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Abstract

Nanocelluloses, the crystalline domains isolated from native cellulose, have gained
increasing attention due to their uniquely ultra-high elastic modulus, low axial thermal expansion
coefficient, and biocompatibility. All nanocelluloses in the market are hydrophilic and
incompatible with most organic liquids and most synthesized polymers, limiting their applications
which stated in the 1% chapter. In the 2" chapter one-pot synthesis of 2-bromopropionyl esterified
cellulose nanofibrils (Br-CNFs) coupled with in-situ disintegration by ultrasonication was
developed and streamlined in processing and/or matrix media. This coupled functionalization and
ultrasonication approach has been optimized to prepare Br-CNFs with tunable levels of
esterification in high yields and imaged by atomic force microscopy (AFM) and transmission
electron microscopy (TEM). The structures of Br-CNFs were further characterized by Fourier-
transform infrared (FTIR) and liquid phase proton nuclear magnetic resonance ('H NMR)
spectroscopy. Thermal properties and crystallinity of Br-CNFs were characterized by
thermogravimetric analysis (TGA) and X-ray diffraction (XRD), respectively. In the 3™ chapter,
the organic compatibility and reactivity of these Br-CNFs have been demonstrated in their polyol
role in replacing soft segment or as chain extender in synthesizing polyurethanes with significantly
improved modulus (3x), strength (4x), and strain (1.5x) at merely 0.3 w% as polyol or 1.8 w% as
extender. The Br bearing esters of these high specific surface Br-CNFs make them excellent
macroinitiators for atom transfer radical polymerization (ATRP) of defined lengths of surface
polymer grafts on crystalline cellulose, all described in 4" chapter. Br-CNF-g-PLMA from ATRP
surface grafting of polylauryl methacrylate (PLMA) have shown to exhibit combined shear
thinning behavior of Br-CNF proved by flow behavior index n< 1 and drag reducing effects of

PLMA with up to 21071x increased viscosity. Moreover, in the 5™ chapter Br-CNFs have shown



to be effective hydrophobic coatings on non-porous carbon and cellulose fabrics to respective
water contact angles up to 105° and 88° as well as moderately improved the fabric’s modulus (1.4x)
and strength (1.2x). The multiple functionalities of these one-pot synthesized Br-CNFs have shown
to be excellent surface modifiers (thin films, coatings), reactants or precursors for polyurethanes
(polyols, crosslinkers), and ATRP macroinitiators for polymer sheath-nanocellulose core viscosity

modifiers and drag reducers for diverse applications.



Acknowledgements

First and foremost, I would like to thank my major advisor, Prof. You-Lo Hsieh
(Department of Biological and Agricultural Engineering), not only for supporting my PhD study
but also for mentoring my personal life. Also, I appreciated the help and suggestions from
committees of qualifying exam and dissertation, Prof. Roland Faller (Department of Chemical
Engineering), Prof. Marjorie Longo (Department of Chemical Engineering), Prof. Adam Moulé
(Department of Chemical Engineering), Prof. Gang Sun (Department of Biological and

Agricultural Engineering), and Prof. Mark J Mascal (Department of Chemistry).

I am grateful to all colleagues in the lab, including but not limited to: Dr. Xiyu Song, Dr. Xingchen
Liu, Dr. Juri Fukuda, Dr. Gabriel Patterson, Dr. Benjamin Pingrey, Dr. Jian Zhou, Dr. Xuezhu Xu,
Dr. Lucas Messa, Dr. Maria Lucia Bianchi, Kaifang Fu, Jiahui Wei, Teresa Elena Lopez, Leilah-
Marie Lockett, Holly Kathleen Allan, and Andrea M Harris. I am also thankful for Dr. Ping Yu,

Dr. James Fettinger, Dr. Fei Guo, Bradley Shibata, and Leah Filardi for support of facility training.

Much appreciation goes to my wife, Yi Wang; my parents, Qiang Guo and Ming Meng, for their

unconditional love and support.



Table of Contents

Chapter 1. INtrOQUCLION ......eeeiiiieiiieeiie ettt et e et e e e s aeeesaaeeeaaeeesseeessseeesseesnseeessseeenns 1
1. 1. CelluloSe INIrOAUCTION ......eoviiiiiiiiiiriieieetet ettt sttt et sttt 1
1.2, NANOCEIIUIOSE ...ttt st sttt e eaees 4

1.2.1 Definition and PrOPEILY .......c.cccierieeiieriienieeteesite et eieeeeteeteesteesbeeseesaaeenseessaesnseenseennns 4
1.2.2 Cellulose NanoCTYStalS .......cceeciieiiiiiiieiieeiie ettt ettt ettt ebeeseaeseaeesee e 5
1.2.3 Cellulose NanofibIils ........coiuiiiiiiiiiieeeeee et e 6
1.3. Hydrophobic NanoCelIUIOSE.........ccevuiiriiiiieiiiieciie ettt e 7
1.3.1 PhysSical MEthOdS.......ccccuiiiiiiiiiiieciee ettt e e e e e enaee s 7
1.3.2 Chemical MEthOAS .......coiuiiiiiiiiiiiee et 8
1.3.2.1 ESterTfICatION .. ..oiutiiiiieiiieiie ettt st 9

1.3.2.2 SH1ANALION ...ntiiiiiiiieiie e 10

1.3.2.3 AMIAAtION vttt ettt st 11

1.3.2.4 POlymer Grafting .......cc.eeevieeeiiieiiieeieeciteeeiee et e et e e e e s e e sveeenreeens 11

1.4. Nanocellulose APPIICAtION .......ccuieciiiriiiiiieiieeie ettt ettt ettt siee e e 12
1.4.1 Packaging and COAtING ..........ccecuieriuiieiiiie et eiee e e tee e s e s e e eaeeeaseeenseeennnes 13
L.4. 1.1 MethOdOIOZY ....eeecvvieeiiieeiie ettt ettt e e eeeaee e 13

1.4.1.2 APPIICATION. ...cuiiiiieiiieie ettt ettt ettt e b e seaesaaeenbeenenas 13

1.4.2 Hydrogel and @€rogel.........cc.oeeuiiiiiiiiiiie ettt 14
1.4.2.1 MethOdOLOZY ....ccouvieiiieiieeiieiiecee ettt et et eneees 14

1.4.2.2 APPIICALION. .....viiieiiieeiiie ettt ettt et e e ee e e e e sab e e eaaeeesreeeesseeennseeeas 15

1.4.3 POLYMET COMPOSILES....eueetiiuiiriieiieiienteeie sttt sttt sttt ettt st sbe et bt sbeeee b enee 15
1.4.3.1 MethOdOLOZY ....ccouvieiiieiiieiieiieeee ettt ettt 15

1.4.3.2 APPIICATION. ...cuiiiiiiiieeit ettt ettt ettt et e et s aaeenbeeneees 16

1.4.4 POLyMET GIaftiNg ......ceeeiiiiiiiie ettt et ste e e s e e tbeeenaeesnseaennns 17
1.4.4.1 MeEthOdOIOZY ....eeevvieeiiiieeiie ettt e et e e eve e e aaeeeaee e 17

1.4.4.2 APPIICATION. ...cuiiiiiiiiieii ettt ettt ettt esbeensaesaaeenseenenas 17

1.5. Challenge and LImMitation .........cceeeueerieeriieeieesiiesieeteesiteeieeteeeeeeteeseeeaeenseesneeenseesseesnseas 19
151 DIESIZN .ttt ettt et ettt et e e e e e bt e sat e e bt e e saeeabeenbeeenbeeseeeaaeenbeeseeensaans 19
1.5.2 CRATaCteriZAtION ......eeuvieieiieiiesieeteeit ettt sttt ettt ettt et st sbe et sbe e b eanenbe e 20
1.5.3 ENvironmental CONCEIM ... .ccuivuiiiirienieeierieete sttt sttt sttt sbe e 21



L7 REIETEIICE: ...ttt ettt ettt e st et e bt e s be e bt e enaeaaeens 22
Chapter 2. One-pot Synthesis of Bromine Esterified Cellulose Nanofibrils as Hydrophobic
Coating and FilM........c.oiiiiiiiiiiiceeee ettt e et e s e e e e e eaaeeennaeesnbaeennsae s 38
Published on RSC Advances, May 17, 2022 ........ccouiiiiiiiiiieeieeeie ettt 38

2.1 TNEEOAUCTION ...ttt ettt sttt et b et bt et e s nae e 39

2.2 EXPEriMENtal SECHIOMN ....c.uvieiiieiieeiieetieciie ettt ettt et e st e bt esteessaeenbeessseenseenseesnseenseas 42

2.2.1 MAIIALS. ..eutiiieiieiieieee ettt ettt sttt e 42
2.2.2 Synthesis of Bromine Esterified Cellulose (Br-Cell). .........ccocoveviiiiniiiiniieiie e 42
2.2.3 Generation of Bromine Esterified Nanocelluloses (Br-NCs) by Ultrasonication. ....... 43
2.2.4 CharacteriZAtIONS. .....c..eeeuieriieiiieeieestie ettt et et et e st e e bt e saeeeabeebeessbeeabeesbeesaeeebeanaeeeas 44
2.3 ReSUltS and diSCUSSION......ccuuiitieiiiieitieiie ettt ettt ettt ettt e b e et e st e e nbeeeseeeneeas 46
2.3.1 Bromine Esterification of Cellulose. .........ccceouiriiriiiiiriinieniireeiecieeeeseee e 46
2.3.2 Br-NCs by UIrasoniCatioN. .......ceeuverieeiiieriieeieeiieseeeteesieesaeeteesseesseeseesssesseensaessseens 48
2.3.3 Br-CNF3 Morphology Characterized by AFM and TEM. .......ccccccceviniiniiniinienenene 51
2.3.4 FTIR Spectroscopy and Thermal Analysis of Br-Cell, Br-CNF3 and Br-Cell3
PrECIPILALES. ...eteeetietie ettt ettt ettt ettt et et e e bt e s et e eabe e beeesbeesseeenaeenbeensaesnseenseensnesnsean 53
2.3.5 Degree of substitution of surface OH by Solution-State 'H-NMR and Model
STMUTATION. 1.ttt sb et sttt sb et eb et et e sbeetesaeeaeeaees 55
2.3.6 Interfacial and surface properties of Br-CNF3..........cccoiiiiiiiiiiieeeeceeeee e 61
2.3.7 Dispersing Behaviors and Rheology of Br-CNF3. Dispersing........cccccceeeeveereveeenveenns 63

2.4 CONCIUSIONS ...ttt ettt ettt h e st e bt e s at e et e e sbeeeab e e bt e sateenbeenbeesabeenbeesseeeneean 65

2.5. Supplemental INfOrMAtION .........ccviieiiieriie et e e e e e e s e eeereesaaee e 66

2.0, RETETEICE ...ttt ettt ettt s at e et e bt e st e ebeeseeeenteas 70
Chapter 3. 2-Bromopropionyl Esterified Cellulose Nanofibrils as Chain Extender or Polyol in
Stoichiometrically Optimized Syntheses of High Strength Polyurethanes...........cccccocevenieneene. 74

3L INEFOAUCTION .ttt ettt sttt et sb et it e nbe e naes 75

3.2, EXPIrIMENTAL ....oouiiiiiiiiieiie ettt ettt ettt ettt esteeenbeenaeenaeens 78

3.2, 1 IMLALETIALS. .ottt sttt ettt 78
3.2.2. Synthesis and Characterization of Br-CNFS.........cccccoiiiiiiiiiiiiicecee e, 79
3.2.3. Polyurethane SyNthesis. .......ccocuiiiiiieiiiieciie et e e e 80
3.2.4. Br-CNF a8 EXtENAET. ...cuoiiiiiiiiiiieieie ettt 80
3.2.5. BI-CNF @8 POLYOL. ..oooiiiiiiie ettt 81

Vi



3.3, RESUILS QNA AISCUSSION. ... eeeeeeeeeeee e e et e e e e e e e e e e et e aaeeeeeeereaaaraaaaeeaeaaees 83

3.3.1. Characteristics Of Br-CINFS. ......cccooiiiiiiiiiiie e 83
3.3.2. Br-CNF as chain extender in PU synthesis at 2.2:1:1 NCO: OH: OH......................... 85
3.3.3. Br-CNF as polyol in PU SYNthesis..........ccceerieriieiienieeiierie et 87
3.3.4. MDI OPHIMIZATION. ..eoutieiiieiiieiieeieeitieeie ettt et e et e steebeeseeeesbeeseessseenseesseesnseensaesnsaans 90
3.3.5. PTMEG chain 1ength. ........c.ccociiiiiiiiiiiiiiicee ettt 92
3.3.6. ATR and DSC spectra of PU/CNF COMPOSILES. .....cecveeiieriieiiieiieeieeiieniieeieenieeeeens 94
3.3.7. Cyclic tensile properties of polyurethane film with Br-CNF as polyol....................... 95
3.3.8. Orientation of Br-CNF in PU along loading direction. ...........ccccceeevveevrieeniieceieeennen. 97
3.4, COMNCIUSION. ...ttt ettt ettt et e et e bt e sat e et e e bt e sabeeabeesbeesabeanbeenaeeans 98
3.5. Supplemental INTOrMATION ........cccviiiiiieeiieeciie e e eree e seae e e eaeeeaeees 100
3.6, RETETENCE. ...ttt ettt sttt st sttt be e 104

Chapter 4. Surface-initiated Atom Transfer Radical Polymerization of Poly(lauryl methacrylate)
on 2-Bromopropionyl Esterified Cellulose Nanofibrils as Rheology Modifier in Organic Media

(SUDMISSION ONZOINE) ..vvvenvieeirieiieeiieeiieeie et esteeeteeteeseteesteeseessaeesseesseessseenseenseesnseeseensseanseenses 109
4.1, INEOAUCTION L.ttt sttt ettt ettt e ate bt et esaeeneeieen 110
4.2, EXPEIIMENLAL .....oiiiiiiiiiieciie ettt ettt e et e et e s beetaeeaaeenbeensaeenseenseennns 115

4.2.1. MAETIALS. ..eeiintieiiiitiete et st ettt 115
4.2.2. SI-ATRP from Br-CNF with LMA. .....cciiiiiiiieeeeeeee et 115
4.2.3. CharacteriZatiON. ......cccuuiiiiiiieiiie ettt ettt ettt ettt e et e et esat e e bt e bt e saeeebeeneee 116
4.2.4. Redispersion of Br-CNF-g-PLMA in Toluene and Pump Oil............cccccocvvvennenneen. 118
4.3. Results and diSCUSSION. .......iiuiiiiiiiiieiie ittt sttt ettt e st e st e b e 119
4.3.1. SIFATRP 00 BI-CINF. ..ottt 119
4.3.1.1. Kinetics of POlyMEriZation. .........ccceeveeriieniienieeiieniie et 119

4.3.1.2. Mn Estimation of Br-CNF-g-PLMA. .........cccciiiiiiiieeeeeeee e 120

4.3.1.3. ATR spectroscopy and thermal analysis of Br-CNF and Br-CNF-g-PLMA.
............................................................................................................................... 122

