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Abstract

Cellulose nanocrystals (CNC) are an emerging green nanomaterial with a unique
property set that permits its use to enhance traditional materials in various ways. One
of the main focuses has been to impart the incredible mechanical stiffness of these
nano particles into conventional thermoplastic polymers. The scope of this thesis will
investigate CNC using infrared reflection adsorption spectroscopy (IRRAS) to firstly
assign the bands of the unique spectrum of this technique. The surface selection rule
that is inherent in IRRAS combined with knowledge of the bond orientations within CNC
to the incident IR beam permits the assignment of previously unassigned bands
including assigning the 1205 and 1145 cm™ to modes of the pyranose ring. Secondly,
IRRAS will be used to monitor the adsorption of CNC to a variety of surface functional
groups. Three variables were controlled; the CNC concentration, the functionality of the
aqueous CNC suspension, and the ionic strength of the aqueous CNC suspension. The
density of these layers was estimated by comparing IRRAS signal intensities with AFM
thickness images giving insight into CNC-CNC as well as CNC-substrate interactions.
This same method will be applied to CNC that were modified with diazonium derived
aryl groups. A combination of infrared (IR) and X-ray photoelectron spectroscopy were
used to confirm surface modification and IRRAS was used to study the interactions of
the modified CNC with various surfaces. Lastly the incorporation of modified CNC into
a melt extrusion of the common thermoplastic high density polyethylene (HDPE) was
performed. The addition of modified CNC to HDPE was compared to virgin PE as well

as a composite of unmodified CNC and PE. The elastic modulus was obtained for all



samples and a clear increase was observed only upon the addition of modified CNC

where the elastic modulus increased by a factor of 2.7.



Preface

This thesis is an original work by Greg Kaufman under the supervision of Professor

Mark McDermott. No part of this thesis has been previously published.



Dedication

The work detailed in the following thesis would not have been possible without the
support and drive given to me by my family and friends; they are the people that make
life worth working for and the body of work expressed herein is done with them and

should be represented as such.



Acknowledgments

It takes a village to raise a child and it takes a community to train a chemist. The
services available to a graduate student at the University of Alberta are essential to the
work that is done. They leave time to focus all of ones energy on research by mitigating
time consuming requirements. The boys in stores are always working for each and
every group to streamline the work that can be accomplished. The machine shop and
glass shop are essential to permit the breadth of ideas that require some of the oddest
pieces of equipment — their expertise in bringing to reality some crazy ideas is second to
none. It is necessary to give a big thanks to the local drinking holes where some of the
best ideas are scribbled on napkins while enjoying a conclusion-less argument with
some peers. The Chemistry Graduate Students’ Society played a big role in getting to
know fellow students in an environment outside of work as well as providing a whole
new learning experience organizing and enjoying events, | hope this group grows long
after | am gone. | have learned so much from the students that were before me and |
hope | was as much help to those that follow. The entirety of the McDermott research
group has been instrumental in the knowledge that | have gained, and especially the
group’s captain, Mark. He has helped me separate the meat from the fat in the projects
that | have attempted and given me the chance to learn what is really important in a
degree. My family and friends cannot go unmentioned for sharing parts of their lives
with me both inside and outside this degree. The most profound of these is my wife,
Yukiko. Meeting her halfway through my degree has changed my life in the most
awesome way | could ever imagine and her support and honesty throughout this whole

journey has been irreplaceable.

Vi



Table of Contents

Y < - T o N i
o =] - o= iv
D 7T [ 11 ' T v
1Yo (4 Lo dTY] [T T4 4 T=T 4N N vi
List Of Tables ....cccoiiiiiiiiiiiiiiiiiirrrcr e Xii
LiSt Of FIBUIES ...uuiieeeeiiiiiiciiiitecccsteeececreeen e s seenseessennssessesnsssssesnnssssssenssssssennsssssssnnssssssennnns xiii
GlOSSArY Of TEIMS ... ieeeiieiieiiieeiteeereeeeereaneereneereaseeresserenssessasesressessassssensessnssesensesssnsesennsessnnans XX
CHAPTER 1 INTRODUCTION .....cceiiiieiiirissrreassrsmss s s s s s s s nnnas 1
] 1 Lot =N 4

Crystal Structures and AllOMOIPRS ......eevei i e e e e 6

(V7o [goT=d<T o = o] o To o T= P URP P 11

SUPEIMOIECUIAE STIUCTUIE .. uuviiiiieiee ettt e e e e e et rr e e e e e e e e seeanrbereeeeeeeesnsssrreneeeeens 11
Y 1 I o) 01 N 12
STrength Of CNC.......ciieiiiiirieeereeeereeneereaneetenereesesensseseassersnsessensessnsssssnsessnssesensssssnsessnnsessnnes 12
L 0T =41 T 01 L Ot 17
Optical Properties of CNC ........civeuieieeniereeceteneereeneeressereasereassesensessassessssssssssessnssessnsssssnsessanes 18
QY1 T =Te T o =Tt . 0T oo Y 18
SPECLrOSCOPY OFf CNC......iieniieenereeeerreneereaneerenereaseeresseseasserenssssnsessassessnsssssssessnssessnssssnssessnnes 28

Vibrational Spectroscopy Of CNC ..... ... e e e e e s re e e e e e 29

vii



Spontaneously-Adsorbed MONOIAYETS ......ccccceereenierenerrenierenneereneetenerenneeresserenssessasesssssessnnes 32

Diazonium Salt Derived FilMS ......oiiiiiee et e e s s aae e s s saeeeeeenas 32
Thiolate Derived MONOIQYETS.......uuii i e e e e e e e s nrereeeeeeeas 33
Surface Functionality and Grafting of CNC.......cccccciitruiiiiiiiiiiiiiiiiiiiesneesssn. 36
Y] g =101 =T ¥ £y o o] d o o PSR 37
0o}V =1 [T o] 1Y/ oo L1 or= 4[] o RS 38
Incorporating CNC as @ Matrix Additive ........ccoiveuiiiiiiniiiiiiiniiiiisssssssenenes 40
Melt MiXing OF EXEFUSION oottt e et ee e e s e s e ee e e e e e e e e esannnsaaneeeeens 40
Yo 1Y =T 0 A O 1 [ = 2 PRI 41
S =Yoo 3y o Yo oY o TSP 41
(0o R o Yo IV 0 =T o 4T o T~ SRS 42
World Production of Cellulose Nanomaterials......ccc.cccituuiiiiieniiiiiimniiniiencienneennceeneneennenns 42
RESEAICh ODJECLIVES ...ceeuiieeiiriniireeerteeereeecereaneerenereaserrnsserensserensessesssssnsssssssessnsssssnsessnssnens 44
CRaPtEr OVEIVIEWS ....cuuiiiieiiiieiiiieeiiiineieieaieinneitnsieiessesensserenssstenssssnssessnsssssnssssnsssssnsssssnssssnnns 45
(00 F= ] <1 S SRR PURPRNE 45
(00 F=1 o] <1 g TP PR 45
(@ 0T ] 1] S SURS 46
(60 F=1 o] <1 g FUTO OO PURPRNE 46

CHAPTER 2 INFRARED REFLECTION ADSORPTION
SPECTROSCOPY (IRRAS) OF CELLULOSE NANOCRYSTALS (CNC) 47

3} 4o Yo [Tt 4 o] 4 A PN 47
[ ( 11 g1y 4 T=T1) £ 1 IS 49
REAgENtS aNd MaTErIalS ....cooiviiiiieiee et e e e e e e s bbb e e e e e e e e e nanrreneeeeens 49
SUDSErate Preparation ... e e e e e e e rraaaaaas 50

viii



MONOIAYEN FOIMAtioN covviiiiiiiiiieeie et e e et e e e e e e e enabbr e e e e e e e eesssnanrraneeeeens 50

INfrared SPeCtra MEaSUIEMENTS....cccviiii ittt et e et e e s e e e sbae e e s ssaaeeeessseneeeenns 50
e T e A I] ol=Totd e WY L= T UL =] 0 0= L SRR 51
XRD CalCUIGTIONS ettt ettt b et e e bt e e st e e st e e e e e enn e e e 52
e Tol=To [ = TP P RO P R PR TPROTRROTRIN 52
Results and DiSCUSSION.....ccciieeeuuiiiiiiiiiiiiiitiiiiiiieieeeeeiiiisseeeeesssssiisssseteessssssssssssseeessssnns 53
IRRAS OF CNC ..ottt ettt st e e st e e s st e e e s b e e e e snabteeesssbeeeeenasaeeeeessaaessnnssanesanns 53
1163 CM ™ oottt s RS 62
1115 CM ™ ettt 62
1060 CM ™ oottt sttt bbbt 62
1035 cmM™ = 1005 €M™ =985 CM ™ ..eo.oiiie ettt 63
1185 CM™ oottt 64
1205 CMN ™ 1ottt 64
3301 cmM ™ =3352.cM = 3411 CM ™ oo 65
Comparing CNC TO MFC ... 66
2" DIIVATIVE SPECLIUM ...t eee e eese et eeesseeeae e eeseseseeeeeseessassesseessesenseeeees 70
000 T ol L] o T o 74

CHAPTER 3 ADSORPTION OF CNC TO ORGANICALLY TAILORED

83 5 PP 75

L3N oo [T 4 T T 75

[ (=T T 4 =T 41 - | PN 77
REAgENtS aNd MaTErIalS ....cooiviiiiieiee et e e e e e e s bbb e e e e e e e e e nanrreneeeeens 77
SUDSTIAte PrepParation......occcuviiiiiiee ettt e e e s e e e e e e e e e e abbbaeeeeeeeeessnsrrreneeeeens 78
Y TeYaTol =TT gl o T 1 4 =1 4 o o SRR 78
INfrared SPECtra MEaSUIEMENTS . ......cciiiiiiireeeee e ettt e e ee e e e e e e e eesesbrrreeeeeeeeesssssraeeeeeeens 78
Zeta Potential and Dynamic Light Scattering.......ccccvvieiieeii i 79



(g o Yo=Y LU (/=TT 79

Results and DiSCUSSION.....cciiieeeuuuiiiiiiiiiiirieiiiiisiirirsresassss s s s ssassssssssss s e e sssssssssssssssnennnanns 84
Effect of CNC CONCENTIAtiON ....coiuiiiiiecieee ettt e 85
Effect of Surface FUNCEIONAIILY .....ooiiiiiiieiiiee e s 93
Effect of 10NIiC StreNgth ... e e e e e e e e e aeaeeeeans 96
Equilibrium Nature of AdSorbed CNC ..........ueiiiiieeeeceee et e e e 105
Band Broadening in the IRRAS Signals of CelluloSe ........ccoovuiiiiiiiiiieiiiiiiieeeee e 106

0o T ol YT T o U 111

CHAPTER 4 CELLULOSE NANOCRYSTALS WITH DIAZONIUM SALT

DERIVED ARYL GROUPS.......co ittt rre s s s s s s s s s 114
Ly o o 11T o 4 o o TN 114
[ (=T g T 4 =T 41 & | TR 115
Reagents and MaterialS ......ooceeiiieeiee e e e e et e e e e e e e nnraaees 115
SUDSTIate Preparation.......cccuvieeiei ettt e ee st e e e e e e e e et re e e e e e e e e e s e annrraaeaeeens 116
Y TeYaTo) F- NV Z=T gl o T s 4= 4 o o [P 116
Infrared SPECtra MEaSUINEMENTS ....cciiiiie it e e e eeerrrre e e e e e e e eeeaarreeeeeeeeeesennarseees 117
Diazonium Salt Preparation ... e e et e e e e e e e nnre s 117
CNC Modification with DIiazonium Salt........cccceeiiieiiiie e 118
Results and DiSCUSSION.....cccuuiiiiiiieeiiieeierinieteaertnnierenseerneserensserenssssssssrsnsssssnsesensssssnssssnnnans 118
Surface Modification Of CNC.......cocuiiiiieiee e e e s rree e e s e naaeeeeans 118
Adsorption of Modified CNC.......ccoii i e e e e e e e e e e e narreeeaeae s 124
0o T T [T o T O 130

CHAPTER 5 MECHANICAL CHARACTERIZATION OF
POLYETHYLENE-DIAZONIUM MODIFIED CNC NANOCOMPOSITES 131



[ 14 o T 11 Lot 4 1o TS 131

(o T=T 4 14 =T 4 N 134
Reagents and Materials ....coioeeieiieeie e e e e et e e e e e e e nnnerees 134
DIazoNiUM Preparation ... ... ettt nnnannnnnna 134
CNC Modification with DIiazonium Salts .......ccceeviiiiiiiiinieeee e s 135
YT YT o = EURR 135
Y =Tol s T a1 Tor | B =T T o = PSPPI 137

Results and DiSCUSSION....ccuuciiiiiuuiiiiiiiiiiiiiieiiiiieniiiiiesisiirssssssresssssressssssssssnsssssssnssssssenns 137
YOUNE'S MOTUIUS .....eviieieiiiee et et e et e e e st e e s ettt e e e baeeeesabeeeesessaeeesansreeens 139
Ultimate tensile StrenGth ... .. e e e e 146
Elongation and Tensile Strength at Break.........cccueeieiiiiiicciiiee e 148

0 1o 11 T T o O 150

CHAPTER 6 CONCLUSION.......co st rr s e s ms s s e s 152

(L UL = D T~ ot o T o 156

REFERENCES ....... .o rrer s s s s s e s e s e e e 157

Xi



List of Tables

Table 2-1. Bond angles to the c-axis calculated from crystal data collected by

.2 of cellulose 1B using Atom SOftWare. ............cccoeveveeeeerseeenne, 59

Nishiyama et. a
Table 2-2. Wavenumber assignments for peaks observed in IRRAS of cotton CNC. .. 73

Table 3-1. Plotted values in Figure 3-10. Standard deviations of triplicates are shown.

Xii



List of Figures

Figure 1-1. Hierarchical structure of cellulose. Reproduced from Ref. 7 with permission
from The Royal Society of Chemistry. ... 5
Figure 1-2. Structure of cellulose showing two glucose units with some of the atoms
10T 0] o1 = o 7

Figure 1-3. Interconversion of the polymorphs of cellulose. Reproduced from Ref. 5

with permission from SPriNGEr. .........oouiiiiii e eeeeeeees 10
Figure 1-4. Example of a Stress Strain Curve. ..........cccccvvvvviiiiiiiiiiiiiiiiiiiieeeeeeeeeeee 14
Figure 1-5. lllustration of William Herschel's IR experiment. ............ccccoooeieiiiniiicnnnee. 20
Figure 1-6. Visualization of dipoles close to a conductive surface .........cccccccvvvvvennnnnn. 25

Figure 1-7. The mean-square electric field at 2000 cm™ as a function of angle of
incidence and polarization at the surface/air interface. Reprinted with permission from
Reference 57. Copyright (1986) American Chemical Society. .........cccevvvviiiiiiiieeereeenne, 26
Figure 1-8. Formation of a spontaneously adsorbed monolayer on a substrate. The
electron can be produced chemically or by applying an electric potential. .................... 34
Figure 1-9. Formation of a self assembled monolayer (SAM) on a gold (111) surface. 35
Figure 1-10. Modification of CNC Surfaces. Reproduced from Ref. 7 with permission
from The Royal Society of Chemistry. ... 39
Figure 2-1. Diagram of method to obtain IRRAS of CNC ... 52

Figure 2-2. 2 um x 2 um AFM height image of CNC adsorbed to an AUT derived SAM.

Xiii



Figure 2-3. IRRAS spectra of CNC adsorbed to and AUT derived SAM and the spectra
of just an AUT derived SAM. Both are baseline corrected. ..........ccccccceiiiiiiiiiieiiiiinnnn. 56
Figure 2-4. Example chain of cellulose showing the direction of the c-axis and the
(0101 aaoT=T g g o IS ] (=] o o R 58
Figure 2-5. IRRAS and transmission IR of CNC in the OH region. * indicates peak
positions determined by 2" derivative analysis using Savitsky-Golay Quadratic/Cubic.
The manipulation was done with Essential FTIR v3.00040 and used a software
Smoothing Window value of 21. The transmission spectrum was divided by 300 and
then shifted upwards 0.005, the IRRAS spectrum was unchanged on these axes. ...... 60
Figure 2-6. IRRAS and transmission IR of CNC in the CO region. * indicates peak
positions determined by 2" derivative analysis using Savitsky-Golay Quadratic/Cubic.
The manipulation was done with Essential FTIR v3.00040 and used a software
Smoothing Window value of 21. The transmission spectrum was divided by 300 and
then shifted upwards 0.005, the IRRAS spectrum was unchanged on these axes. ...... 61

Figure 2-7. AFM height image of CNC (left) and MFC (right) on an AUT derived SAM.

Figure 2-8. IRRAS of CNC and MFC in the OH region. The MFC spectrum was divided

by 4 and then shifted upwards 0.005. The IRRAS spectrum was unchanged on these
Figure 2-9. IRRAS of CNC and MFC in the CO region. * indicates peak positions

determined by 2" derivative analysis using Savitsky-Golay Quadratic/Cubic. The

manipulation was done with Essential FTIR v3.00040 and used a software Smoothing

Xiv



Window value of 11. The transmission spectrum as divided by 4 and then shifted
upwards 0.005. The IRRAS spectra was unchanged on these axes............ccccceevuunnnn. 69
Figure 2-10. 2" derivative of IRRAS CNC on the bottom with the original CNC above
for comparison within the CO region. The operation was done with the Savitsky-Golay
Quadratic/Cubic in Essential FTIR v3.00040 and used a software Smoothing Window
ValUE OF e 72
Figure 3-1. Diagram of method to obtain IRRAS of CNC over time by re-immersing
3]0 = 80
Figure 3-2. The effect of hornification. All samples were immersed at time zero and
sampled at times shown. The diamond series was sampled at time intervals of 1, 4, 8,
24,120, 124, 144, 168 and 288 hours. The square series was sampled at time intervals
of 24, 120, 124, 144, 168 and 288 hours. The triangle series was sampled at 120, 124,
144, 168 aNA 288 NOUIS. ...e.eiiieee e e e e e e e e e e e e e e e eneeeas 83
Figure 3-3. Photograph of different CNC concentrations (weight %) is water. The
concentrations decrease from right to left. The concentrations in weight % are 1.5,
0.15, 0.015, 0.0015 @nd 0.00015. .....eeiiiieeiiiiee et e e e e e eneeeeas 86

Figure 3-4. IRRAS spectra of CNC adsorbed to AUT on gold after one hour immersion.

Figure 3-5. IRRAS adsorption of C-O stretch at 1115 cm™ of 0.15%, 0.015%, 0.0015%
and 0.00015% (w/w) [CNC] on a NH2/NH3" terminated Cq4 thiol SAM on gold. A
spectrum of each concentration at 1 hour is plotted in Figure 3-4. Error bars represent

0NE StANAANd AEVIATION. ... e e e e e 89

XV



Figure 3-6. AFM of A) 0.00015%(w/w) CNC and B) 0.15%(w/w) CNC on the right
adsorbed to an AUT SAM after one hour of immersion..............ccccccciiiiiiiiiiiiies 90
Figure 3-7. Example of scratch test. A: AFM image of the scratched region. The entire
image is 5 x 5 ym and the scratched region in the centeris 1 x 1 ym. B: Cross-section
profile shows the average height of the black rectangle shown in A. The scratched CNC
can be seen piled on the upper and lower regions of the scratched area in A. This
example was performed on a NH2/NH3" SAM with CNC adsorbed from a 0.0015% w/w)
aqueous suspension after 120 hours immersion and yields a CNC film height of 7 £ 1
nm. The SAM was incidentally removed in this process and has an independently
measured thickness of 1.2 £ 0.9 nm which was subtracted from the total scratch height
(o < T2 018 I o o TS 92
Figure 3-8. Effect of different surface functional groups on CNC adsorption. IRRAS
adsorption of COC stretch at 1115 cm-1 of 0.0015 %(w/w) [CNC] on amine/ammonium,
alcohol, carboxylic acid and methyl terminated C11 thiols on gold. The carboxylic acid
showed no adsorption at any times and was not plotted after 24 hours. Each sample
was run in triplicate and all three data points are plotted. Error bars represent one
Standard deVIAtION. .......... e 94
Figure 3-9. IRRAS of 0.001% (w/w) CNC suspension adsorbed to NH2/NH;*
monolayers as ionic strength is varied. Error bars are standard deviations of three
MEASUIEIMENTS. ...ttt e e e e e et e et e e e e e et e et e e b e e e e e e e eeeennaa s 97
Figure 3-10. Comparison of CNC film thickness to IRRAS signal after 5 days of
immersion. The CNC concentration was 0.0010% (w/w) and the SAM was NH2/NH3"

terminated. Thicknesses could not be determined for 1.000 M solutions due to CNC

XVi



aggregation; these aggregates would adsorb to the surface and yield an IRRAS signal.
Error bars represent standard deviations of triplicate runs. Error bars are standard
deviations of three measuremMEeNts. ......... ... 98
Figure 3-11. AFM height images of CNC films adsorbed from varying ionic strength
solutions. A) 1.000 M B) 0.100 M C) 0.010 M D) 0.001M M E) 0.000 M. In all images
the CNC suspension at 0.0010% (w/w) and NH./NH3;* SAMs were used. All CNC
suspensions had no observable aggregation to the naked eye...............ccccceiiiiinnnnns 101
Figure 3-12. Zeta potential of aqueous CNC suspensions at different NaCl
concentrations. In all solutions the CNC suspension at 0.0010% (w/w) and NHo/NH3"
SAMs were used. All CNC suspensions had no observable aggregation to the naked
ST PP P PP PPPTRR 102
Figure 3-13. DLS of aqueous CNC suspensions at different NaCl concentrations. In
both solutions the CNC suspension at 0.0010% (w/w). Neither CNC suspensions had
observable aggregation to the naked eye. .........ccoooviiiiiiiiiiiiii e 103
Figure 3-14. IRRAS of 0.001% (w/w) CNC suspension adsorbed to NH2/NH3"
monolayers as ionic strength is varied. The vertical dotted line denotes that after this
time, all samples were immersed in pure water (18.2 MQ) rather than aqueous CNC.
Error bars are standard deviations of three measurements. ..........cccccccvviviiiiiiiiiinnnn. 107
Figure 3-15. AFM height images of CNC films adsorbed from solution. A) After 5 days
of immersion in 1.000 M NaCl B) The same slide as in A but after being immersed in
pure water from day 5 to 13, the image was taken on day 13. Until day 5 the CNC

suspension was constant at 0.0010% (w/w) and the ionic strength was constant at

XVii



1.000 M NaCl. Both the CNC suspension and the pure water had no observable
aggregation t0 the NAKEd @Y. .......... i 108
Figure 3-16. A) IRRAS spectra of a CNC film adsorbed from pure water and a film
adsorbed for 5 days from a 1.000 M NaCl CNC suspension of 0.0010% (w/w) CNC and
then 3 days in pure water. The days of immersion correspond to Figure 3-14.
NH2/NH;" SAM were used to adsorb CNC from solution for all collected spectra. B)
IRRAS spectra of a CNC and MFC film adsorbed from pure water to an NHy/NHs"
SAM. The CNC and MFC concentration were 0.0010% (W/W). .........uuummimiimiiiiiiiiiinnnns 110
Figure 4-1. Transmission FTIR of CNC and diazonium derived nitrobenzene modified
CNC with assignments to bands due to modification. ..., 120
Figure 4-2. Transmission FTIR of CNC and diazonium derived from trifluoromethyl
benzene modified CNC with assignments to bands due to modification. .................... 121
Figure 4-3. XPS of nitrobenzene modified CNC in the N5 region. Sample Preparation
and Spectra collected by Dr. Rongbing DU. ... 122
Figure 4-4. XPS of CF3 modified CNC in the C1s region. Sample Preparation and
Spectra collected by Dr. RONGDING DU. ......uuiiiiiiiiii 125
Figure 4-5. XPS of CF; modified CNC in the F1s region. Sample Preparation and
Spectra collected by Dr. RONGDING DU. .....uuuiiiiiiiii 126
Figure 4-6. IRRAS of NO, and CF3 modified CNC adsorbed to a CH3 and a NHy/NH3*
SAM from an aqueous suspension. The CF3; modified CNC showed no adsorption to
the CH; SAM and is not plotted. All agueous sampels had 0.0150 % (w/w) modified

(0] OO PP PP PP PPPRPPPPPPPPP 127

XViii



Figure 4-7. Surface coverage of NO, and CF3; modified CNC adsorbed to a NH2/NH3"
SAM from an aqueous suspension. All aqueous solutions had 0.0150 % (w/w) modified
CNC. Error bars are standard deviations of three measurements....................ccc..... 129

Figure 5-1. Uses of Polyethylene according to The Essential Chemical Industry online.

