline
phase behavior of the dispersion wer&known. Another method for improving the
wettability of the silicon was a surface modification with aminopropyltrimethoxysilane
(APTMS). This modification not only hydrophilizes the surface but the positive dipole of
the amine acts as an adhesion promaiette negatively charged CNChe best films

were prepared by immersing an APTMS modified siligvafer into 0.61 vol. % CN@r 2
minutes. After removatonadsorbed CNC was rinsed off by dipping in THF and the film
was allowed to dry vertically. The resultant film appeared macroscopically smooth and
uniform. AFM images of the film were taken in 3 locations on the film to test for variation

in film roughress Figure4.24). Root mean squared (RMS) roughness values ranged from
4.0-5.5 nm and thicknesses ranged from 2.3 to 3.5 microns. Due to the veryica)
position some gravity induced alignment of the Cll€eerin the AFM image. CNC films

were also prepared from CNEGCI and CNGAA. These films had RMS roughness values

of 27.5 and 31.2 nm for CNECI and ONC-AA, respectively The increased roughres

due to the aggregates in the dispersion and could cause problems in MEMS devices.
Currentsilicon devices have surface topographies that span the RMS roughness range of

0.2 to 15 nn?*

'0 nm

2.63 um 5.26 ym 0.00 um 63 um 26 um

Figure 4.24 AFM images showing the surface topography of (a) EMC (b) CNGHCI,
and (c) CNGAA films on silicon substrates.
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4.5.1.2CNC Films on Photoresist

Poor wettability of thénydrophobicpolymeric photoresist layer again caused the
agueous dispersions to bead up in the center of the substrate resulting in poor uniformity of
the film. APTMS could not be used to mfydthe surface because THkssolvel the
photoresist layer. Thereforan ar plasma treatment was used to hydrophilize the surface.

In this treatmentthe top layer of photoresist wasmbarded with oxygen ions from the air.

In competing processes the ions both etch the surface of the photoresist and react to form
oxygen contaimg groups on the surface. An untreated photoresist film had a water contact
angle of 57 and an RMS roughness of 0.24 nm. By varying the treatment zone, power
and time a treatment protooebsdetermined that significantly hydrophilized the surface
without causing significant damagéreatmenin the direct plasma stream was extremely
effective in hydrophilizing the surface resulting in a contact angle of.1ddwever, the

RMS roughness of the surface was increased to 1.18 nm. By treating outsidee¢he dir
plasma stream in the quiescent zone the increase in roughagssnimized while still
significanty decreasingn thewater contact angldable4.1 shows contact angle and RMS
roughness values for photoresist surfaces treated using a variety of protocols. It was
determined that for MEMS fabrication treatment in the quiescent zone at 100 W for 60 s
would result in the best balance of etching aydrbphilization. This treatment resulted in

a contact angle of 16.4nd a RMS roughness of 0.80 nm.
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Table 4.1 Water contact angle and RMS roughness of photoresist films after various air
plasma treatmergrotocols.

Treatment Treatment Treatment Contact Angle RMS
Zone Power Time Roughness
Untreated N/A N/A 57.¢0 0.24nm
Direct 50 W 60 s 12.5 1.2nm
Quiescent 50 W 60 s 19.5 0.29nm
Quiescent 50 W 30s 19.9 0.59nm
Quiescent 50 W 10 s 15.9 0.54nm
Quiescent 10w 60 s 18.7 0.87nm
Quiescent 100 W 60 s 16.4 0.80nm

4.5.2CNC Film Stabilization

During MEMS processingthe CNC films areexposedo an aqueous photoresist
developer and to acetone, used a photoresist stripper. Therefore, the films must be stable
when exposed to acetone and water. Wetting tests showed that the films were not affected
by acetone, however after shortipds of exposte to waterCNC films would begin to
soften, swell, and redisperse. It has been shown that a mild thermal treatment will render
the films stable in watél- The exact mechanism of the stabilization is unknown, although
it has been suggested thatuléstion renders the films stable in watgit was found that
treatment at 108C ovenight would stabilize the film and prevent it from swelling and
redispersing when exposed to water. A milder treatment &€ @hder vacuum was also
sufficient to stabilize the film.