4.3.1.4. Degree of polymerization (DP) determined by solution-state IH-NMR. 124

4.3.1.5. Surface Compatibility of Br-CNF-g-PLMA..........cccceviiiiiieieeeee 127
4.3.2. Br-CNF-g-PLMA as Viscosity MOdifier..........ccceeviiiiienieiiieiienie et 129
4.3.2.1. Viscosities of Br-CNF-g-PLMA at varied shear rates. .............cccccveeueene 129

vii



4.3.2.2. Concentration, chain length and temperature effects on Br-CNF-g-PLMA

10 1 1T0] (0 = 2SR 131

4.3.2.3. Br-CNF-g-PLMA as drag reducer in pump 0il.........cccceevieniiniiieniennnns 132

A4, CONCIUSION. ...ttt ettt et ettt e b e e ae e e et e et e e sateeabe e bt e saeeenbeenbeesateenbeennee 134
4.5. Supplemental iNfOrMation .........ccueeiviiriiiiieiiece e e 135
4.6, RETETEICE. ....eeeiniiiiiiieeece ettt ettt et b ettt e b enees 137
Chapter 5. One-pot Synthesis of Bromine Esterified Cellulose Nanofibrils for Solvent Free ... 142
Polyurethane Synthesis and Fabric Coating (Submission Ongoing) ...........c.ecceeveervrerueenvennenns 142
5.1 INEOAUCTION ...ttt ettt st e b e st e et eesaee et ees 143
I B 4 0135 100 1S) L | RSP PS 145
5.2.1. MALETIALS. ettt ettt ettt an 145
5.2.2. Synthesis of Bromine Acylated Cellulose (Br-Cell). .......ccccccevveiiieiiiiiiieeieeieee, 146
5.2.3. In-situ Ultrasonication in DMF, Acetone and Castor-oil to Br-NCs......................... 147
5.3. Results and diSCUSSION.......cc.ueruiiiiriiiiieiierieeie ettt sttt sttt 150
5.3.1. Bromine Acylated Cellulose (Br-Cell) and in-situ Ultrasonication into Br-NCs...... 150
5.3.2. BI-NC MOTPROLOZY. ..eoeuviiiiieiieiieeit ettt ettt ettt seee s aeeseeseaeenseas 152
5.3.3. Structural Characterization by FTIR, TGA, and XRD. .........cccceeeviriiiivienieiireieen. 155
5.3.4. Crystalline structure by XRD. ....ccoioiiiiiiiiieciiececeeee et 156
5.3.5. Degree of substitution of surface OH by Solution-State |H-NMR........................... 157
5.3.6. Castor Oil Polyurethane Synthesis in Presence of Br-NCs. ........cccccevvevieivciieecnieenee. 159
5.3.7. Br-CNFs Pad Coated Bleach Cotton. ...........ccooieiiiiiiiniiiiiiienceeeeeeeeee e 162
5.4, CONCIUSION. ...ttt ettt ettt ettt ettt et s bt et e et e s bt et e ebt e bt eatesbeenbesbtenbeenees 164
5.5. Supplemental INfOrMAtION ........ccuieiiieiieiieeie ettt et e seae e e naee e 165
5.6. REIETENCE. ...ttt sttt ettt sttt be e 167

viii



Chapter 1. Introduction

1.1. Cellulose introduction

As the most abundant natural polymer on earth, cellulose has been annually produced at
approximately 75 to 100 billion tons.! Cellulose is an organic compound belonging to the category
of polysaccharides made up of glucose subunits. It is found in cell walls of bacterial and plant cells.
Although cellulose is widely used for thousands of years in forest products, paper, textiles, etc, it
is still one of the most underutilized natural polymers. The renewable and sustainable resources
for natural cellulose from plants, tunicates even bacteria verified its economic applicability
meanwhile its biodegradable and low environmental impact nature proved the Green Chemistry
concept. Cellulose content varies with 90% in cotton fiber?, 40—70% in wood?, 35-45% in corn
stalks*, 73% in sisal fibers®, 45% in sugarcane bagasse®, 30% in wheat straw’ and approximately
62% in hemp®. Table 1 display the chemical composition of different sources®!” on dry basis. Of
all cellulose resources, rice straw is the largest crop residue globally and a significantly under-
utilized, non-wood cellulose source from crop production by-product, containing cellulose
(38.3%), hemicellulose (31.6%), lignin (11.8%) and silica ash (18.3%).° Pure cellulose was
isolated from rice straw by a three-step isolation process'® of toluene/ethanol extraction, acidified
NaClO: delignification and alkaline hemicellulose dissolution to remove wax, lignin and

hemicellulose in sequence.

Table 1.1 Dry composition of different plant sources. °!”



source cellulose (%) | hemicellulose (%) | lignin (%) | silica,wax (%)
rice straw® 38.3 31.6 11.8 18.3
Pine (softwood)' 44 27 28 —
: 10
e R
Jute™® 73.2 13.6 13.4 —
Wheat straw'® 48.8 35.4 17.1 —
Rice husk™ 45 19 19.5 15
bagasse’ 55.2 16.8 25.3 2.7
banana'? 63-64 10 5 22
flax'? 71 18.6-20.6 2.2 7.2
hemp'? 70-74 17.9-22.4 3.7-5.7 3.2
mulberry barks' 37.4+2.3 25.3+2.5 10.0+0.8 27.3
galic straw'” 41 18 6.3 34.7
carrot residual’ 81 9 25 7.5
ground nut shell'® 38.3 27.6 21.1 13
onion skin'’ 41.4+11 16.2+0.6 38.9+1.3 35

There are four polymorphs of cellulose: I, II, III, and IV'. Cellulose I found in nature consists of
two allomorphs of Io. and IB°. Cellulose II is the most stable form of crystal emerged from aqueous
sodium hydroxide treatment, which is also called regenerated cellulose?!. The characteristic
distinction between cellulose I and II is the layout of their atoms. In cellulose I chains are aligned

in parallel direction, whereas it is found to be antiparallel in cellulose 11.2? Cellulose I1I obtained



from decomplexation of ammonia—cellulose I or ammonia—cellulose II is designated cellulose I1I;
or cellulose Iy, respectively, whereas, cellulose 1V is derived from the glycerol modification of
cellulose I11.!° Each cellulose molecule contains several crystalline and amorphous parts?®, making
cellulose a semicrystalline polymer composed of ordered and disordered regions within a single

microfibril .24

The chemical formula of cellulose is (CsH100s) n, where n is the number of repeating glucose units
or the degree of polymerization (DP). The repeating unit in cellulose consists of two glucose
molecules known as one anhydroglucose unit. The DP of native cellulose ranging from 1500 to
35002 depending on the cellulose source and corresponding treatments. Native cellulose consists
of long linear chains of D-glucose units joined by (1—4)-B-glycosidic bonds that are
intermolecularly and intramolecularly hydrogen bonded. Crystalline cellulose from high plants has
cellulose I allomorph with a monoclinic two chain unit cell structure.?® 2’ In monoclinic unit cell,
cellulose chains are aligned along ¢ axis (001) direction and three major lattice planes (110)m,
(110)m, and (200)m have d-spacings of dijo= 0.53 nm, di.10= 0.58 nm and daoo = 0.39 nm,
respectively.?® Single cellulose chains in sheets perpendicular to (100) direction are hydrogen
bonded?®, and the multiple sheets are held together mainly via van der Waals interactions?’. The
reducing end of the cellulose chain containing a hemiacetal group provide more functionality and
directional asymmetry. The ubiquitous cellular hierarchical structure of cellulose lead to the
extreme high mechanical strength. Cellulose has been used industrially as a raw material in
products of paper?’, cellophane films*’, textiles’!, and dietary fibers*?>. To maintain uniformity and
remove hierarchical structure associated defects, nanocelluloses have be extracted from

macroscopic cellulose with as high performance materials.>*



C e # :
dyg=0.53nm k p /

Figure 1.2. (a) Three dimensions view of cellulose I} monoclinic unit cell (a=0.801 nm, b=0.817
nm, c¢=1.036nm)?, (b) Two dimensions view of I-B cellulose monoclinic unit cell (ac plane)?’, (c)
Three dimensional view of I-f cellulose monoclinic crystal lattice with diio= 0.53 nm, di.10=

0.58 nm and d200= 0.39 nm?®.

1.2. Nanocellulose

1.2.1 Definition and property

Nanocellulose that are ~3—20 nm wide and 100 nm to several micrometers long, generally referred
to crystalline domains, can be separated by removing or breaking the extensive and strong inter-
fibrillar hydrogen bonds in the non-crystalline regions. According to aspect ratio, nanocelluloses
are classified to cellulose nanocrystals (CNC, aspect ratio < 100) and cellulose nanofibrils (CNF,
aspect ratio > 100). Either CNC or CNF has gained increasing attention due to their reticulate
three-dimensional (3D) web-shaped fibrous structure®*, high crystallinity®*, high elastic modulus
(150 GPa for CNCs, 28 GPa for CNFs)*% 37 low axial thermal expansion coefficient (1077 K™! for
CNCs, 5x10°K™! for CNFs)*® ¥ optical transparency,**! unique nanoscale lateral dimensions**
43 and high biocompability**+°. Highly efficient top-down isolation methodology of nanocellulose

from plant sources need to be investigated to meet large scale industrial applications.



1.2.2 Cellulose Nanocrystals
Cellulose nanocrystals (CNCs), the most used nanocellulose, were defibrillated from pure

46-64

cellulose by removing the non-crystalline regions via acid hydrolysis®™™"or mechanical treatment

6567 and high-pressure homogenization®® . Sulfuric acid*’>*, phosphoric

such as ball milling
acid®® % or oxalic acid®"** hydrolyze cellulose (1—4)-B-glycosidic bond and generates rod-like
CNCs while esterify the hydroxyls to anionic sulfate, phosphate or oxalate groups to provide the
necessary electrostatic repulsion to stabilize aqueous CNC suspensions.*® In contrast, hydrochloric
acid>®® only hydrolyzes (1—4)-p bond without introducing charged groups, causing potential
agglomeration due to a lack of electrostatic repulsion between CNCs.”” Common sulfuric acid
hydrolysis results in low yield CNCs from 15 to 50 w%%*%>° due to disintegration of amorphous
regions and degradation of crystalline parts*®. Recently, non-toxic oxalic acid hydrolysis has been

optimized to reach high yield of 71-93% with relative lower concentration of 0.5 w% ®* as

compared to sulfuric acid hydrolyzed CNCs.

Among all mechanical treated CNCs, ball milling is the most promising and widely used
methodology for CNCs isolation.”! It is an environmentally sound and cost-effective technique
compared to traditional acid hydrolysis using concentrated acid which is removed by
centrifugation or dialysis, which is considered to be laborious process®. Without removing
amorphous region as in hydrolysis, crystallinity of those ball milling CNCs was not higher than
70.3%% as reported and always lower than original fibers. Maximum thermal degradation
temperature dropped ca. 80°C for sulfuric acid hydrolyzed CNCs’? compared to original fiber,
which was only ca. 20°C deduction for ball milling CNCs®. Modification of hydroxyls to sulfate
groups on CNC surface through acid hydrolysis may prompt poor thermal stability in comparison

to CNCs formed through a greener approach.”



1.2.3 Cellulose Nanofibrils

Compared to rod-like CNCs, high aspect ratio cellulose nanofibrils (CNFs) has been prepared via

43, 73-80 t42’ 81-

mechanical methods or combined of chemical modification and mechanical treatmen

73, 74 78, 19

% Homogenization’> ™, grinding” 7®, blending** 77, ultrasonication and aqueous counter
collision®® were used to help cellulose defibrillate into CNFs by opening (110) or (1-10) plane
without modification of surface hydroxyls. High pressure homogenization (80 MPa, 30 cycles)
produced 90 w% CNFs (10-20 nm width) from sugarcane bagasse with dramatically decreased
crystallinity from 60 to 36 %.”> Bleached and unbleached bamboo pulp has been grinded into 5-
30 nm width CNFs but relative low crystallinity of 0.43 and 0.36, respectively.”® A increased
crystallinity of 72.2 to 81.5 % was observed for blended rice straw CNFs (2.70 = 1.22 nm) at yield
lower than 20 %.* Thick CNFs ( ca. 68 nm width) has been isolated from pineapple leaf by
ultrasonication with decreased crystallinity from 82.7 to 61.7 % and unreported yield.”® Aqueous
counter collision (ACC), which allows biobased materials to be downsized into nano-objects only
using water jets, defibrillated homogenization pretreated bacterial cellulose into nearly 100% yield
CNFs with slightly decreased crystallinity from 84 to 70 %.% It is obvious that optimization of

mechanical methods for CNFs isolation is challenging, in which intensive conditions cause

potential cellulose dissolution meanwhile weak conditions lead to low yield.

To allow CNFs defibrillation in mild conditions, surface hydroxyls could be modified into charged
groups to decrease hydrogen bonding interactions among cellulose chains meanwhile provide the
necessary electrostatic repulsion to stabilize in water. The most common chemical modifications

aided cellulose defibrillation involves TEMPO (2,2,6,6-tetramethylpiperidin-1-yloxyl)-

42, 81-83 84, 85 86, 87 88, 89

oxidation , phosphorylation , periodate-chlorite oxidation and sulfonation

TEMPO, a typical catalyst for the oxidation of primary hydroxyls, regio-selectively oxidizes



cellulose primary C6 hydroxyls to carboxylates’, followed by mechanical blending to generate
finer (1.5 nm thickness, 2.1 nm width) CNFs at high yield of 96.8%%. Sugarcane bagasse (SCB)
phosphorylated CNFs after blending were prepared at 84.3% yield and extremely high charge of
2.56 mmol/g with three dimensions of W=3.84 nm, T=0.73 nm, and L=ca.500 nm.% Sequential
periodate—chlorite (PC) oxidation followed by blending has been optimized to regioselectivity
converted C2,C3 hydroxyls to carboxyl groups for preparation of CNFs (T=1.26 nm, W=3.28 nm)
at yield of 98%.%¢ A facile sulfation-disintegration approach combined direct sulfation with
chlorosulfonic acid followed by blending has been established to generate sulfated CNF with
tunable charge of 1.0-2.2 mmol/g and high yield up to 97%.%’

t43, 73-80

To sum up, all those nanocelluloses either isolated by mechanical treatmen or combined

42, 81-89 42, 81-89

methods are all hydrophilic, some with anionic charges , making them easily
dispersible in aqueous media, but incompatible with less polar and non-polar organic liquids and
most synthetic polymers. Thus, hydrophobic modification of CNCs and CNFs should be further

investigated and broad their applications.
1.3. Hydrophobic Nanocellulose

1.3.1 Physical Methods

Nanocellulose exhibits superior structural characteristics than micro-size cellulose and capability
of facile surface-modification for post application via different strategies. To render these
hydrophilic nanocelluloses to be more compatible with organic media and polymers for broader

191193 or chemical means!'%*!** have been explored and reviewed'>>.

applications, various physica
Mechanical pretreatment such as ultrasonication to disperse nanocelluloses only limited in less

polar polymer such as polyurethane (PU) °!*4, the compatibility issue to nonpolar media is still a

challenge. Hydrophobic nanocellulose can also be obtained by physically absorbing cationic



surfactant”™® or quaternary ammonium salt””'%. Cationic surfactants with one end as long
hydrophobic alkyl chain can be adsorbed on the anionic nanocellulose surface under the action of
static electricity. As the cationic surfactant concentration increases, the chemical potential of the
nanocellulose surface turns from positive to negative.'*> Sulfuric acid hydrolyzed CNC has been
coated by absorbing cetyltrimethylammonium bromide (CTMAB) to enhance compatibility to
hydrophobic anti-cancer drugs such as luteolin (LUT) and luteoloside (LUS).%® Similarly to
cationic ion, the hydrophobicity of the long chains on the quaternary ammonium salt will endow
the nanocellulose with a hydrophobic surface!*® meanwhile either positive or negative ions on
quaternary ammonium salt could bond to the hydroxyl or carboxyl groups on the surface of
nanocellulose. Hydrophobic TEMPO-oxidized CNF (TEMPO-CNF) films with WCA of ~100°
were prepared by casting and drying aqueous dispersions of TEMPO-CNF with quaternary
alkylammoniums (QAs) as counterions for the surface carboxylate groups.'®! In addition, the
hydrophobicity of the modified nanocellulose can be regulated by controlling the chain length of

the quaternary ammonium salt.!*” To not only increase hydrophobicity but also introduce more

104-118 119-122 123-126

functionality, chemical methods including esterification , silanation , amidation

and polymer grafting!!'? '27-13% have been reported up to date on surface modification of hydrophilic

104-114, 119-134, 138

nanocelluloses, in which most of them are performed on already existing

nanocelluloses.