Figure 5-2. Benchtop melt mixer used to melt PE and mix CNC. The image on the right
iS looking down INtO the NOPPEN. ......eeiiieee e 136
Figure 5-3. Photographs of the stress-strain measurement. A) Virgin PE B) 3% CNC
in PE C) 6% CNC in PE before stretching D) Photos of the samples, from left to right;
0%, 3%, 6% CNC mixed with PE. All CNC are unmodified. ........ccccccoviiiiiiiriennennnnn. 138
Figure 5-4. Stress vs. Strain Curve of 6% wt/wt CNC Melt Mixed with PE ................. 141
Figure 5-5. Stress vs. Strain in Elastic Region of 6% CNC Melt Mixed in PE. The dots
are the original data points and the solid line through the data is the linear least-squares
1O 142
Figure 5-6. Young's Modulus of Polyethylene (PE), PE mixed with CNC, and PE mixed
With CF3 MOdified CNC. ......oiiiie e e e e e e e e e 143
Figure 5-7. Stress strain curves for virgin PE, 3% CNC in PE, and 3% CF3; modified
(O N[O o N OSSO 147
Figure 5-8. Ultimate Tensile Strength (UTS) of polyethylene (PE), PE mixed with CNC,

and PE mixed with CNC modified CFa. .....oouiieiieeeeeeee e 149

XixX



Glossary of Terms

AUT
CUT
HUT
CNC
DODT
DDT
HDPE
IXS

IRRAS
LbL
LLDPE
LDPE
MCC
MFC
Mya
NCC
NFC
NMR
PE
SAXS
SAM(s)
SPR
TFMB
XRD

11-amino-1-undecanthiol
11-carboxyl-1-undecanethiol
11-hydroxyl-1-undecanethiol
Cellulose Nanocrystal
deuterated octadecanethiol
dodecanethiol

High Density Polyethylene
inelastic X-ray scattering
Infrared

Infrared Reflection Absorption Spectroscopy
Layer by layer

Linear Low Density Polyethylene
Low Density Polyethylene
Microcrystalline Cellulose
Microfibrillated cellulose

Million years ago

Nano crystalline cellulose
Nanofibrillated cellulose
Nuclear magnetic resonance
Polyethylene

Small angle X-ray scattering
Surface Adsorbed Monolayer(s)
Surface Plasmon Resonance
Trifluoromethyl benzene

X-ray diffraction

XX



Chapter 1

Introduction

Cellulose is currently the world’s most abundant as well as most produced polymer. It
exists as the main component of plant’s cell walls and is responsible for the rigidity of
plants as it provides strength and structure to their cellular networks. Photosynthesis is
the source of energy that plants use to convert carbon dioxide and water into this
fundamental building block, which is a showcase for the awesome potential of
harnessing such an abundant source of energy. Wood and plant products have
invariably been used by humans in many ways throughout history but as technology
grows it is necessary and possible to demand more out of traditional materials.
Understanding and utilizing cellulose to this end has been realized and is the focus of
many researchers around the world.

It was not brought to researchers attention until recently that treating wood fibers with
acid will hydrolyze sterically available ether linkages and if properly controlled will
isolate nano-scaled, crystalline portions of the fibers.? These nano-scale fibers have
gathered many names in the literature including nano whiskers, nanocrystalline
cellulose and cellulose nanocrystals. Definitions are required for the different sizes,
aspect ratios and morphologies but for the purpose of this work, the term cellulose
nanocrystals (CNC) will be used to describe the isolated crystalline portion of cellulose

that are a result of acid hydrolysis of a raw material.



To gain a full appreciation of cellulose it is humbling to take a look at it from its genesis.
The story of cellulose starts some 440 million years ago (Mya) and is understood only
through its fossilization. Through this record we can visualize not only the advent of
cellulose as presented in plant matter fossils but also correlate these occurrences to
drastic climatological changes. As algae made the move to land in favor of a less
competitive but more inhospitable environment, aquatic luxuries such as relative
buoyancy became obstacles. This occurred in this time period known as the Ordovician
(488 to 443 Mya) and extended through the Silurian and into the Devonian (416 to 359
Mya). The first evidence of land plants is 473 to 471 Mya® with the first true plants
(having seeds and roots) evolving later. In this time, terrestrial life was nothing like what
we see today. Plants were less than one meter tall as their structure could not support
taller growth and their primitive root network had no soil to anchor in. The forests that
existed were fungal, with the tallest organisms reaching an impressive 8 meters. This
would all change by the Carboniferous period (360 Mya to 300 Mya) where we can
observe fossils of true plants that are capable of surviving thousands of kilometers from
their ancestral ocean home. The evolutionary tendency towards the make-up of forests
that we see today suggests that modern plants could out survive these funguses. This
was possible due to a number of factors evolving in tandem, notably plant’s root
networks and the production of seeds. To gain an advantage from a stabilizing root
system that could anchor in the increasing amount of terrestrial soil, great strength was
demanded and it came in the form of lignin and cellulose. From the start to the end of
the Devonian, plants heights increased from 30 cm to 30 m. It was the biosynthesis of

these materials that allowed plants to dominate the terrestrial landscape. However, this



did have a catastrophic complication. This evolutionary weaponry was new to the stage
of life on earth and was so successful that it locked up massive amounts of atmospheric
carbon dioxide as cellulose and lignin in a geologically short amount of time. Once
locked in dead plant matter it could not be recycled as there were not yet organisms to
feed on it. This speaks to the difficulty in chemically and enzymatically dismantling
cellulose.* This occurred to such a great extent that it changed the atmospheric
conditions rapidly as the levels of CO,, a greenhouse gas, dropped and is suspected to
have played a major role in one of the five largest extinction events in earth’s fossil
history, the Late Devonian extinction.

This is an example of how cellulose has changed the world in the past. The changes
that current research is aiming at are less catastrophic and more focused on the
betterment of humans’ materials but it is humbling to respect the forces of change that
this unique polymer has left for us and how it has helped create the world in which we
study it today. Several hundreds of millions years after these events, humans took to
investigating this natural material and these endeavors will be the focus of the work
presented in this thesis.

Anselme Payen, 1795 to 1878, isolated cellulose from green plants and first used the
word “cellulose” to describe it.° From work done by Nickerson and Habrle in 1947 we
see evidence of the isolation of portions of cellulose’ with Ranby using X-ray diffraction
to confirm observations that it contains crystalline regions.6 These works would set the
goals of many researchers for decades to follow, from understanding its complicated

structure to employing it for specific purposes.



Three general areas can be assigned to this field; production, characterization and
materialization. The main goal of employing CNC is and will likely be in the material
area in large scale production used alone or in composite. To better facilitate the
potential of CNC, its characterization and interactions on a saccharine level are
essential. Much work has been conducted in this area including discerning its various
crystal forms and understanding its inter and intra molecular chemical interactions. With

this type of information, CNC materials can sooner lend themselves to industry.

Structure

The understanding of the polymeric structure of cellulose has been a world wide effort.
As naturally produced, cellulose is arranged in plants in the cell walls in a layered mesh
of microfibrils. These microfibrils are a kind of cable of many mostly-parallel crystalline
cellulose strands, sometimes called elementary fibrils, which are held together by
dispersive forces and range from 5-50nm in diameter and 1-5 um in length. © The
elementary fibrils are a more ordered chain than the microfibrils and consist of several
dozen strands of cellulose which have, along their length, regions of crystalline and
amorphous cellulose. Cellulose is a repeat polymer of cellobiose units where a
cellobiose is simply two glucose rings attached through an ether linkage referred to as
the glucosidic linkage, bond or bridge. The bonding along the chain is the same
between glucose units and cellobiose units however due to the crystal nature of
cellulose it is sometimes necessary to distinguish into cellobiose rather than simply a

linear collection of glucose. This hierarchy is shown in Figure 1-1.
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Through light chemical treatment or mechanical shearing, long microfibrils composed of
elementary fibrils containing both crystalline and amorphous regions can be isolated,;
these are referred to as microcrystalline cellulose (MCC) or microfibrillated cellulose
(MFC). The elementary fibrils are commonly referred to as nanofibrillated cellulose
(NFC). These names are analogous to nanocrystalline cellulose (NCC) which is a
classic name of the particles left over after the amorphous regions of NFC have been
removed. However the term CNC is a better description of this crystalline product.
MFC and NFC are interesting forms of cellulose and have many commercial
applications due to their fibril length and less intense isolation steps from raw materials.
However, the main focus of this work will be on the further isolated product CNC.

The linkage between glucose/cellobiose is where the full name of cellulose starts,
(1—4)-B-D-Glucan. The 1—4 explains what carbons on the two adjoining glucose rings
engage in the glucosidic linkage. The beta describes the stereochemistry about the
anomeric (C-1) of the glucose unit or the stereochemistry of the glucosidic bond. The
“D” describes the configuration of the monosaccharide residues, in cellulose’s case this
corresponds to the equatorial position. The word “glucan” is the base glucose as that is
the repeat unit of the polymer with the ending changed to “an” to indicate that it is a
homopolysaccharide. Figure 1-2 shows 2 glucose units (cellobiose) in a polymer chain

of cellulose with some of the possible intra-chain hydrogen bonding.

Crystal Structures and Allomorphs
CNC is as the name suggests, crystalline, but does not belong to a single crystal

structure. There are many crystalline domains in natural cellulose and those domains
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can be any of a large number of crystal structures. The crystal structure of natural
cellulose, that is as it exists in various plants and some bacteria, is called cellulose I.
This form is metastable and can be converted to cellulose Il through two methods;
regeneration (solubilization and recrystallization) and mercerization (aqueous sodium
hydroxide treatment).® These two forms, cellulose | and Il, can be converted into
cellulose Ill; and Il respectively. This is accomplished by treating with liquid ammonia
or amines.>"! These two forms, cellulose I, and IlI;, can be converted into cellulose 1V,
and IV, respectively. This is accomplished by treating either of the cellulose III’'s with
glycerol at 206°C."° This interconversion of cellulose’s polymorphs is detailed in Figure
1-3. The final crystallographic distinction was the one that posed the greatest confusion
about this polymer, that is that the natural crystal form named cellulose | was produced
in its living host in one of two crystal forms that would be named cellulose I, and lg."*™"’
It is important to realize the errors that this has introduced into the literature. Before this
realization, the degree of crystallinity and the presence of amorphous regions were
used to explain different spectroscopic results, namely x-ray diffraction and infrared.
Different structures were proposed that fit the data and as such different structural
elements were assigned to various infrared (IR) bands and bogus unit cells resulted
from x-ray studies. With this in mind any assignments that were prior to 1984 should be

carefully investigated with this understanding.

Before much was known about cellulose’s structure, a difference in various infrared

spectra was roughly correlated to “higher” and “lower” plants which would later be

15,18

attributed to the allomorphs, alpha and beta. The terms higher and lower with

respect to plants was based on their evolution, lower plants are simpler and include



algae and bacteria whereas higher plants are vascular and have lignified tissue and
include conifers and flowering plants. The two allomorphs of cellulose |, alpha and beta,
occur in different ratios depending on the plant source and there is no simple rule as to
where each can be found. Within a single microfibril both forms have been observed.'
Cellulose Ig is a thermodynamically more favorable allomorph compared to l5. This is

1420 The most

apparent in that Iy can be irreversibly converted to lg upon heating.
common sources of Iy are valonia, tunicate and ramie whereas the most common
sources of lg Include cotton and various conifer trees referred to as softwood as well as
heat treating any source of I, to convert it to its more stable allomorph. The ratios of the
two allomorphs vary from source to source; this has been an issue in measuring pure
alpha samples as they invariably contain some amounts of beta. Pure beta samples,
one the other hand, are easier to achieve on account of their tending to convert to beta

upon heating.'*%%-22

The ratio of crystal types as well as the degree of crystallinity
depends on the plant source; some sources will yield greater amounts of CNC when
isolated from raw material than others as there are more and/or larger crystalline
regions to begin with.

With this in mind the plant sources that are used to isolate CNC make a big difference,
not only for the nature of the crystal structure but also the size and shape of the
crystalline regions. The cross sections of CNC from different sources vary in
morphology and the assumption of a cylindrical CNC is not always correct as they
frequently adopt a rectangular or parallelogram shape.?>?

The crystal phases of cellulose are well agreed upon in the literature and previous major

discrepancies have been accounted for by the current unit cells that are proposed.
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cellulose |y is a triclinic single chain P1 unit cell where cellulose Ig is a monoclinic two

chain P24 unit cell.

Hydrogen Bonding

The hydrogen bonding network in cellulose is ultimately responsible for the crystal
structure. The covalent bonding and skeletal structure of all cellulose is identical; what
changes the crystallinity is a rotation of single bonds that adopt different hydrogen
bonding networks and thus change the crystal structure. For example, both allomorphs
of cellulose | contain sheets of parallel hydrogen bonded chains. These sheets are
stacked on top of each other and are connected via hydrophobic interactions.'®?® The
difference between alpha and beta are the staggering of these two sheets relative to the
chain direction. Another example is when cellulose | is converted to cellulose lll; by
ammonia treatment."” There is a rotation about the Cs-Og bond such that it is gauche to
0O5-Cs and trans to C4-Cs (gt) as opposed to cellulose | (tg). This breaks the intra-chain
hydrogen bonding that occurred in cellulose | between the hydroxyl of the Og and the O,
of a neighboring residue and replaces it with an inter-sheet hydrogen bond that did not

exist in cellulose I.

Supermolecular Structure

Small angle X-ray scattering (SAXS) has been used to investigate the supramolecular
structure of carboxymethyl cellulose.?® This work was done with industrial applications
in mind but points out the potential for cellulose to have a biological function in plants
that is a result of some larger structural regularity; possibly in the same way that
proteins gain their functionality from their 3D shape. The micro structure of native

cellulose has also been investigated with 13C NMR."”
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Isolation of CNC

Cellulose is the main strength component of plants and is found in all plants and some
bacteria and animals. After nature does the energy intensive work of creating such a
molecule it falls in human hands to isolate it. This is typically done with acids, the most
common of which is sulphuric acid. ??®  The acid will hydrolyze non-crystalline ether
linkages and if properly controlled yield crystalline cellulose domains, also known as
CNC. The source will ultimately dictate what the final dimensions of the isolated CNC
will be. Other acids can be used and yield different surface functionality. Hydrochloric
acid can be used and follows the same hydrolysis mechanism but uniquely yields a
cellulose material that more resembles natural cellulose; the surface groups are

hydroxyl.?

Sulphuric acid is more common than hydrochloric on account of the
resulting aqueous stability resulting from negatively charged sulphate groups on the
CNC surface. Phosphoric acid has similarly been used with the proposed benefits of
both previously mentioned acids.®*® This yields CNC with phosphate surface coverage.
2,2,6,6-tetramethyl-piperidinyl-1-oxyl (TEMPO) mediated oxidation is an isolation
approach that is combined with mechanical methods and results in a carboxylic surface

31,32

chemistry. Other methods have been conducted but the ones mentioned here are

the most common.

Strength of CNC

The nature of CNC gives it great mechanical strength with entangled lengths of
covalently bonded chains that are connected along their lengths with multiple modes of
dispersive attraction and hydrogen bonding. This hierarchy is what leads to the

possible strength of plants from the tallest trees to the smallest algae. Some of the
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reasons CNC have garnered so much attention is the unique combination of

renewability from an abundant natural source along with immense potential strength.

Multiple experiments have been conducted on many cellulose materials with the
intention of gaining values to represent its strength. The most common value, and one
of the most useful in materials engineering is the modules of elasticity or Young’s
modules. This value is trivial to obtain when dealing with bulk materials; it is simply a
matter of measuring the distance the material is deformed when a pressure is applied;
commonly referred to as a stress-strain curve. An example of a stress strain curve is

shown in Figure 1-4.

The strain is a ratio of the distance of deformation to the total length of the sample and
is thus unitless. From this curve there are a number of regions of interest. In the early
stress regions most materials will exhibit a linear response to strain, this is to say the
material is behaving like a perfect spring and obeying Hook’s Law. The slope of this
region is the Young’'s Modules or elastic modulus. Beyond this region materials vary in
the manner in which they eventually fail due to increasing pressure. Bulk materials are
easily measured with machinery sensitive enough to large pressure changes over large
distances. Attempting to make these same measurements on CNC, which is roughly
cylindrical with a diameter of 4-12 nm and length 60-300 nm, can prove to be difficult.
In addition CNC is anisotropic; its axial properties will be invariably different from it
transverse. Furthermore, it has two transverse axes on account of having two planes
that separate individual cellulose chains; the hydrogen bonding plane and its
perpendicular dispersive plane (although in some crystal forms hydrogen bonding is

present in both planes and the term dispersive

13
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plane or hydrophilic plane is not always correct). To solve this problem of scale and
obtain reliable strength numbers many techniques imply results as opposed to directly

measuring them.

The main approaches to measure the elastic moduli in the axial and transverse
directions are computer modeling which will not be discussed in this work. Empirical
tests include applying a mechanical stress while monitoring a bulk sample with X-ray or
Raman spectroscopy. Techniques that focus on a single CNC include AFM 3-point
bending tests and indentation. There is considerable variability in the results obtained
from these different methods and is somewhat to be expected as there is bound to be
variability in different CNC even if they are sourced from the same parent material and
isolated in the same manner. As a result, their relative standard deviations are in the
range of 20 to 30%. This is understandable in that each method involves a number of
assumptions about the samples orientation, degree of crystallinity, ratio of allomorphs

and others specific to each measurement type.

X-ray diffraction (XRD) gives values for the axial elastic modulus to be 120—138 GPa**"

% but it has been noted that this is likely an underestimate as the results assume
prefect orientation of the crystals and perfect load transfer between crystals. Inelastic
X-ray scattering (IXS) of microfibrils has been compared to XRD and ideally would not
be affected by the same load transfer issues as its sensitivity to crystal properties
discriminates the contribution of disordered material.*> This technique gives an axial

elastic modulus of 220 + 50 GPa. It was also able to estimate the transverse elastic

modulus to be 15 + 1 GPa.
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Raman spectroscopy has been evaluated to represent physical properties of cellulose
materials under stress by assuming knowledge of the load bearing bonds that have
Raman active vibrational bands. The sample is mixed with an epoxy to restrain the
fibers and the entire material is stressed causing individual celluloses to be stressed.
The shift in the 1095 cm™ band along with calculations has found the axial elastic
modulus to be between 57-105 GPa in plant CNC, 114 GPa in bacterial CNC and 143
in tunicate sourced CNC.**® Similarly, MCC was analyzed to have an axial elastic

modulus of 25 + 4 GPa.*®

AFM 3 point bending tests have been performed on cellulose samples. CNC was
adsorbed to a surface containing regular grooves 227 nm apart. AFM imaging could
then eventually locate a single CNC that crossed these grooves perpendicularly. This
method is far more experimental than the others but relies on adequate characterization
of the cantilever being used. Axial elastic moduli of tunicate sourced CNC from acid

hydrolysis and TEMPO mediated oxidation were found to be 151 + 29 and 145 + 31
respectively.*® Similarly, Bacterial derived cellulose was measured to be 78 + 17 GPa.

Direct measurements of the less studied transverse elastic modulus have been studied

by nano-indentation. Values of 18—50 and 9 + 3 GPa have been reported.*"*?

Despite the variability in these measurements the values are not immediately useful for
material production. That is to say that creating a bulk material that comes close to
these values would be very difficult, save a single crystal that is on the scale of meters.
The same discrepancy is noticed with carbon nanotubes; despite the highest Young's
modulus ever measured, no bulk material has been produced with comparable strength.

These figures have been glorified to state that cellulose is “stronger than steel” which is
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an unfair comparison considering the relative scale of measure; steel being on the cm
or larger and CNC being on the nano-scale. However, they are promising values. This
is not to say these figures are of no use. There is great use for them in modeling

calculations for CNC when it is used as an additive in composite materials.

Cellulose is a mechanically strong polymer. This strength arises from the rigidity of its
crystalline regions which are held together by a combination of covalent and hydrogen
bonding as well as dispersive forces. Each polymer chain is covalently linked allowing
for a high elastic modulus in the axial direction and a lower modulus in the transverse
direction. This difference is due to the inter chain hydrogen bonding and van der Waals
interactions. This strength is one of the aspects of CNC that makes it such an attractive

material for modern, high preforming materials.

Imaging CNC

Due to the size of CNC, direct imaging of individual particles is relegated to either
electron microscopy (EM) or atomic force microscopy (AFM). Both have been used to
study CNC and each has its own advantages and disadvantages.*> For each technique
sample preparation steps are necessary and introduce their own difficulty. For AFM,
the CNC need to be immobilized on a preferably flat surface, mica is the most common
and well suited for this. A sample preparation issue for EM includes sample staining or
immobilizing on a grid. EM offers a more complete view of both height and width of
fibers as AFM suffers from tip effects which will exaggerate the width. However, AFM
offers more accurate height figure and can give an accurate measure of the surface

44,45

roughness. Since various sources of CNC have various cross-section

measurements such as square, rectangular, and parallelogram "t is important to not
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treat all fibers as if they have equal heights and widths. For softwood and cotton
samples, cotton being the source used in these experiments, the cross-section is
square with dimensions of 6.1 nm and 6.0 nm giving a hypotenuse of distance 7.5 nm.*®

Choosing an imaging method will depend on the information required and one

technique will not be superior in all aspects.