At such low temperatures desulfation of the CNC should not oBmman and
Winter found that the onset temperature for CNC degradation due to desulfation occurs
above 180C.*° TGA-FTIR was used to explore the mechanism of stabilizafiba TGA
curves Figure4.25) showthe main difference between heat treated andhsan treated

films was the amount of residual water evaporating between 20 af@.1®er heat
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treatmentresidual water decreased from 5.4% to 2.9%. Each film shows significant mass
loss at 188C which is not seen in the decomposition of GNCI or CNGAA. This mass

loss is attributed to desulfation and acid catalyzed dehydration of the CNC. This is
corroborated by the FTIR spectra of the decomposition products % (Bigure 4.26)

where the peaks between 1000 and 1208iadticatethe removal of sulfate groupathile

other groups can result in FTIR peaks in this regibasé peaks were not present for
CNC-HCI, where there are no sulfate groupgteCNC.Therefore they were attributed to
desulfation of the CNCSince the heat treatment was at T <°C8@he mechanism of
stabilization is not desulfation of the nanocrystals, but is likely a cocrystallization between
CNC due to removal of excess wateapped between the particles. A similar mechanism
of cocrystallization is well documented in the pulp and paper indUstigwever in the

case of CNC adhesion likely strongerbecause there are no amorphous regions in the

material.
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Figure 4.25 TGA weight percentersus temperature curve for (blue) original and (red)
heat treated CNGA films and (green) CNE@HCI film. The inlay shows water loss up to
120°C for the CNGSA films.
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Figure 4.26 FTIR Spectra of CNESA film decompsition productsat 18GC. The circled
peaks between 1000 and 1200 timdicateremoval of sulfate groups.

4.5.3MEMS Test Platform Design

A MEMS test platform was designed witlest structurego allow for the
measurement of four material properties of the CNC film. A test platform with each
microinstrument on the same modelesuredthat each device was exposed to identical
experimental characteristics. Each module includes numerous copies of each device to test
for any local variation in film properties. Additionally, devices on each modgie
designed witlvarying orientation to tegor anisotropic properties caused by alignment of
CNC in the film. Since the properties of the filmere initiallyunknown each device was
designed over a range of size scales. A schematic of the testraoclidel ed f or use
waferis shown inFigure4.27. Each device was designed to be fabricated from a single 3
e mhick CNC film. This will requiredhe use of two photomasks; one to create holes
anchor the devices to the substrate and a second to shape the microinstrumertethemse

Both masks were designeding Layout System for Individuals (LASI) software.
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Test devices included the residual stress tester (RST), the mechanical strégigth tes
(MST), the resonator, and the cantilever beam array (CBA). A schematic of each test
device is shown ifrigure4.28. All devices were modeled aftdrose of Naveed Ansatf.

The RST was used to measure the residual stress in a released CNC film. RSTs consists of
a suspendeddhaped beam that is supported when released by two thin cantileves be
located equidistant from the midpoint of the central arm. Since the supporting beams are
located on opposite sides of the central arm when released a torque is induced at the center
of the kshaped beam causing it to rotate. By measuring the rotatitime doeam the

residual stress in the film could be calculated using Equation 4.2.

” — (4.2)

T
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Figure 4.27 LASI layout of CNC MEMS module.
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here, Ar is the residual stress in the film,is the elastic modulus of the filrfi, is the
amount (in radians) that theshaped beam rotates, and d is the distance between the two
supporting beas. Since the residual stress wasknown RSTs were desigdewith d
ranging fr om td &duntfootheSOssibility af residual strain induced
fracture in the smaller devices.

MSTs wereused to determine the ftace strength of the CNC film. They consisted
of a central shuttle supported on each sigéaw flexure bems. Each side of the shuttle
hadt hr ee fracture beams of | ectuetbbam$dn eacls O ,
device had the same width, there witiee sets of devices on the test platform with beam
widths of3, 4, an d viée wasactuated f & miadoenanipulator that pushed
the cerral shuttle until the beams welractured by the anchored stoppers. By measuring
the distance the shuttle has travel&fdacture the fracture strain of the film wasalculated

using Equatia 4.3
T — (4.3)

here, X is the fracture strain, w is the width of the fractured bepms the shuttle
displacement at fracture, and is the distance between the shuttle and the anchored
stopper. This equation was used &signthe lengths and widths of the fracture beams of
the MST using an estimated fracture strain of 1.5% as determined from a tensile test.
Esimated fracture displaments werdoet ween 3. 50 and mh2he6 em
measurable range.