1.3.2 Chemical Methods
Scheme 1.1. Hydrophobic nanocellulose modification involving (1) esterification'® (2)

silanation'?!, (3) amidation'?, and (4) polymer grafting'!2.
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1.3.2.1 Esterification

The esterification reaction mainly converts nanocellulose surface hydroxyls to ester groups with
one hydrophobic end. Hydrophobic cellulose nanopapers has been prepared by esterifying the
hydroxyl groups on the surface of CNF using lactic acid during ultrasonication.!?” UV-shielded
cinnamate groups were grafted onto the sulfuric acid hydrolyzed CNC surface through the
esterification reaction between the hydroxyls and cinnamoyl chloride to increase hydrophobicity
as well as exhibiting strong ultraviolet absorption and high visible light transmittance.'!® Those
hydrophobic moieties were confirmed as a reinforcing nanofiller in a hydrophobic polymer matrix
such as polystyrene.''° Bromine esterification, a common reaction to introduce alkyl bromines to
cellulose, has been performed on CNC!''or CNF!'? to improve their respective solubility or
dispersity in DMF!!! and anisole'!?. Sulfuric acid hydrolyzed CNCs!!! and TEMPO-oxidized and

homogenized CNFs!!?

were acylated with 2-bromoisobutyryl bromide (BIB) aided by 4-
dimethylaminopyridine (DMAP) catalyst at ambient temperature to generate DMF dispersible

CNFs to be polymerized with styrene.

It should be noted that esterification can be accomplished during the nanocellulose preparation in

which a one-pot approach was achieved. For instance, hydrophobic CNF could be prepared by ball
9



milling of native cellulose in dimethylformamide (DMF) containing hexanoyl chloride, which
could be homogeneously dispersed in non-polar organic solvents such as tetrahydrofuran,
chloroform, and tertbutyl alcohol with unreported yield.!'!® Esterification of cellulose with acetic
anhydride followed by refining, cryo-crushing and homogenization has shown to generate ethanol
and acetone suspensible cellulose and some 10-50 nm wide CNFs, but the extent unreported!'!>.
To diversify chemistry, quantify yield and simplify the disintegration process, one-pot synthesis
of solventless telomerization of butadiene into 2,7-octadienyl ether (ODE), a 8-carbon diene, on
cellulose followed by mechanical blending of aqueous ODE-cellulose suspensions to generate
hydrophobic ODE-nanocellulose precipitates that were 27-41% dispersible in DMF, DMSO and
chloroform.!'® Recently, 2-bromopropanoated nanofibrils (Br-CNF) have been facilely produced
from one-pot esterification of cellulose with 2-bromopropionyl bromide (BPB) to 2-
bromopropanoated cellulose (Br-cell) to be directly disintegrated by in sifu ultrasonication in the

same organic liquid, DMF.!!7

1.3.2.2 Silanation

Silane is a well-known chemical reagent that is widely used as a coupling agent between organic
and inorganic materials. The silane reaction is hydrolysis and condensation in which the alkoxy
groups in silane are able to be hydrolyzed with water to form silanol groups.'*> CNF was modified
with hydrophobic alkoxysilane containing methyl (MTMS), propyl (PTMS), or aminopropyl
(APTMS) functional groups to form silane-modified CNF (Si-CNF) and corresponding effects
were investigated.'?? Crystallinity and structure of Si-CNF retained the same as original CNF with
controllable degree of silanization and improved dispersity in chloroform, caused by coating with
hydrophobic siloxane layer.'?° A two-step silanization using both silylation-modified linker (3-

Glycidyloxypropyltrimethoxysilane) and reagent (dodecyltrimethoxysilane) was applied on

10



sulfuric acid hydrolyzed CNCs films to significantly increase water contact angle from 0° to about
140°, along with elevated initial thermal degradation temperatures from 186 to 215 °C."?! A ultra-
high absorption of TEMPO-CNF aerogels on non-polar chloroform (356 g per g) and decane (219

g per g) after silanization via chemical vapor deposition (CVD) was reported. '?

1.3.2.3 Amidation

Amidation modification can also be used to hydrophobically modify nanocellulose by linking
primary amine on the modifier to carboxylic acid on the surface of nanocellulose. Nanostarch films
has been reinforced by the amidated CNCs with 230% tensile increase on strength along with 87.4%
decrease of water vapor permeability and 25.6" decrease of moisture absorption.'?® Electrostatic
and covalent attachment of octadecylamine (ODA) to TEMPO-CNF surfaces can be easily
achieved to disperse in DMSO, isopropanol and THF with slightly increased from 240 to 280°C.!%3
CNF surface has been modified using alkenyl succinic anhydride (ASA) to increase
hydrophobicity for preparation of reinforced CNF/Polypropylene nanocomposites.'?* Besides,
CNF has been modified by linking 10-undecanoyl chloride to prepare a hydrophobically modified
membrane after vacuum filtration, showing good moisture resistance, low surface roughness, and

high tensile strength, suitable for packaging applications.'?

1.3.2.4 Polymer grafting

Polymer grafting is to graft long-chain polymer or oligomers to the surface of nanocellulose via
covalent bonds. Grafting side chains on nanocellulose backbone not only improve its
hydrophobicity but also enhance entanglement at the polymer-cellulose interface!**, as well as
introducing more targeted functionality!*>. Among all of grafting methods, "Grafting-from"
method has been widely used in which initiators are immobilized followed by in-situ

polymerization of monomers on the surface of nanocellulose.!* N, N-dimethylamino-2-
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methacrylic acid methyl ester (PDMAEMA) has been grafted on CNF aerogel surface with
controllable surface wettability and WCA up to 130°, in presence of carbon dioxide.!*!
Significantly WCA increase from 32° to 120° of CNC film surface was observed with increase of
grafted length of alcohol from ethanol to 1-octanol using 2, 4-toluene diisocyanate (TDI) as
crosslinker.!3® TEMPO oxidized CNC surface was grafted by polyethylene glycol (PEG) via ionic
bonding to be homogeneously disperse in chloroform.'?* Multifunctional polymers have been
grafted on nanocelluloses to increase their compatibility to hydrophobic nanocomposite. !!? 127- 128
Thermo-responsive poly(poly(ethylene glycol) methylacrylate)s has been grafted from sulfuric
acid CNCs to generate low critical solution temperature tunable polymer hybrids.!?” Polystyrene
was grafted on TEMPO-oxidized CNFs to significantly increase its combability to organic solvent
and homogeneously dispersed in tetrahydrofuran (THF).!'> CNCs were grafted with polymethyl

methacrylate (PMMA) to increase initial degradation temperature by 50 °C as well as improved

compatibility to hydrophobic polystyrene.'?®

1.4. Nanocellulose Application

As a sustainable material, nanocellulose could be extracted from the disintegration of plant>,
synthesized by different microbial strains'*®, and cell-free systems!*’. Current applications focus
on functional paper'*! 142, dressing!*’, textiles'**, food'**, comestics'*®, antibacterial coatings'?’,

packaging!*®1%° hydrogel/aerogel'?? 15115 ' mechanically reinforced polymer composites®? 23167,

tissue engineering'®® 1%°, bioprinting!”, optoelectronics!”!, environmental remediation!’> 73,

polymer grafting and so on, both alone and inside with other materials.
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1.4.1 Packaging and coating

1.4.1.1 Methodology

Layer-by-Layer (LbL) assembly, electrospinning and film casting are the most common methods
to prepare nanocelluloses as coating or packaging materials. LbL assembly has been investigated
to deposit ultra-thin layers of functional substances onto surfaces until reaching sufficient
thickness to provide gas barrier properties, mechanical properties, and wet-strength
requirements.!”> 7 Electrostatic interaction can be exploited by alternating polyanionic and
polycationic NCs layers to obtain denser and ultrathin layers for tailored physical properties.'*
Electrospinning is a remarkably simple method for generating nanofibers of polymers using
electric force to draw charged threads of two polymer solutions followed by melting up to fiber
diameters.!” In the past years, cellulose-based materials have been successfully electrospun'”®
with tunable thermal/mechanical properties and crystallinity with the alignment of the fibers. Film
casting is a generic operation of evaporation of water or solvent from the NC at a controlled
temperature to obtain dried films of neat or modified NC.!”” CNCs are more brittle than flexible
CNFs and addition of the plasticizers like sorbitol and glycerol can mitigate the brittleness by

reducing the intermolecular hydrogen bonding among CNCs. '8

1.4.1.2 Application

Due to biodegradable and non-toxic nature, plant-based nanocelluloses with excellent mechanical,
rheological and gas barrier properties have been investigated to replace oil-based plastics in variety
of food packaging and coating application.!”” High strength lignin-based fibers were produced by
electrospinning aqueous dispersions of lignin, poly(vinyl alcohol) (PVA), and cellulose
nanocrystals (CNCs).!3® Cellulose nano-paper has been prepared from wood CNFs aqueous

suspension (0.2%) by vacuum filtration to reach an extremely high strength to 214 MPa with 28%
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porosity.'*! Highly stretchable graphene—nanocellulose composite nanopaper was made via
vacuum filtration to achieve stretchability up to 100%.'*? A translucent light-diffusive translucent
light diffuser consisting of TEMPO-oxidized woold pulp CNFs with tunable diffuse transmission
of up to ~78% across the visible and near-infrared spectra.!”! TEMPO-oxidized CNF has been
coated on polyethersulfone (PES) layer-by-layer to significantly enhanced antifouling and
antibacterial properties with 49% less relative adhesion of bovine serum albumin (BSA).!*” Near
CNF aqueous suspension has been coated on polylactic acid (PLA) surface to significantly
enhanced the oxygen barrier with a decrease in oxygen permeability from 96-84%.'*® CNCs has
been coated on paperboard with polylactic acid (PLA) layer by layer to reach both low oxygen (6
cm’/m?/day) and water vapor transmission rate (28 g/m?*/day) at 38°C and 90% relative humidity

via extrusion coating.'>

1.4.2 Hydrogel and aerogel

1.4.2.1 Methodology

Hydrogels of nanocelluloses are commonly prepared via addition of CNC/CNF to a polymer
precursor solution followed chemical cross-linking of main polymer component to
nanocellulose.'*? Freeze—thaw cycling, in which precursor material is rejected from growing ice-
crystals (freeze) generated water-filled pores (thaw), could be used for preparation of strong
hydrogel networks. Freeze-drying and supercritical drying,'®® in which aqueous gel phase is
replaced with gas, are most used methods for preparation of nanocellulose aerogels. For
anisotropic nanocellulose aerogel preparation, freeze casting method is used to apply a temperature

gradient during the freezing process to allow ice crystallites grow directionally. !’
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1.4.2.2 Application

Nanocellulose based aerogels from freeze-drying have become a hot research topic due to their
high absorbance ratio, surface area and amphiphilic behavior.'?? In situ-gelling nanocomposite
hydrogels based on poly(oligoethylene glycol methacrylate) (POEGMA) and rigid rod-like
cellulose nanocrystals (CNCs) has been prepared to reach 35-fold increase in the gel shear storage
modulus at 4.95 w% gel addition.'! 50 w% TEMPO-oxidized CNF aerogel was used as loading
matrix with PEDOT: PSS as stretchable sensor with increased the conductivity from 0.05 to 0.12
S m .15 Ultra-light (1.7 to 8.1 mg cm ™) and ultra-porous (99.5 to 99.9%) aerogels have been
assembled from Tempo-CNFs with amphiphilic behavior.!?2 CNC based aerogel was also prepared

through supercritical CO> drying to reach high surface area (605 m? g 1).!>*

1.4.3 Polymer composites

1.4.3.1 Methodology

Because of native crystallinity and high strength, cellulose nanocrystals (CNCs) and cellulose
nanofibrils (CNFs) have been extensively studied as reinforcements to produce cost-effective,
highly durable nanocomposite materials.'®> Nanocelluloses can interact with polymer matrixes by
either physical mixing or covalent bonding. Physical mixing method take advantage of weak
secondary forces such as hydrogen bonding, dipole-dipole interactions and van der Waals forces !
between nanocellulose and doped polymer. Thus, potentially low the stiffness of nanocellulose
polymer matrixes should be anticipated.'*® Covalent bonding interactions between nanocellulose
and compatible polymer via crosslinking potential provide high strength composite. Especially for
CNFs, high-aspect-ratio fibers can impose efficient entrapment effects on the chains of the matrix

polymer and cause a sort of chain confinement to increase the stress-transfer capacity relative to

that of short fibers.'¢’
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1.4.3.2 Application

Thermoplastic block copolymer elastomers have been widely used because it combines the high
extensibility of wvulcanized rubbers and the energy-saving processing recyclable nature of
thermoplastics.!” For simply physical mixing nanocellulose composites, CNCs were utilized as
reinforcement to increase stiffness of shape memory polyurethane composites.”? Cellulose-
nanofibril-film-reinforced polycarbonate composite was synthesized by compression molding
with modulus of 11 GPa.'”® Thermoplastic starch (TPS) was mixed with cotton linter CNFs to

155

make high strength nanocomposite via solution casting method.'®® Sulfuric acid CNFs'>® and

carboxymethyl CNFs!¢

were doped as filler in commercial waterborne polyurethane to enhance
mechanical strength 4 or 8-fold with a drop of tensile strain from 700% and 396% to 429% and
6.4%, respectively. In the case of polyester based thermoplastic polyurethane (TPU), mixing up
to 1 %% or 30 %'®! CNC with the aid of ultrasonication in DMF did not improve tensile strength
or strain significantly, likely due the incompatibility between the hydrophilic CNC and
hydrophobic TPU matrix

For nanocellulose covalent bonded composite, one of the representative examples is
nanocelluloses as reactive polyol in-situ synthesis of polyurethane (PU). Dispersing aqueous
CNCs (0.5 w%) in PTMEG (M, :1,000 Da) by homogenization and water evaporation followed
by sequential reactions to MDI and 1,4-BD improved tensile strength of PU composite by 40 %',
Additional pretreatments of either freeze-drying CNC®! or sequential solvent exchanging CNC '3
and CNF!®* via acetone to DMF, then ultrasonicated with PTMEG®! 1** or hydroxylated soybean
0il'®* have shown to improve some of the tensile modulus®!> !9, strength®! 16 184 and strain®!> 164,

all optimized at 1 w% addition. Specially, a facilely synthesized 2-bromopropionyl bromide

esterified cellulose nanofibrils (Br-CNF) has been used as polyol in-situ polymerization of TPU
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with enhanced strength (3.2x), stretchability (3.9x) and modulus (1.5x) at merely 0.3 w% addition
in chapter 3.