Optical Properties of CNC

CNC satisfy their delegation to the realm of nano materials in that they behave
differently on the nano scale than they do on the bulk. Early indications of this
uniqueness were the observation of birefringent regions in dried-down films of cellulose
crystallites viewed through a polarizing microscope by Marchessault in 1959.4” The
asymmetrical rod-like nature of CNCs permits the formation of chiral nematic
(cholesteric) liquid crystal phases when the concentration in aqueous solution is
sufficiently high.*”*® The pitch of these phases can be in the range of visible light which
makes CNC relevant to optical applications. Furthermore, the pitch can be controlled by
the addition of salts to the aqueous solution permitting control over the observed
birefringence.*® Other factors affect the chiral nematic pitch including size, shape,

dispersity, counter ion, and charge.”***’

Infrared Spectroscopy

The concept of infrared radiation and its association to heat was first realized by Sir
William Herschel in the 1800’s when he was expanding on the concept of the spectrum
of light that was first realized by Isaac Newton in the 1660’s.%> This famous experiment

was observing the temperatures of different colors of light. The colours of a spectrum
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were incident upon different thermometers with a control thermometer out of the visible
and beyond the red light and, as it would turn out, in the IR region. This is illustrated in

Figure 1-5.

The result of the intended control was that it showed a higher temperature than any of
the visible colours. This realization would pave the way for the broad field of infrared
spectroscopy. It would be realized that the energy involved in the vibration of many
common bonds is in this frequency region and would allow a detailed IR spectra. This
in turn offers insight into the presence or absence of specific bonds and functional
groups. The combination of the Michelson interferometer, Fourier transform
mathematics and computers fast enough to calculate the transform in a practical time

frame furthered the potential of IR spectroscopy.

Infrared radiation (IR) can be defined as light with a wavelength longer than the visible
radiation and shorter than radio waves, which is between 0.7 ym and 1 mm. Most
qualitative IR spectroscopy covers the range from about 2.5 to 25 ym, the so-called
mid-infrared range. This range is more commonly expressed in wavenumbers (400 to
4000 cm™). It is within this frequency range that chemical bonds in most organic
molecules vibrate. A vibrating dipole will absorb radiation provided they are both of the
same frequency. This offers the potential to gain an absorbance spectrum of a material
with bands specific to chemical bonds. However, not all bonds will absorb incident IR
radiation. Radiation will only interact with chemical bonds with a change in a permanent
dipole on account of a vibration of that dipole. For this reason, symmetrical molecules

such as diatomic molecules are not active in IR spectroscopy. Examples of
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Figure 1-5. lllustration of William Herschel's IR experiment.
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common bonds that absorb in the IR region (have permanent dipoles) are those formed
between any two of carbon, nitrogen, oxygen, or hydrogen. The strength of IR
spectroscopy is that the nature of the bond produces a distinct absorbance band
position. Tables of group frequencies are available and give common ranges for
various bonds. For example, alkane C-H stretching occurs between 2850 and 3000 cm”
" while alkene C-H stretching occurs between 3200 and 3100 cm™. Also, single bonds
will appear at lower frequencies than double bonds, which will appear at lower
frequencies than triple bonds. Another factor in IR spectroscopy is the mode of
vibration of the dipole. Depending on the symmetry and complexity of the molecule
certain bonds can stretch in multiple ways (symmetrically or asymmetrically) and some
can bend in multiple ways (scissoring, wagging, twisting or rocking). For these modes
to be IR active their motion needs to cause a change in the dipole of the molecule. An
example of this is that an alkane C-H will stretch between 2850 and 3000 cm™ while the
same bonds bending region is much lower in wavenumber, between 1350 and 1470 cm-
'. As long as the stretch or bend occurs at a regular frequency and the vibration results
in a change in the permanent dipole, infrared radiation of that frequency can interact

and those bonds will be IR active.

Within the IR spectrum there is a region where many vibrational modes of common
bonds overlap. The level of detail in this region of an IR spectrum is typically very high
and for this reason has become known as the fingerprint region. It is roughly between
500 and 1500 cm™. The consequence of the complexity is that for larger molecules this
region will appear to have a series of bands that will be the culmination of many modes

and lesser absorbing bonds that will be difficult or impossible to identify. The difference
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in local chemical environments will cause similar bonds to yield a broad absorption
band. For this reason an instrumental wavenumber resolution of 2 cm™ is commonly

used and sufficient.

IR spectroscopy is extremely sensitivity to water. OH groups in water adopt a myriad of
local environments on account of water's high degree of hydrogen bonding. This
combined with a strong dipole and resulting high molar absorptivity values makes water
a broad and highly influencing sample or contaminant and it can easily dominate a
spectrum. Steps have to be taken to adequately dry any sample before a spectrum is
collected if one is looking for peaks where water absorbs.

IR spectroscopy has the advantage of being both a qualitative and quantitative tool. IR
finds use mostly in confirming the presence or absence of certain functional groups and
is complimented by other analytical techniques. There are many very detailed IR

spectra libraries that are useful to compare spectra for identification.

Transmittance Infrared

As the potential of IR spectroscopy began to be realized, different methods of obtaining
spectra were implemented. The most common is simple transmittance IR where a
beam of radiation is passed through a sample. The presence of bonds absorbs certain
wavelengths which results in an adsorption spectrum. This method ideally follows

Beer’s Law, yielding the potential for quantitative measurements.

Attenuated Total Reflectance (ATR)
Another common IR technique is attenuated total reflectance (ATR). With this

approach, the IR signal is internally reflected through a crystal with a high refractive
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index, the sample is pressed against the crystal. As the signal internally reflects within
the crystal, an evanescent wave is produced at the surface of the crystal, which will
interact with the sample and attenuate the signal. This attenuation is compared to a
blank sample and an IR absorption spectrum results. A result of this setup is that the
penetration into the sample is on the order of a few wavelengths or less, so bulk

analysis is not possible and the sample needs to be very close to the crystal.

Infrared Reflection Adsorption Spectroscopy (IRRAS)

This technique is the primary tool of this thesis and will be discussed in more detail than
the others. Infrared reflection absorption spectroscopy (IRRAS) is also broadly referred
to as glancing or grazing angle IR spectroscopy. IRRAS is effective for observing
samples that are close to a smooth metal or glassy carbon surface. As radiation
transits the sample, certain frequencies will be absorbed and will give the user a
spectrum that is a result of the nature of the layer at the metal surface. IRRAS was first
observed in 1959.% The so called “surface selection rule” was defined in 1976.>* The
understanding of the science behind the surface selection rules offered a method to

organize experiments to take advantage of such an effect.

IRRAS has some requirements. Firstly, the surface must be reflective and smooth.
Smooth being relative to the incident IR light which covers a wavelength range from 2.5
to 25 ym, any surface feature should be much smaller than 2.5um to avoid diffuse
reflections. This smooth surface must also be reflective to the incident radiation as
transmitted or totally absorbed light will not give a signal. Secondly, the substrate must
be a material with an abundance of conduction electrons. Thin films of Au, Ag or Pt are

often used. This situation synergizes with a third requirement; the dipole must have a
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component perpendicular to the surface. This is required because the dipole of the
analyte will interact with an induced electric field in the metal and create a virtual dipole
within the metal that will enhance the signal. Fourthly, the incident radiation should be
p-polarized, that is in a plane perpendicular to the surface. Light of this nature will
interact with the analyte’s dipole, a dipole that is enhanced more when it itself is
perpendicular to the surface as mentioned above. Any s-polarized light will show little to
no absorbance as dipoles in the analyte that are parallel to the surface will be effectively
cancelled due to the same enhancing effects of surface-perpendicular dipoles. A
diagram of this “perfect metal” effect is shown in Figure 1-6. The ratio of the signal from
p-polarized light to s-polarized can be as high as 100,000.%° With these four

requirements met, the IRRAS technique can be very powerful.

The effect of the angle of incidence is not simply a matter of having the electric vector of
the incident light perpendicular to the surface, i.e. 90 degrees will not give the highest
signal. This has been explained by Porter et. al and involves solutions to Maxwell’s
equations at a surface when considering the refractive indices of the air, the film and the
substrate.®® The effect of the angle of incidence on the mean square electric field is
show in Figure 1-7. The consequence of the selection rule is that the maximum signal
will ultimately depend on the substrate material. In the case of the experiments
described in this thesis the substrate is gold and an angle of incidence of 80 degrees

was used.

The spectra of IRRAS differ from conventional transmission on account of the surface
selection rule which affects the magnitudes of bands but not their positions. In IRRAS,

like in transmission, IR bands are affected by the nature of the bond providing the dipole
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Figure 1-6. Visualization of dipoles close to a conductive surface
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Figure 1-7. The mean-square electric field at 2000 cm™ as a function of angle of

incidence and polarization at the surface/air interface. Reprinted with permission
from Reference 57. Copyright (1986) American Chemical Society.
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and these factors are lumped together in the molar absorptivity or epsilon as written in
Beer’s law and are specific to each frequency. These factors affect both transmission
and IRRAS signals as the source of these bands are the same. However, in IRRAS
there is another consideration, the angle of the dipole relative to the surface. Since this
dipole is amplified by a virtual dipole present in the metal, its absorption is proportional
to the square of the angle between the surface and the dipole. This means that bonds
parallel to the surface will be invisible to IRRAS and bonds that are closer to
perpendicular will be increasingly enhanced. This has led to applications of IRRAS in

discerning the orientation of surface adsorbed monolayers.>>*"~*"

Advantages

The advantages of IRRAS include monolayer sensitivity on surfaces, which would not
be possible with transmission techniques. Sensitivity is due to the amplification of the
surface perpendicular dipoles as well as the angle of incidence. With an angle of 80
degrees to a gold substrate for example, the radiations path through a monolayer
transits significantly more sample than if the radiation were normal to the surface.
These two factors allow for incredible surface detail with absorption values 25 times

greater than conventional transmission.*®

Disadvantages

Disadvantages of IRRAS include the requirement that the sample to be close to a
smooth metal surface. Some bonding information will be omitted; if such a bond of
interest is desired to be investigated the only solution is to re-orient that bond relative to
the surface. Surface adsorption or surface bonding is popular to tether the sample

close to the surface but this will intrinsically alter the structure near the surface and
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might introduce different abortion band positions. To be responsive to such small
absorption signals, liquid nitrogen cooled mercury cadmium telluride (MCT) detectors
are generally used. Traditional thermocouple or pyroelectric detector exhibit too much
thermal noise. Obtaining background spectra is not as trivial as is in transmittance
modes. Ideally, the background should be identical to the sample with the sample
removed which in the case of species adsorbed to a gold metal slide would be a bare
gold slide. Achieving a clean gold surface is difficult because airborne contaminants
readily adsorb to such a surface. When the sample is as thin as a monolayer, even a
small amount of surface contaminant can be significant. To prevent contamination it is
common to use a gold slide with a protective layer on it such as a long alkane chain
attached to the surface by a thiol group. The stability offered by the chain stacking of
long alkanes provides the required protection. However this introduces into the
background an abundant source of C-H vibration, both bending and stretching, that will
affect the final sample spectra. To deal with this inconvenience a deuterated alkane
chain can be used which will shift the position of these bands into regions that are likely

outside the region of interest.

Spectroscopy of CNC

The study of cellulose has been under investigation for decades and within that
elucidating its various structures has been perused. Spectroscopy has been at the

heart of this work with main contributions coming from nuclear magnetic resonance,

67-69

(NMR)??®® X-ray and neutron diffraction,'" %% infrared spectroscopy, and

Raman spectroscopy.®®">
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Vibrational Spectroscopy of CNC

The complimentary pair of vibrational spectroscopies, IR and Raman, has been applied
to the study of plant substances. A major limitation of IR is its inherent water sensitivity,
and so IR studies have been limited to dry material. Raman spectroscopic signals for
water are weak so this technique offers an advantage of monitoring wet samples.
Although IR has been generally more common than Raman due mainly to instrumental
issues, advances in lasers, filters and detectors have made Raman a capable
candidate. This is due even more so when considering the ability to measure aqueous
samples and uses a highly focused microscope.”” With the combined use of these
techniques a wealth of information has been gathered about cellulose and more specific

to this thesis, CNC.

Infrared Spectroscopy

IR spectroscopy has been widely used for the study of cellulose. Bands due to —OH, -
CH, and C-O stretching are readably observed and interpreted. The level of detail
observed in IR spectra is subject to peak broadening with the main sample source being
the degree of crystallinity (presence of non-crystalline regions) of the material and the
ratios of various allomorphs. The most studied allomorphs are invariably natural
cellulose or cellulose | with its two crystal structures cellulose Iy and Ig. These two are
very similar in that the heavy atoms are in very similar environments but the network of

hydrogen bonding is vastly different.®

IR spectroscopy has been used to differentiate the alpha and beta components in
cellulose 1.2 IR spectroscopy has been used to determine the degree of crystallinity by

calibrating peak ratios to known crystallinity. Namely the ratios of the 1429 to 893 cm™
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™ and 1372 to 2900 cm™.”® IR spectroscopy has been used to determine the surface
sulphate coverage by interpreting the asymmetric S=O at 1250 cm™ and the symmetric
C-O-S at 833 cm™.%® The sensitivity of this approach is inadequate to gain a coverage
value but it can confirm the presence of these groups. When the surface sulphate
coverage was determined with XPS it was calculated to be one third to one half of the
surface hydroxyls® and in another report between 10 and 25%.”° This range of

sulphate was detectable by IR but not quantitatively.

IRRAS of CNC

The IRRAS spectra of CNC have not been reported in the literature. IRRAS has been
used with cellulose to determine the orientation of long alkyl side chains in a Langmuir-
Blodgett film.°" As well, IRRAS combined with ATR has been employed by E Gilli et al
to measure the amount of carboxymethyl cellulose attached to cellulosic films.*® IRRAS
offers several differences when compared to other IR spectroscopy methods. Possibly
the greatest difference is the inclusion of the surface selection rules which will change
the nature of collected spectra. As a result of this, established IR spectral
interpretations which rely on peak magnitude, such as peak ratios, will not be applicable
without reassessing the origins of the signals and establishing a new ratio with
correcting factors. However, for this same reason IRRAS does present spectral

features that are not interpretable from traditional spectra.

A method that gives comparable results to IRRAS has been applied to If cellulose films.
Polarized spectra of these not-completely-disoriented systems allowed for the difference
spectrum of two perpendicular polarizations spectra.”” After subtraction, the result was

a spectrum that would reveal peaks that were preferentially oriented along a unit cell
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axis. The result is a view of the c-axis perpendicular dipoles (as in IRRAS) but without
the enhancement due to the surface selection rules. Some peak heights and band
positions from the work in this thesis disagree with this but most agree and the
assignments that resulted from that work are applicable as a basis for peak

assignments of IRRAS spectrum.

Raman Spectroscopy

Raman spectroscopy has been employed to the study of cellulose. Similarly to the work
done in the late 50’s and early 60’s with IR ratios relating to crystallinity, Agarwal et al
has found a relation between Raman signals and crystallinity.”’ It involves the ratios of
the shifts at 380 to 1096 cm™ with some mathematical constants to correlate with
percent crystallinity. In addition to this he proposed a better fitting multivariate method
obtained from partial least squares (PLS) regression based on the same principals but

involving different shifts.

The spectral contributions of lignin and other carbohydrate polymers found in natural
wood sources observed by Raman spectroscopy have been investigated.’® This study
highlights the potential of Raman spectroscopy to be used to differentiate cellulose from
hemicellulose and lignin which could be useful to determine the quality of manufacturing

of CNC from raw materials.

Total internal reflection Raman spectroscopy (TIR) has been used to monitor the
adsorption, with time resolution, of two molecules (CTAB and TX-100) to a cellulose
film.”® These surfactants exhibit adsorption isotherms as different concentrations of

each as well as mixed solutions are flowed across a cellulose surface. This could be
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comparable to the present work as a method to monitor adsorption to a surface over

time.

The Raman stretching band at 1095 cm™' has been correlated to strain on the glycosidic
linkage. This information has been used to back-calculate strength properties such as

axial elastic modulus.®%*®

Spontaneously-Adsorbed Monolayers

Self-adsorbed monolayers (SAMs) have been used across a broad spectrum of
chemical applications. This is in part due to their ease of preparation and consistent
formation. The ability to create a substrate with well-defined surface topology and
chemistry is at the heart of a SAMs usefulness. Specific to this research, two types of
SAMs will be mentioned, those derived from diazonium salts and those derived from

alkane thiols.

Diazonium Salt Derived Films

Diazonium salts are known for their radical activity to spontaneously or
electrochemically form covalent bonds to certain substrates through a radical
intermediate and can result in multilayer films.2%®% This reactivity and the variety of
functional groups that can be para to the N, make this reaction desirable as a means to
modify surfaces to yield a desired chemistry. An example of the formation of a
spontaneously adsorbed monolayer from an aryl diazonium salt terminated with a

functional group “R” is show in Figure 1-8.

Specific to the work presented here, the novel use of a diazonium radical surface

reaction has been employed to modify a CNC surface with a variety of functional
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groups. This work was pioneered by Dr. Rongbing Du and used NO,; and CF;
functionalized diazonium salts to create the corresponding modified CNC surfaces that
were investigated for their ability to facilitate the addition of modified CNC into high

density polyethylene (HDPE).

Thiolate Derived Monolayers

It has long been known that alkane thiols form SAMs on certain metals.®*® This
chemistry has been thoroughly researched and is well understood making it a powerful
candidate for applications related to the work presented here. Early work includes the
observation of layer formation of disulphides on gold by Allara and Nuzzo. *° Furthering
this work were several groups who saw this stable surface as a candidate for uses such
as protein adsorption and detection.?*88789919%  The combination of a controllable,
organically terminated monolayer and a reflective metal surface lends itself directly to
applications of IRRAS. These conditions satisfy the mandatory condition of a reflective
metal surface (gold) and allow a variety of surface chemistries via choosing different
functional groups to terminate the non-thiol end of the alkane chain. An example of the
formation of a self assembled monolayer from an eleven carbon alkane thiol terminated

with a functional group “R” is show in Figure 1-9.
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Figure 1-8. Formation of a spontaneously adsorbed monolayer on a substrate.

The electron can be produced chemically or by applying an electric potential.
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Figure 1-9. Formation of a self assembled monolayer (SAM) on a gold (111)

surface.
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Surface Functionality and Grafting of CNC

Two main categories can be defined in the surface modification of CNCs, chemical
functionalization and polymer grafting.%'96 Polymer grafting is defined as the bonding of
a polymer to or polymerizing it from a CNC surface. Chemical functionalization is
defined as changing the surface chemistry of a CNC with small molecules. The two are
obviously related with the main difference being the size of the group that is chemically

bonded, or in some cases adsorbed, to the CNC.

The surface chemistry of any material will play major roles in its use. Cellulose is no
different. When compared to other materials, such as carbon nanotubes, cellulose is
somewhat unique in that its production is a matter of isolation from existing raw material
rather than construction from smaller parts; sometimes called building from the top
down rather than the bottom up. This is one reason why cellulose is so attractive;
nature has done the energy intensive work of organizing atoms in such a crystalline
manner. As cellulose exists in its biological host, the surface is patterned with hydroxyl
groups which vary in levels of hydrogen bonding and dispersive attraction to ultimately
yield a larger structure. During a surface modification, these hydroxyl groups are
manipulated to result in a different functional group. Invariably, the first modification will

arise when crystalline portions of cellulose are isolated from some biological host.

Mechanically treating a raw material containing cellulose will separate it into a fibrillar
form containing regions of crystalline and amorphous structure. The surface groups are
hydroxyl, like that of natural cellulose. Crystalline cellulose is isolated from amorphous
regions by chemical removal of the less ordered portions on account of their higher

reactivity due to lack of crystalline steric protection. The resulting surface chemistry and
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functionality are affected by the type of treatment. The most common approach is
sulphuric acid hydrolysis which leaves varying degrees of sulphate groups on the
remaining cellulose surface, the degree of which depends on the acid concentration and
reaction time.?”?® Already we can see a method to control the surface chemistry of an
isolated cellulose material by means of choosing a technique to liberate it from its

amorphous regions.

The dominant reason to modify the surface of a cellulose material is to control the
surface interactions to allow its incorporation into a host material. Another reasons is to
control the chiral nematic nature of CNC suspensions. CNC being dispersible in water
is exploited for isolating it from natural plant material. However being dispersible only in
polar solvents limits their possible use significantly when considering CNC’s
tremendous mechanical strength and trying to incorporate them as additives or fillers in
various materials. Polymer additives are a promising use for this material. After the
isolation step, many methods have been developed to further modify the CNC surface
and they can be divided into two approaches; adsorption of surfactants and covalent

bond formation.

Surfactant Adsorption

Surface adsorption relies on the electrostatic attraction of some surfactant to a charged
CNC surface. For this reason a CNC surface with sulphate or carboxylic acid is
preferred. Examples include cetyltetramethylammonium-bromide (CTAB) which is also
used in metal nanoparticle creation 7 and atactic polypropylene (aPP).98 The nature of
surfactant adsorption to modify CNC works well with layer-by-layer deposition (LbL)

where a surface is alternately immersed in solutions of opposite surface charged
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molecules.®® 10

This provides a mechanism to create macroscopic films. For LbL
technique, the surface charge of the cellulose material is important and can also be

done after a covalent modification to alter the nature of the surface.

Covalent Modification

A far more popular approach to CNC modification is the formation of a chemical bond.
This involves reactivity with the surface available hydroxyl groups or whatever those
groups have been converted to in previous reactions. The polarity, which can imply
reactivity, of the surface hydroxyl groups can be ordered: C2-OH > C6-OH > C3-OH."%
The polarity can be useful to consider when attempting to modify cellulose and to gain
insight into what degree of surface hydroxyl modification to expect. Also, in the
common case of sulphuric acid isolation 10 - 25% of surface hydroxyl groups are
replaced with a sulphate.”® This can have implications when considering surface
chemistry on CNCs. Some of the more common surface modifications are shown in

Figure 1-10.

When starting with natural cellulose, any reaction that involves a hydroxyl group can be
performed. Depending on the desired nature of the final cellulose surface, appropriate
reactions can be selected, and once modified, the product can be used for its
application. For polymer mixing, there is still the challenge of dispersing the modified
CNC throughout the matrix. Various approaches can overcome this problem and some

will be discussed below.
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Figure 1-10. Modification of CNC Surfaces.
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Incorporating CNC as a Matrix Additive

A common end goal with CNC or other cellulose materials is to gain a property
advantage by incorporating them in an existing material. This is usually facilitated by
modifying the surface as discussed in the previous section. Specifically to mechanical
advantages, which cellulose holds much promise, dispersing the CNC about a matrix is
crucial. To accomplish this, several methods that are common to polymer engineering

have been applied to cellulose.