The resonat@wereused to determine the elastic modulEs ¢f the CNC film.
They consistedf two banks of interlocking comb fingers on each side ofcweable

shuttle. The shuttle wagispended by two sets of flexure beams, each consisting of four
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beams connected to each@tby a truss. The resonator veasuated electrostatically by a
drive signal that is ineased from zero until it reachdétge resonance fgeiency of the
device. The resonance frequency wa@stermined by a number of device parameters
including the length of the supporting beams, and can be expressed by Eduatidrich

wasderived from the harmonic oscillator equation.
Q 0 —— (4.4)

here,fr is the resonance frequency of the resonator, t, w, and L are the thickness, width,
and length of the supporting beams, respectively, apdidMthe effective mass of the
shuttle. When all variables are measured this equation can be used to determine the
elastic modulus of the CNC film. Resonators were designed using an estimated elastic
modulus of 6.7 GPdased omanoindentatiomeasuremerdf a CNGSA film. Meg was
determined using the density of CNC.636 g/cm). Using these values a number of
resonators were designed with supporting b
variations inthe supporting beam length were usedatwount ér any difference
between thestimated and actual values.

The cantilever beam array(CBA) wereused to determine the residual stress
gradient in the film. Each CBA consisteelf 20 canti |l ever beams of
em spacing bet imedhe residaahdiss fradierd in the CNE film was
unknownCBAs were designed with | engths rangin
a large range of possibilities. Tiheason forusing a CBA instead of a single beam is to
minimize any variance in theobndary conditions where the beam is connected to the
substrate. Analys of the CBA after releasavolved measuring deflection and curvature

of the beam. From the profile of the beadhe residual stress gradient can be determined
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using a number of meths, sub as that offang and Wicker®® In this method the
rotation and curvature components of the beam deflection are decauedsed to

derive the mean and gradient components ofdbelual stress, respectively.

Figure 4.28 LASI layout ) residual stress tester, b) mechanical strengthster, C)
resonator, and d) cantilever beam array.

4.5.4MEMS Fabrication Process

The CNC MEMSabrication process can be broken down into seven basic steps: 1)
coating of substrate with photoresist, 2) UV exposure and development, 3) CNC film
formation, 4) coating of CNC film with photoresist, 5) alignment, UV exposure, and
development, 6) plasmaching, and 7) release. In the first stelfficon wafers were coated
with hexameéhyldisilazane (HMDS), which acte@s an adhesion promoter between the
wafer and the photoresist. Spin coating was used to coat the substrate with a photoresist
film. It was ctterminedthata pi n speed of 5000 rpm woul d r e
twice the thickness of sacrificial layer used by An&&hiowever spinning at higher speeds

results in noruniform strations in the photoresist film. For films of this thickne&ss on
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a hot plate at 1€ was a sufficient soft bake to remove solvent from the photoresist film.
The light energydosenecessary for photolithography varegh the photoresist

film thicknessDose is simply a product of the exposure time and light intensity. If the dose

is insufficient, called underexposure, the photoresist will not become completely soluble in

the developer and the pattern will only partially develop. In the daseecexposure, when

too much light energy reaches the photoresist, stray light can reach areas that are supposed

to be masked. The correct dose of light energy was determined by trial and error on a series

of photoresist covered wafers. ltwas foundthatr a 4. 2 em thick AZ

layer three cycles of 5 seconds of exposure, with 30 seconds bftinvai between

exposures resulteid good pattrn resolution. The wait timbetween exposuresas to

allow for outgassing of nitrogen produced by themical reaction in the film. Images of

patterned and developed photoresist, both overexposed and optimally exposed, are shown

in Figure 4.29.

Figure 4.29 Developed patterns in photoresist filmhere (a) is an example of
overexposure and (b) shows good resolution after a correct UV radiation dose. Scale bars
are 200 &m.