1.4.4 Polymer Grafting

1.4.4.1 Methodology

There are two main approaches for grafting polymer brushes on nanocelluloses (NC) surface (i)
“grafting-to” method, including both covalent and non-covalent interactions and (ii) “grafting-
from” approach, mainly from surface initiated atom transfer radical polymerization (SI-ATRP).!%°
The “grafting to” approach has the advantage of introducing a already synthesized and well-
defined polymer on the surface through peptide coupling, epoxy ring-opening, click chemistry or
adsorption approaches to form (non-)ionic or electrostatic interactions.!®’” “Grafting from”
approach involves two sequential steps a) immobilization of initiators and b) polymerization, '8!
making it possible to achieve a high-density grafting of brushes and enable of good control of
grafted polymer length. Thus, “grafting from” is more commonly applied in the literature for both
hydrophilic and hydrophobic polymers grafted on NC substrates.!®?> The most common used
“grafted from” method is atom transfer radical polymerization (ATRP), which is one of the most
robust and widely used control radical polymerization techniques because of the simple
experimental setup, precise molecular weight control, available initiators and catalysts used in a

large range of solvents and reaction conditions.'®?

1.4.4.2 Application

Esterified nanocelluloses with alkyl bromines are suitable macroinitiators for ATRP of chain
polymers to synthesize NCs-centered star-like block copolymer matrix. Surface initiated (SI)-
ATRP has previously been applied to graft controllable length of functional polymer brush on

CNCs!?8 184203 or CNFs!12 20426 1o behave as entire stimuli-responsive material!84-187 207, 208
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112, 128, 188-195,204 " 90]d nanoparticles stabilizer'*®, anionic moiety

hydrophobic reinforcement filler
binder'®”> %8 thermoplastic elastomer!®® or for characterizations??0-29% 205 206 poly(N-
isopropylacrylamide) (PNiPAAm) was grafted from the surface of CNCs by SI-ATRP to prepare
CNCs based temperature sensitive film.?"” TEMPO-CNFs/PNiPAAM aerogel was synthesized via
free radical polymerization and lyophilization to obtain hydrophilicity/hydrophobicity thermal

8

switchable properties.’”® Alkyl bromine immobilization, mostly involving reacting 2-

) 112, 128, 184-186, 188-203, 206 d128, 184, 185, 188-202, 206

bromoisobutyryl bromide (2-BIB on freeze-drie or
DMF solvent exchanged!!> 186 203 panocelluloses, was necessary to prepare macroinitiators
dispersible in DMF!84-186, 191, 194-203,206 '\ [SO188. 192 toluene!* 1*° or anisole!!'> 128 1% for surface
grafting. Additionally, aqueous dispersible macroinitiators were prepared by reacting 2-
bromopropionic acid on CNC slurry (11.5 w %) in presence of toluenesulfonic acid (12 w/v% in
acetic acid) followed by dialysis and freeze-drying.!®” Br content, or degree of substitution (DS)
for OHs converted to Br esters, were determined to be extremely low to 1.4 12, 3.5 193, 7.442%
and 9.5 Br % by elementary analysis (EA), or 26 %% by 1*C NMR integration both on CNC-
Br. Freeze-dried homogenized CNFs were modified by 2-BIB in sequential chemical vapor
deposition (CVD) and solution state acylation for a high DS up to 43 % by '"H NMR.?% Complex

initiator immobilization process and unattainable high grafting density limited surface grafting

application on nanocelluloses as backbone macroinitiators.

Although up to several hundred degree of polymerization (DP) for chain length could be controlled

0184 192,194 conversion for SI-

by varying reaction time or monomer concentrations, less than 35
ATRP on CNC-Br!8+ 192. 194 4t{]] need to be improved. One possible reason for low conversion was

the less accessibility of immobilized Br initiators on nanocelluloses surfaces compared to free

initiators. Thus, sacrificial initiator such as ethyl 2-bromoisobutyrate (EBIB)!88-191: 193, 195-197, 199-
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201,203 or 2-hydroxyethyl 2-bromoisobutyrate (HEBIB) ''? 205 were added accompanied with
macroinitiators to significant increase conversion up to 92 %!*® for CNC-Br and 70 %'!? for CNF-
Br, both with narrow polydispersity Index (PDI) up to 1.1' and 1.17''"? determined by gel
permeation chromatography (GPC). Also, use of sacrificial initiator helped to gather chain length
information and distribution without cleaving polymer chains from the macroinitiator surface.
However, those assumptions of equal accessibility and reactivity for both sacrificial and
immobilized initiator were unreasonable, causing inaccurate estimation of surface chain length.

128, 184-203

Compared to more publications on rigid and short CNCs , surface grafting of polymer

brush on flexible and high aspect ratio CNFs is even more scarce and need to be investigated.

1.5. Challenge and Limitation

Nanocellulose exhibits superior structural characteristics than micro-size cellulose and capability
of facile surface-modification for post application via different strategies.!* Scientific researchers
have been working on expanding NCs market in which full potential is still not reached. Among
those challenges for NCs application, design®”, characterization'’, and environmental concern®'!

are the three main causes to limit industrial demands.

1.5.1 Design
Engineering design process for NCs application includes materials selection, usage or content of
product, quality and durability of final product, and total cost.>'*2!3 NCs are source and process

dependent materials?'*

with uncertainty of performance, for which better investigation and proper
selection of their most appropriate merits are required to achieve more reliable and better design
data.?!® In most cases, the structure of NCs can be affected, or even destroyed during modification,
resulting in the partial loss of the initial excellent properties (i.e. crystallinity*®, thermal stability’?).

When NCs are used as reinforcements in composite, filler loading and exfoliation of NCs, as well
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as the intermolecular covalent bonding can significantly alter the characteristics of the bulk
polymers.2!% 217 NCs can be either mixed with melt-processed polymer or in-situ polymerization
as reinforcements. In both scenarios those heterogeneous fibers and matrix structure along with
in-between incompatibility suppressed production of reinforced cellulose nano-polymeric
composites.?”” Small filler content is typically desired because of its infinitesimal volume and the
large interfacial area compared to bulky polymer. Other parameters such as fiber size, geometry
and orientation, NaOH surface treatment, processing temperature are also important parameters
for nanocomposite optimization.?'®??! Uncountable combinations of material, process and
homogenizing selections really increase workload of researchers and limit NCs commercialized

application.

1.5.2 Characterization

One of the main factors hindering the commercial development of nanomaterials is the absence of
fast and robust characterizations methods to perform an efficient process and quality control along
the production chain.?!® However, current NCs characterization methods, including atomic force
microscopy (AFM), transmission electron microscopy (TEM), scanning electron microscopy
(SEM), and etc, are all based on off-line measurements carried out in laboratory facilities that
require high capital investment, time-consuming analysis and highly qualified personnel.??* The
lack of real-time characterization at accessible speed and reliability delay information gathering
during NCs production processes. Although rheology of CNFs has been widely used to determine

224 and surface functional group density®?, the fitting parameters for

concentration’?®, aspect ratio
CNFs are still highly dependent on sources and processing method. NC products are always in

aqueous suspension form except aerogel to be stored in refrigerator with addition of bactericide to

prevent microbial growth??$. Especially for sulfuric acid hydrolyzed CNCs, low temperature is
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mandatory to reduce the self-catalyzed desulfation.?”” NCs strong intermolecular interactions>?®
also limited production of highly concentrated aqueous dispersions, which further increased the

shipping and storage cost.

1.5.3 Environmental concern

High water usage is one environmental issue limiting large scale NCs production.?!! Most of the
current modification methods for NCs isolation involve hazardous and costly chemicals. For
instance, acid hydrolysis method generate large amount of acidic wastewater during long
processing time, which may also cause equipment corrosion, and the formation of inhibitors.??

Mechanical treatments, such as high-intensity ultrasonication?*, cryocrushing?!, grinding?*? and

high-pressure homogenization???, all use extensive energy to disintegrate highly ordered hydrogen

bonds and dense network structure of cellulose®3*.

Several emerging technologies in nanocellulose production such as microwaves irradiation®,

d**®, electron beam irradiation’” and cold plasma®® has been recently

enzymatic metho
investigated for NCs isolation to save energy. Microwaves-assisted (300 W, 10 or 30 min) dilute
acid pretreatment was used to prepare CNC from pure microcrystalline cellulose to significantly
increased yield to 84.4% after sulfuric acid hydroxysis.”>> An increase of yield from 61% to 82%
for cellulase enzyme treated followed by sulfuric acid hydrolyzed cotton linter CNC was observed
compared to non-enzyme treated CNC.?*¢ A high CNC yield of 67.4% was produced from pulp
cellulose via electron beam irradiation followed by high-pressure homogenization.”*” A green
facile two-phase air plasma/mild alkaline pretreatment approach was developed for efficient

production of 73.4% carboxyl- and 97.6% amino-functionalized nanofibrillated cellulose with

90.4% energy reduction compared to baseline process.?*® Thus, those novel technologies in
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developing sustainable, cost-effective, and eco-friendly methodologies is the future trend in NCs

production.

1.6 Conclusion

In this chapter, a review of cellulose, nanocelluloses (CNCs and CNFs), hydrophobic
nanocelluloses modification, application and limitations is provided. Production of two types of
nanocellulose (CNF and CNC) from various feedstocks using physical or chemical methodologies
have been reported. Hydrophobic modification of nanocelluloses involving esterification,
silanation, amidation and polymer grafting were introduced. Nanocelluloses applications were
classified to four categories including film coating, aerogel/hydrogel, composite and polymer
grafting. Thus, researchers are continuously looking for the most efficient, sustainable,
economically viable, and environmentally friendly production technologies to fulfil its growing
demand. Some novel technologies such as microwaves irradiation, enzymatic processing, cold
plasma, electron beam irradiation have been developed to decrease processing time, energy
consumption for preparation of large-scale nanocelluloses at high yield. To sum up, this chapter
introduce the sequential processes for nanocelluloses preparation and application from variety of

plant sources.
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Chapter 2. One-pot Synthesis of Bromine Esterified Cellulose Nanofibrils as Hydrophobic
Coating and Film
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Abstract
Hydrophobic bromine esterified cellulose nanofibrils (Br-CNFs) have been facilely produced via
one-pot esterification of cellulose with 2-bromopropionyl bromide (BPB) then directly
disintegrated in DMF by ultrasonication. Br-CNFs optimally produced by this streamlined Br-
esterification-ultrasonication approach, i.e., 5:1 BPB to anhydroglucose AGU molar ratio, 23 °C,
6 h and ultrasonication (50% amplitude, 30 min), were 4.6 nm thick, 29.3 nm wide, and 1 pm long
in 70.9% yield and 47.8% crystallinity. Successful cellulose hydroxyl to bromine ester conversion
was confirmed by the presence of Br ester by FTIR and '"H NMR. The degree of substitution (DS)
of hydroxyl to ester was determined to be between the underestimated 0.53 (DS;) based on XRD

and Br-CNF dimensions and the overestimated 0.56 (DSnwmr) from solution-state 'H NMR. Br-
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CNF dispersions in DMF exhibited Newtonian behavior at concentrations below and shear
thinning behavior above 0.5%, enabling homogeneous deposition at dilute concentrations up to
0.01% into few nm ultra-thin layers as well blade coating of gel into ca. 100 um thick film, all
similarly hydrophobic with surface WCAs in the range of 70-75°. The ultra-high modulus and
strength film from gel coating further shows the potential for dual high-strength and hydrophobic

applications.

2.1 Introduction

Cellulose is not only the most abundant natural polymer on earth with renewable annual production
of 75 to 100 billion tons,! but also the most chemically homogeneous and intrinsically semi-
crystalline. The crystalline domains can be isolated as a few to tens nm wide and hundreds nm
long rod-like cellulose nanocrystals (CNCs) or thinner and longer cellulose nanofibrils (CNFs).
These so called nanocelluloses have gained increasing attention due to their ultra-high elastic
modulus (150 GPa for CNCs, 28 GPa for CNFs)* 3, low axial thermal expansion coefficient (10~
K™! for CNCs, 5x107° K™! for CNFs)*? and biocompatibility®’. CNCs and CNFs have been most

commonly produced by either removing the non-crystalline regions via acid hydrolysis®!?,

12-18 12-17,19-22

modifying them by oxidation'~°, or disintegrated by mechanical forces , or a combination

of the latter two'>"!". These nanocelluloses®>>

are all hydrophilic, some with anionic charges,
making them easily dispersible in aqueous media, but incompatible with less polar and non-polar
organic liquids and most synthetic polymers.

To render these hydrophilic nanocelluloses to be more compatible with organic media and
polymers for broader applications, various physical or chemical means have been explored*-*and

d23—25

reviewed**. CNCs were freeze-dried then ultrasonicate and CNFs were acetone exchanged
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then homogenized?® to be dispersible in DMF. Chemical reactions, such as esterification®”%,

30, 31

acetylation®® 3!, silanation®?, and amidation® have also been applied to convert the hydrophilic

hydroxyls?*’? and carboxyls®* of CNCs?’?° and CNFs*** to more hydrophobic long alkyl

Chain827—29, 32,33

or acetyl groups®® 3!, Bromine esterification, a common reaction to introduce Br
esters to cellulose, has been performed on sulfuric acid hydrolyzed CNC?® and TEMPO-oxidized
and homogenized CNF?*® using 2-bromoisobutyryl bromide (BIB) aided by 4-
dimethylaminopyridine (DMAP) catalyst to improve their respective dispersity in DMF?® and
anisole®. To date, efforts to generated hydrophobic nanocelluloses have been limited and mainly
from modification of already fabricated nanocelluloses?’-¢.

Although esterification®’ or acetylation®® have been reported to alter nanocelluloses’ product such
as CNC casted®” and CNF vacuum filtrated*® nanopapers to be hydrophobic, producing dispersible
hydrophobic nanocelluloses from modification of cellulose is more scarce. Esterification of
cellulose with acetic anhydride followed by refining, cryo-crushing and homogenization has
shown to generate ethanol and acetone suspensible cellulose and 10-50 nm wide CNFs, but the
extent of CNFs was not reported®. To diversify chemistry, we have successfully established the
one-pot solventless telomerization of 1,3-butadiene on cellulose to introduce 2,7-octadienyl ether
(ODE), a 8-carbon diene, then mechanical blending of aqueous ODE-cellulose suspensions to
generate hydrophobic ODE-nanocellulose in the precipitates that were 27-41% dispersible in DMF,
DMSO, and chloroform*’. To advance this direct functionalization-disintegration of cellulose
approach to produce hydrophobic nanocelluloses, one-pot synthesis of hydrophobic cellulose

followed by direct disintegration in organic media into hydrophobic nanocelluloses would further

simplify the process.
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Herein, a one-pot synthesis of hydrophobic cellulose coupled with direct disintegration in an
organic liquid was developed and streamlined. First and foremost, rationally designed bromine
esterification was applied to convert the accessible cellulose C2, C3 and C6 hydroxyls into organic
compatible bromine esters. While both 2-bromopropionyl bromide (BPB)*' and 2-
bromoisobutyryl bromide (BIB)** were effective in acylating ionic liquid dissolved wood pulp
cellulose to become DMF soluble, the more chemically stable BPB with secondary carbon as
relatively poor nucleophile was selected to be the bromine provider for the direct esterification of
cellulose solids. The extent of bromine esterification of cellulose necessary to allow disintegration
in organic media was studied by sequentially varying bromine provider BPB quantity to
anhydroglucose unit (AGU) from 1:1 to 10:1 BPB:AGU molar ratios, reaction times (1-12 h), then

43,44 was used as the reaction

temperatures (23-90°C). DMF, a common solvent for cellulose ester
as well as dispersing media for disintegrating bromine esterified cellulose (Br-Cell) into bromine
esterified nanocelluloses (Br-NCs) by ultrasonication. Ultrasonication that has shown to be
effective to disintegrate TEMPO-oxidized wood cellulose (0.01 w/v%) in aqueous media into 3.6
(£0.3) nm wide CNF with ca. 100 length-to-width ratio*> was carried out in varying amplitudes
and lengths of time to provide a range of power. The optimal bromine esterification reaction and
ultrasonication power were determined by evaluating the quantities and qualities of DMF-
dispersible Br-NCs imaged by atom force microscopy (AFM) and transmission electron
microscopy (TEM). The structures of Br-CNFs were further characterized by Fourier-transform
infrared (FTIR) and liquid phase proton nuclear magnetic resonance ('H NMR) spectroscopy.