Melt Mixing or Extrusion

Melt-mixing quite simply mixes an additive to a thermoplastic polymer by raising the
temperature above the melting point of the polymer; solvents can be used to facilitate
the integration of the additive to the matrix. The melt is continually stirred, often by a
twin screw device. This agitation permits the dispersion of the additive via shear mixing,
provided they are miscible. From this mixed melt, an extrusion is pulled and cooled and

formed into any desired mold or geometry.

Melt mixing has been applied to cellulose materials including a method to mix cellulose
fibers with a notoriously hydrophobic low density polyethylene (LDPE).' Another study
used polyoxyethylene as a surfactant to facilitate the mixing of LDPE with CNC."® A
major challenge aside from adequate mixing when combining this technique with
cellulose materials is thermal degradation. Only polymers that melt at low enough

temperatures are suitable.
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Solvent Casting

Solvent casting involves dissolving both the polymer and an additive in a suitable
solvent. After sufficient mixing, the solution is cast and the solvent is removed by
evaporation or freeze-drying. Solvent casting allows the precipitating mixture to remain
mixed provided they are compatible in the first place.®'% Solvent casting is similar to
melt mixing but requires less heat. However, it does require solubility of CNC in the

solvent and polymer.

The solvent casting approach to cellulose composites mainly involves water soluble
host materials as cellulose benefits from great aqueous suspension. Commonly used
solvents are THF and DMF and combine cellulose with polymers that are stable in

water, %1%

One aspect of the work presented in this thesis is incorporating CNC into polyethylene
(PE). PE can be solvent cast from decaline or xylene using an antioxidant 2,6-di-tert-
butyl-p-cresol (BHT), high temperatures are required as the PE is basically melted in the
solvent more so than dissolved.'®®'% For this reason solvent casting of CNC in PE is

not suitable.

Electrospinning

Electrospinning allows the manufacturing of fibers with diameters from micrometers to
hundreds of nanometers by applying a voltage between a conductive tip that contains a
polymer/additive blend and a collection plate. The electrostatic forces force a thin cord
of material to be “spun” onto the collection plate. Electrospinning does suffer from the

same difficulty as mentioned before of dispersing CNC in the polymer.
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The issue of CNC dispensability has not hindered the use of electrospinning to create
cellulose composite materials. Habibi and co-workers have used surfactants and
polymer grafting to improve the compatibility of CNC’s in organic media such as THF

and DMF to mix with polymers such as polystyrene and polycaprolactone.''*""?

Co-polymerizing

In the previous CNC modification methods, CNC or modified CNC were mixed with
another material with the main obstacle being dispersing the CNC. In those methods,
modifying the surface chemistry is usually a preliminary step followed by the mixing.
However, modification and mixing can be combined if the graft is also in-situ polymer.
Combing these steps involves attaching a polymer directly to the surface to make the
whole cellulose nanoparticle compatible with that polymer.?®""*"'* This can be carried
out in a mixture of the same polymer which effectively combines the steps. This is
referred to as “grafting-to”. Alternatively, polymers can be manufactured from an active
site attached to the CNC.%® This is referred to as “grafting-from”. “Grafting to” suffers
from steric problems as higher degrees of polymerization will prevent further graft-able
polymers from reaching the cellulose surface. Comparatively, the “grafting-from”
approach allows the growing polymerization more freedom from the bulky CNC and can

lead to longer polymer chains and higher degrees of cross-linking.*°

World Production of Cellulose Nanomaterials

Across the world 1.5x10'? tons of annual biomass in the form of cellulose is produced.®
For comparison the most produced polymer by human industry is polyethylene with an
annual amount of 7.5x107 tones as estimated by the ICIS for the 2012 year. The interest

in CNC for a variety of purposes has been growing throughout the world as higher
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performing materials become expected and even demanded for businesses in

competition in this area. Currently there are several pilot plants worldwide that have

started turning out multi kilograms per day or higher. There is anticipation with all the

interest and buzz that when an application demanding isolated CNC or MFC material on

an industrially large scale is implemented that these plants will be able to facilitate and

take advantage of an up and running operation. These plants can be divided into ones

with a primary aim of CNC or MFC. Most of these are assisted by government

sponsorship from a variety of scientific initiatives.

CNC

Celluforce Inc, Windsor, Canada

Alberta Innovates Technology Futures, Canada
FPInnovations, Canada

US Forest Products Laboratory, United States
Melodea, Israel

Bio Vision Technology Inc., Canada

University of Maine, United States
Innventia, Sweden

Daicel and Nippon Paper, Japan
J. Rettenmaier & S6hne, Germany
Borregaard, Norway

UMP, Finland
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Research Objectives

The issue of understanding the molecular structure of cellulose has proven to be
convoluted. The structural repetitiveness resulting when forming a crystal brings hope
of a discernable and calculable three-dimensional atomic arrangement. With this
information, accurate predictions can be made for individual particles as well as
systems that include such particles. This useful information varies from figures
regarding reactivity to mechanical strength. Regarding cellulose, a great body of
research has been directed towards these goals from the time cellulose was
discovered. Cellulose’s molecular structure will manifest itself in many ways within
many techniques that aim to monitor this polymer. Spectroscopy, including X-ray and
IR, will provide this information with proper interpretation of the results. Despite
concerted efforts by multiple researchers, there are still unanswered questions about
the specific atomic arrangements of this ubiquitous polymer. Its complex multi-crystal
phase composition and transitions between allomorphs lends itself to structural
disagreements within the literature. The work within this thesis partially aims at using
IRASS to monitor CNC and interpret the resulting signals. This work will expand on the

knowledge base of IR band assignments.

Making economically responsible use of CNC has been a struggle. CNC holds promise
in composite materials as an additive to increase strength properties. The gap between
science and industry is difficult to bridge, with the current availability for high
performance materials that plastic engineering can offer and the advantage that
cellulose has of being environmentally produced does not factor into a profitable

advantage. This has not stopped research towards this goal and pilot plants are
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operating to sooner bring the advantages of cellulose to industry. This thesis offers a
method to monitor and compare the molecular interactions between cellulose and
functional groups that are common to many polymers. Functionalizing cellulose is a
means to permit its incorporation into polymer systems. A novel method of CNC
surface modification has been investigated with IRRAS. Furthermore, the incorporation
of this modified CNC into polyethylene was investigated with regards to mechanical

strength enhancement.

Chapter Overviews

Chapter 2

A method to obtain a detailed IRRAS spectrum of CNC is presented. The observed IR
bands are assigned using a combination of factors, namely the surface selection rule
that arises from the IRRAS technique and comparing spectra with those of other
glucose dimers and polymers as well as a comparison with the wealth of existing

infrared studies of cellulose.

Chapter 3

A method to control the experiments presented in Chapter 1 allows observations of the
propensity of CNC to adsorb to controlled organic substrates. Several experimental
conditions were tested; the CNC concentration, the functionality of the substrate to
which the CNC adsorbs, and the ionic strength of the aqueous CNC suspension. All
these factors were observed over time as the CNC were allowed to adsorb to the
substrate. From this insight into the strength of interactions and the density of adsorbed

layers was gained.
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Chapter 4

A novel method using diazonium radical modification to control the CNC surface
chemistry was investigated using the methods developed in the previous Chapters.
NO, and CF; functionalities were imparted to a CNC surface. IR and XPS were used to
confirm the modification. The interactions of these modified CNC were monitored as

they adsorb to controlled organic substrates.

Chapter 5

The modified CNC presented in Chapter 4 were incorporated into a melt extrusion of
polyethylene (PE). The mechanical properties, with focus on elastic modulus, were
investigated.  Virgin PE was compared with PE CNC and PE modified-CNC
nanocomposites. An increase in elastic modulus was only observed with modified CNC
as a nanocomposite additive which reveals the beneficial effects of the novel CNC

surface functionalization.
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Chapter 2
Infrared Reflection Adsorption Spectroscopy (IRRAS)
of Cellulose Nanocrystals (CNC)

Introduction

Cellulose nanocrystals (CNC) are a promising nano material with potential applications
across many fields. Their strategic implementation within other materials has been
used to influence properties such as rheology, mechanical strength, and optics. The
bulk properties of a material created with the incorporation of nano particles can be
greatly affected by subtle structural changes within the nano particles. The general
hierarchy from trees and plants to single cellulose chains is well established. In this
hierarchy there are a number of crystal phases which ultimately exist on account of
specific bonding that are subject to change during stresses such as surface
modifications or thermal treatment. These changes are unavoidable when incorporating
CNC as a material additive. Understanding the specific chemical bonding environments
of CNC during such processes can facilitate the directed use of CNC towards these

goals.

Infrared (IR) spectroscopy has been used to study of cellulose since the early
1940’s.""%1"® The sensitivity to hydrogen-oxygen bonds and detailed fingerprint region
make IR applicable to the study of this crystalline polymer. These observed bands in
the IR spectrum have been assigned with an understanding that bands are invariably a

75,77,117-122

sum of many sources with indistinguishable overlap. Infrared spectroscopy
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has been integral, in combination with other spectroscopic techniques such as X-ray
diffraction (XRD) and nuclear magnetic resonance (NMR), in elucidating the structure of
the celluloses. Most notably, it has offered the suggestion of two crystal allomorphs
within cellulose 1"® that were later confirmed by cross-polarization magic angle spinning
(CPMAS) 3C solid state NMR'?. IR spectra have been interpreted to estimate the
crystallinity of cellulose from peak ratios.”'?*'2* Similar approaches have been carried
out using Raman spectroscopy.”’ The ratio of cellulose | allomorphs have been related
to various band ratios.'>8811® gyiphate groups remain on the CNC surface after the
common step of sulphuric acid hydrolysis is used to isolate CNC from its natural
amorphous regions. These groups have been detected by IR spectroscopy.®® Many
different modification schemes have been exercised with the interest of controlling the
surface chemistry of CNC with the goal of increasing dispensability in various mediums.
The specificity of IR to confirm the presence of functional groups in a sample makes it

an inexpensive spectroscopic candidate to confirm the success of such a modification.

Infrared reflection adsorption spectroscopy (IRRAS) is a technique with specific sample
requirements that offers unique and complimentary information to traditional IR
spectroscopy. IRRAS mandates that the sample be thin enough to avoid diffuse
reflection and close to a reflective conductive surface. IRRAS offers a unique response
that is due to the surface selection rule; the magnitude of adsorption bands is a function
of the angle of the dipole moment relative to the surface. If the orientation of specific
bonds within a sample can be determined, band assignments to specific bonds can be
assisted by this understanding. The crystal structures of CNC have been established

relative to the nanocrystal orientation.?>'?® Atomic force microscopy (AFM) has been
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used to study all types of celluloses. For the application to IRRAS, AFM can be used to
image the reflective surface with adsorbed CNC to learn the orientation that individual
crystals have relative to the surface. The combination of orientation and the crystal
structure will prove useful in the IRRAS study of CNC. IRRAS has been employed
indirectly to CNC in determining the arrangement of long alkyl side chains on a
Lamgmuir-Blodgette film of alkylated 2,3-di-octadecylcellulose®® and to monitor the
amount of carboxymethyl cellulose (CMC) attached to cellulosic films.*®

In Chapter 1 we present a well-resolved IRRAS spectrum of CNC and MFC which are
compared with literature infrared band assignments. Unique information is revealed by
IRASS which elucidates previous IR band assignment ambiguities. The surface
adsorption of CNC from aqueous suspensions to a controlled functional surface has
been demonstrated. Furthermore, second derivative data analysis predicts the

positions of possible under-lying bands within the complex fingerprint region.
Experimental

Reagents and Materials

CNC were obtained from Alberta Innovates Technology Futures (AITF) as dried powder
samples from a cotton source. MFC were obtained from Dr. Yaman Boluk at the
University of Alberta as partly dried samples from a softwood source. The CNC and
was isolated using sulfuric acid hydrolysis and the MFC was isolated using mechanical

refinement and enzymatic treatment.

Deuterated octadecanethiol [HS(CD,)17CD3] (DODT) 98% was purchased from Aldrich

(Milwaukee, WI). 11-amino-1-undecanethiol [HS(CH2)11NH2] HCI (AUT) was from

49



ProChimea (Sopot, Poland). All thiols were used as received. Millimolar thiol solutions

were prepared in anhydrous ethanol (Commercial Alcohols, Brampton Ontario).

Substrate Preparation

The glass substrates were pre-cleaned in piranha solution (1:3 H202:H>S0O4) at 90°C for
15 minutes, rinsed thoroughly with deionized water and dried under Argon. Glass slides
were immediately introduced into the vacuum chamber of a thermal evaporation system
(Torr International Inc.). A 10 nm adhesive under-layer of chromium was evaporated

followed by 300 nm of gold (4n purity).

Monolayer Formation

Self-assembled monolayers (SAMs) of DODT and AUT were prepared on gold
substrates. One mM ethanolic solutions of each thiol were prepared and the gold
substrate was immersed for 48 hours to ensure stable SAM formation. Slides were then
removed and rinsed thoroughly with ethanol to remove unbound thiols. AUT-derived
monolayers were immediately used for experiments to avoid contamination. DODT
were stored in a nitrogen purged environment and cleaned with ethanol before each use

as a background signal.

Infrared Spectra Measurements

IRRAS spectra were collected with both a Mattson Infinity FT-IR spectrometer
(Madison, WI) and a Bruker Vertex 70 FT-IR spectrometer equipped with low-noise
mercury-cadmium-tellurium (MCT) detectors cooled with liquid nitrogen. In both
instruments, the incident radiation was reflected from the sample at 80°. One thousand

scans were collected with a wavenumber resolution of 2 cm™. The sample chamber
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was purged with nitrogen for 8 minutes prior to each measurement to limit interfering
atmosphere signals. A spectrum of the atmosphere of the purged chamber was
subtracted from all spectra to reduce remaining unwanted signal. A background signal
was collected using the DODT substrate. OPUS v. 5.5, Winfirst and Essential FTIR v.
3.00.040 software was used to collect and handle the data. All spectra were manually
and linearly baselined at like wavenumbers: 4000, 3633, 3134, 3013, 2779, 1818, 1406,
1178, 949 and 821 cm™. All samples were subject to mild mechanical stirring via a
magnetic Teflon stir bar at minimal RPM to promote consistent liquid-substrate

interactions.

Transmission IR spectra were collected using a Thermo Nicolet 8700 with attached
Continuum FTIR microscope with 2 cm™ resolution. Data was collected with OMNIC v.

8.3 software and handled with Essential FTIR v. 3.00.040 software.

The second derivative of the IRRAS spectra of CNC was calculated using Essential
FTIR v. 3.00.040 software. For the CO region, a value of 19 was used for the

smoothing window, and for the OH region a value of 37.

Raman Spectra Measurements

Raman spectra were collected with a Renishaw inVia Raman Microscope equipped with
a high performance near IR (HPNIR) diode (785 nm with a 40 x 2 ym spot size, 1200
I/mm) laser and a charged coupled device (CCD) detector. Laser power was 300 mW,
a 50 x microscope objective was used, and the sample integration time was 30 seconds

with 6 acquisitions.
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XRD Calculations

Synchrotron X-ray crystallographic data of cellulose Iz was copied from the
supplementary portion of a paper published by Nishiyama et al.?®> ATOMS v. 6.3
software was used to exact the position of each atom. The angles that bonds made
with the unit cell’'s c-axis were calculated in Excel 2010 using the Pythagorean

Theorem.

Procedure
A method was developed to observe IRRAS spectra of CNC and is dipicted in Figure

2-1.

NH, NH; NH; NH; NH;NH,

p-polarized

_ IR Radiation

To Detector

—>

Figure 2-1. Diagram of method to obtain IRRAS of CNC

IRRAS requires a metal surface. Gold was chosen as it offered the freedom to create a
surface adsorbed monolayer (SAM) with different chemical functionalities. For this
project an 11-amino-1-undecanthiol (AUT) SAM with a terminal NH,/NH3" group was
chosen as it offered electrostatic attraction with the negatively surface charged CNC.
One mM AUT was dissolved in ethanol and fresh gold evaporated slides were
introduced to the solution for 48 hours to ensure a well oriented surface was created.®’

SAMs form within hours of immersion but if a longer time is permitted better stacking of
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the alkane chains ensues and a more stable layer is created. The gold coated slide
with this AUT derived monolayer was then rinsed and immersed in an aqueous solution
of CNC. At a desired time the slide was removed, rinsed in 18 MQ water, dried with

argon and an IRRAS spectrum was collected.

Results and Discussion

IRRAS of CNC

This chapter focuses on interpreting the IRRAS spectrum of CNC adsorbed on a
substrate. We employ IRRAS to characterize the adsorption of CNC to well defined
monolayer substrates in Chapter 3. Chapter 3 shows that monolayers formed from 11-
amino undecanethiol (AUT) adsorb the highest coverage of CNC particles. Amine
terminated monolayers are partially protonated at pH 7 and thus produce a net
positively charged surface.®® The negatively charged CNC interacts electrostatically
with this layer to form a complete layer. Thus, for the results described below, we
chose the AUT-derived monolayer as the substrate to support CNC particles for IRRAS

characterization.

Figure 2-2 contains a 2 x 2 ym AFM image of a CNC layer adsorbed to an AUT derived
monolayer from a 0.0015% aqueous solution. The CNC film contains individual
particles that are 7 + 3 nm in diameter and 130 £ 50 nm in length. The thickness of this
film as measured by AFM scratching is roughly 7 nm indicating monolayer coverage of
the CNC. The thickness measurements will be described in more detail in Chapter 3.
The long axes (c-axes) of the CNC particles are mainly oriented parallel to the surface,

which will be important to the spectral interpretation described below.
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Figure 2-2. 2 ym x 2 ym AFM height image of CNC adsorbed to an AUT derived
SAM.
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Figure 2-3 contains IRRAS spectra of the AUT derived monolayer substrate and of a
CNC film adsorbed from a 0.0015% solution. The spectrum of the AUT monolayer is
similar to those reported previously.®*® Bands in the region around 2900 cm™
correspond to C-H stretches. The most intense band in this region is the asymmetric
CHj stretch and is located at 2922 cm™ indicating that the alkyl chains in the monolayer
are densely packed but not perfectly crystalline.®” Low absorbance bands at 1465 cm™
are attributed to the CH, bending deformation, and 1550 cm™ which has been assigned
to the bending deformation of the protonated amine group (i.e., -NHs* deformation).®
Importantly, this spectrum is consistent with a well-ordered monolayer terminated in —

NH, and —NH3" groups.

The spectrum of the adsorbed CNC layer in Figure 2-3 exhibits most of the
characteristic bands reported in IR spectra of CNC.”""19126-128 Three relatively well-
resolved bands are observed in the O-H stretching region between 3100 and 3550 cm™.
The intensity of the bands in the C-H stretching region around 2900 cm™ increases
relative to the AUT substrate. The contribution of C-H stretching absorbance from both
the substrate and CNC complicate interpretation of these modes. The fingerprint region
contains a variety of C-O stretching modes as well as C-H bending modes. The bands
with negative absorbance in the 2200 cm™ region are C-D stretches from the deuterated
reference sample. The bands in the IRRAS spectrum of adsorbed CNC will be assigned
and compared to those in a transmission spectrum of randomly oriented CNC particles.
As a starting point, we expect the intensity of the bands in the IRRAS spectrum to be
governed by the IRRAS surface selection rule. That is, modes with a dipole moment

with a large component
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Figure 2-3. IRRAS spectra of CNC adsorbed to and AUT derived SAM and the

spectra of just an AUT derived SAM. Both are baseline corrected.
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perpendicular to the surface will exhibit greater absorbance relative to those with a
smaller perpendicular component. The finger print region is a culmination of the
apparent, strongly absorbing C-O bonds and the weaker absorbing C-C stretching, C-H
bending and C-O bending. Thus, assignments based on intensities predicted by bond
angles contain some uncertainties. To help guide us in understanding the various bond
angles and in the spectral interpretation we consider the crystal structure of CNC

reported by Nishiyama et al.®

The crystal structure of cellulose was interpreted and the orientation of the most
common configurations of the C-O bonds in cellulose | B relative to the c-axis were
calculated as described in the Experimental section. Figure 2-4 shows the structure of
part of a single chain of cellulose identifying the c-axis and labeling the various carbons
and oxygens. Table 2-1 contains the various C-O bonds for cellulose and their
calculated angle relative to the c-axis. Also listed are the predicted IRRAS relative
intensities based on the surface selection rule and suggested bands corresponding to
each bond. The structure of cellulose IB is characterized by 2 parallel chains with
slightly different conformations that organize into sheets and ultimately form a

monoclinic unit cell. Accordingly, Table 2-1 contains bond angles for each chain.

Based on the AFM image in Figure 2-2, the CNC particles are arranged on the AUT
substrate such that the c-axes are more-or-less parallel to the metal film. It is known
that different edges of a CNC particle possess different chemistries arising from the
crystal edges parallel or perpendicular to the plane separating the hydrogen bonded

chains — sometimes called the dispersive plane. The AFM image does not have the
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capability to determine if there is a preferential radial orientation to adsorb to the surface
and we assume that the CNC particles adsorb with random radial orientation. Thus the
sample is oriented relative to the electric field of the incident IR radiation. The sample
for the transmission measurement was solid CNC powder sandwiched between KBr
plates and is randomly oriented relative to the incident radiation. Comparing the IRRAS
spectrum to the transmission spectrum provides further positive support in the
identification of certain bands as we know their c-axis projection magnitudes. The
IRRAS and transmission spectra of CNC samples are compared. For clarity, the plots
are separated into the OH stretching region (Figure 2-5) and the CO stretching region
(Figure 2-6). The transmission spectrum had to be divided by 300 to bring it to the

same scale as the IRRAS.

Table 2-1. Bond angles to the c-axis calculated from crystal data collected by

|.25

Nishiyama et. al.”” of cellulose 1B using Atom Software.