Cellulose nanocrystal films were deposited by dip coating or doctor blade coating

onto the photoresist layer with adhesion promoted by air plasma treatment. Films were

94



prepared from either CNSA or CNGHCI. Additional problems with hydrophobic
hydrophilic interactions were encountered with the second photoresist layer. After
deposition, exposure, and developing of the photoresist the majority of the unexposed
regions did not adhere to the cellulose surface. During develdpmghotoresist would
separatdérom the surface, float, and deposit elsewhere after drying. An example of this is
shown inFigure4.30 where MST photoresist piecshifted position HMDS treatment of

the CNC film was used to prate adhesion between the layers and resultesbime
improvementbut therewere still some problems with photoresist adhesion to the CNC
layer. Despite these issues, iff generation devices, we showed ttiat desired patterns
could be etched into CNC filmslowever, the etch time used was too low and the device
was not functionalFigure4.31 shows imges of failed fabrication attempts of CBAs in

both CNGHCI and CNGSA.

Figure 4.30 Adhesion problem between CNC film and second photoresist Byeing
developing, the photoresist separated fronstitéace and deposit elsewhere after drying.
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Figure 4.31 Failed fabrication of CBAswherein (a) there is severe cracking of the
photoresist layer due to CNEICI aggregates and (b) incomplete etching of the EMC
film resulted in a nofiunctional device.

4.6 CNC MEMS (2" Generation)

As described in SectioA.5, in the early part of this work, @NC MEMS test
platform was designed and devices were fabricated as a proof of concept. Later, in
collaboration with Partha Saha, te®&C MEMS fabrication pycess was improveand
functional CNC MEMS devices were fabricated and teskeditionally, doubly clamped
beam arrays (DCB) were added to the platform. Examples of each device are shown in
Figure4.32.

) i

Figure 4.32 Representative reflected light microscopy images of GNEMS devices.
A) doubly clamped beam array (DCB), B) Cantilever beams array (CBA), C)
Interferograms of the cantilevers in (B) obtained using phase shifting interferometry
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(PSI), D) Residual stress tester (RST), and E) Mechanical strength tester (MST). Scale
bars are @0 um (Images by Partha Saha)

4.6.1 MEMS Fabrication Process

The initial steps of the MEMS fabrication procesere the same as in®1
generation CNC MEMS. However, after the CNC film is deposited on the patterned
photoresist surface, the process changethi2"™ Generation CNC MEMSFigure4.33
showstheevolution of CNGMEMS devices through surface micromachining approach,
starting wit a shear dried CNC filnF{gure4.33A) ona patterned photoresiftm. Next,

A 10 nm Ti/-TiO; layer was then-eeam deposited on the CNC; this chantpedreflected
color under crosgpolarized light Figure4.33B). The thin layer of THTIO, was used as a
novel method for improving the adhesion and curing of the second layer of photoresist to
the CNC film.Figure4.33C shows the cured structural profile of MSTs after deposition,
and development of the second patterned phototagest In the next steghe parts of the
CNC film which werenot masked by the photoresist layer were plasma etched. An
inductively caipled plasma (ICP) system with bias voltagewas used to achieve
anisotropicdirectional etching resulting in a devicstructure with residuahotoresist on

top of and beneath iF{gure4.33D). A combination of Ck and Q was usedvith very
short plasma cyctgo preventmicro-crackformaton and photoresist roundimyoblems.
Figure 4.33E and Figure 4.33F show the etchedSTs after washing of the residual
photoresist layerusing acetone and isopropyl alcotodowed by drying in a critical point

drier.
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Figure 4.33 Reflected optical microscopy images showing the steps involved in
photolithographic fabrication scheme fdf Beneration CNC MEMSA) CNC film on a
patterned photoresist layer. B) Same CNC film aftdreBm deposition of 10 nm thick
Ti/TiO, layer. C) After creating the device pattern using a second photoresist layer
achieved by photoresist coating, drying, U¥Xpesure through aligned mask, and
developing. D) Etched out device profiles after using inductively coupled plasma, white
and black areas indicate etched film and residual photoresist film respectively. E)
Released devices after washing off residual plestist layers using acetone followed by
IPA rinsing. F) Higher magnification image of a released MST device after critical point
drying. Scale bars are 100 pfmages by Partha Saha)