Thermal properties and crystallinity of Br-CNFs were characterized by thermogravimetric analysis

(TGA) and X-ray diffraction (XRD), respectively. Moreover, the viscosity and wetting behaviors
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of thin layer hydrophobic Br-NCs on HOPG or blade coated film on glass were evaluated by water

contact angle (WCA) measurement for potential surface modification and coating applications.

2.2 Experimental section

2.2.1 Materials. Cellulose was isolated from rice straw (Calrose variety) by a previously reported
three-step 2:1 v/v toluene/ethanol extraction, acidified NaClO2 (1.4%, pH 3-4, 70 °C, 5 h)
delignification, and alkaline hemicellulose dissolution (5% KOH, 90 °C, 2 h) process and
lyophilized (Labconco Lyophilizer)*. 2-Bromopropionyl bromide (BPB, 97%, Alfa Aesar), 4-
Dimethylaminopyridine (DMAP, 99%, Acros Organics), potassium bromide (KBr, 99.9+%,
Fisher Scientific), acetone (histological grade, Fisher Scientific), N,N-dimethylformamide (DMF,
certified grade, Fisher Scientific) and trifluoroacetic acid (99%, Sigma Aldrich) were used as
received without further purification. All water used was purified by Milli-Q Advantage water
purification system (Millipore Corporate, Billerica, MA). For AFM imaging, mica (highest-grade
V1 micadiscs, 10 mm, Ted Pella, Inc. Redding, CA) and highly oriented pyrolytic graphite (HOPG,
grade ZYB) were used. For TEM, carbon grids (300-mesh copper, formvar—carbon, Ted Pella Inc.)
were used. For UV—vis spectrophotometry, I mm UV-vis standard cell quartz cuvettes (Fisher
Scientific) were used.

2.2.2 Synthesis of Bromine Esterified Cellulose (Br-Cell). Bromine esterification of cellulose
was performed at varying BPB to anhydroglucose unit (AGU) ratios (1:1 to 10:1 BPB:AGU),
reaction times (1 to 12 h), and temperatures (23 to 90°C) (Scheme 2.1). The crystallinity of rice
straw cellulose is estimated as 0.67 from the average 0.618 and 0.722'?> by XRD. Amorphous
AGU or OHs was 2.04 or 6.17 mmol per gram of cellulose.*’ Freeze-dried cellulose (0.50 g, 3.1

mmol AGU) was added to DMF (30 mL) and stirred until homogeneously dispersed. Bromine
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provider BPB (3.33 g, 15.4 mmol, 5-times AGU or amorphous OHs) and DMAP (0.05 g, 0.4 mmol)
catalyst were dissolved in DMF (10 mL) in an ice bath under constant vortexing, then added to the
cellulose dispersion to start the reaction and stopped by vacuum filtration. The reacted cellulose
solids were rinsed with acetone three times to remove residual BPB, DMAP and DMF, then dried
at 55 °C overnight to obtain dry bromine esterified cellulose (Br-Cell). The extent of reaction in

Br-Cell was determined by mass gain and expressed as Br content (6, mmol/g):

_ Mpy—my
T 135%xm,

(2.1)
where m; is the initial cellulose mass (g), m, is the dry Br-Cell mass (g), and 135 (g/mmol) is the
molecular mass gain from hydroxyl to bromine ester.
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Scheme 2.1. Bromine esterification reaction of cellulose and ultrasonication to generate
hydrophobic Br-CNFs in the supernatant and Br-Cell microfibrils in the precipitate.

2.2.3 Generation of Bromine Esterified Nanocelluloses (Br-NCs) by Ultrasonication. Br-Cell
(0.1 g) was resuspended in 100 mL DMF at 0.1 w/v% and ultrasonicated (Qsonica Q700, 50/60
Hz) at varied amplitudes (25-100 %) and times (10-120 min) in an ice bath and 10-minute time
intervals to disintegrate the microfibers. All ultrasonicated dispersions were centrifuged
(Eppendorf 5804R, 5k rpm, 10 min) to collect the clear Br-esterified nanocellulose (Br-NC)
containing supernatants and Br-Cell precipitates for further characterization. Mass of air-dried Br-
Cell precipitates were determined gravimetrically and subtracted from initial Br-Cell mass to
derive the Br-NC quantities in supernatants. The Br-NC as percentage of the initial Br-Cell was

reported.
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2.2.4 Characterizations. The morphologies of dried Br-Cells were imaged by optical microscopy
(Leica DM2500). Br-Cell was redispersed at 0.1 w/v% in DMF and 10 pL droplets were deposited
on glass slides to measure the width and length (n > 100) of microfibers. Their averages and
standard deviations were reported. Br-NCs in DMF dispersions were imaged by AFM and TEM
on different substrates. Br-NCs (10 pL, 0.0005 w/v %) were deposited on freshly cleaved
hydrophilic mica or relatively hydrophobic highly oriented pyrophoric graphite (HOPG), then air-
dried in fume hood for 6 h and profiled by AFM in the tapping mode with scan size and rate set to
Sum % Sum and 512 Hz. Br-NCs (10 pL, 0.0005 w/v %) were deposited onto both glow and non-
glow discharged carbon-coated TEM grids, and excess liquid was removed after 5 min by blotting
with a filter paper. The specimens were negatively stained with 2 w/v% aqueous uranyl acetate
and blotted to remove excess solution with filter paper, repeated five times then dried under the
ambient condition for 15 min. The samples were observed using a Philip CM12 transmission
electron microscope at a 100 kV accelerating voltage. The lengths and widths of CNFs were
measured and calculated using ImageJ Analyzer (Imagel, NIH, USA).

For '"H NMR, 40 mL acetone was added into Br-CNF3 in DMF dispersions (10 mL, 0.50 w/v%)
followed by centrifugation (5k rpm, 10 min) to decant the supernatant, repeated three times to
prepare Br-CNF3 acetone gel. Br-CNF3 acetone gel (ca. 5 mg) was added into 1 mL DMSO-d,
then sonicated (10 min, Branson 2510) and vacuumed at 50°C or 80°C for 1 h, and repeated three
times to remove residual acetone. After centrifugation (5k rpm, 10 min), Br-CNF3 in DMSO-ds
supernatant (ca. 0.2 w/v%) was collected for 'H NMR (Bruker AVIII 800 MHz 'H NMR
spectrometer) characterization. Around 1 mL supernatant was placed in one NMR tube with 50

uL trifluoroacetic acid added to shift all OHs peak downfield to above 4.5 ppm.
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Transparent FTIR pellets were prepared by mixing 3 mg of oven dried Br-Cell, Br-CNF3 and Br-

Cell3 precipitates with 300 mg of spectroscopic grade (99.9+%) potassium bromide (KBr) after 1

min pressurization under 800 MPa barrel chamber, then scanned by Thermo Nicolet 6700
spectrometer under ambient conditions from an accumulation of 64 scans at a 4 cm ™! resolution
from 4000 to 400 cm™'. TGA were performed on a TGA-50 thermogravimetric analyzer (Shimadzu,
Japan) by heating 5 mg dry sample at 10 °C/min from 25 to 500 °C under purging N> (50 mL/min).
The crystalline structures were determined by XRD using a PANalytical X’pert Pro powder
diffractometer with a Ni-filtered Cu Ko radiation (A = 1.5406 A) at 45 kV anode voltage and 40

mA current. Br-Cell3 powder was rinsed three times with acetone and oven-dried (55°C) overnight.
Br-CNF3 film was generated from 0.5 w/v% DMF dispersions by evaporating DMF in fume hood
for 7 d. The samples were fixed on stage by double-sided tape, then diffractograms were recorded
from 5 to 40° at a scan rate of 2°/min. Crystallinity index (Crl) was calculated using the intensity
of the 200 peak (I200, 20 =22.5°) and the intensity minimum between the peaks at 200 and 110 (Tam,

20 =19.0°) as follows*’

Crl = zoo~lam 2.2)

I200

The crystallite dimensions were calculated using the Scherrer equation*®

092
- B1/2c0s0

Dhii (2.3)

where Dy, is the crystallite dimension in the direction normal to the (h k 1) lattice planes, A is the

X-ray radiation wavelength (1.5406 A), B, /2 1s the full width at half-maximum of the diffraction

peak in radius calculated using peak fitting software (Fityk, 1.3.1).

Br-CNF3 at concentrations of 0.0005 to 0.01 w/v% were deposited on freshly exfoliated graphite
and allowed to air-dry for 6 h. 0.5 w/v% Br-CNF3 DMF dispersion was concentrated to 2.5 w/v%
Br-CNF3 organogel by ambient drying in fume hood for 4 d, then 5 mL gel (1 mm thickness) was
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coated on glass using a Doctor-Blade film coater (INTSUPERMAI Adjustable Film Applicator
Coater KTQ-II) as one hundred um thick film after ambient drying overnight. Water contact angles
(WCAs) of sessile drops (5 pL) on fresh mica, exfoliated graphite, carbon, glow-discharged carbon
and film coated glass, as well as single and double deposited Br-CNF3 on graphite were measured
using the ImageJ Analyzer and the average values were calculated from both sides of a sessile drop
reported in total of 5 images for each (n=5). The root mean square (RMS) of Br-CNF deposited
graphite surfaces were measured from microscopic peaks and valleys of AFM images.

Br-CNF3 in DMF dispersions were serial diluted from 0.5 w/v% to 0.25, 0.13 and 0.06 w/v% then
scanned by UV-vis spectroscopy (Thermo Scientific, Evolution 600) from 325 to 800 cm™ at 4 cm
“I/s. Viscosities of Br-CNF3 DMF dispersions were measured at 25°C with shear rates from 1 to

220 s' using a Brookfield DV3T rheometer.

2.3 Results and discussion

2.3.1 Bromine Esterification of Cellulose. Cellulose was isolated from rice straw at 35.0+3.3%
(n=10) yield, comparable to previous reported value*, and freeze-dried to a white fluffy mass.
Bromine esterification of cellulose was conducted under varying BPB:AGU molar ratios (1:1 to
10:1), reaction times (1-12 h), and temperatures (23-90°C) to evaluate their effects on the extent
of hydroxyl to bromine ester conversion or Br content (o, mmol/g) (Scheme 2.1). At 23°C for 12
h, a 5 time increase of BPB:AGU ratio from 1:1 to 5:1 led to a 12 time increase in the Br content
(o) from 0.6-6.0 mmol/g while further doubling the ratio only increase ¢ by another 20% to 7.2
mmol/g (Figure 2.1a). The optimal 5:1 BPB:AGU ratio was selected to vary the length of reaction
at 23°C. Br content (o) increased from 3.4 to 5.7 mmol/g, showing close to linear relationship with

reaction time from 1 to 6 h, then to 6.0 mmol/g at 12 h essentially unaffected (Figure 2.1b). Under
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the optimal 5:1 BPB:AGU ratio and 6 h time, increasing temperatures from 23-70 C° improved Br
content (o) from 5.7 to 8.7 mmol/g, but further increase to 90°C lowered the ¢ to 3.4 mmol/g
(Figure 1c). The significantly reduced ¢ from Br-esterification at 90°C suggested possible
dissolution of the excessively Br-esterified cellulose. Overall, Br-Cell with 0.6 to 8.7 mmol/g ¢
has been facilely produced and easily controlled by the esterification conditions, i.e., 1:1 to 5:1
BPB:AGU ratios, 1-6 h, and 23-70 °C. The highest 8.7 mmol/g Br content was achieved by Br
esterification conducted at 5:1 BPB:AGU ratio and 70 °C for 6 h.

The DMF dispersibility of 1% Br-Cells with four Br ester levels, i.e., Br-Celll (0.6 mmol/g), Br-
Cell2 (3.4 mmol/g), Br-Cell3 (5.7 mmol/g), and Br-Cell4 (8.7 mmol/g), was then observed. The
least Br-esterified Br-Celll did not disperse and remained settled even at a lower 0.1 % whereas
those more esterified Br-Cell2, 3 and 4 were dispersible in DMF to different degrees (Figure 1d).
The Br-Cell2 and Br-Cell3 DMF dispersions appeared homogeneous and translucent, but Br-Cell4
phase separated immediately (t=0). After 10 min, Br-Cell3 also settled similarly to Br-Cell4 while
Br-Cell2 remained somewhat dispersed. Optical microscopic observation showed all four Br-Cells
to be microfibers in similar 4-5 mm widths while their lengths reduced by nearly 30% from 221 to
ca. 158 mm compared to the original cellulose for all except for the significantly shorter 36 mm
long Br-Cell4. While no change in microfiber width nor evidence of dissolution, the 84% reduction
in their length of Br-Cell4 (Figure S1) with the highest ¢ (8.7 mmol/g) suggested this more
extensive Br esterification condition may be close to the onset of chain scission with potential
cellulose dissolution. One control reaction at 23°C for 6 h without adding BPB was performed to
induce only 1.1% mass loss, indicating no significant mass loss during filtration and evaporation

process. Thus, eqn. 1 is applicable to estimate Br content from mass gain % of cellulose.
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Figure 2.1. Br content (o) in Br-Cell as affect by reaction conditions: (a) BPB:AGU molar ratio
(23°C, 12 h); (b) reaction time (5:1 BPB:AGU, 23°C); and (¢) temperature (5:1 BPB:AGU, 6 h);

(d) 1% DMF dispersion immediate and 10 min after vortexing; (e) microfiber dimensions.

2.3.2 Br-NCs by Ultrasonication. Four Br-Cells with ¢ from 0.6 to 8.7 mmol/g were
ultrasonicated in DMF (0.1 w/v%) at 25-100 % amplitudes for 10-120 min to collect the Br-NC
containing supernatants. Upon ultrasonication at 50% amplitude for 30 min, the least esterified Br-
Celll (o from 0.6 mmol/g) produced only 10.6% Br-NCs, essentially the same as the 10.4% NCs
from unmodified cellulose under the same ultrasonication condition (Figure S2.2), indicating Br
acetylation at 0.6 mmol/g to be insufficient to facilitate disintegration and/or dispersion. The NCs
from unmodified cellulose appeared as few larger and thicker (5-20 nm) nanoparticles (NPs) on
mica but numerous much smaller and thinner (3 nm) NPs on graphite, indicative of their more

hydrophobic surfaces. Among the three more esterified Br-Cells, more Br-NCs were produced
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with increasing ultrasonication amplitudes from 25-100% at 60 min, with the highest 97.3% yield
for Br-Cell3 (5.7 mmol/g) compared to the modest 56.9 and 73.1% from either the respective less
esterified Br-Cell2 (3.4 mmol/g) and the more esterified Br-Cell4 (8.7 mmol/g) (Figure S2.3).