Angle to c-axis IRRAS band
Bond IRRAS intensity
Chain1 | Chain2 | assignment(cm™)
C4-01 32° 32° N/A N/A
C1-01 33° 33° N/A N/A
C2-02 68° 72° 1115 Most intense
C3-03 49° 52° 1061 2" most intense
C6-06 42° 46° 1035 3 most intense
(dominant) (adopts multiple
configurations)
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Figure 2-5. IRRAS and transmission IR of CNC in the OH region. * indicates peak
positions determined by 2" derivative analysis using Savitsky-Golay
Quadratic/Cubic. The manipulation was done with Essential FTIR v3.00040 and
used a software Smoothing Window value of 21. The transmission spectrum was
divided by 300 and then shifted upwards 0.005, the IRRAS spectrum was

unchanged on these axes.
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Figure 2-6. IRRAS and transmission IR of CNC in the CO region. * indicates peak
positions determined by 2" derivative analysis using Savitsky-Golay
Quadratic/Cubic. The manipulation was done with Essential FTIR v3.00040 and
used a software Smoothing Window value of 21. The transmission spectrum was
divided by 300 and then shifted upwards 0.005, the IRRAS spectrum was

unchanged on these axes.
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1163 cm™

The assignment of this band is well established as the glycosidic asymmetric stretch,
C1-01-C4, 7102117.119126-128  The presence of this band in the powder spectrum and its
absence in the IRRAS spectrum in Figure 2-6 is the key example of the influence of the
surface section rule on IRRAS intensities in this sample. This bridging ether forms a
dipole that is parallel to the c-axis as the crystal structure shows the C4-O1 and C1-O1
bond angles relative to the c-axis at 32.0 and 32.1 degrees respectively. Hence, we
expect only a minor component of the dipole moment of this mode to be perpendicular
to the metal film resulting in low IRRAS absorbance. Here, the absence of this band in
the IRRAS spectrum is a positive assignment on account of its presence in transmission

IR spectrum.

1115 cm™

This band has been assigned to the C2-O2 stretch.”” The absorbance of the C2-02
stretch in the transmission spectrum (1113 cm™) is of medium intensity consistent with a
moderate molar absorptivity relative to the other bands. However, this band exhibits the
largest absorbance in the IRRAS spectrum. The C2-02 is the most perpendicular of all
the C-O’s with an angle of 68° relative to the c-axis as listed in Table 2-1. We would
thus expect this band to exhibit the highest absorbance in the IRRAS spectrum, which

agrees with the observation in Figure 2-6.

1060 cm™
This band has been assigned to the C3-03 stretch and exhibits the highest absorbance

in the transmission spectrum. Table 2-1 shows the absorbance of the C3-O3 mode is

62



expected to be less enhanced than the C2-O2 band in the IRRAS spectrum due to its

angle of 49° relative to the c-axis. This is consistent with the observation in Figure 2-6.

1035 cm™ - 1005 cm™ — 985 cm’™

Bands in this region are generally assigned to C6-0O6 stretch of the primary alcohol.
Band positions of primary C-O stretches are generally of lower wavenumber than
secondary. The powder spectrum contains only one discernable band in this region at
1036 cm™, while the IRRAS spectrum reveals 3 well-resolved bands. Maréchal and
Chanzy preformed polarization resolved IR spectroscopy on cellulose films and have
suggested that variations in hydrogen bonding at O6 results in slightly varied
conformations of the cellulose IB crystal by a rotation about the C5-C6 bond.”” Two of
these possible conformations have the O6 inter- and intra-chain hydrogen bonded.
These environments were assigned to the 1035 cm™ and 1002 cm™ bands. Hydrogen
bonding within the same chain has been reported as the least probable configuration
and the weakest H bond. Thus, the 1035 cm” band is assigned to the inter-chain
conformation and the 1002 cm™ band is assigned to the C6-06 of the interchain H-
bond. Certain conformations within the cellulose I crystal should contain some O6 that
are involved weakly or not at all in H bonding. The C-O stretch of such a weak-
hydrogen bonded group would appear at a lower wavenumber relative to groups
involved in stronger H-bonding. We thus tentatively assign the 985 cm™ band to
non/weakly-H bonded C6-O6. The transmission spectrum shows a weak band at 1016
cm™”. This band is unique to the transmission spectrum and has been tentatively

assigned to a minor conformation of the C6-06.”" The absence of this band from the

IRRAS suggests this mode adopting an angle parallel to the c-axis.
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1145 cm™

This band is observed as a shoulder in the IRRAS spectrum. This band has been made
visible due to the absence of the overwhelming glycosidic asymmetric band centred at
1160 cm™. A band at 1145 cm™ has not been reported in cellulose spectra but is
present in the powder spectrum of maltose available from the NIST database.’® The
structure of maltose is characterized by a a(1—4) glycosidic bond and thus a strong
1160 cm™ band is absent and bands at 1204 cm™ and 1145 cm™ are present. The
bands at 1145 cm™ and 1205 cm™ in both cellulose and maltose suggests their origin of
a mode that is common to both. We assign the band at 1145 cm™ to a ring ether

vibration.

1205 cm™

There is disagreement in the literature about assigning the 1205 cm™ band to either the
C-O-C glycosidic stretch or the C-O-C stretching mode of the pyranose ring. The
spectrum of polymer hyaluronan makes it clear that this band is due to one of these two
modes. '*® Hyaluronan is an alternating B(1—3)/B(1—4) linked polysaccharide that is
similar to cellulose in that it contains a pyranose ring and glycosidic ether. The
environments about these two modes are similar due to equivalent hydrogen bonding in
these two polymers. From the spectrum of hyaluronan, bands at 1160 cm™, 1205 cm
and 1145 cm™ are observed.”™ All other bands are different from cellulose as they
arise from different C-O and carbonyl groups. The commonality of bonds and bands
supports their correlation. To assign the 1205 cm™ to one of these modes we will look
at the spectrum of maltose from the NIST database with similar logic to that of assigning

the 1145 cm™”. By changing the nature of the glycosidic bond we see the
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disappearance of the 1160 cm™ band but the persistence of the 1205 cm™ and 1145 cm”
' which brings us to conclude the 1205 cm™ being of a pyranose ring origin. The
spectrum of cellobiose from the NIST database shows bands at 1206 cm™, 1147 cm”

and 1168 cm™, which are consistent with our previous band assignments.

3301 cm ™" - 3352 cm™ - 3411 cm™

The OH stretching region of the IRRAS and transmission spectra of CNC are compared
in Figure 2-5. The OH region of the spectra shows resolved bands despite the broad
nature of OH infrared vibrations. Three bands are present with obvious components
from other OH modes contributing to the broad background. Two bands at 3411 and
3301 cm™" present in the IRRAS spectrum are identical to what is seen by Maréchal
and Chanzy’’ in position but differ in relative magnitudes due to the nature of the
surface selection rules in IRRAS. The third peak at 3352 cm™ is unique to the IRRAS
spectrum. We adopt these assignments of 3411 and 3301 cm™ being of the O6H6
dominant and minor configurations respectively. Free or weakly hydrogen bonded
hydroxyl groups absorb at higher wavenumbers than their hydrogen bonded
counterparts and as such the weakly hydrogen bonded dominant O6H6 configuration
will exhibit bands at the highest wavenumbers of all the of primary alcohol
configurations. This is the dominant C606H6 configuration and shows an OH with
weak hydrogen bonding and a stretch at 3411 cm™ and a CO with strong hydrogen
bonding and a stretch at 1035 cm™. The IRRAS band at 3352 cm™ is close to a band
presented by Marechal and Chanzy and results from the combination of multiple modes

that sum to a band at 3345 cm™ in transmission IR. When subject to the surface
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selection rule this band shift to 3352 cm™. The largest contributing mode to this band is

the C303 and we assign it accordingly.

Comparing CNC to MFC

The adsorption of monolayers of CNC on an AUT-derived monolayer allowed spectral
interpretation of CNC with appropriate band assignments. The same method was
applied to a sample of MFC prepared from softwood. The AFM image in Figure 2-7
shows the orientation of both MFC and CNC prepared for analysis with the main
difference being the much longer length of MFC. The orientation of both celluloses is

important for the spectral characterization of specific bonds.

Figure 2-8 and Figure 2-9 contains IRRAS spectra of CNC and MFC adsorbed from a
0.0015% solution in the OH and CO stretching regions respectively. Bands in both
samples show expected similarity in band position with the largest shifts of 5 cm™. The
MFC spectrum exhibits poorer resolution of bands on account of the ratio of crystalline

to amorphous content.

The appearance of the glycosidic asymmetric peak at 1163 cm™ in the MFC spectrum is
an indicator that not all the MFC are positioned parallel to the surface. The bonds
giving rise to this band are occasionally oriented more perpendicular to the surface
allowing them to absorb incident radiation. Even this weak presence is enough to

overshadow the small peak at 1145 cm™.

Aside from broadening, we see a change in the apparent magnitude of some peaks.
This is due to variable angles between the bonds of the MFC particles and the surface

that does not occur in samples of CNC. This can be attributed to amorphous content
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Figure 2-7.
SAM.

AFM height image of CNC (left) and MFC (right) on an AUT derived

67



0.013

0.011

0.009
0.007
] MFC
=
w©
D
S
9 o000
]
<
0.003
CNC
0.001
-0.002
3,750

3,500

3354

3408
3306

3411
3352
3301

Wavenumber {cm™)

3,250

3,000

Figure 2-8. IRRAS of CNC and MFC in the OH region. The MFC spectrum was
divided by 4 and then shifted upwards 0.005. The IRRAS spectrum was

unchanged on these axes.

68



0.013

30}
0
Q
i

i
— [2,9]
i m
i o
—

Absorbance

-0.002
1,800 1,550 1,300 1,050 800

Wavenumber (cm™)

Figure 2-9. IRRAS of CNC and MFC in the CO region. * indicates peak positions
determined by 2" derivative analysis using Savitsky-Golay Quadratic/Cubic. The
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and particles not adsorbing parallel to the surface. This region is composed of many
vibrational contributions, of which only several are assigned and magnitude differences
between the two spectra could be due to a change in magnitude of any number of

underlying bands.

2" Derivative Spectrum

Second derivative data analysis has been applied to the IR spectra of cellulose®' 131132
with the limitation arising from lack of detail in the original spectra. The detail present in
the IRRAS spectrum in the CO region is better than can be obtained by transmission IR
spectroscopy. lIts 2" derivative was calculated to gain the position of some bands that
were not fully resolved. Small contributing bands that are overshadowed by larger ones
are more likely to yield incorrect results using this data analysis.”® The IRRAS

spectrum of CNC is compared with its 2" derivative in Figure 2-10 across the CO

stretching region.

There are many possible peaks revealed that are not easily visualized when looking at
the original spectrum. However, due to the sloping background in the lower
wavenumbers and a parabolic background across the entire spectrum it is possible that
these band positions are artifacts due to the operation. With that disclaimer, a list of
possible band positions in this CO region of CNC follows with the resolved bands in the
original spectrum in bold: 1456, 1436, 1317, 1207, 1146, 1134, 1125, 1115, 1103, 1093,
1086, 1077, 1062, 1045, 1035, 1020, 1007, 1003, 984, 967 cm™". Although bands at
some of these positions have never appeared in vibrational spectra of CNC and support
their observation as an artifact of the calculation, some have been observed. For

example, a Raman spectrum of the same CNC used in these experiments shows shifts
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at 1127, 1098, 1077, 1064, 1045, 1038, 1000 and 964 cm™ among others. Raman
spectrum of tunicate show strong peaks at 1095 cm™ and are assigned to the glycosidic
bond.* Samples of CNC isolated from Whatman show strong Raman peaks at 1094
cm™ and 1120 cm™.”" An infrared band at 1075 cm™ has been assigned to a ring C-O-

C mode.”’

Figure 2-8 shows the OH stretching region in the IRRAS spectrum of CNC and reveals
more noise than the CO stretching region and many 2" derivative band positions
collected in the OH region are likely artifacts of the mathematical operation. When this
approach was attempted on our cotton samples, which is dominantly Ig with a small
amount of |y, bands at 3270 cm™ and 3242 cm™ could be seen. These bands are

1821117 However, to

assigned specifically to the Iz and Iy crystal phases respectively.
manipulate the software’s “smoothing window” figure to obtain these designations, a
large number of other bands appeared that could not be interpreted. For this reason it

is currently not suitable to assign bands in the OH stretching region of an IRRAS

spectrum of CNC based on 2™ derivative analysis.

If bond to band specificity were fully assigned for CNC then simple deconvolution
calculations could follow specific bonds through processes such as crystal phase
changes or chemical reactions. However, it is unlikely that complete band assignments
will be comprehensive in this complex fingerprint region. With the work that has been
done here, we offer new insight into the structure of CNC and offer a method to observe

cellulose materials.
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Table 2-2. Wavenumber assignments for peaks observed in IRRAS of cotton

CNC.
Wavenumber Assignment Type References
(cm™)
3411 06-H6 Stretch 728
3352 O3-H3 Stretch 7117128134
3301 06-H6 Stretch 77117 128,134,135
2922 CH; Asymmetric C41 AUT Stretch 2
2854 CH, Symmetric Cy; AUT Stretch 2
~1650 Broad Absorbed Water Bending 127
1460 CH, of Cellulose and AUT Bending scissor 219
1366 (minor peak) CH or OH Bending 122
1336 OH In plane bending .
1315 OH In plane bending et
1205 C1-05-C5 Pyranose Ring mode | ”*
1145 C1-05-C5 Pyranose Ring mode
1115 C2-02 Stretch "
1161 C1-01-C4 Glycosidic 77,119,127,135
(not present) Asymmetric Stretch
1090-1095 C1-01-C4 Stretch 39,136
(Raman)
1056 C3-03 Stretch e
1034 06-C6 Stretch — Dominant 77.119.127.132
conformation
1016 . . Stretch — minor 77.127
- ? )
(not present) C6-06 Minor conformation conformation

1005

06-C6 Minor conformation

Stretch - Secondary

conformation

127

985

06-C6 Minor conformation/ CH,?

Stretch/bend

127
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Conclusion

The detailed IRRAS spectrum of CNC has been recorded and analyzed and a list of
band assignments are presented in Table 2-2. |IRRAS offers unique insight into the
structure of this abundant polymer with many band assignments agreeing with literature.
It does open some room for disagreeing with pervious assignments due to the
complexity of bonding modes absorbing in the fingerprint region. We have confirmed
assignments in the CO stretching region by relating band magnitudes with their known
angles to the c-axis based on the selection rules inherent in IRRAS. We have assigned
the bands at 1205 cm™ to a ring mode and observed for the first time a band at 1145
cm™ in the IR spectrum of CNC. We assign this to a ring mode. Some assignments
have been left with a “?” indicating that this work offers no elucidation into the bands
origin. In these experiments, a gold surface with an amine/ammonium terminated
alkanethiol derived SAM was used to adsorb CNC to collect an IRRAS spectrum. This
situation offers the possibility for a myriad of unique surface environments that interact
with CNC. The nature of CNC to adsorb to different surfaces functionalities is of value

and will be the topic of Chapter 3.
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Chapter 3
Adsorption of CNC to Organically Tailored SAMs

Introduction

In Chapter 2 the acquisition and interpretation of IRRAS spectra of CNC was described.
In this chapter, IRRAS will be used to explore the nature of CNC to adsorb on

functionally controlled surfaces.

Cellulose nanocrystals (CNC) are a promising nano material with potential applications
across many fields. Their strategic implementation with other materials has been used
to influence properties such as rheology, mechanical strength, and optics.’>%9%:96.105.137=
'“ This is accomplished by incorporating CNC in some form into a host material. One
challenge faced when CNC is mixed with materials such as polymers is the

hydrophilicity of the CNC surface. This ultimately governs the interfacial interactions of

the material.

The interactions between CNC and various functional groups are of great interest in
employing CNC as an additive to any chemical system. CNCs can be modified to meet
certain compatibility criteria. Sulphuric acid isolated CNCs have negative surface
sulphate groups which permit stable aqueous suspensions on account of electrostatic
effects. This is useful for suspension in polar solvents and permits mixing with polar
polymers but these CNC are not well suspended in non-polar solvents. If this is desired

a surface modification is performed. IRRAS can offer a method to monitor the attraction
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between CNC and a surface tailored with a functional group to model the expected

interactions that would be present in a composite system.

Chemical force microscopy has previously been used to directly monitor the attractive
forces between functional groups and cellulose materials.’*® In this work, gold AFM tips
were modified with functionalized alkane thiols, much like in the procedure outlined in
this chapter. The pull-off-force or adhesion force required to remove the tip after
contact with a cellulose film was monitored with several functional groups over several
pH’s.

Tunable cellulose surfaces have been prepared via layer by layer (LbL) assembly.'#¢-148

The LbL technique involves alternating immersion between a CNC solution and another
solution or repeated application of a CNC solution via spin coating. The difference
between these methods to grow CNC layers and the current research is that in the
former, polyelectrolyte multilayers were formed with CNC and poly(allylamine
hydrochloride) or poly(di allylamine hydrochloride) with the intent of increasing the
mechanical strength of the layers. This layering of alternating anionic and cationic
species allows continual film growth up to 500 nm. The experiments presented here are
not focused on mechanical strength or increasing layer thickness but rather the natural

tendency for CNC to adsorb from aqueous solution to surfaces.

When forming a film at an air/liquid interface, the solvent will evaporate and the CNC
concentration will increase. Past some critical value, a liquid nematic phase will form."®
Varying the ionic strength of the aqueous CNC suspension will alter the pitch of the

cholesteric planes resulting in some control over the colour of iridescence.**'° A
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decrease in double layer thickness increases the chiral interactions between the
crystallites resulting in a blue shift in iridescence. As well, CNC surface chemistry

alters the gelling nature of concentrated CNC suspensions. ™’

In Chapter 2, an NHo/NH3" terminated alkane thiol was used to create a spontaneously
adsorbed monolayer (SAM) on a gold slide for the purpose of collecting IRRAS spectra
of CNC. This satisfied the IRRAS requirement of a reflective smooth surface as well as
offers the means to control the terminal group of the SAM. The SAM allows an
electrostatic means for the negatively surface charged CNC to spontaneously adsorb to
the positive amine/ammonium. Thiols with a variety of terminal functional groups can
also be utilized to monitor the adsorption to these surfaces from solutions of various
compositions. Two parameters, the surface and the solution, were controlled and the

resulting adsorbed CNC films were characterized.
Experimental

Reagents and Materials
CNC were obtained from Alberta Innovates Technology Futures (AITF) as dried powder
samples from cotton and softwood sources. In both cases, the CNC was isolated using

sulfuric acid hydrolysis.

Deuterated octadecanethiol [HS(CD,)17CD3] (DODT) 98% was purchased from Aldrich
(Milwaukee, WI). 11-amino-1-undecanethiol [HS(CH2)1NHz] HCI (AUT), 11-hydroxyl-1-
undecanethiol (HUT), 11-carboxyl-1-undecanethiol (CUT) and dodecanethiol (DDT)

were purchased from ProChimea (Sopot, Poland). All thiols were used as received.
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Millimolar thiol solutions were prepared in anhydrous ethanol (Commercial Alcohols,

Brampton Ontario).

Substrate Preparation

The glass substrates were pre-cleaned in piranha solution (1:3 H202:H>S0O4) at 90°C for
15 minutes, rinsed thoroughly with deionized water and dried under Argon. Glass slides
were immediately introduced into the vacuum chamber of a thermal evaporation system
(Torr International Inc.). A 10 nm adhesive under-layer of chromium was evaporated

followed by 300 nm of gold (4n purity).

Monolayer Formation

Self-assembled monolayers (SAMs) of DODT and C44 thiols were prepared on gold
substrates. One mM ethanolic solutions of each thiol were prepared and the gold
substrate was immersed for 48 hours to ensure stable SAM formation. Slides were then
removed and rinsed thoroughly with ethanol to remove unbound thiols. Thiol-derived
monolayers were immediately used for experiments to avoid contamination. DODT
were stored in a nitrogen purged environment and cleaned with ethanol before each use

as a background signal.

Infrared Spectra Measurements

IRRAS spectra were collected with both a Mattson Infinity FT-IR spectrometer
(Madison, WI) and a Bruker Vertex 70 FT-IR spectrometer equipped with low-noise
mercury-cadmium-tellurium (MCT) detectors cooled with liquid nitrogen. In both
instruments, the incident radiation was reflected from the sample at 80°. One thousand

scans were collected with a wavenumber resolution of 2cm™. The sample chamber was
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purged with nitrogen for 8 minutes prior to each measurement to limit atmosphere
signals. A spectrum of the atmosphere of the purged chamber was subtracted from all
spectra to reduce remaining unwanted signal. A background signal was collected using
the DODT substrate. OPUS v. 5.5, Winfirst and Essential FTIR v. 3.00.040 software
was used to collect and handle the data. All spectra were manually baselined at like
wavenumbers: 4000, 3633, 3134, 3013, 2779, 1818, 1406, 1178, 949 and 821 cm™. A
consequence of this background method are the apparent troughs and peaks that are a
result of the signal dropping due to detector insensitivity towards 800cm™ that can be
observed in a single beam background spectrum. All samples were subject to mild
mechanical stirring via a magnetic Teflon stir bar at minimal RPM to promote consistent

liquid-substrate interactions.

Zeta Potential and Dynamic Light Scattering

A Zetasizer Nano-ZS of the nanoseries from Malvern (United Kingdoms) was used to
collect zeta potential and dynamic light scattering measurements. All data presented on
the sizes of CNC in solutions and the zeta potential was within the measurable ranges
of the instrument specifications. The 1.0 M NaCl solution was not able to yield a zeta

potential result due to the high ionic strength, this was expected.'®?

Procedure

A method was developed to observe IRRAS spectra of CNC and is depicted in Figure
3-1. As a metal surface was required to employ IRRAS, gold was chosen as it offered
the freedom to create any functional group as terminal ends of an alkane chain that
would be desired within the scope of this project. On the left side of Figure 3-1 this

surface
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Figure 3-1. Diagram of method to obtain IRRAS of CNC over time by re-immersing

slides.

modification is represented with a terminal group R. At time intervals the slide was
removed, rinsed in 18 MQ water, dried with argon and an IRRAS spectrum was
collected. The sample was then re-immersed in the aqueous CNC solution until another

sampling cycle was desired.

Mechanical stirring of the solution

Variable mass transport of CNC to the surface was thought to result in differences in
signals for identical runs. A magnetic stir bar was added to the solutions to investigate
this occurrence. Upon the addition of a stirrer, signals had lower standard deviation. All
reported spectra and peak heights were obtained from a CNC solution with a stirrer

present.
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Peak height measurements and CNC surface coverage

Collected IRRAS spectra show a variety of bands in the IR region. To estimate a
surface coverage from this data requires some assumptions. It is assumed that surface
coverage is uniform across the slide area from which the incident beam reflects. This
seems reasonable because the slides appear to be smooth to visible light and would be
reflected even more regularly by longer wavelength IR radiation. It is assumed that
surface coverage will scale linearly with signal. As a measure of surface coverage the
absorbance of the most prominent band, which was the band at 1115 cm™ was chosen.
A baseline was made between nearby troughs at 1297 and 1015 cm™. The left point of
the peak’s baseline was close to zero absorbance. The right point was not near the
baseline. Towards the lower wavenumbers the detector response starts to diminish and
there is no response below 800 cm™. In different runs there are significant differences
in the rate of signal drop off making the region below 950 cm™ irreproducible and thus a
poor choice for a baseline point when accurate band height is important to the method.
For this reason, a trough between the two peaks at 1035 and 1001 cm™ were chosen to
mark the right boundary of the 1115 cm™ band’s baseline. As peaks become larger this
trough will occur at a higher absorbance value and the surface coverage will be
underestimated. This effect will not change the peak height significantly beyond what is

required for this study. All surface coverage estimations were done using this metric.