4.6.2 Anisotropic Properties

The micromechanical devicesmiade from the CNC lins werefreestandingand
possessed tunablaechanical anaptical propertiesThe reflected optical microscopy
images inFigure4.34 show the effectsf thickness and shear alignment on the anisotropic
stress gradient iruspended caitever beams. When the CNC were aligned parallel to long
axis of the beam they exhibited significantly less curvature than when they were oriented
perpendicular to the Ignaxis. This effect was more pronounced for thar2thick beams
(Figure 4.34A and Q than the 4>m beams Kigure 4.34B and D). Similarly, RSTs
exhibitedmore curvaure whenCNC were aligned perpendicularo t he beamoés

than when aligne: parallel to the long axis.hE stress gradient decreased with thickness.
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Figure 4.34 Reflected microscopy images showitlge effect of the stress gradient
developed in CNC cantileverdepends on the CNC alignment direction and device

t hickness. Arrows show the shear alignment
and 4 em thick r el eas e tarscaeehlpumlnmageshy Partmae s p e c
Saha)

4.6.3Mechanical Properties

Phase shifting interferometry (PSiyas usedto determine thesuspended
cantileveréheight profileand the nature of the stress gradient. The PSI based height profile
(Figure4.35A) for a 300>m long cantilever shows the freestanding microstructure with a
downward arc like curvature confirming the compressive stress gradased orlinear
elastic theory for DCBgheelastic modulus of CNBIEMS was derived using point load
beam deflection by nanoindentatitii'®* As longerdoubly clampedeams buckled more,
only thelinear regionof the force versus deflection curve wansideredo determine
the slopeX¥N/>m)for thel 0 0 & m |; this galuedwaBfurther used for the elastic
moduluscalculation Figure4.35B). The thckness and width of the DCBs were measured
usng SEM and opticahicroscopyThe elastianodulus for CNEMEMS beams measured
from three separate wafers Wi+ 22GPa for 2>m thick beams and2 + 14GPa for 4

>m thick beams. The variation in mechanical property measurements is attributed to
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variations in shear, thickness, drying and fabrication conditions between manually
prepared wafers. Theompressive residual stress developed inzhee m and 4 & m
film was a244 + 93kPa and55 + 11kPa respectivelypased on the microscopically
measured angle of rotation of the released R&iue 4.36). Figure 4.35C shows the

MST actuatiorgr aph f or 4 showing thé fadturedlistancewmfed 8 for 60

>m long fracture beams on the suspended shuttle while the shuttle was pushed against the
stoppng posts Basedon the distance travelled by the shuttle xrdirection before
suspenda beam fracture occurgthefracturestrength of the 4#m thick MST was2.0 +

0.4 GPa The MSTs made from 2m thick films were more flexible and the suspended
beams di not fracture even at the maximum shuttle displacement possible for this

structure A summary of the measured mechanical propertiesTialie4.2.
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Figure 4.35 Micromechanical property analysis graphs of CMEMS devices.A)

Hei ght profile for a 300 & muspeadedcantil@er

eEMm

showing complete suspension with a compressive stress gradient. B) Force versus

defl ecti on

curve for 100 &em

ong

DCB wi

linear region used to extract the slope needed for elastic modutusatiain following
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during mechanical actuation using an open loop piezo assisted micromanipulator, the
shuttl e was pushed fractores beandson X
both sides fractured giving the breaking length for fracture strength calcul@eta. by
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Figure 4.36 Reflectance micrograph showing thickness dependent compressive stress
developed in CNERSTs.Anti-clockwise rotation in (A) 2 um and (B) 4 um thick RSTs
with a lever arm of 300 um; | shaped beam is along the shear alignment direction of
individual nanocrystalglmages by Partha Saha)

Table 4.2 Summary of CNC MEMS mechanical properti@3ata by Partha Saha)

Micromechanical Elastic ModulusE Residual Stressig Fracture Strengthi;
properties of CNE (GP3 (kP3 (GP3
MEMS
Equationsu'sed for _wt? - me o = Eqd _ 3Ewd,
calculations 12 “ 192 RT 5 T
2em thick devices 56N 22 244N93 Did not fracture
4gm thick devices 72N14 55N11 2N0.4
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Chapter 5 Chiral Films for Optical Applications

There are two possible methods to prep@nC films with controlled chiral
structure using shear. The first is to apply shear atébes to control thenwinding of the
cholesteric pitch. The second is to shear at high ratescontrol the relaxation during
drying to lock in the desired pitch. The shear rates required for the first method are too low
for high throughput processintherefore, we decided to first explore the second method.