Since a very close second highest yield of 93.8% was produced from Br-Cell3 at half of the
amplitude, the effect of ultrasonication time (10-120 min) on the morphology of Br-NCs generated
from Br-Cell2-4 was observed at 50% amplitude to conserve energy (Figure 2.2). Br-NC yields
increased with longer ultrasonication (50% amplitude) for all three Br-Cells; Br-NC yields from
Br-Cell3 (5.7 mmol/g) was highest and most time-dependent, ranging from 38.2% to 97.3%,
followed by slight time-dependent and modest 29.3 to 49.3% Br-NC yields for Br-Cell4 (8.7
mmol/g) and the least time-dependent and lowest 19.0 to 25.8% Br-NC yields for Br-Cell2 (3.4
mmol/g). However, not all Br-NCs were fibrillar. For the most DMF dispersible Br-Cell2 (Figure
2.1d), nearly all Br-NCs were fibrillar, from entangled to more individualized in reducing
thickness of 6.5 to 1.2 nm, but in low yields. The most esterified Br-Cell4 was disintegrated into
mostly Br-NPs, also in decreasing sizes, with only few fibrils from longer ultrasonication.
Ultrasonication of Br-Cell3 produced 38.2% Br-NCs in the forms of both Br-CNFs and Br-NPs at
10 min, 70.9% Br-CNFs at 30 min, and 93.8% at 60 min all as Br-NPs. As expected,
ultrasonication transfers sound energy to disintegrate Br-Cell microfibers into Br-NCs with
increasing effects by either higher amplitudes or longer time. The forms and sizes of NCs, however,
were found highly dependent on the extent of Br-esterified cellulose. The less esterified (3.4
mmol/g) produced all Br-CNFs but at low yields (19.0 to 25.8%) whereas the most esterified (8.7
mmol/g) produced majority of Br-NPs at modest yields (29.3 to 49.3%). Therefore, Br-Cell3 was
deemed optimally esterified (5.7 mmol/g) with sufficient Br esters to be disintegrated by

ultrasonication (50%, 30 min) into mostly Br-CNF in 70.9% yield, and 4.6 nm average thickness.
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Noteworthy, longer ultrasonication of the optimally esterified Br-Cell3 produced 93.8% and 97.0%
bromine esterified NPs at respective 1 h and 2 h. Those Br-NPs were potentially attributed to
reassembling of dissolved cellulose during sonication and would cause decrease of Br-CNFs
crystallinity. Therefore, this esterification-ultrasonication approach to functionalize cellulose and
disintegrate in functionalize nanocelluloses are highly effective and can be tuned to produce either

Br-CNFs or Br-NPs efficiently.
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Figure 2.2. Yields and morphology of Br-NCs (5k rpm, 10 min) from ultrasonication (50%
amplitude, 10-120 min) of Br-Cell2 (3.4 mmol/g), Br-Cell3 (5.7 mmol/g), and Br-Cell4 (8.7
mmol/g). AFM were imaged on highly oriented pyrophoric graphite (HOPG) with corresponding
yield and Br-CNF thickness.

2.3.3 Br-CNF3 Morphology Characterized by AFM and TEM. Br-CNF3 were further imaged
by AFM on freshly exfoliated graphite and by TEM on glow discharged carbon grid to display
interconnecting nanofibrils with 4.6 nm average thickness (Figure 2.3a), 29.2 nm average width,
and varying lengths in the order around 1 pm (Figure 2.3b). The irregular widths under TEM may
be due to the reassociation of the more Br-esterified surface chains along Br-CNF surfaces. Also,
under both AFM and TEM, the inter-connecting fibrillar network left few isolated fibrils, making
differentiating fibril ends difficult and causing inaccurate estimation of Br-CNF3 length. Similar
inter-connecting fibrillar structures were also observed at much more diluted 0.0001 and 0.00005
w/v% concentrations (Figure S2.3a-c), confirming the inter-connecting fibrillar structures to be
independent of concentrations and seemingly mono-layer. The inter-connecting fibrillar network
dried from the most concentrated Br-CNF (0.0005 w/v%, on graphite) appeared thinner and more
fragmented after exposing to air for 24 h (Figure S2.4d), possibly due to degradation of CNF
caused by reactions between Br esters and moisture in the air.

To further elucidate the interaction among Br-CNFs, a second Br-CNF3 droplet was placed on top
of the completed dry first (10 pL, 0.0005 w/v%) (Figure S2.5). More heterogenous, condensed
and inter-connecting CNFs were observed at the center than near the edge of the first dried droplet
(Figure S2.5b-d). The significant association among Br-CNFs from second deposition (Figure
S2.5b) as compared to isolated fibrils from the initial single droplet gave evidence to preferential

and stronger association among Br-CNFs over affinity of Br-CNF to graphite surface. Association
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among Br-CNFs may include dipole-dipole interactions between surface esters, hydrogen bonding
among unsubstituted surface hydroxyls, and potential chemical reaction between Br esters and

remaining hydroxyls in preference to adhesion to the graphite surface from the sequential

deposition.
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Figure 2.3 Morphology of Br-CNF3 (0.0005 w/v%, 10 mL) supernatant (5k rpm, 10 min) from
ultrasonication (50% amplitude, 30 min): (a) AFM image on graphite, height profile, and height

distribution; (b) TEM images on glow-discharged carbon grid with width distribution.

2.3.4 FTIR Spectroscopy and Thermal Analysis of Br-Cell, Br-CNF3 and Br-Cell3
Precipitates. The presence of the new 2-bromopropionyl carbonyl peak at 1740 cm™! in the FTIR
spectra of all four Br-Cells confirmed the successful conversion of cellulose hydroxyls to 2-
bromopropionyl group (Figure 2.4a). The carbonyl peak (1740 cm™') intensities increased whereas
the cellulose C-H stretching peak (2900 cm™) reduced in intensities with the increasing Br content
(o) from 0.6-8.7 mmol/g. The bromine ester sp® C-C stretching at 2780 cm™! appeared for Br-Cell2
and increased with increasing o, while the most esterified Br-Cell4 also showed intense bromine
ester sp> C-C stretching at 2970 cm™'. The carbonyl peak (1740 cm™) on Br-CNF3 remained
unchanged from Br-Cell3, indicating no side reaction or degradation to the Br esters by
ultrasonication. The stronger carbonyl peak (1740 cm™') in Br-CNF3 compared to Br-Cell3
precipitates indicated that Br-CNF3 in supernatant represented the more Br esterified fraction
(70.9%) whereas the less Br esterified could be disintegrated by ultrasonication and remained in
the precipitate. The persistent cellulose crystalline peak (1430 cm™') in both Br-Cell and Br-CNFs
suggested that the bulk of cellulose crystalline domains was not affected by esterification and
ultrasonication. The lowered intensity of the absorbed moisture peak (1632 cm™) for the highly
esterified Br-Cell4 was also expected. Furthermore, weaker hydrogen bonding O-H stretching
peak (3100-3800 cm™) in all Br-Cells than underivatized cellulose supported the successful

cellulose hydroxyl conversion to bromine esters. The reduced hydrogen bonding interactions
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between cellulose chains could also aid the opening of (110) or (1-10) planes in Br-cell via
ultrasonication to generate more Br-NCs.

With increasing Br-esterification levels, moisture absorption of Br-Cell reduced from 6.08% to
0.02% (Figure 2.4b) which was consistent with effect of converting hydrophilic hydroxyls to Br-
ester (Figure 2.4a). The underivatized cellulose was stable at up to 260 °C and rapidly lost
significant mass to give 2.6% char at 500 °C. With the increase of Br content from 0 to 8.7 mmol/g,
both the onset and max degradation temperatures lowered for Br-Celll, 2 and 3, then slightly
increased for Br-Cell4 (Figure 2.4¢). The lowered onset and max degradation temperatures may
be due to the insertion of less thermal stable bromine esters; while the opposite increasing onset
and max degradation temperatures of Br-Cell4 may be explained by the highly substituted Br esters
behaved as vapor-phase flame-retardant moieties to suppress decomposition of cellulose, a
potential worthy of further study in the future. The significantly higher moisture contents of Br-
CNF3 (8.5%) and Br-Cell3 precipitate (4.5%) than that of precursor Br-Cell3 (0.65%) gave
evidence to generation of new hydrophilic surfaces due to the opening of cellulose (110) and (1-
10) planes from ultrasonication. The lower onset and max degradation temperatures of Br-CNF3
(205 and 234°C) than its precursor Br-Cell3 (219 and 241°C) could be due to the three order of

magnitude smaller fiber dimensions (4.7 nm thickness) and much higher specific surfaces.
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Figure 2.4 Characterizations of cellulose, Br-Cell1-4, Br-CNF3 and Br-Cell3 precipitate: (a) FT-

IR spectra; (b) TGA; and (c) DTGA curves. Moisture (%) was the mass loss at 140 °C.

2.3.5 Degree of substitution of surface OH by Solution-State 'H-NMR and Model Simulation.
Solution-state '"H NMR of 50°C or 80°C pretreated Br-CNF3 in three times acetone evaporation
process showed cellulosic protons with characteristic methyl proton (Ha) or methylene proton (Hb)
peaks of the alkyl bromide groups (Figure 2.5). For both spectra, the furthest downfield peak at 6

4.20-4.52 and 6 4.53 are assigned to the cellulosic anomeric proton (H1) similar to the chemical
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shift at § 4.5 reported in dissolved cellulose*. The H6 and H6 peaks for 50°C treated Br-CNF3
appeared at 63.71-4.06 whereas two clear peaks appeared at 6 3.97 and 6 3.83 for 80°C treated Br-
CNF3. Both ranges were relatively downfield due to esters’ de-shielding effect, but comparable to
those in & 3.65-3.88 range for dissolved MCC in NaOD/D,0°°. Multiple overlapping peaks
between 6 3.29-3.70 and 6 3.42-3.57 were assigned to H3, H4 and HS, matching those at 6 3.34-
3.66 of TEMPO-CNF in D,O°!. The furthest upfield cellulosic peak at & 3.16 and § 3.04 coincided
with the chemical shift of H2 at & 3.29 for cellulose/NaOD/D>0* and § 3.05 for cellulose dissolved
in DMA-do/LiC1%?. Doublet methyl proton peaks (Ha) at & 2.12 and & 1.29 were both comparable
to & 1.6 of soluble Br-esterified cellulose. Most significantly, both doublet methyl (Ha) and
quartet methylene proton (Hb) peaks at & 4.53-4.87 and & 4.11 indicated the successful insertion
of Br ester esters.

The degree of substitution of surface hydroxyls to Br esters (DSnmr) were quantified based on the
assumption that all anomeric protons and all Ha and Hb protons of amorphous and crystalline
surface AGUs of Br-CNF3 are detectable by 'H NMR. The cellulose anomeric proton was the sum
of the integrated areas for all anomeric H1 to H6’ proton peaks averaged by 7 then normalized by
reference methylene proton Hb. Br esters could be estimated by integration of the areas of methyl
Ha or methylene Hb divided by their respective 3 and 1 protons. The ratio of Br esterified C2, C3
and C6 OHs per surface AGU could be determined mathematically by the area ratio of Br ester
calculated from Ha or Hb over normalized anomic proton. Since each AGU has 3 OHs, DSy, and
DSy, representing the fraction of OH substituted by Br-ester determined by proton Ha or Hb,
could be calculated by dividing ratio of Br esterified OHs per surface AGU by 3 according to eqn.

240r25.

1 integral of methyl protons (Ha, doublet)/3
DSHa =% g ylp ( )/ (24)

3 zg' integral of anomeric protons (Hi)/7
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1 integral of methylene protons (Hb,quartet)
DSHb = 3— X

(2.5)

¥¢" integral of anomeric protons (Hi)/7
For 80°C treated Br-CNF3, majority of Br-CNF3 were in precipitates at bottom of DMSO-de
suspension after centrifugation and decanted, causing relative lower proton signal compared to
50°C treated Br-CNF3 (Figure 2.5c, d). Those Br-CNFs interconnected by potential
endothermic®® interfibrillar N-substitution between alkyl bromide and OHs would precipitate at
80°C with only small portion of dissolved cellulose still in DMSO-d¢. Thus, 80°C treated spectra
showed more distinguishable anomic proton peaks with inconsistency between 0.75 DSy, and 0.57
DSy, which could induced to unreliable 0.66 DSymr. The relatively upfield Ha proton peak at o
1.29 compared to 6 2.12 at 50°C indicated the decreased de-shielding effect of Br ester caused by
releasing HBr during N-substitution. In addition, the cellulose dissolution could also be observed
from the significant lower integral values (Figure 2.5b) of H1(0.04), H2 (0.06), H6 (0.13) and
H6’(0.08) compared to H3,4,5 (3.81). In comparison, 0.53 DSy, and 0.58 DSy, calculated from
50°C treated Br-CNF3 spectra within the 2o range of total 7.4% benchtop NMR uncertainty>* were
averaged to be 0.56 DSyyg. In preparing Br-CNF3 in DMSO-ds for 'TH NMR, Br-CNF3 was first
solvent exchanged from DMF to acetone where the more hydrophilic or less Br-esterified may be
left in DMF, thus not included for 'TH NMR. Therefore, the 0.56 DSymg derived may represent the
more hydrophobic or more highly Br esterified CNF, thus higher than the DS of overall Br-CNF3

population.
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Figure 2.5. (a) Structure and proton assignment of Br-CNF3; (b) Integral values of H1-6’, Ha and
Hb with corresponding DSy,, DSy, and DSyygr; Br-CNF3 (ca. 0.2 wt%) 'H NMR spectra in
DMSO-ds via solvent exchange from acetone evaporated at (¢) 50°C and (d) 80°C vacuum
chamber. DSy, and DSp, were calculated using eqn. 4 and eqn. 5 whereas DSyyr Was their
average.

Both Br-Cell3 and Br-CNF3 displayed 20 peaks at 14.6, 16.5, and 22.5° corresponding to the
respective (1-10) (110) (200) monoclinic If lattice planes of cellulose (Figure 2.6a). The lowered
50.0% CrlI of Br-Cell3 compared to original cellulose (69.1%) without size reduction (Figure
S2.1a, ¢) gave evidence to bromine esterification of more exposed cellulose chains on crystalline
surfaces (Figure 2.6b). The 47.8% Crl of Br-CNF3 was only very slightly lower than the 50.0%
of Br-Cell3. The crystalline size, calculated via Scherrer eqn. 3, of Br-CNF3 (1.45 nm) was
significantly lowered to only one third of Br-Cell (4.77 nm), indicating disintegration of crystalline

regions in Br-Cell into smaller domains by ultrasonication without affecting overall crystallinity.
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The much higher absorbed moisture (8.5%) in Br-CNF3 than that in Br-Cell3 microfibers (0.65%)
(Figure 2.4b) supported the notion that additional hydrophilic surfaces may be produced from

ultrasonication.
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Figure 2.6 Crystalline structure of cellulose, Br-Cell and Br-CNF3: (a) XRD spectra; (b)
crystallinity (Crl) and crystal parameters calculated by the Scherrer equation; (¢) Br-CNF cross-
section with cellulose chains represented by green rectangles, Br-esterified (1-10) (110) plane
surfaces and thickness (T), width (W), and length (L) indicated; inset shows cellulose I
monoclinic unit cell; (d) Degree of substitution DS; calculated from Br-CNF dimensions based on
the cross-section shown in c.