Hornification
An unintended consequence of the cycling method is that the surface is continuously
being dried and wetted. This has an effect on CNC as drying CNC will alter its

properties. The term hornification is given to this phenomenon of the change in
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3 Hornification is described as the formation of

properties of cellulose upon drying."
irreversible or partially reversible hydrogen bonding in wood pulp upon drying. It is
ascribed to the physically proximity between cellulose fibrils that is permitted when
sufficient amounts of water are removed. Its importance in this project is that samples
are continuously cycled through the CNC suspension and the instrument wherein each
cycle involves drying and wetting. Changing the CNC-CNC interactions will invariable
change the nature of CNC to adsorb from solution. Figure 3-2 illustrates this effect.

Three identical samples with an AUT SAM were immersed at the same time (time zero)

into an aqueous CNC solution and measured at various times.

Figure 3-2 shows the absorption at 1115 cm™ vs. time for three samples that differ only
in the measuring intervals. All were all immersed in identical CNC suspensions at time
zero. All samples showed an increasing in surface coverage over time, which is
expected with the initial assumption that more time would allow more CNC to adsorb.
This plot indicates that a cycle of drying and wetting accelerates subsequent adsorption,
presumably due to the surface adsorbed CNC stacking/settling upon drying that allow
subsequent CNCs to adsorb. For this reason it is critically important to measure each

sample identically if they are to be compared to one another.
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Figure 3-2. The effect of hornification. All samples were immersed at time zero
and sampled at times shown. The diamond series was sampled at time intervals
of 1, 4, 8, 24, 120, 124, 144, 168 and 288 hours. The square series was sampled at
time intervals of 24, 120, 124, 144, 168 and 288 hours. The triangle series was
sampled at 120, 124, 144, 168 and 288 hours.
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Results and Discussion

This chapter explores the effect of surface chemistry on the adsorption of CNC from
aqueous suspensions. The effects that CNC concentration has on films adsorbed to an
11-amino-1-undecanethiol [HS(CH)11NH2] HCI (AUT) SAM were investigated. The
effect that the surface chemistry has on a 0.0015% (w/w) CNC suspension was also
investigated. This was done by monitoring CNC films that adsorbed to four different
functionally terminated SAMS. These four SAMS were prepared from four different
thiols: AUT, 11-hydroxy-1-undecanethiol (HUT), 11-carboxy-1-undecanethiol (CUT),
and DDT vyielding surface functional groups of amine/ammonium, alcohol, carboxylic
acid/carboxylate, and methyl, respectively. The effect that the ionic strength has on
adsorbed CNC films was investigated by using a 0.0010% (w/w) CNC suspension and

an AUT SAM while varying the ionic strength with NaCl.

Alkane thiols form SAMs on certain substrates.308:83-858889.92.93154-156 " Thjg chemistry
has been thoroughly researched and is well understood making it a powerful candidate
for applications related to the work presented here. Early work includes the observation
of layer formation of disulphides on gold by Allara and Nuzzo.*® Several groups saw
this stable surface as a candidate for uses such as protein adsorption and

detection 84,85,87-89,91-94

The combination of a controllable, organically terminated
monolayer and a reflective metal surface lends itself directly to applications of IRRAS. It
satisfies the mandatory condition of a reflective metal surface and allows flexibility of
surface functionality. SAMs that form from sufficiently long alkane chains are stabilized

via dispersive attractions as the chains stack adjacently. The quality of these layers can

be estimated by the position of CH bands as observed in IRRAS. All the SAMs used in
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this experiment were of thiols with eleven carbon alkane chains and remained as a

stable monolayer through the experiments.

Effect of CNC Concentration

The range of CNC concentrations in water chosen were 1.5% (w/w) to 0.00015% (w/w)
and at every order of magnitude in between. Vials of these 5 concentrations are shown
in Figure 3-3. The concentration of 1.5% (w/w) was gel-like, as is known to occur in
aqueous suspensions at high concentrations. For this reason, this sample was not

used for experiments.

Adsorption of the 0.15 — 0.00015 % to an NH,/NH3" terminated SAM was monitored and
the magnitude of the band at 1115 cm™ is plotted in Figure 3-5. This surface was
expected to have the strongest adsorption of all four functional groups that will be tested
(NH2/NH3*, OH, CH3, COOH/COO") and will presumably give the greatest detail of any
changes that occur. IRRAS spectra of these concentrations after one hour of
immersion are shown in Figure 3-4. O-H stretching absorbs from 3200 to 3600 cm”, C-
H stretching absorbs around 2900 cm™, and the region from 1000 to 1200 cm™ is
predominantly C-O stretching with contributions from C-H bending occurring at around
1300 cm™. The negative bands around 2200 cm™ are due to the reference (deuterated
C1s SAM on a gold slide). The bands in the C-H region are due to the NH,/NHz" SAM
that was used to adsorb and immobilize the CNC. The signal intensity of the C-H
stretches increases with increasing concentrations of CNC. The band at 1115 cm™ is

clearl even at one hour of immersion in 0.00015% (w/w) CNC,
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Figure 3-3. Photograph of different CNC concentrations (weight %) is water. The

concentrations decrease from right to left. The concentrations in weight % are
1.5, 0.15, 0.015, 0.0015 and 0.00015.
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Figure 3-4. IRRAS spectra of CNC adsorbed to AUT on gold after one hour

immersion.
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providing an example of the surface sensitivity of the IRRAS technique to CNC
adsorption. After this first IRRAS measurement at one hour, the slides were re-
immersed in their respective CNC solution and further measurements were taken at

later times. The absorbance of the 1115 cm™ band is plotted vs time in Figure 3-5.

All concentrations plotted show a maximum surface coverage achieved after 24 hours
of immersion. The three highest CNC concentrations (0.15%, 0.015% and 0.0015%)
exhibit a somewhat regular increase in surface coverage maximums. Interestingly, after
24 hours the lowest concentration reached the same surface coverage as the
concentration that is 10 times higher (second lowest overall). This local adsorption
signal is reached, but more slowly. This signal is estimated to be that of the surface
coverage that allows sufficient interactions between the CNC and the SAM, any further
adsorption would be stifled by the repulsive interactions involving two CNC rods. This is
a surface coverage barrier that can be overcome by increasing the CNC concentration.
AFM images of slides in Figure 3-5 were collected to gain insight into the nature of the

adsorbed layers and are shown in Figure 3-6.

In Figure 3-6 the image of CNC adsorbed from high concentration (B) shows a “mat” of
CNC with greater than monolayer coverage with CNC occasionally resting on top one
another. This agrees with the higher IRRAS signal of the highest CNC concentration
after 1 hour of immersion. The lowest concentration (A) at an immersion time of one
hour shows sub-monolayer CNC surface coverage. Even at this low surface coverage
an IRRAS signal is still observable at 1115 cm™. The background topology in Figure

3-6 is characteristic of the gold film substrate used here.
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Figure 3-5. IRRAS adsorption of C-O stretch at 1115 cm™ of 0.15%, 0.015%,
0.0015% and 0.00015% (w/w) [CNC] on a NH,/NH;* terminated C4; thiol SAM on
gold. A spectrum of each concentration at 1 hour is plotted in Figure 3-4. Error

bars represent one standard deviation.
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Figure 3-6. AFM of A) 0.00015%(w/w) CNC and B) 0.15%(w/w) CNC on the right

adsorbed to an AUT SAM after one hour of immersion.
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The surface thicknesses of the CNC films were measured using an AFM scratch test.
This test involves using an AFM in contact mode over an area of 1 um? multiple times to
“scratch/plow” the surface adsorbed CNC to the edges of the imaging area. A voltage
set point was chosen such that it did not scratch the gold substrate. This was confirmed
during the scratch by observing the same surface features after sequential scratches.
Next, the field of view was zoomed out to an area of 5 ym? centered about the
scratched area and tapping mode was used to collect height images. A height profile is
averaged across the scratched area and the height difference was calculated. An

example of this procedure is shown in Figure 3-7.

This scratch test reveals that the thickness of films derived from the two lowest CNC
concentrations (0.00015 and 0.0015 %) is 7 £ 1 nm. The thickness of individual CNCs

from cotton sources is around 5-7 nm.2"411%7

This implies that CNCs adsorb from
aqueous solutions to an NHo/NHs" surface to form a monolayer regardless of the
solution concentration. Once this monolayer of CNC has formed, further adsorption will
have to endure less favorable CNC-CNC interaction rather than the attractive CNC-
amine/ammonium interaction. Similar effects govern the thicknesses of individual layers
in layer-by-layer films where each subsequent layer will adsorb to available surface

areas until the surface is saturated.™’
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Figure 3-7. Example of scratch test. A: AFM image of the scratched region. The
entire image is 5 x 5 ym and the scratched region in the center is 1 x 1 ym. B:
Cross-section profile shows the average height of the black rectangle shown in A.
The scratched CNC can be seen piled on the upper and lower regions of the
scratched area in A. This example was performed on a NHo/NH;* SAM with CNC
adsorbed from a 0.0015% w/w) aqueous suspension after 120 hours immersion
and yields a CNC film height of 7 £ 1 nm. The SAM was incidentally removed in
this process and has an independently measured thickness of 1.2 * 0.9 nm which

was subtracted from the total scratch height of 8.2 £ 0.6 nm.
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Effect of Surface Functionality

The effect that the surface chemistry has on CNC adsorbed films was tested by using a
0.0015% (w/w) CNC suspension and varying the functionality of the SAM. This was
done by creating SAMs with 4 different thiols; 11-amino-1-undecanethiol
[HS(CH2)11NH2] HCI  (AUT), 11-hydroxyl-1-undecanethiol (HUT), 11-carboxyl-1-
undecanethiol (CUT) and dodecanethiol (DDT). The results of the adsorption as a

function of time are plotted in Figure 3-8.

The first measurements were performed 15 hours after immersion in the aqueous CNC
suspension and each successive measurement showed higher surface coverages
within error until the signal leveled off indicating a maximum coverage was reached. 15
hours was chosen rather than the time intervals present in Figure 3-5 because the
relative trends were of interest more so than comparing the two data sets. In the
experimental section, the effects of sampling have previously been shown to affect the
amount of CNC that will adsorb. For this reason comparing the two data sets is not
recommended although the signals in each (0.0015% CNC on an NH2/NH3" surface) do

reach a similar maximum value.

We see a hierarchy of surface adsorption maxima. The SAM terminated with an
amine/ammonium functional group adsorbed the greatest amount of CNC, followed by
alcohol, methyl and finally carboxylic acid. The attraction between the CNC and
amine/ammonium is likely electrostatic in nature, as there is a negative CNC surface
charge due to the surface sulphate groups and a positive amine/ammonium surface at
these pH’'s. The pKa of a NH,/NH3" SAM of this type is reported to be 7.4 which is

above the pH values of these experiments. The attraction between CNC and alcohol
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Figure 3-8. Effect of different surface functional groups on CNC adsorption.
IRRAS adsorption of COC stretch at 1115 cm-1 of 0.0015 %(w/w) [CNC] on
amine/ammonium, alcohol, carboxylic acid and methyl terminated C11 thiols on
gold. The carboxylic acid showed no adsorption at any times and was not plotted
after 24 hours. Each sample was run in triplicate and all three data points are

plotted. Error bars represent one standard deviation.
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would be of a hydrogen bonding nature as there is no charge on an alcohol group at
these pH’s. The attraction between the CNC and the methyl would be of a dispersive
nature as the methyl group has neither charge nor a dipole. The repulsion between the
CNC and the COOH/COO™ would be of an electrostatic nature. The pKa of carboxylic
acid terminated thiol derived SAMs is 5.5"°° and would be in its negative ionic form and
would repel the negative surface charge of the CNC. IRRAS was not able to detect any
adsorption of CNC to the COOH/COOQO" surface and is not plotted in Figure 3-8 for times
greater than 24 hours. In Figure 3-4 IRRAS shows the sensitivity to yield a signal for
sub-monolayer CNC coverage, which supports minimal adsorption to a carboxylic acid

terminated SAM.

The results above agree with a related study on cellulose films."® In this study
chemical force microscopy was performed with cellulose substrates and functionalized
AFM tips. Briefly, a gold AFM tip was modified with a SAM formed from alcohol, methyl
and carboxylic acid terminated thiols. The pull off force between the modified tip and a
cellulose surface was monitored over a pH range. Below pH 4 the COOH/COO
functionalized tip showed a strong pull off force, which weakened as pH was increased
above 4. The pKa of this SAM was between 4 and 6 which agree with previous work
which estimates the pKa to be 5.5."°° In the work presented here, the pH was
monitored to be between 7.0 and 7.3, which is above the pKa of a SAM formed of
COOH/COO" functionalized thiols, and the carboxylic acids are expected to be in its
ionic form and repel suspended CNC. A hierarchy of intermolecular attractions between
CNC and these four functional groups would be electrostatic > hydrogen bonding >

dispersive. Of interest is the small amount of adsorption to the CH3; terminated SAM.
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This is empirical evidence of an attractive interaction between CNC and a non-polar
non-charged surface. Figure 3-8 is evidence of the strength of different intermolecular

interactions between CNC and these functional groups.

Effect of lonic Strength

It is clear from the above that electrostatic interactions greatly influence the adsorption
of CNC to modified surfaces. This is probed further by exploring the effect of ionic
strength. Again, an amine/ammonium terminated SAM was used and the CNC
concentration was constant at 0.0010%(w/w). NaCl was used to control the ionic

strength in the range from 1.000 M to 0.001 M. The results are plotted in Figure 3-9.

Similar to controlling the CNC concentration, there is a difference in maximum surface
coverage that depends on the ionic strength. The maximum surface coverage, as
estimated by the absorbance at 1115 cm™, increases as ionic strength is increased from
0.000 M to 0.001 M to 0.010 M. As the salt concentration is increased further to 0.100
M and 1.000 M the maximum surface coverage decreases, with the 1.000 M having a

lower coverage than the 0.000 M.

Increasing the ionic strength of nanoparticle suspensions is known to cause
aggregation. To investigate the solutions and the films separately, a combination of
AFM, DLS, and zeta potential were employed. The film thickness of the maximum
surface coverage was obtained from AFM scratch tests as explained previously in this
section. These results were compared to the IRRAS adsorption. The results are

plotted in Figure 3-10 and are tabulated in Table 3-1.
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Figure 3-9. IRRAS of 0.001% (w/w) CNC suspension adsorbed to NH,/NH;"

monolayers as ionic strength is varied. Error bars are standard deviations of

three measurements.
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Figure 3-10. Comparison of CNC film thickness to IRRAS signal after 5 days of
immersion. The CNC concentration was 0.0010% (w/w) and the SAM was
NH./NH;" terminated. Thicknesses could not be determined for 1.000 M solutions
due to CNC aggregation; these aggregates would adsorb to the surface and yield
an IRRAS signal. Error bars represent standard deviations of triplicate runs.

Error bars are standard deviations of three measurements.
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Table 3-1. Plotted values in Figure 3-10. Standard deviations of triplicates are

shown.

[NaCl] (M) 0.000 0.001 0.010 0.100 1.000
0.0044 + 0.00815 + 0.01389 + 0.0125 + 0.0016 +

Absorbance

at 1115 cm™ | 0.0001 0.00008 0.00009 0.0003 0.0002

Thickness 56+0.7 76+0.9 12 + 1 9+ 1 N/A

(nm)

From Figure 3-10 the trends in adsorption can be observed. Both the thickness and the
IRRAS signal increase from zero to 0.010 M NaCl. After this point they decrease. The
thickness at 1.000 M NaCl could not be determined as the surface was decorated with
CNC aggregates. Aggregation is expected at these high salt concentrations. When a
suspension that is stabilized by electrostatic repulsion experiences an increase in ionic
strength, the electric double layer thickness will decrease and permit dispersive
attractions to cause aggregation. Figure 3-11 shows AFM images of all five salt

concentrations at their maximum surface coverages (immersion for 5 days).

All salt concentrations except the 1.000 M reveal a relatively homogeneous CNC film
adsorbed to the SAM. Multiple scratch tests on different areas of individual slides show
reproducible film heights, as expressed by standard deviations in Table 3-1. This
adsorption trend is explainable considering CNC suspensions that are electrostatically
stabilized. As salt concentration increases the electric double layers about suspended
CNCs will decrease (their charges will be screened) but not so much as to permit

aggregation (at least not at these three salt concentrations). This will result in a smaller
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CNC-CNC distance of surface adsorbed CNCs and permit a more densely packed layer
which not only has more CNC per area (higher IRRAS absorption) but also has thicker
films (AFM scratch tests). Despite a homogeneous film, the 0.100M NaCl solution
showed a decrease in surface coverage compared to the 0.010 M NaCl solution which
is not in keeping with the explained trend of the three lowest salt concentrations. The
1.000 M NaCl sample revealed surface adsorbed aggregates of CNC which were not
observable in the solution to the naked eye. Zeta potential and dynamic light scattering
(DLS) were performed. The results are from the same solutions that gave rise to the
AFM images in Figure 3-11. Zeta potential values are reported in Figure 3-12 and DLS

of the two highest salt concentrations are shown in Figure 3-13.

Zeta potential is a calculation of the surface charge of a suspended colloid with the
solvent’s composition taken into account. As a generalization, suspensions become
unstable and will aggregate/coagulate/flocculate when the absolute value of the zeta
potential is below 25-30 mV."?1%%-1%2 The 0.000 M, 0.001 M, and 0.010 M NaCl
solutions are outside of this range and no aggregation is observed either visibly in
solution or on the SAM that is immersed in solution. The 0.100 M NaCl solution has a
zeta potential of just under -25 mV which would raise suspicions about aggregates.
However, the suspension still remains stable in solution and permits CNC layers to
adsorb to the amine/ammonium slide. The decrease in surface coverage of the 0.100
M NaCl solution compared to the 0.010 M NaCl solution can be explained by the DLS
data. The zeta potential of the 1.000 M solution could not be measured on account of

the high degree of aggregation which is observed in the AFM of the adsorbed CNC.
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Figure 3-11. AFM height images of CNC films adsorbed from varying ionic
strength solutions. A) 1.000 M B) 0.100 M C) 0.010 M D) 0.001M M E) 0.000 M. In
all images the CNC suspension at 0.0010% (w/w) and NH2/NH;* SAMs were used.

All CNC suspensions had no observable aggregation to the naked eye.
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Figure 3-12. Zeta potential of aqueous CNC suspensions at different NaCl
concentrations. In all solutions the CNC suspension at 0.0010% (w/w) and
NH2/NH;* SAMs were used. All CNC suspensions had no observable aggregation
to the naked eye.
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Figure 3-13. DLS of aqueous CNC suspensions at different NaCl concentrations.
In both solutions the CNC suspension at 0.0010% (w/w). Neither CNC

suspensions had observable aggregation to the naked eye.
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The large aggregates observed in the AFM of the 1.000 M NaCl sample are occurring in
solution as well. This is shown by the large particle size revealed in the DLS
measurements and AFM images. CNC from cotton sources are typically 5-7 nm
diameters and 100 nm lengths. The average particle size in the 1.000 M NaCl solution
is 400 — 900 nm, indicating aggregation is occurring. The DLS results for the 0.100 M
NaCl solution show a bimodal size distribution centred at 60 nm and 300 nm. These
results support partial CNC aggregation where some CNC remains colloidally stable
and others aggregate. This will result in an effective decrease in concentration of
individually suspended CNC which could explain the decrease in surface coverage of
this 0.100 M NaCl solution as we have previously seen a surface coverage dependence
on concentration of CNC. However, this surface adsorbed decrease does not have an
effect at very low concentrations as in Figure 3-5 the two lowest concentrations
adsorbed to the same degree. Interestingly, this salt concentration which shows partial
aggregation still has higher maximum surface coverage than both pure water (zero ionic
strength) and 0.001 M NaCl. The CNC that remain suspended in the 0.100 M NaCl
solution have a reduced double layer compared to the other solutions and can form
more densely packed layers on the SAM. The decrease in adsorption of the 0.100 and
0.010 M NaCl is thus attributed to a balance in how close CNC particles can be with
their attraction to the surface. Recall that CNC adsorbed very weakly to the methyl
terminated SAM compared to the amine/ammonium terminated SAM. As the ionic
strength increases the attraction of the surface to the CNC will be shielded and exhibit
more of a dispersive attraction than the electrostatic. It is necessary to keep in mind

that this explanation is comparing data of CNC adsorbing from 0 M NaCl to a methyl
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terminated SAM with that of 0.100 and 0.010 M NaCl to an amine/ammonium

terminated SAM.

Equilibrium Nature of Adsorbed CNC

Figure 3-14 is a continuation of the earlier experiment that is plotted in Figure 3-9. This
figure shows the effect of immersing the slides in pure water after the measurement at
day 5 and at all sequential days. In previous days (those days on the x-axis of Figure
3-9) the slides were immersed in salt solutions with 0.0010% CNC. This was done to
investigate the reversibility of the adsorbed layers. Figure 3-14 shows that the CNC
adsorbed layers are not in equilibrium between the solution and the surface. It is not
uncommon of dried CNC layers to not re-disperse in aqueous media upon being re-

immersed.

An interesting feature is the 1.000 M NaCl solution after being immersed in pure water
after the IRRAS measurement on day 5. After this time the magnitude of the surface
signal increases towards that of the 0.000 M NaCl solution. This is due to a
reorganization of the previously adsorbed CNC aggregates as observed in AFM images

before and after being immersed in pure water which are shown in Figure 3-15.

Scratch tests of image B in Figure 3-15 reveal a film height of 1.9 £ 0.9 nm. This is
significantly less thick than the 0.000 M NaCl sample. Although these two slides differ
in thickness, the have similar absorbance values, 0.0047 + 0.0003 for the 0.000 M NaCl
and 0.0038 + 0.0004 for the 1.000 M NaCl at day 11. To have the same absorbance
with different thicknesses, the CNC that make up the films of the 1.000 M NaCl sample

on day 13 must be denser than the films of the 0.000 M NaCl sample. After dispersion
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of the previously formed aggregates upon immersion into pure water, not all CNC re-
disperse individually. Evidence for this is contained in Figure 3-15 B where CNC

aggregates that appear to consist of several individual CNCs are observed.

Band Broadening in the IRRAS Signals of Cellulose

An observation of the IRRAS spectrum of CNC films adsorbed to an NHy/NHs*
functionalized SAM was band broadening in the C-O stretching region. This was only
observed in the 1.000 M NaCl solutions and only after the sample was immersed in
pure water. Recall that CNC suspensions in 1.000 M NaCl contain aggregates in
solution and resulted in aggregates adsorbed to an NHy/NH;* functionalized SAM. After
immersion in pure water, AFM images reveal that these aggregates are no longer
present on the SAM surface but instead a homogeneous surface coverage is observed.
Lowering the ionic strength permits previous aggregates to re-disperse and then adsorb
as a film on the SAM. This also results in an increase in the IRRAS adsorption as well

as CO region band broadening.