In orderto precisely control the helix igihment and pitch through shear, it is necessary to
first understand the effects of flow on the microstructure of the CNC dispersion as a
function of orighal microstructure, shear rate, and relaxation time. This chapter
summarizes the results from collaborative research between the Davis Group at Auburn
University and the Green Group at Texas A&M Universityexperiments and modeling

to understand the effeof shear on cholesteric CNC liquid crystals and their processing

into chiral films

5.1 Rheo-SANS of CNC

5.1.1CNC Characterization

The rheological properties and liquid crystalline phase behavior of CNC
dispersions are strongly influenced by size distributiahedactrostatic stabilizatioithis
portion of the research used CNC from the

Pilot Plant at the Forest Products Laboratory (Lot # Z0RP-CNC-051).Based on AFM,
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the average CNC length wa83 nm with a standar deviation §) of 43 nm, the average

width was33nm (s =7.2nm), and the average height a8 nm (s = 1.6 nm).
5.1.2Phase Behavior and Microstructure

Due to their anisotropic shape and rigidity, CNC follow lyotromjaid crystalline
phase behavicandagueous dispersiorsre known to form cholesteric liquid crystaf
Figure5.1 show crosgolarized optical microscope imagafsthe CNC dispersions from
3.16 to 8.48/0l %. At 2.49 vol %the dispersion was completely isotropic. At 3.16 vol %

a few small liquid crysténe dropletswere dispersed in a predomin&ntcontinuous
isotropic phase, indicating the isotropic to biphasic transition concentfaédh16 vol %.

At 3.83 vol % the number of liquid crystalline droplets in the dispersion significantly
increasedAs the concentratiomas further increasedthe fraction of liquid crystalline
phase increaskeand the anisotropic droplets laete larger. At 5.83 vol %the droplets
appeaed to merge the microstructure suggests aamtinuous matrix of isotropic and
liquid crystalline phases. Between 3.83 and 5.83 vol Wlitgpersions had tHayerlike
striped disclination pattern typical of cholesteric droplets with perpendicular surface
anchoring'®?At 6.50 vol % the image was complstdiirefringent and displayed a variety
of colors; he characteristic fingerprint pattern of a cholesteric liquidstatywas not
observedAt 7.16 vol % and abové¢he disper®ns had the random bright coliol texture

expected of a birefringent gel.
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Figure 5.1 Polarized optical microscopy images of CHNiSpersionst a) 3.16, b) 3.83, ¢)
450, d) 5.16, e) 5.83, f) 6.50, g) 7.16, h) 7.82, and i) 8.48 vol %. In j) the 4.50 vol % image
is magnified to clearly show the texture of the liquid crystalline droplets.
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5.1.3Viscoelastic Properties

Thestoragegno d u |l us m6d u | laed=6 oG § anGdmplex viscosity’
are shown irFigure5.2. Biphasic sample3.83 <f <5.83 vol % behawkas predominantly
viscous fluids (tar > 1), whilefor f > 6.50 vol % the dispersiongere elastic fluids (tan
d < 1). Asignificant decrease tand was seen between 6.50 and 7.16%o0Additionally,
at 6.50 vol % therewas t i1 | | a depenienae adf 166 veh % an
wasindependent ofv. This, along with the microscopshnages(Figure5.1) andthe steady

shear rheology data discussed below, indicates that 6.50 vol % is near the liquid crystalline

to gel transition concentration.
5.1.4Steady Shear Rheology

As shown inFigure 5.3, the steady shear rheology €NC in DO had similar
features to the previous studies in waterthle isotropic regime at 2.49 vol % thehlavior
wasnearly Newtonian. At 3.16 vol % near the onset of tH@phasic regimgthe onset of
shear thinningvasat 10 &. The 3.83, 4.5(05.16 and 5.83/0l % dispersions exhibit three
region behavior similar to that which is typically associatedhwitotropic liquid
crystalline dispersionghe inset ofFigure 5.3, more clearly shows this behavior for the
4.50 vol % dispersiaff This behaviohasoftenbeenseen in biphasic CNC rheology, and
was observed by Orts et. al. for liquid crystalline CN@vhile the origin of region I, the