A model representing the lateral cross-section of individual Br-CNF with hydrophilic (110) and

(1-10) planes as surfaces was thus used (Figure 2.6¢), displaying thickness (T), width (W), and
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length (L) and the cellulose I monoclinic unit cell dimensions along the (100) and (010) planes
as a and b, respectively. The number of total cellulose chains N; in the crystalline cross-section

and the number of surface cellulose chains N are expressed respectively as

N = ( lelo +1)( dlv_"w +1) (2.6)
N, =2 <(d1Tm + 1) + (dl"_"l0 + 1)) —4= 2(d1T10 + d"" ) 2.7)

where “2” is for the two width and thickness sides; “-4” is for the four double counted corner
chains; d;1¢ and d;_4, are d-spacings of (110) and (1-10) planes. Since only half of the crystalline
surface chains, or only 1.5 OHs per crystalline surface AGU would expose, the ratio of crystalline

surface OHs per AGU (Rc) is

T w
Rc = L5Ns _ 3(01110-'-011—10) (2-8)

N, (T W
t (_d110+1)(d1—1 +1)

0

Both amorphous and crystalline surfaces OHs should be counted as part of CNF surface OHs.
Since all OHs in amorphous regions are exposed, the amorphous OHs per AGU (Rm) is 3
OHs/AGU. The ratio of total available OHs per AGU (Rgy) is the weight average of those on the
crystalline surfaces (Rc) and on amorphous region (Rm) expressed as

Royg = Rc X Crl + Rm X (1 — CrI) (2.9)
where the crystallinity Crl of Br-CNF3 is 0.478 (Figure 2.6b). The degree of substitution (DS,)

or mol % surface OHs esterified is as follows

OXMWAGU

DS, = (2.10)

Rown
Where o is 5.7 mmol/g for both Br-Cell3 and Br-CNF3 and mw ¢y is the molecule mass of AGU
(0.162 g/mmol). The d spacings were calculated according to the Bragg’s law using 16.5° and

14.6° 20 peaks derived from deconvolution of cellulose XRD spectra to be 0.534 and 0.606 nm
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for dy19 and d;_;, respectively (Figure S2.6). Using the measured 4.7 nm T and 29.3 nm W
values, Rc and Rgy were calculated to be 0.36 OHs/AGU and 1.74 OHs/AGU, respectively. The
DS, was determined to be 0.53 by eqn. 10 (Figure 2.6d). Using the overall Br content of 5.7
mmol/g for both the precursor Br-Cell3 and Br-CNF3 may underestimated DS, of Br-CNF in the
supernatant whereas the less substituted fraction is likely the micro-size cellulose in the
precipitates. Nevertheless, the potential overestimated 0.56 DSyygr and underestimated 0.53DS,
showed good consistency of actual DS to be in-between 0.53 and 0.56. The reliability of the
solvent-exchanging method to prepare 'H NMR sample and the cross-sectional model with

hydrophilic plane surfaces were both validated.

2.3.6 Interfacial and surface properties of Br-CNF3

The interfacial interactions among Br-CNF3 and four substrates with varied
hydrophilicity/hydrophobicity in a range of concentrations (0.0005 to 0.01 w/v%) were observed.
The substrates using in AFM and TEM imaging and their water contact angles (WCAs) were mica
(16.8°), freshly exfoliated graphite (71.8°), glow discharged carbon grid (68.2°), and carbon grid
(115.3°) (Figure 2.7a). On hydrophilic mica, most Br-CNF3 appeared as either loosely or
extensively agglomerated short fibrils in 1.2 nm average thickness (Figure 2.7b). On the
moderately hydrophobic graphite and glow discharged carbon grid, inter-connecting fibrillar
network was prevalent (Figure 2.7¢, d) as noted earlier (Figure 2.3a-c) whereas only large NPs
were observed on the hydrophobic carbon grid (Figure 2.7e). These observations indicated Br-
CNF3 in the supernatant were mostly moderately hydrophobic with better compatibility to graphite
and glow discharged carbon, appearing as 4.6 nm thick and 29.3 nm wide fibrils. Meanwhile some
Br-CNF3 were sufficiently hydrophilic to be partially dispersed as thin fibrils on mica while none

was as hydrophobic as carbon. Both higher moisture absorption of Br-CNF3 than Br-Cell3 (Figure
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2.4b) and thinner hydrophilic CNFs (Figure 2.7b) are consistent with the opening of hydrophilic
(110) planes as new surfaces from ultrasonication of Br-cell into Br-CNF. These observations also
further supported the hydrophilic model for Br-CNF (Figure 2.6¢). Moreover, the presence of Br-
CNF as large NPs on carbon grid may be due to their aggregation via hydrogen bonding of surface
OHs and dipole-diploe interactions of newly surface functionalized esters.

With increasing Br-CNF3 concentrations from 0.0005 to 0.01 w/v%, WCAs on Br-CNF3
deposited graphite increased from 55.6 ° to 73.0 ° (Figure 2.7f-i). Br-CNF3 appeared as inter-
connecting fibrils at the lower 0.0005 and 0.001 w/v% and as entangled fibrillar networks with
few particulates at higher 0.005 and 0.01 w/v%. The initial deposition of 0.0005 w/v% Br-CNF3
dispersion partially covered the graphite to increase its hydrophilicity, lowering WCA from 71.8°
(Figure 2.7b) to 55.6° (Figure 2.7f). The hydrophilicity decreased slightly with increasingly
coverage at 0.001 w/v% (60.8° WCA) and further when nearly full coverage at 0.005 w/v% (75.4°
WCA) (Figure 7Kk), with slightly increased surface roughness. Further increased Br-CNF3 to 0.01
w/v% did not alter WCA, but slightly reduced the surface roughness as expected with fuller
coverage. Therefore, diluted Br-CNF3 deposited at concentrations from 0.0005 to 0.01 w/v% is
capable of monolayer to few layers to alter surface wettability and may be used in potentially

surface coating and super-thin film applications.
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Figure 2.7. Br-CNF3 on substrates: (a) individual substrates with WCAs indicated; AFM (b,c)
and TEM (d,e) images of Br-CNF3 (10 uL, 0.0005 w/v%) on corresponding substrates above; (f-
1) AFM images and WCAs of Br-CNF3 air-dried on graphite at: (f) 0.0005 w/v%, (g) 0.001

w/v %, (h) 0.005 w/v%, and (i) 0.01 w/v% concentrations.

2.3.7 Dispersing Behaviors and Rheology of Br-CNF3. Dispersing behaviors of Br-CNF3 and
their corresponding rheology at higher concentrations were investigated for additional potential
formulation and application. First, disintegration of Br-Cell3 in DMF by ultrasonication (50%, 30
min) was scaled up by ten times from 0.1 to 1.0 w/v%. With increasing Br-Cell3, the resulting Br-
CNF3 concentrations in the supernatants increased from 0.07 to 0.5 w/v%, while the Br-Cell3 to
Br-CNF3 conversion or the yield reduced from 70.9 to 50.7% (Figure 2.8a). All Br-CNF
dispersions up to 0.5 w/v% appeared relatively transparent (Figure 2.8b, c¢). The Br-CNF

dispersions from 0.06 to 0.25 w/v% exhibited Newtonian behaviors, i.e., their viscosities were
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independent of shear rates (Figure 2.8d). At 0.5 w/v%, Br-CNF3 dispersion exhibited a shear
thinning region at low shear rates below 150 s! and a Newtonian region above. This implied that
strong inter-fibrillar interaction of Br-CNF3 at 0.5 w/v% leads to higher viscosity in the low shear
region below 150 s™!. With increasing shear rates, fibrillar Br--CNF3 became more oriented in the
direction of shear flow until reached the Newtonian region. The highest concentration that Br-
CNF3 can be directly and homogeneously dispersed into DMF was 0.5 w/v%, above which Br-
CNF3 formed gels that contained crystalline micro-fibers (Figure 2.8e). Br-CNF3 (0.5 w/v%)
DMF dispersion was further concentrated to 2.5 w/v% gel by evaporation (ambient temperature,
4 d), then blade coated as 1 mm thick gel on glass and air-dried overnight to ca. 100 um thick film.
The WCA of the coated Br-CNF3 film was 69.8° (Figure 2.8f), close to the WCAs of thin layers
deposited from 0.005 w/v% (75.4°, Figure 2.7h) and 0.01 w/v% (73.0 °, Figure 2.7i). Similar
WCAs for thin layers and thick blade coated film implied the surface organization of Br-CNF3 to
be independent of thickness from several nm to one hundred um and may applied as hydrophobic
coating in either manner. Furthermore, the coated thin film had an impressively high modulus of
198 MPa, as well as 6.7 MPa tensile stress and 10.7% strain-to-failure (Figure S2.7). Therefore,
not only the Br-CNF3 dispersion’s shear-thinning behavior above 0.5 w/v% demonstrate its
potential as a rheology modifier in organic formulation, but the ultra-high modulus and strength
of its thin film also present its potential as strength enhancement additive in coating and film

applications.
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Figure 2.8. Scaled up generation of Br-CNF3 from ultrasonication (50% amplitude, 30 min) and
their viscosity and gel characteristics: (a) Br-CNF yields and supernatant concentrations as related
to initial Br-Cell3 concentrations in DMF; (b) UV-vis spectra; (¢) images of Br-CNF supernatants
and gel at above 0.5 w/v%:; (d) viscosity at varied shear rates; (e) optical microscopy of 0.5 w/v%
Br-CNF gel; (f) WCA of film by blade coating 1 mm Br-CNF3 (2.5 w/v%) gel on glass, and air

dried.

2.4 Conclusions

This study proofs the concept for facile one-pot functionalization of cellulose and direct
disintegration of functionalized cellulose by ultrasonication in organic liquids into hydrophobic
nanocelluloses. Organic compatible Br-esterified cellulose nanofibrils (Br-CNFs) have been
successfully synthesized via rationally designed bromine esterification of cellulose, followed by
direct ultrasonication. This bromine esterification-ultrasonication approach can be tuned to

produce either Br-CNFs or Br-NPs efficiently. The optimally esterified Br-Cell3 (5:1 BPB:AGU
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ratio, 23°C, 6 h) contained 5.7 mmol/g Br esters to be disintegrated by ultrasonication (50%
amplitude, 30 min) to yield 70.9% Br-CNF3 in average 4.6 nm thickness, 29.3 nm width, up to 1
pm length, and 47.8% crystallinity. While Br esterification lowered the overall crystallinity (69.1%
to 50.0%), ultrasonication reduced the crystalline size (from 4.77 nm to 1.45 nm) in Br-CNF and
exposed more (110) and (1-10) hydrophilic planes as evident by the increased moisture absorption
(0.65% to 8.5%). The successful conversion of surface OHs to Br esters was confirmed by the
presence of C=0 at 1740 cm™' in FTIR and chemical shifts for methyl proton (Ha) and methylene
proton (Hb) at § 2.12 and & 4.53-4.87 in '"H NMR, respectively. The degree of substitution was
determined to be between the underestimated 0.53 DS, based on Crl and Br-CNF dimensions in
cross-sectional model and overestimated 0.56 DSymgr from solution-state 'H NMR. Dilute
dispersions (0.005-0.01 w/v%) of Br-CNF3 dispersions exhibited Newtonian behaviors at
concentrations below and shear thinning behaviors at above 0.5 w/v% and could be
homogeneously deposited as few nm ultra-thin layers to exhibit WCAs in the range of 73-75°.
Moreover, blade coating of gel (2.5 w/v%) could also dried to one hundred pm thick hydrophobic
(70° WCA) film, showing hydrophobicity irrespective of thickness. All were similarly
hydrophobic as cellulose acetates and polyesters. The shear-thinning behavior of Br-CNF
dispersions demonstrate their potential application as viscosity modifiers in variety of mechanical
fluids. The ultra-high modulus and strength film from gel coating further shows the potential for

dual high-strength and hydrophobic applications.

2.5. Supplemental information
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Figure S2.1. Optical images of (a) cellulose, (b) Br-Celll, (¢) Br-Cell3 and (d) Br-Cell4 at 0.1
w/v% in DMF.
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Figure S2.2. AFM images with height profiles of NCs at (0.001 w/v % in DMF) from
unmodified cellulose supernatant after ultrasonication (50% amplitude, 30 min) and
centrifugation (5k rpm, 10 min) on: (a) mica; (b) graphite.
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Figure S2.3. Effect of ultrasonication amplitude (60 min) on Br-NCsin the
supernatant (centrifugation 5000 rpm, 10 min) from Br-Cell2 (3.4 mmol/g), Br-Cell3 (5.7 mmol/g),
and Br-Cell4 (8.7 mmol/g).
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Figure S2.4. AFM images and height profiles of Br-CNF3 (on graphite) from varied
concentrations and time: (a) 0.00005%, 6h; (b) 0.0001%, 6h; (c) 0.0005%, 6h; (d) 0.0005%, 24h.
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Figure S2.5. AFM images and corresponding height profiles of Br-CNF3 (10 uL, 0.0005 w/v%)

on graphite: (a) single droplet (air-dried, 3 h); (b-d) two sequential depositions (air-dried, 3 h for

each), showing center of droplet in b, area between center and edge in ¢, and near edge of droplet
inc.
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Figure S2.6. Deconvolution (VoigtA fitting method) of cellulose XRD spectra with (1-10), (110)
and (200) planes at corresponding 26 of 14.6, 16.5 and 22.5°.
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Figure S2.7. Engineering stress-strain curves for blade coating CNF films.
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Chapter 3. 2-Bromopropionyl Esterified Cellulose Nanofibrils as Chain Extender or Polyol
in Stoichiometrically Optimized Syntheses of High Strength Polyurethanes

Published on Biomacromolecules, October 6, 2022
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Abstract

2-Bromopropionyl bromide esterified cellulose nanofibrils (Br-CNF) facilely synthesized from
one-pot esterification of cellulose and in situ ultrasonication have exhibited excellent DMF
dispersibility and reactivity to serve as either chain extender or polyol in the synthesis of
polyurethanes (PUs). The tensile modulus, strength, and stain of PU optimally polymerized with
Br-CNF replacing 11 mol% of chain extender OHs or 1.8 mol% of soft segment OHs, i.e.,
equivalent of 1.5 w% or 0.3 w% of Br-CNF in PUs, were significantly enhanced to over three
times, nearly four times, and 50%, respectively. In either role, the experimental modulus
exceeding those predicted by the Halpin-Tsai model gave evidence to the stoichiometrically
optimized covalent bonding with Br-CNF while the improved strain-to-failure was attributed to

increased hydrogen bonding interactions between Br-CNF and soft segment. These new Br-CNF
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offer novel synthetic strategies to not only streamline polyurethane synthesis but also maximize
their reinforcing effect to demonstrate their potential applications to the synthesis of other

polymers.

3.1. Introduction

Cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs) are attractive one-dimensional
nanofillers to reinforce polymer matrixes due to their intrinsically high surface area', high Young’s
modulus (150 GPa for CNCs, 28 GPa for CNFs)*?, and very low coefficient of thermal expansion
(1077 K! for CNCs, 5x107° K™! for CNFs)* . CNCs are most commonly obtained by removing
the non-crystalline domains in cellulose by sulfuric acid hydrolysis®!°, whereas CNFs are derived

10-19 " or chemical reactions,

by separating along the less crystalline domains by mechanical forces
such as (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO) oxidation!%!>2° or a combination of
both!%1°. All these processes produce hydrophilic and, in many cases, anionically charged
nanocelluloses®?° that are easily aqueously dispersed and miscible with water-soluble polymers.
For instance, mixing CNC?"?? and CNF?*?* with waterborne polyurethane (WPU) has produced
3.5%! or 4-fold®* stronger films, but with considerably reduced strain at ca. 80 and 40 %,
respectively. The poor corrosion resistance®® and relative low strength?® of WPU along with very
high loadings of 30 % CNC?!' and 20 % CNF?*, however, limit their use. In the case of polyester
based thermoplastic polyurethane (TPU), mixing up to 1 %2’ or 30 %*® CNC with the aid of
ultrasonication in DMF did not improve tensile strength or strain significantly, likely due the
incompatibility between the hydrophilic CNC and hydrophobic TPU matrix.