The sharpness of IRRAS peaks of CNC samples is a result of their crystalline nature.
Bonds are commonly in identical environments and they absorb the same frequency of
infrared radiation. If the crystallinity were to be perturbed, this would be reflected in the
broadness of the infrared adsorption bands. No broadening was observed in the CNC
IRRAS signals as films adsorbed at any ionic strength suggesting that the internal
crystallinity was unaffected by the presence of NaCl. The broadening that was
observed was after CNC aggregates were re-dispersed. The profile of this broadening
is illustrated in Figure 3-16 A, where the signal after re-immersion in pure water is

subtracted from a signal of CNC collected from a suspension of 0.000 M NaCl.
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Figure 3-14. IRRAS of 0.001% (w/w) CNC suspension adsorbed to NH/NH;"
monolayers as ionic strength is varied. The vertical dotted line denotes that after
this time, all samples were immersed in pure water (18.2 MQ) rather than aqueous

CNC. Error bars are standard deviations of three measurements.
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Figure 3-15. AFM height images of CNC films adsorbed from solution. A) After 5
days of immersion in 1.000 M NaCl B) The same slide as in A but after being
immersed in pure water from day 5 to 13, the image was taken on day 13. Until
day 5 the CNC suspension was constant at 0.0010% (w/w) and the ionic strength
was constant at 1.000 M NaCl. Both the CNC suspension and the pure water had

no observable aggregation to the naked eye.
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In Figure 3-16-A, the difference spectrum is a profile of the broadening that is occurring
after the CNC aggregates are introduced to pure water. To explore the possibility of a
change in the crystallinity of the CNC, this broadening profile can be compared to a less
crystalline sample of CNC. This sample is in a form of cellulose referred to as
microcrystalline cellulose (MFC). This form of cellulose has similar diameters to CNC
but longer lengths; this is achieved during the isolation step from the natural host
material, cotton in this case. By controlling the acid hydrolysis and not removing the
amorphous regions that connect crystalline regions, MFC can be collected. An IRRAS
spectrum of MFC was collected in the same manner as CNC and is presented in Figure
3-16-B. The difference spectrum in part B is a profile of IRRAS peak broadening on
account of having less crystalline cellulose. If the crystallinity is disrupted, each band

would be expected to broaden to approximately the same extent.

The broadening of the MFC profile illustrates this form of broadening with the
broadening occurring directly around each existing band. The IRRAS of MFC as
compared to CNC differs in more ways than just band broadening. The absolute
magnitudes of the largest bands change as well as the appearance of a band around
1160 cm™. This band is assigned to the glycosidic stretch and is absent from IRRAS of
CNC on account of it being surface parallel, as explained in Chapter 2. The amorphous
regions of MFC contain glycosidic linkages that are in non-surface parallel environments
giving rise to this band being observed. As well, AFM images in Figure 3-15 of
adsorbed films of MFC reveal that not all regions of the cellulose fibrils are surface
parallel; this too would alter the bond angles relative to the surface and alter their

magnitudes.
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Figure 3-16. A) IRRAS spectra of a CNC film adsorbed from pure water and a film
adsorbed for 5 days from a 1.000 M NaCl CNC suspension of 0.0010% (w/w) CNC
and then 3 days in pure water. The days of immersion correspond to Figure 3-14.
NH./NH;* SAM were used to adsorb CNC from solution for all collected spectra.
B) IRRAS spectra of a CNC and MFC film adsorbed from pure water to an
NH2/NH;" SAM. The CNC and MFC concentration were 0.0010% (w/w).
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By comparing the broadening in CNC spectra from ionic strength with that of MFC, their
differences support that the aggregation and subsequent re-dispersion upon being
exposed to pure water do not have an effect on the crystallinity. The source of the
broadening is unknown at this time and we will be investigating in subsequent
experiments that are not included in this thesis. Our current hypothesis is that
dispersion after aggregation is not totally reversible. It is possible that aggregations of
several CNC still remain which changes the environment of the surface available atoms

enough to give rise to the observed broadening.

Conclusion

The work done in this chapter lends a method to empirically measure the affinity of CNC
to a variety of model surfaces. With this method it is possible to rank CNC-surface
attractions in aqueous media which could be useful in choosing functional groups in
mixtures when attempting to use CNC as an additive. The observed trends are
explainable when considering the molecular interactions of the suspended CNC and the
surface. Electrostatic forces dominate the amine/ammonium — CNC interaction and
show the greatest final surface coverage of all tested SAMs. Hydrogen bonding
dominates the alcohol — CNC interaction and exhibits the next greatest final surface
coverage. Weaker dispersive forces provide a small amount of CNC to adsorb to the
methyl terminated SAM. This result is promising in that it gives evidence that CNC
produced from sulpuric acid hydrolysis do have an attractive affinity for nonpolar
surfaces via dispersive interactions. Finally, no adsorption was observed to the surface
carboxylic acid terminated SAMs which were expected at these pH’s of just over 7.0,

the negatively charged surface electrostatically repelled the suspended CNC.

111



Varying the concentration of the CNC in suspension reveals some interesting results. In
all CNC concentrations tested, a maximum stable surface coverage was reached.
Subsequent studies reveal that this is not an equilibrium adsorption. Adsorbed species
were resistant to desorb from the surface when placed in pure water. As such, a
Langmuir isotherm is not appropriate to model these systems to calculate surface
adsorption equilibrium constant to numerically rank them. The lowest CNC
concentration adsorbed to the same maximum as a sample with ten times the CNC
present but reached this maximum more slowly. This is consistent with an irreversibly

absorbing species.

The combination of the IRRAS spectra and the surface layer thickness offers insight into
the density of the adsorbed layer. The density will be a direct result of the CNC-CNC
interactions as they are mutually repelled by their like surface charges. The ionic
strength of the solutions was varied which decreased the double layer thickness of the
CNCs and allowed them to pack more densely. The CNC surface coverage does not
directly correlate with the ionic strength across all ionic strengths investigated. There
was a maximum adsorption, as measured by IRRAS band intensity at 1115 cm™ and
AFM scratch thickness at 0.010 M NaCl. Increasing the ionic strength beyond this
concentration allowed the CNC to interact closely enough to aggregate. Partial
aggregation was observed from DLS in a 0.100 M NaCl solution and severe
aggregation was observed at 1.000 M NaCl by both DLS and adsorbed aggregates on
an amine/ammonium terminated SAM. Upon re-immersion in pure water, the surface
adsorbed aggregates that formed at 1.000 M NaCl re-dispersed on the

amine/ammonium SAM to form a homogeneous film. The IRRAS spectrum of this film
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differed from the IRRAS of CNC that did not undergo this process of aggregation and
re-dispersion. By comparing these spectra to MFC spectra, we conclude that this

process of increasing ionic strength does not alter the crystallinity of the CNC.

In the interest of furthering the understanding of the interactions of suspensions of CNC
with functional groups, modified applications of this method could involve controlling the
pH of the CNC suspension, using a SAM that is a mix of desirable functional groups and

changing the suspension medium.
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Chapter 4
Cellulose Nanocrystals with Diazonium Salt Derived

Aryl Groups

Introduction

Chapters 2 and 3 have sequentially introduced a method to obtain IRRAS spectra of
CNC as well as an application of that method to gather information about the
interactions of CNC and functional groups. In this chapter, this method will be further
employed to estimate the compatibility of chemically modified CNC with various

functional groups.

As the market for materials with unique and superior properties advances, the
understanding of the nature of CNC is integral in employing them to meet these
demands. Environmental awareness is driving the prospect of using naturally occurring
fibers such as cellulose. Altering the surface chemistry of hydrophilic cellulose is at the
heart of achieving dispersions in hydrophobic mixtures and methods to characterize

these interactions are necessary to provide valuable feedback during these processes.

The polymer industry’s most produced polymers are hydrophobic, the “big four” being
polyethylene, polypropylene, polyvinylchloride, and polystyrene.'®  When used alone
these polymers offer a host of useful properties, there is great interest in mixing
polymers with both other polymers and additives to gain a unique property set which
can be tailored for the desired product. This approach has interest in lowering

production cost with inexpensive fillers as well as creating unique materials.
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CNC have the pedigree to assist in achieving the goals of polymer manipulation. They
are naturally sourced and biocompatible but their most sought after property is
mechanical strength. If strain on a material could be concentrated on a CNC network
within a polymer, the resulting properties could be invaluable. The main challenge is
evenly distributing the CNC into a matrix. The controlling factor is the surface chemistry
of the CNC and the interaction it has with the host matrix. Surface modification of CNC

to control its surface chemistry is common.”*

In this Chapter, a novel chemical surface modification of CNC will be characterized and
the previously explained method to use IRRAS to monitor CNC-SAM affinity will be
used. The modification will use a diazonium radical to form a covalent bond to the CNC
surface. Diazonium salts are known for their radical activity and spontaneously form
multilayers with covalent bonds on certain substrates.?®' This reactivity and the
flexibility of functional groups that can be para to the N, make this reaction even more
desirable as a means to modify CNC surfaces. Diazonium salts have been used to

modify cellulose sheets for immunoassay membranes.'®*
Experimental

Reagents and Materials
CNC were obtained from Alberta Innovates Technology Futures (AITF) as dried powder

samples from cotton and softwood sources.

Tetrafluoroboric acid (5% in water), 4-(trifluromethyl)aniline, 4-nitrobenzenediazonium
tetrafluoroborate, sodium nitrate, diethyl ether, acetonitrile, l-ascorbic acid, were

purchased from Aldrich and used as is. Amicon Ultra-15 centrifugal filters with Ultracel-
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3 membranes with a molecular weight cut off of 3000 were purchased from EDM
Millipore (Darmstadt, Germany) and used as is. Deuterated octadecanethiol
[HS(CD;)17CD3] (DODT) 98% was purchased from Aldrich (Milwaukee, WI). 11-amino-
1-undecanethiol [HS(CH3)11NHz] HCI (AUT) was purchased from ProChimea (Sopot,
Poland). All thiols were used as received. Millimolar thiol solutions were prepared in

anhydrous ethanol (Commercial Alcohols, Brampton Ontario).

Substrate Preparation

The glass substrates were pre-cleaned in piranha solution (1:3 H02:H2SO4) for 15
minutes, rinsed thoroughly with deionized water and dried under Argon. Glass slides
were immediately introduced into the vacuum chamber of a thermal evaporation system
(Torr International Inc.). A 10 nm adhesive under-layer of chromium was evaporated

followed by 300 nm of gold (4n purity).

Monolayer Formation

Self-assembled monolayers (SAMs) of DODT and AUT were prepared on gold
substrates. 1 mM ethanolic solutions of each thiol were prepared and the gold
substrate was immersed for 48 hours to ensure stable SAM formation. Slides were then
removed and rinsed thoroughly with ethanol to remove unbound thiols. AUT-derived
monolayers were immediately used for experiments to avoid contamination. DODT
were stored in a nitrogen purged environment and cleaned with ethanol before each use

as a background signal.
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Infrared Spectra Measurements

IRRAS spectra were collected with both a Mattson Infinity FT-IR spectrometer
(Madison, WI) and a Bruker Vertex 70 FT-IR spectrometer equipped with low-noise
mercury-cadmium-tellurium (MCT) detectors cooled with liquid nitrogen. In both
instruments, the incident radiation was reflected from the sample at 80°. 1000 scans
were collected with a wavenumber resolution of 2cm™. The sample chamber was
purged with nitrogen for 8 minutes prior to each measurement to limit atmosphere
signals. A spectrum of the atmosphere of the purged chamber was subtracted from all
spectra to reduce remaining unwanted signal. A background signal was collected using
the DODT substrate. OPUS v. 5.5, Winfirst and Essential FTIR v. 3.00.040 software
was used to collect and handle the data. All spectra were manually baselined at like

wavenumbers: 4000, 3633, 3134, 3013, 2779, 1818, 1406, 1178, 949 and 821cm™.

Transmission IR spectra were collected using a Thermo Nicolet 8700 with attached
Continuum FTIR microscope. Data was collected with OMNIC v. 8.3 software and
handled with Essential FTIR v. 3.00.040 software. All samples were subject to mild
mechanical stirring via a magnetic Teflon stir bar at minimal RPM to promote consistent

liquid-substrate interactions.

Diazonium Salt Preparation

The 4-nitrobenzenediazonium tetrafluoroborate was purchased from Aldrich and the 4-
(trifluromethyl)benzene diazonium tetrafluoroborate was prepared in lab. Sixty mL of
5% HBF4 was used to dissolve 16 g of 4-(trifluromethyl) aniline and was cooled with icy
water. 10 g of NaNO, was mixed with 20 mL of water and cooled in an icy water bath.

The cool NaNO,; solution was slowly added drop wise to the aniline solution and all
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solutions were cooled by icy water the entire time. This mixture was stirred for 2 hours,
filtered in a Buchner funnel and rinsed with cold HBF4 and cold diethyl ether. The
filtrate was dissolved in acetonitrile and re-crystallized in cold diethyl ether. Residual
diethyl ether in the resulting white powder was removed by low pressure to assist

evaporation, after ether removal the power was stored in a fridge for later use.

CNC Modification with Diazonium Salt

Two g of dried CNC were suspended in 100 mL of water to form a 2% (w/w) CNC
suspension. Five mmoles of either diazonium salt was added and the contents were
sonicated for 10 minutes. 0.5 mmoles of I-ascorbic acid from a 100 mM solution was
added to the contents. This mixture was sonicated a further 1 hour. The reacted CNC
were separated from solution by centrifuge filtration. The contents were evenly divided
between 10 x 15 mL 3000 MW cutoff centrifuge filtration tubes. These were centrifuged
at 4500 RPM at 20° for 3 hours. At each hour 18 MQ water was added to the filtrate to
maintain a supply of rinse water. This final product was freeze dried and kept in storage

vials for later use.

Results and Discussion

Surface Modification of CNC

CNC particles were modified with diazonium derived films of nitrobenzene (NOy) and
trifluoromethy benzene (CF3). NO, and CF3; functional groups were chosen to creating
CNC surfaces with vastly different polarity. Based on previous reports of diazonium
derived films on carbon and gold surfaces, we assume that the radical reaction of the

diazonium will yield a covalent bond with the CNC surface and will orient the functional
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group in the para position available to influence the solution — CNC interface.?%8":8%
85.88,89.9293.154-1%6  Trgnsmission IR and X-ray photon spectroscopy (XPS) were

performed on the final products to confirm successful modification.

Figure 4-1 has transmission IR spectra of unmodified and nitrobenzene modified CNC.
The spectrum of the CNC modified with diazonium derived nitrobenzene shows unique
bands as compared to unmodified CNC. Two N-O stretching modes are present at
1348 and 1522 cm™. Two ring modes are present as well, C-C stretching in the
benzene ring at 1597 cm™ and CH out of plane deformation present in para substituted
benzene rings at 854 cm™. These additional bands provide support for the successful

modification of the CNC with nitrobenzene groups.

An IR spectrum tracking the modification of CNC with aryl tri-fluoromethane groups is
shown in Figure 4-2. A band consistent with C-F stretch is observed at 1327 cm™.
Also, characteristic ring modes at 1616 and 843 cm™ are observed. Again, observation

of these bands is consistent with modification of CNC with aryl-CF3 groups.

To further confirm successful surface modification with the two diazonium salts of
interest, XPS N 1s, C 1s, and F 1s XPS spectra were collected. Figure 4-3 shows the N
1s spectrum of both the NO, modified and unmodified CNC. The higher binding energy
peak observed at approximately 405 eV is consistent with the nitro group that is
expected to be present on the nitro benzene of its diazonium salt. The lower binding
energy peak at approximately 400 eV is likely due to unreacted precursor as it is

consistent with a nitrogen-nitrogen double bond or amine.
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Figure 4-1. Transmission FTIR of CNC and diazonium derived nitrobenzene

modified CNC with assignments to bands due to modification.
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Figure 4-3. XPS of nitrobenzene modified CNC in the N4 region. Sample
Preparation and Spectra collected by Dr. Rongbing Du.
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Figure 4-4 shows the carbon 1s region of CNC modified with trifluoro-methyl diazonium.
The largest peak at 284.8 eV is due to the carbons present in the CNC. An expected
peak at 286.9 eV arises from the numerous C-O and C-N present in CNC and modified
CNC. The lowest binding energy peak present at 283.5 eV is less common but is likely
due to the sp2 hybridized carbon in the benzene ring. A separate peak at 292 eV
indicates the presence of fluorinated carbon introduced by successful CNC modification.
This higher binding energy peak is consistent with other halogenated carbons in the
literature.'® The lower intensity of the C-F peak relative to the C-O peak suggests that
only a fraction of the CNC surface is modified. To estimate the surface coverage some
assumptions will need to be made. First, the diazonium may be added at any of the
surface alcohol groups on a single cellobiose unit. Second, half of the C-O signal is due
to non-alcohol functionality. Third, 55 % of all the C-O bonds are on the surface and
available to be modified and the 10 to 25% that are modified with a sulphate group76 are
also available for modification. This assumption is based on a cotton sourced CNC
particle being 6 x 6 cellulose chains’ and of these 36 total chains, 20 run along the
surface. Four, the C1s signals for the C-O and C-F have identical relative sensitivity
factors. Five, the entire volume of a single CNC particle will be equally measured with
the x-ray beam. Since CNCs are around 7 nm in diameter this assumption is valid. Six,
multilayers of diazonium derived aryl groups are not present. This assumption is likely
invalid as multilayers are known to form from a surface but this gives us a stage to
estimate the surface coverage. With these considerations, a fully modified CNC particle
would have a C-F signal that is 68 % the area of the C-O signal. Given that the area of

the C-O peak is 20 times greater than the C-F peak, the degree of modification can
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roughly be estimated to be no more than 7 % of surface available sites and is likely less

when multilayers are considered.

Figure 4-5 shows the fluorine 1s region of CNC modified with a (trifluromethyl)benzene
diazonium cation. This spectrum shows a single peak at approximately 685 eV that is
consistent with other fluorine 1s spectra. In the un-modified CNC sample there is no

signal in this binding energy range.

Adsorption of Modified CNC

The method introduced in Chapter 3 to monitor the adsorption of CNC from aqueous
suspension to a controlled functional group was again employed with these modified
CNCs. In contrast to the previous measurements which involved hydrophilic CNC
adsorbing to various functional groups from aqueous solutions, these experiments
involve a presumably less hydrophilic CNC. This will cause less CNC to be suspended
in water with the possibility for agglomeration and results should not be directly
compared to the previous chapters. Figure 4-6 shows IRRAS spectra of both the NO,
and CF3 modified CNC as they adsorbed from aqueous solution to an amine/ammonium
and methyl terminated alkane thiolated SAM. CF3; modified CNC showed no adsorption
to the CH3z SAM and is not plotted. This observation was unexpected as dispersive
forces were expected to be strong enough to adsorb some of the trifluoromethyl
modified CNC. Chapter 2 revealed that dispersive forces were enough to adsorb some
unmodified CNC to a methyl terminated SAM. We conclude that altering a CNC surface
to a trifluoromethyl group and suspending these CNC in water yields aggregates that
are stabilized by the modified CNC-water interaction sufficiently so that they are

reluctant to adsorb to a nonpolar, methyl terminated surface.
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Figure 4-4. XPS of CF; modified CNC in the C1s region. Sample Preparation and
Spectra collected by Dr. Rongbing Du.
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Figure 4-5. XPS of CF3; modified CNC in the F1s region. Sample Preparation and
Spectra collected by Dr. Rongbing Du.
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Figure 4-6. IRRAS of NO; and CF; modified CNC adsorbed to a CH; and a
NH2/NH;* SAM from an aqueous suspension. The CF3; modified CNC showed no
adsorption to the CH; SAM and is not plotted. All aqueous sampels had 0.0150 %
(w/w) modified CNC.
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When the CF3 and NO, modified CNC were introduced into water, they showed visible
aggregation. As with all previously collected IRRAS spectra of adsorbed CNC to a
SAM, magnetic stirring was used to promote sample homogeneity. This mixing assisted
in the dispersion and adsorption of the modified CNC. As aggregates were stirred they
would be forced into contact with the immersed slide. These interactions allowed some

CNC to adsorb to the SAM.

The spectra of both modified CNCs show the presence of a band around 1160 cm™.
This band is assigned to the glycosidic stretch and is absent from IRRAS spectra of
CNC on account of the glycosidic bond angles relative to the surface, this effect is
referred to as the surface selection rules and is described in Chapter 2. The
appearance of this band supports that the adsorbed modified CNC are not completely

parallel to the surface.

Figure 4-7 shows the change in surface coverage over time. As stated above, these
modified CNC precipitate out of aqueous media. The different increase in signals over
time of the two modified CNCs can be attributed to the relative affinities of each
modified CNC to the SAM. The observed hierarchy of surface coverage supports
successful modification to the extent that it is influencing the CNC surface chemistry of
an aqueous particle and as an adsorbing species to an amine/ammonium terminated

SAM.
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NH./NH;* SAM from an aqueous suspension. All aqueous solutions had 0.0150 %

(w/w) modified CNC. Error bars are standard deviations of three measurements.
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Conclusion

This novel method of modifying CNC with the reactive radical from the reduction of the
N2 group on a functionalized diazonium is an effective method to attain desired surface
chemistry on the CNC. The variability of functional groups that can be para to the N>
makes this reaction even more desirable. On account of the relatively recent
exploration into this method there is still fundamental background work that is being
carried out to better understand the complexities of the reaction and to characterize the
resulting modified CNC. Regardless, the application of the established IRRAS method
to monitor surface adsorption onto tailored surfaces can give insight into the degree of
attraction of the modified CNC and functional groups likely to be present in a different

system.
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Chapter 5
Mechanical Characterization of Polyethylene-

Diazonium Modified CNC Nanocomposites

Introduction

CNC has many attractive properties as a polymer additive. Its high mechanical strength
and appealing aspect ratios and surface area combined with a tailorable hydroxyl
surface are part of the attraction. The fact that it is biologically produced from a
renewable source permits human biocompatibility and biodegradability. With a wide
range of unique properties, the focus of this work will be to harness the mechanical
properties of CNC in polyethylene nanocomposites. CNC nanocomposites have been
realized and review articles covering this topic are published.®%9%105.137.138.142-144,166-170
In almost all CNC nanocomposites, a surface modification step is preformed to permit
adequate miscibility of the notoriously hydrophilic CNC into a nonpolar polymer matrix.
Polyethylene oxide, polyvinyl acetate, and polylactic acid has been incorporated with

CNC to extruded a nanocomposite.'® """ As well, all cellulose materials have been

formed'”>'7® and all cellulose nanocomposites extruded.'”’