initial shear thinning region, remains controversfat®

it is typically attributed to
director tumbling or variations in the polydomain defect texture of the liquid crystal with
flow.® The region Il plateautantermediate shear rates is commonly attributed to director

wagging or alignment of the rods in the vorticity direction, while the
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Figure 5.2 Linear viscoelastic properties of CNC dispersian8.83 vol % (purple open
circles), 4.50 vol % (orange open triangles), 5.16 vol % (blue open squares), 5.83 vol %
(red open diamonds), 6.50 vol % (purple closed circles), 7.16 vol % (orange closed
triangles), 7.82 vol % (blue closed squares), and 8#8ored closed diamonds).
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final shear thinning region Ill is caused by particle alignment irfltve direction® %4’

In this case,he onset of the region Il plateawas0.398 § for the 3.83 vol % dispersion
andshiftedto lower shear rates as concentration incigaaking place at 0.251'$or 4.50
vol % and 0.0398 Sfor 5.16and 5.83vol %. As in several other nanocylieddispersion

rheO|OQYStudiesl,9' 31, 64, 105106

region Il was not as flat or as broad as was often observed
for lyotropic liquid crystallinepolymers® In the gel regimé 650 vol % the samples
were power law fluidsh  Kfi'; whereh is viscosity,gis shear rate, K is the consistency
coefficient, and n is the rate index. TWatues ofn are shown ifTable5.1 for both regions

| and Il where applicable, as well as shear rates at region transiioer® is a significant

shift in the rate index between 6.50 and 7.16%ajonsistent with diquid crystalline to

gel transition"’
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Figure 5.3 Viscosity versus concentration curves for CNC dispersain2.49 vol %

(black stars), 3.16 vol % (green closed squares), 3.83 vol % (purple open circles), 4.50
vol % (orange open triangles), 5.16 vol % (blue open squares), 5.83 vol % (red open
diamonds), 6.50 vol % (purple closed circles), 7.16 vol % (oramagedltriangles), 7.82

vol % (blue closed squares), and 8.48 vol % (red closed diamonds). Inset highlights the
4.50 vol % dispersion.
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Table 5.1 Shear rate at region transitions and rate index during eaabnrégi CNC
dispersions from rheology data.

Conc. (vol%) Regi ong- Regionln Regi on d- Regonlln

3.83 0.398 0.923 2.51 0.936
4.50 0.251 0.824 1.58 0.900
5.16 0.0398 0.837 0.251 0.844
5.83 0.0398 0.728 0.158 0.694
6.50 N/A N/A N/A 0.238
7.16 N/A N/A N/A 0.059
7.82 N/A N/A N/A 0.024
8.48 N/A N/A N/A 0.027

5.1.5Neutron Scattering

In contrast to the rheological behavior typically associated with lyotropic liquid
crystalline dispersions, there is no maximum observed in the biphegien of the
viscosity versus concentration curve for CNC®®%? Additionally, the three region
viscosity versus shear rate behavior is seen in biphasic CNC dispersions but figt in fu
liquid crystalline dispersionS: °*®* In order to further elucidate the origin dfese
anomalous rheologit®ehavios of CNC in the biphasic regim@&eutron scattering was
used to quantify the structural changes that take place in the dispersions duririgp flow.
collectscattering data for the dispersions at rest, the samples were allowed to relax for up to
60 minutes after loading into the rheometer. Dispersions at 5.83 vol % and below exhibited
isotropic scattering patterns after this relaxation time. This shows that although there is
local order within the liquid crystalline domains, the dispersion is dipkstropicsince
the domains had differentirector orientatioa Above 5.83 vol %anisotropic scattering
patterns were observedije to artifacts from shear associated with loading the sample and
slow relaxation kinetics. These dispersions could na allowed more than 60 minutes to

relax due to beamtime constraints, however, at longer times isotropic scattering patterns
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would be expected. Once scattering data was collected after the initial relaxation time, the
samples were subjected to shear at 60tb erase anyemainingshear history

Scattering curves for each dispersion at rest are shokigune5.4a. As the CNC
concentration increasehe position of the peak mai/® a higher g value. From thigegk
the spacing distance (d) between psidigfl rods \
= 2p/gpeas and is shown inFigure 5.4b.°” CNC spacingdecreasedwith increasing

concentration and was independent of shear rate.