Polyethylene (PE) is the most synthetically produced polymer, over 6x10’ tonnes per
year.'”® There are three common types of PE; low density polyethylene (LDPE), linear
low density polyethylene (LLDPE) and high density polyethylene (HDPE). These differ
in density as a result of changes in the chain length and branching which in turn alters

the polymer chain density. LDPE and LLDPE range between 0.915 and 0.940 g/mL
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where HDPE ranges between 0.940 and 0.965 g/mL. LLDPE differs from LDPE in that
it is polymerized in the presence of short chain alpha olefins giving the carbon backbone
a highly branched structure. The common industrial uses of each are presented,

according to The Essential Chemical Industry online, below in Figure 5-1.

With this wide range of uses the benefit of creating a mechanically superior material by
forming a nanocomposite is apparent. One of the thermoplastic industries most
common composite manufacturing processes is extruding. In this method a polymer in
powder or pellet form is fed into a heated extruder along with additives and mixed.
From this polymer melt a downstream product is formed which may be blow molded,

3

injection molded or cast into a film.'® Extruded PE composites primarily involve the

179-181 182,183

addition of clay and increasingly graphene.

A PE-CNC nanocomposite would be the marriage of the most produced synthetic and
natural polymers. Performing this composite manufacturing via melt extrusion would be
easily adoptable by current industry. CNC has been combined with low density
polyethylene and extruded without the use of any cellulose modification.'® In this work,
the composite was extruded from a melt mixer where water was added to the melt mix
which was then sealed to prevent evaporation. This water injection-assisted high-shear
extrusion improved CNC dispersion and resulted in an increase in the Young’s modulus
of the extruded films. Maleated PE via ball milling has been used to form extruded CNC
nanocomposites with an increase in toughness and ductility.184 Organic acid chlorides
have been used to graft aliphatic chains to ramie fibers allowing successful extrusion

with LDPE."®
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Figure 5-1. Uses of Polyethylene according to The Essential Chemical Industry

online.
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Using the modification scheme outlined in Chapter 4, trifluoromethyl benzene (TFMB)
modified CNC was melt mixed with high density polyethylene and extruded into ribbons.
This work describes the mechanical advantages of reinforcing HDPE with TFMB

modified CNC.

Experimental

Reagents and Materials
CNC were obtained from Alberta Innovates Technology Futures (AITF) as dried powder

samples from cotton and softwood sources.

Tetrafluoroboric acid (5% in water), 4-(trifluromethyl)aniline, sodium nitrate, diethyl
ether, acetonitrile, l-ascorbic acid, were purchased from Aldrich and used as is.
Amicon Ultra-15 centrifugal filters with Ultracel-3 membranes with a molecular weight
cut off of 3000 were purchased from EDM Millipore (Darmstadt, Germany) and used as

is.

High density polyethylene, DMDH 6400 — film blowing grade was used from Dr. Yaman

Boluk’s lab. This type of HDPE is multi-purpose and designed for blow molding.

Diazonium Preparation

The 4-(trifluromethyl)benzenediazonium tetrafluoroborate was prepared in lab. 60 mL
of 5% HBF,4 was used to dissolve 16 g of 4-(trifluromethyl) aniline and was cooled with
ice water. Ten grams of NaNO, was mixed with 20 mL of water and cooled in an ice
water bath. The cool NaNO; dilution was slowly added drop wise to the aniline solution
and all solutions were cooled by ice water the entire time. This mixture was stirred for 2

hours, filtered in a Buchner funnel and rinsed with cold HBF4 and cold diethyl ether.

134



The filtrate was dissolved in acetonitrile and re-crystallized in cold diethyl ether.
Residual diethyl ether in the resulting white powder was removed by low pressure to

assist evaporation, after ether removal the power was stored in a fridge for later use.

CNC Modification with Diazonium Salts

2 g of dried CNC were suspended in 100 mL of water to form a 2% (w/w) CNC
suspension. 5 mmoles of either diazonium salt was added and the contents were
sonicated for 10 minutes. 0.5 mmoles of l-ascorbic acid from a 100mM solution was
added to the contents. This mixture was sonicated a further 1 hour. The reacted CNC
were separated from solution by centrifuge filtration. The contents were evenly divided
between 10 x 15 mL 3000 MW cutoff centrifuge filtration tubes. These were centrifuged
at 4500 RPM at 20° for 3 hours. At each hour 18MQ water was added to the filtrate to
maintain a supply of rinse water. This final product was freeze dried and kept in storage

vials for later use.

Melt Mixing

A Dynamico single screw benchtop melt mixer was used to extrude polymer ribbons.
An operating temperature of 170 °C was maintained for both the hopper and the drive
shaft. Dried polyethylene pellets and freeze dried CNC or modified CNC were added to
the hopper and allowed to mix in the heated chamber before being extruded. A shaft-
head distance of 1.3 mm was maintained to promote mixing time and control the ribbon
thickness. A puller was used to extrude the ribbons at a constant rate. A picture the

melt mixer with an expanded view into the hopper is shown in Figure 5-2.
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Figure 5-2. Benchtop melt mixer used to melt PE and mix CNC. The image on the

right is looking down into the hopper.
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Mechanical Testing

A BOSE Electroforce 3200 Series Il Test Instrument with a 100 foot pound load cell
was used to obtain stress strain curves of the extruded ribbons. WinTest 7 and Excel
2010 software were used to collect and handle the data. A displacement rate of 0.5
mm/min was used for all samples and gauge length varied between 4 and 8 cm.

Triplicates of each ribbon were run for each sample.

Results and Discussion

The mixing of nanomaterials with polymers to produce nanocomposites with enhanced
properties has been the subject of intense research and is the basis for many
commercial products. A common method of composite formation is to melt mix the
components and extrude them via a screw extruder. In the work presented in this
Chapter, HDPE was melt mixed with diazonium derived trifluoromethyl benzene (TFMB)
modified CNC (here after designated as CF3;-CNC) and unmodified CNC. The details
on the modification of the CNC with diazonium cations are found in Chapter 4. The

mechanical properties of the resulting materials were then tested.

Material testing is an integral component in the manufacturing of new products.
Obviously, the interest of incorporating CNC into PE is to increase the mechanical
stiffness and strength. There are many methods to measure and compare the strength
of materials. A common approach to quantify this property is to construct a uniaxial
tensile test that reveals a stress vs strain curve where a tension load is measured as the

sample is continually stretched until it eventually fails.
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Figure 5-3. Photographs of the stress-strain measurement. A) Virgin PE B) 3%
CNC in PE C) 6% CNC in PE before stretching D) Photos of the samples, from
left to right; 0%, 3%, 6% CNC mixed with PE. All CNC are unmodified.
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Stress-strain curves for the materials prepared here were acquired to investigate the
mechanical properties of the nanocomposites. Photographs of the melt mixed ribbons
in the testing apparatus near or at failure are shown in Figure 5-3. For all samples the
region of the ribbon that failed was not at the clamp head. This confirms that the act of
clamping the ribbon did not introduce a weak point (stress concentration) and cause
premature failure. An example of a stress strain curve for CF3;-CNC-PE where the

amount of CNC is 6% by weight is in Figure 5-4.

This is an expected stress strain curve for a thermoplastic material. The initial linear
increase in stress as the sample is strained reveals the region where this material is
behaving elastically. The Young’s modulus of a material is the slope of this initial
(elastic) portion of the curve. The ultimate tensile strength (UTS) is the maximum stress
recorded over the entire curve, for this material it occurs just after the elastic region. As
the material is continually strained beyond the UTS point visual signs of sample failure
can be noticed following initiation of a necking region. Figure 5-3 C shows a
photograph of the sample in Figure 5-4 in the stress-strain region after the UTS and
before complete sample failure. As strain is continually applied the sample will, at some

point, yield. This is referred to as the yield point.

Three aspects of the curve in Figure 5-5 will be analyzed. These are the elastic region,
UTS point, and the yield point. The effect of incorporating surface modified CNC on
these aspects will be discussed below. Each of the three effects can be visualized by

its referring to the corresponding region in Figure 5-4.

Young’s modulus

139



The elastic region of the curve in Figure 5-4 is expanded in Figure 5-5. The data are fit

using least squares linear regression and the slope determined.

The observed downward facing curve in the data is typical and due to an imperfect
elastic response. A similar range of strain values was used to estimate the Young’s
modulus of each sample. The magnitude of the Young’s modulus for each sample
prepared is shown in Figure 5-6. The Young’s modulus for virgin HDPE is measured to
be 0.36 £+ 0.09 GPa. The HDPE used here is multipurpose with blow molding as the
suggested use. A suitable literature values for the Young's modulus on
www.matweb.com would be injection molded HDPE as it would be of a similar type and
has values that range from 0.45 to 1.50 GPa.'® The ribbons formed in this work have a
lower Young’s modulus than the mentioned literature value range and can be accounted
for by the specifics of the extruder used and the exact type of HDPE. Ultimately, when
investigating the effect of a polymer additive (CNC in this case) to increase mechanical
strength, using the same process and the same polymer for both virgin and composite
material will highlight the effectiveness of the additive. The Young's modulus of the
nanocomposites containing CF3-CNC is markedly higher than both the virgin PE and
the PE composite formed with unmodified CNC. There is no statistical difference in the
Young’s modulus observed between the 3% and 6% materials for either the modified
CNC or unmodified CNC. The lower modulus of the material containing unmodified
CNC as compared to the modified is not surprising as there were aggregates visible to
the naked eye within the unmodified CNC-PE ribbon (Figure 5-4 D). The interactions
between the unmodified CNC and PE are expected to be weak and the aggregates

would yield a similar result as having voids.
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Figure 5-4. Stress vs. Strain Curve of 6% wt/wt CNC Melt Mixed with PE
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Any stress applied to the ribbon, it would be focused through the PE network and not
through the CNC. The higher Young’s modulus of the modified CNC is consistent with
well-dispersed nanoparticles and stronger interactions between the CF3-CNC and the
matrix. This allows an applied force to be partially transferred through the network of

modified CNC.

Other CNC-PE composites have been created. High pressure steam extruded MCC-
powdered LDPE composites with 5-10% cellulose content were prepared and yield a
Young’s modulus between 0.200 and 0.250 GPa, however a virgin material was not

3 Poor adhesion between the unmodified cellulose and the

tested for comparison.®
matrix was observed and their reported mechanical enhancement results can be
improved with an appropriate additive. Nanofibrillated cellulose and bacterial cellulose
epoxy resin composites with around 50% volume cellulose additive increased the
Young’s modulus from 3.9 GPa for neat resin to 7.1 and 8.5 GPa for BC and NFC

187

respectively. HDPE and Kraft pulp (fiber sized from 0.1 to 1.0 mm) shows an

increase in tensile modulus from less than 2 GPa to just under 5 GPa at 40% pulp.'®®

The nanocomposite ribbons created in this Chapter can be modeled by representing
each mass fraction by its respective Young's modulus by the Rule of Mixtures. The
Rule of Mixtures predicts the expected Young's modulus as a sum of each of the
components represented by their mass fraction. From Figure 5-7 the Young’s modulus
of the native PE is 0.36 + 0.09 GPa. The Young’s modulus of CNC is between 120 —
170 GPa.*® Using spectroscopic information Eichhorn and coworkers determined the
modulus of cotton CNC to be 105 GPa* and will make a suitable reference for this

system.
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Applying these values to the Rule of Mixtures yields the following predictions:

3% CF3-CNC: (0.970x 0.36 GPa) + (0.030 x 105 GPa) = 3.5 GPa 5-1

6% CF3-CNC: (0.940 x 0.36 GPa) + (0.060 x 105 GPa) = 6.6 GPa 5-2

The experimental values for the composites of 3% and 6% CF3-CNC-PE are 1.0 + 0.6
GPa and 1.0 + 0.5 GPa, respectively. The lack of agreement between our experimental
results and this relatively simple model is likely due to the random orientation of the rod-
like CNC particles within in the polymer. The model assumes that all particles are

aligned in the direction of tension.

An approach to account for random fiber orientation is the Nielson modified Halpin-Tsai

189,190

equation.
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In these equations, / and d are the length and diameter of the particles, E. is the elastic
modulus of the composite, E; is the elastic modulus of the particles and E is the elastic
modulus of the matrix. V: is the volume fraction of the CNC to matrix. ®nax is the
maximum packing fraction of reinforcement. This value is taken as 0.82 for randomly
oriented fibers.’' These films were prepared using mass fractions but the densities of
both materials are well known so estimating V; is straightforward. The densities of
polystyrene and CNC are 1.05'® and 1.6 g/mL’, respectively. A mass percentage of
3.0% CNC is equal to 2.0 % by volume and 6.0% CNC by mass is equal to 4.0% by

volume.

The Nielson modified Halpin-Tsai equation yields a theoretical Young’s modulus of 0.62
GPa for 3% CF3-CNC in PE and 0.90 GPa for 6% CF3-CNC in PE. The improved
accuracy of this equation when compared to the Rule of Mixtures supports that the
fibers are not completely aligned in the direction of tension which is what would be

expected for a composite material extruded in this manner.
Ultimate tensile strength

Figure 5-7 shows representative stress strain curve for virgin PE, PE mixed with 3%
unmodified CNC, and PE mixed with 3% TFMB modified CNC. Figure 5-6 clearly
shows the differences in Young’s modulus discussed above. These curves all exhibit a

similar maximum stress indicating similar ultimate tensile strengths (UTS).

146



25 -

Stress (MPa)

—— Polyethylene
---- 3% CNC in Polyethylene
— 3% CNC-CF; in Polyethylene

0.4 0.6 0.8 1

Strain

Figure 5-7. Stress strain curves for virgin PE, 3% CNC in PE, and 3% CF3;

modified CNC in PE.
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Figure 5-8 plots the UTS for all the samples. The reported UTS for HDPE is around 21
MPa'® which is similar to the virgin PE measured here, 18 + 0.6 MPa. Across all
samples there is no statistical difference in the UTS. Although the modified CNC
provided a stiffer sample, as seen from the increase in Young’s modulus, the maximum
pressure it can withstand before yielding remained the same. Once stretched past the
elastic region any high aspect ratio additives will begin to orient along the axis of
elongation which requires slippage between the matrix and the additive and ultimately
compromises the integrity of the matrix-additive interphase. As elongation increases
the stress is transferred less so through the ridged CNC network more so through the
PE. This provides evidence that the added CNC does not bear stress after the sample

is elongated past the strain of the UTS but does bear load in within the elastic region.
Elongation and Tensile Strength at Break

Another figure of strength visible in Figure 5-7 is the elongation at break (the distance
the ribbon can be stretched before it breaks) and the corresponding tensile strength at
which this occurs. All three samples show similar tensile strength at break but different
elongation at break. Incorporating unmodified CNC decreases the elongation at break
considerably. This is consistent with having voids in the PE as poor CNC-PE adhesion
is expected. The CF3;-CNC decreases elongation at break also but not to the same
extent indicating better additive-matrix adhesion. The similar tensile strengths at break
indicate that at this point the material bearing the load is PE and the added CNC offer
little strength to this value. This is consistent with a sample where embedded rods are

no longer adhered to the matrix and thus cannot bear load. As a comparison value,
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MFC with fiber lengths of 240 ym were surface modified with silanes or benzoyl
peroxide under various temperatures to create LLDPE composites that had yield
strengths ranging between 10 and 20 MPa." This is in the range of the current work

as all composites and virgin material broke at stresses between 13 and 15 MPa.

Conclusion

The modification of CNC with diazonium cations is novel and effective. This work
details modified CNC'’s increased miscibility with non-polar polymers, something that is
difficult to achieve at an economic cost. Modifying CNC with a trifluoromethyl benzene
group offers a mechanical advantage when forming composite materials via melt mixing
with HPDE. The CF3;-CNC-PE nanocomposites that were extruded show an increase in
Young’s modulus of 2.7 times, from 3.6 £ 0.9 GPa to 1.0 + 0.6 GPa. There was no
change in the ultimate tensile strength and a decrease in elongation at failure with little
change in tensile strength at failure. The Rule of Mixtures for the Young’s modulus is
within broad agreement while the Nielson modified Halpin-Tsai prediction is more
accurate. This supports an increase in the strength of the interfacial interactions
between the modified CNC-PE to that of unmodified CNC-PE. These interactions are
still not as strong as those between PE chains making these composites less ductile.
When observed with the naked eye, both the unmodified and modified CNC PE
composites revealed aggregates. These were much larger in the unmodified ribbons.
The task remains to further increase the mixing of the CNC within the PE to take full
advantage of the superior mechanical properties that CNC can offer when employed as

an additive to conventional thermoplastic polymers.
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The temperatures used in this extrusion process are below that at which cellulose
decomposes but these effects on the modified cellulose need to be investigated further.
Other non-polar polymers such as polystyrene could be reinforced in a similar fashion

with the introduction of this family of modified CNCs.
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Chapter 6 Conclusion

The preceding collection of work outlines a small area of the total interest in taking
advantage of the world’s most abundant polymer. Each chapter contains its own
conclusion that specifically summarizes the work done. This conclusion will serve as a
field overview and will outline some of the bigger picture items that the above work
served to advance. The scope of study of this nanoscale material is so broad and with
so many applications that one could spend a lifetime reading peer-reviewed work
without being inconvenienced to cover any material twice. Tangents of fundamental
applications branch into industry to a level only limited by the imagination of the user.
Focusing the dendroid nature of these innumerable avenues of application comes down
to an economic balance between cost of manufacturing and the value that is added by
this green incorporation. For this reason, the movement to advance material properties
on account of CNC has not yet become common place. However, with the continued
understanding, from harvesting to final product, of this ubiquitous polymer the uncertain
potential can be realized and contribute to a future of materials to allow mankind to
thrive in the next century and beyond. The challenges that encompass this field are

solvable when approached with perseverance and ingenuity.

Government initiatives have been instrumental in moving towards connections between
fundamental research and business. In Canada, ArboraNano has provided funding to
this end with the Government of Canada’s Business-led Centres of Excellence,

193

FPInnovations and NanoQuebec. In Finland, the Finnish Centre for Nanocellulose

Technologies was established by the federal VTT Technical Research Center of
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Finland, Aalto University UMP.'® In the US, the National Nanotechnology lInitiative
(NNI) and within it the U.S. Department of Agriculture (USDA) serves to bridge the gap
between science and industry.”®® In a more international role, the Technology
Association of the Pulp and Paper Industry (TAPPI) has diverted much of its attention
on this growing field of nano cellulose from its founding role of sharing industrial pulp
and paper ideas. It brings together science and industry in an annual conference held
around the world."®® Continuing and expanding these collaborations and idea sharing

will expedite the presentation of nano cellulose enhanced material to the world.

There are a wide variety of raw materials that can be exploited as a source for nano
cellulose material. Some of these are waste byproducts of current industrial processes
such as wood chips from lumber mills or pulp from pulp and paper manufacturers.
From these different sources a variety of unique nano materials can result from the
isolation process. Challenges for this genesis of cellulose nanomaterials research
include improved consistency of isolated CNC with regards to internal damage of
crystalline regions and size range of the final products. The implications of altering the
surface of individual nano particles has been studied exhaustively and consistency will
allow a more reproducible end product. Additional challenges include decreasing the
cost of the extraction process while scaling to industrial volumes. Steps have been
made towards these improvements with pilot plants opening and testing the potential of

different methods including chemical treatment and chemical recycling.

Each area of study of cellulose nanomaterials has room for improvement. An
improvement to one area might also allow new corridors for another with a cascade of

improvement. For instance, if some of the challenges mentioned in the preceding
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paragraph are address they could allow easier nanoparticle functionalization. This
could be in the form of more complete surface reactions or at least more controllable
ones that could be tailored to suit compatibility needs of certain systems. Using CNC as
a composite carries all the uncertainty and property distributions of the individual
particles. Since the end product’s properties are a complicated collusion of many
parameters, controlling them individually will invariably lead to more tunable materials.
A further understanding of the interactions of cellulose nanomaterials with both
themselves and with various matrix surfaces, that would be encountered when
incorporated as an additive, would be of great value in advancing the field. These
interactions on the nano particle scale are of obvious importance but so too are the
macroscopic distributions of CNCs within a material. This is a rather difficult property to
measure as it needs to be cross-sectioned or monitored in some way that penetrates
the sample. AFM and EM are possible methods to probe distributions but suffer from
lack of differentiation between the matrix and the cellulose. For the former, no imagine
techniques that penetrate have sufficient resolution to imply information about the
location of something as small as CNC. Ultimately, a well dispersed CNC will be
characterized in whatever final material it is in, but understanding the step-by-step

intricacies of its creation can help direct a method to a higher preforming product.

The field of characterizing individual cellulose nano particles and also materials made
with its inclusion is possibly one of the areas that require the least advancement. This
is largely in part owing to the fact that the techniques used have been developed
externally and are well understood. This is especially true for characterizing

macroscopic materials such as films or solid blocks, mechanical engineering has a
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battery of tests to understand a materials bulk properties. Specifically to individual CNC
or MFC, the exact structure is not readily interpretable. There are many crystal
allomorphs that exist in non-identical sections and the nature of the crystal to connect
these sections is speculative at best. That being said there is a growing understanding
of the atomic configuration, something that the work presented in this thesis has
advanced. By furthering this fundamental insight, projections towards other aspects can
be better predicted. This includes all steps from raw source isolation to final product.
This will be most valuable in modelling applications that require atomic positions to

predict activities and properties of certain cellulose materials.

The work presented here provides new insight on the interactions between CNC and
other materials through a method not previously applied to the structural analysis of
cellulose, IRRAS. The results are complimentary to a wealth of previous infrared
experiments with the introduction of bond orientation enhancement. This allowed the IR
band assignments of previously inconclusive bands. Furthermore, this technique was
expanded to permit a method of empirically monitoring the self-adsorption of CNC to
controlled organic surfaces. This information was then used to compare the adsorption
nature of several modified CNC and gain insight into mixing them with a hydrophobic
polymer, namely polyethylene. Finally, the same modified CNC were melt-mixed with

PE and the final product properties were explored.

This work provides advancement in the areas of structural characterization as well as
monitoring both CNC-CNC interactions and CNC-functional group interactions. This
fundamental work is necessary for the field to fully realize and implement the awesome

potential of nanocrystalline cellulose.
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Future Direction

Applications of the work described in this thesis lend themselves to the continued
interest of finding a profitable industrial use that harnesses the unique property set of
CNC. Proof of concept as an additive that offers a mechanical advantage is a proper
first step in that direction. Projects involving the common hydrophilic polymer
polystyrene and more specifically expanded polystyrene (EPS), trademark named as
Styrofoam®, have been realized and funded. This work will attempt to use a surface
modification to permit dispensability of CNC into a suspension polymerization of styrene
monomer that will hopefully yield a more durable foam product. In exchange for the
added price of production this process could offer longer lifetimes, increased vapor
barrier properties and of course an increase in mechanical properties. Commercial
applications of such foam would be useful when considering the lifetime expectancy of
permanent concrete forms that are made of styrene which add insulation and water
protection to a concrete foundation. Other areas include high impact foams for more

mechanically demanding systems.
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