I
a) o 2.49volt%
¥ ® 316vol%
| g ® 383val%
¢ * 4,50 vol%
- } * ® 516vol%
w 5.83 vol%
= & 6.50vol%
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- & 782 vol%
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E
<
=
! [ H ]
0.001 0.01 1
qA )
b) as
L
40
E +*
— _ *
vy 35
=
i +*
2 30 +*
¢ .
25 - .
+* *
20 T T T T T T
2 3 4 5 ) 7 8 9

CNC Concentration (Vol %)
Figure 5.4 a) Scattering curves for each CNC dispersion. For cldr@yintensities have

been offset on the y axis. b) CNC spacing as a function of concentataaiculated by
Braggods | aw.
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Two-dimensional scattering data for thd9, 4.50and 7.16 vol % dispersions over
a range of shear rates are showRigure5.5. Qualitatively, at 2.49 vol % an isotropic ring
patternwasobserved at all shear rat€®r the biphasic 4.500l % dispersionanisotropy
wassea@ in the scattering pattebeginning agfr 0.158s™. The anisotropy increased with
increasing shear rate ungh= 0.1 s*. At intermediate shear rateght 0.1-10 s%) the
scattering pattern remained relatively constadigh intensity nodeswere present
perpendicular to the flow direction, while an isotropic nmas still visible This suggests
that while a portion of the rodsignedin the flow direction, some fraction of rods remain
randomly aligned. Whergh= 100 §' the scattering patteris significantly more
anisotropic with high intensity nodes pendicular to the flow directionThis indicates
that the rodsvere preferentially aligned in the flow direction. Little chamnggsseen in the
intensity of the isotropic ring from 0.1 to 8, butthe intensitydecreasedoticeably from
10 to 100 8. As discussed previously, shear during loading chtlse 7.16 vol %
dispersion to exhibit an anisotropic scattering pattern gt &s0.01 §' there wassome
initial alignment in the flow glection, butthe pattern remaédpredominantly isotropic. At
0.1 s* two high intensity nodesere observed perpendicular to the flow directolittle
isotropic ring remaiad Unlike the more sudden drop in the biphasic dispersion, for the gel,
the intensity of the remaining isotropic rintpcreasedteadily a the shear rate increased

from 0.1 to 1003,
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Figure 5.5 Reduced twedimensional scattering data for the 2.49, 5.16, and 7.16 vol %
dispersionsat a range of shear rates between 0 and 108 ate that the anisotropy in the
7.16 vol % at 0'Sis caused by shear during sample loading and is not representative of the
di spersionds rest state.

In order to quantify the degree of CNC alignmeant annular average was
calculatedor each 2D scattering pattern. The average was taken over a & @pEthge

centered on the maximum intensity for each respective concentration. These annular

averages were used to calculate the order parametesingthe method presented by

il..07

Burger et. al.”" The orientationaldistribution functionF(qf), given by theannular

averages are well fit by a Legendre series expansion:
H
& N A0 1 ATfO (5.1)
I
where the values,,aare fitting coefficientsthe functions, R, are even Legehe
polynomials andf is the azinathal angle The first six terms of the expansion were used to
fit the annular averages. Experimental annular averages and Legendre series fits are shown

in Figure 5.6. The ader parameter is directly related to thecaefficient from the

Legendre expansion’
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5 2 (5.2)
¥ — )
v
The value ofd will vary from 0 for random CNC orientation to 1 for rods

perfectly aligned in the flow direction. The order parameter was calculated for all samples

at all shear rates tested and is showrRigure5.7.

Figure 5.6 Annular averages of 2D scattering patterns for 8.48 vol % CNC at shear rates
ranging from 0.01 to 100’sSolid lines are Legendre expansion fits.

Figure 5.7 Order parameter versus shear rate for CNC dispersinodst9 vol % (black

stars), 3.16 voo (green closed squares), 3.83 vol % (purple open circles), 4.50 vol %
(orange open triangles), 5.16 vol % (blue open squares), 5.83 vol % (red open diamonds),
6.50 vol % (purple closed circles), 7.16 vol % (orange closed triangles), 7.82 vol % (blue
closa squares), and 8.48 vol % (red closed diamonds).
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