Incorporating micrometer-scale microcrystalline®® or microfibrillated cellulose®® with

polytetramethylene ether glycol (PTMEG, M;:1,000 Da) in the reaction with methylene diphenyl

diisocyanate (MDI) then chain extended with 1,4-butadienol (1,4-BD) was effective in increasing
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the tensile strength of the resulting TPUs by 3% or 4.5 times, respectively (Table 3.1). However,
dispersing aqueous CNCs (0.5 w%) in PTMEG (Mx: 1,000 Da) by homogenization and water
evaporation followed by sequential reactions to MDI and 1,4-BD only improved tensile strength
by 40 %?°!. Additional pretreatments of either freeze-drying CNC3? or sequential solvent
exchanging CNC?* and CNF>** via acetone to DMF, then ultrasonicated with PTMEG™* 34 or

133 have shown to improve some of the tensile modulus®? 3, strength3?34,

hydroxylated soybean oi
and strain®% 3%, all optimized at 1 w% addition. In all above cases, a constant 2:1 NCO (MDI) to
OH (PTMEG)*-*%3* or 1.2:1 NCO (MDI) to OH (hydroxylated soybean oil)** molar ratio were
used without considering cellulose hydroxyls. In addition, the shear force employed in mixing,

such as homogenization®' and ultrasonication®, can potentially reduce cellulose crystallinity by

40 and 20 % as reported on sugarcane bagasse and apple pomace>’, respectively.

Table 3.1. Summary of micro-scale celluloses and nanocelluloses in PU synthesis with 2:1 MDI:
PTMEG and chain extended with 1,4-BD?°3234_ except for one with 20 mol% excess MDI and no

chain extender’®. Tensile property improvement was indicated by times of increases (x).

. Cell OH . . . Optimal MDI
Micro/N: D P 1 Modul St h| St
(ljcrli)l A0 el (w%) | content Preparation Media ;/Slpte:lmgg Ir)epo et (I(\)/[Il’l 1;5 (;Zgg; (:/a;n Cell cotent| (w%) of]
cllulose €tho recursor a a
(mmol/g) ’ (W%) PU
DMF (0.3 PTMEG | 4.9-21.1 |8.0-24.0] 390-970
2 1-10 NA 5 315
Mcece fione Wt% LiCl) fone (1000) 43x 3x 2.5x
PTMEG | 1.2-27.7 [5.8-26.3| 761-1387
30 0.5-5 1.25 DMF 1 315
MFC fone none (1000) 23x 45x | 18«
[0 (03 mol prveG | tomeeenization |y | iee-161] 47 |1096-1011
CNC % excess NA none (rotor—stator 58.3 0.5 35.8
(1000) . (1000) 1x 0.9x
MDD homogeniser, 1 1.4x
PTMEG | 8.2-44.9 [7.5-61.5| 751-994
CNC¥ 0.5-5 2.8 freeze-drying DMF sonication® (1000) 5.5x 8% 1 3% 1 31.5
solvent hydroxylated | sonication (IKA [hydroxylated 11345 | 2553
CNC*? 0.5-2 NA exchange to | soybean oil |T 18 Basic Ultra-| soybean oil 4 2 ) ’ N/A 1 35.0
X X
acetone (Agrol 3.6) Turrax) (Agrol 3.6)
sonication (VCX
TEMPO- solvent 500 Ultrasonic | PTMEG | 8.7-4.9 |4.5-39.8|419-2344
0.5-2 NA hange t DMF o ' : 1 19.5
CNF exchange fo Processors, 300 | (2000) 06x | 88x | s.6x
acetone .
W. 1 min)
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CNCs*- and CNFs®*¢? have been esterified to convert the cellulose OHs to alkyl bromines to
improve their dispersity in organic liquids, such as DMF3¢%- % DMSQ% 3 62| THF>% 33 61,

54-57.60 " and toluene®® 3% 62, Recently, 2-bromopropanoated nanofibrils (Br-CNF) have been

anisole
directly produced by facile one-pot esterification of cellulose with 2-bromopropionyl bromide
(BPB) to 2-bromopropanoated cellulose (Br-cell) to enable disintegration by in situ ultrasonication
in the same organic liquid, DMF.®* The 2-bromopropionyl esters on the surfaces of Br-CNF makes
them compatible to DMF meanwhile the remaining surface OHs are available for reaction, making
Br-CNF dual and even multi-functional from the perspective of organic reaction polymer synthesis.
In the synthesis of PU, the residual surface OHs on Br-CNF present multiple hydroxyl groups as
in polyols to potentially replace diols for chain extension of diisocyanate capped prepolymer or to
replace some of the diols in prepolymer synthesis. These reaction-based incorporation of Br-CNF

in the synthesis of PU is expected to achieve the highest reinforcing effect by maximizing covalent

bonding.

In this study, Br-CNFs were incorporated in the synthesis of PU in two roles. As chain extenders,
Br-CNFs were added to replace some of 1,4-BD to react with MDI-capped PTMEG prepolymers.
The reinforcement effects of Br-CNF as chain extender were investigated by replacing up to 35
mol% OHs in 1,4-BD with the surface OHs from Br-CNF, which is equivalent up to 5.4 w% Br-
CNF in the PU/CNF composites. As polyols, Br-CNFs were incorporated to partially replace equal
OH from PTMEG diols, both capped by MDI then extended by 1,4-BD. The multiple surface OHs
on Br-CNFs, along with their crystalline core, justify their low up to 0.5 w% quantities. A higher
molecular weight PTMEG (Mx: 2,900 Da), nearly up to three times of the most commonly reported

(Ma: 1,000%-3%32 or 2,0003* Da), was selected as soft segment to effectively lower the quantity of
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diisocyanate, the most toxic constituent in PU syntheses. Furthermore, MDI, with one three
hundredth vapor pressure than the more volatile toluene diisocyanate (TDI)®, was used as hard
segment to minimize inhalation exposure. Most significantly, not only the polyurethane reaction
stoichiometry of OHaiol+Br-cNr:NCOwmp1:OHdiol+Br-cNF Was rationalized, but the surface OHs of Br-
CNFs were also fully accounted for, to optimize both prepolymer syntheses and chain extension
reactions. The effective role of Br-CNF, their molar or mass compositions, and the optimal reaction
conditions, were evaluated by their effects on the elastic modulus, tensile stress, and stain-to-
failure of the synthesized PU/CNF composites. The formation of urethane link was verified by
attenuated total reflection (ATR). Thermal properties, such as glass transition temperature (Tg) and
melting temperature (Tm), of the synthesized PU/CNF film were characterized by differential

scanning calorimetry (DSC). The bulk morphology and organization of Br-CNFs in PU matrix

were observed by optical microscopy under cross-polar.

3.2. Experimental

3.2.1. Materials. Cellulose was isolated from rice straw (Calrose variety) by a previously reported
three-step process of 2:1 v/v toluene/ethanol extraction, acidified NaClO (1.4 %, pH 3-4, 70 °C,
5 h) delignification, and alkaline hemicellulose dissolution (5 % KOH, 90 °C, 2 h)%. 2-
Bromopropionyl bromide (BPB, 97%, Alfa Aesar), 4-dimethylaminopyridine (DMAP, 99%,
Acros Organics), polytetramethylene ether glycol (PTMEG, M,:1,000 and 2,900 Da, Sigma
Aldrich), methylene diisocyanate (MDI, 97 %, Sigma Aldrich), 1,4-butanediol (1,4-BD, 99 %,
Alfa Aesar), N,N-dimethylformamide (DMF, certified grade, Fisher Scientific), and acetone

(histological grade, Fisher Scientific) were used as received without further purification. All

78



nanocellulose concentrations in DMF were denoted in weight/volume percent (w/v%) whereas all

PU/CNF compositions were designated in weight/weight percent (w%).

3.2.2. Synthesis and Characterization of Br-CNFs. Br-CNFs were produced from rice straw
cellulose by one-pot esterification with 2-bromopropionyl (5:1 BPB to anhydroglucose or AGU
molar ratio, 23 °C, 6 h) and in situ ultrasonication (Qsonica Q700, 50/60 Hz, 50 % amplitude, 30
min) in DMF.® For imaging by atomic force microscopy (AFM, Asylum-Research MFP-3D), Br-
CNF DMF dispersion was diluted (10 pL, 0.0005 w/v%) and deposited on freshly cleaved highly
oriented pyrophoric graphite (HOPG), then air-dried in fume hood for 6 h. The heights of Br-CNFs
(n : 100) were profiled in the tapping mode with a 5 pm x 5 pm scan size and a 512 Hz scan rate.
For imaging by transmission electron microscopy (TEM, Philip CM12), Br-CNF dispersion (10
uL, 0.01 %) was deposited onto glow-discharged carbon-coated TEM grids (300-mesh copper,
Formvar-carbon, Ted Pella Inc., Redding, CA), blotted with a filter paper after 5 min to remove
excess dispersion, negatively stained with aqueous uranyl acetate (2 w/v %) for 5 min, and blotted
again to remove excess liquid. This staining-blotting process was repeated five times, dried under
the ambient condition for 15 min, then imaged at a 100 kV accelerating voltage. The widths and
lengths of over 100 Br-CNFs for each sample were calculated using ImageJ Analyzer (Imagel,
NIH, USA). Crystallinity and domain size of air-dried Br-CNF film were determined using X ray

diffraction (XRD) as described!® % previously.

The Br content of Br-CNF (og,, mmol/g) was determined by the mass gain of 2-bromopropionyl

esterified cellulose in which the C2, C3 and C6 OHs were converted to 2-bromopropionyl ester:

P Mpr—c = Meep
B 135 X Mpr—cell

(3.1)
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where m g 1s the initial cellulose mass (g), Mg, _cey; 18 the dry mass (g) of 2-bromopropionyl
esterified cellulose, and 135 (g/mol) is the molecular mass difference between 2-bromopropionyl
ester and hydroxyl. The substitution of surface OHs to 2-bromopropionyl, described as fraction
of converted OHs (p), was estimated via solution phase '"H NMR (Bruker AVIII 800 MHz 'H
NMR spectrometer) following the previously established method® briefly described in Supporting
Information. Surface OH content (oo, mmol/g) of Br-CNF was calculated by multiplying Br

content (o, mmol/g) by available OH (1- p) then divided by converted OH (p):

1_
OoH = Omr X Tp (32)

3.2.3. Polyurethane Synthesis. The polyurethane control was prepared by dissolving MDI (1.90
mmol, 0.47 g) and PTMEG (Mn:2,900 Da, 0.86 mmol, 2.5 g) in DMF (20 mL), degassed (Branson
2510) for 1 min, purged with N2 for 10 min, then reacted at 90 °C in an oil bath under stirring for
3 h to form prepolymer. Chain extender 1,4-BD (0.86 mmol, 0.078 g) was added to react at 90 °C

for another 3 h, then quenched in ice bath to end the reaction.

3.2.4. Br-CNF as Extender. To prepare PU/CNF composites using Br-CNF as part of extender
ata fixed 2.2:1:1 NCOwmp1:OHprmeG:OH1 4-8D+Br-cNF molar ratio (Scheme 3.1a), PTMEG (Mn:2,900
Da, 1.72 mmol OHs, 2.5 g) was reacted with MDI (3.80 mmol NCOs, 0.47 g) in 15 mL DMF,
degassed (Branson 2510) for 1 min, purged with N2 for 10 min, then sealed and heated to 90 °C
with stirring for 3 h to form prepolymer. Br-CNF (0.5 w/v% in DMF) was added at 1.8 or 5.4 w%,
i.e., 11 mL or 35 mL (0.19 and 0.61 mmol available OHs), to pre-dissolved 1,4-BD (0.069 and
0.051 g, 1.54 and 1.12 mmol OHs), degassed for 1 min, then to the prepolymer under constant

stirring at 90 °C for another 3 h, finally quenched in ice bath to stop the reaction. Without any 1,4-
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BD, PU/CNF with Br-CNF (0.5 w/v %, 0.61 mmol available OHs, 35 mL) as the lone extender

was also synthesized at a fixed 2.2:1:0.35 NCOwmpr: OHprmec: OHgr-onF molar ratio for comparison.

3.2.5. Br-CNF as Polyol. The PU/CNF composites with Br-CNF serving in the role as polyol
(Scheme 3.1b) were prepared at varying Br-CNF contents (0-0.5 w%) at a fixed 2.2:1:1 NCOwr:
OHpr™mEG+Br-oNF: OH14.8p. Br-CNF dispersions were diluted with DMF to 20 mL in 0.0075, 0.015,
0.03, 0.045, and 0.075 w/v%, degassed (Branson 2510) for 1 min and purged N> for 10 min.
PTMEG (M;:2,900 Da, 1.72 mmol OHs, 2.5 g) and MDI (3.8-3.92 mmol NCOs, 0.47-0.49 g) were
added into each dispersion in high vacuum silicone grease sealed 50 mL round bottom flask at
90°C oil bath under stirring to react for 3 h to form prepolymer. 1,4-BD (0.86 mmol, 0.078 g) was
added to reacted for another 3 h, then quenched to end reaction. Reactions were repeated with 1.8
mL Br-CNF (0.5 w/v %) at 2.1:1:1 and 2:1:1 NCOwmpr: OHpr™eG+Br-cNF:OH 1 4-8p molar ratios to
investigate excess MDI effects. Lower molecular weight PTMEG (Mx:1,000 Da) was used with
1.8 mL Br-CNF (0.5 w/v %) at 2.2:1:1 NCOwmpr: OHprmeG+Br-cNF:OH1 4-8p molar ratio. Films were
cast from various viscous reaction mixtures of various PU/CNF compositions as well as Br-CNF
alone in glass petri dishes and dried at 60 °C oven for 2 d. Volume of circular films were calculated

from thickness and diameter measured by micrometers and graduated scale to estimate densities.
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Scheme 3.1. Scheme for polyurethane synthesis with Br-CNFs serving as: (a) chain extender, (b)

polyol; at the same 2.2:1:1 NCOwmpr: OHprmeG+Br-cNF: OH1,4-BD+Br-cNF molar ratio.

3.2.6. Characterization of PU/CNF film. The morphology of PU/CNF film was imaged by
optical microscopy (Leica DM2500) in transmission mode and under cross-polars. For attenuated
total reflectance (ATR) Fourier transformed infrared spectroscopy, each PU film was scanned by
Thermo Nicolet 6700 spectrometer under ambient conditions from an accumulation of 128 scans
at a4 cm ! resolution from 4000 to 400 cm™'. To determine glass transition (Tg) and melting (Tm)
temperatures of PU/CNF film, each ca. 10 mg sample was cooled by liquid nitrogen to -100 °C
and scanned at 10 °C/min to 50 °C by differential scanning calorimetry (DSC, DSC-60 Shimadzu).
The tensile properties of films (40x14x0.4 mm) were measured using an Instron 5566 tensile tester
with a static 5 kN load cell, ca. 20 mm gauge length and 20 mm/min crosshead speed to break and
to 400 % strain in cyclic mode. For each data point, at least three films were tested with the average
value and standard deviation reported. The modulus was determined by the initial slope of strain-

stress curve. Engineering stress (o) was calculated from F/Ao, where F was applied load (N) and
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Ao is the initial cross-sectional area (m?*). Engineering strain (€) was calculated by AL/Lo, where

AL was the extension (mm) of the sample and Lo was initial sample gauge length (mm).

3.3. Results and discussion

3.3.1. Characteristics of Br-CNFs. Br-CNFs were optimally synthesized by one-pot 2-
bromopropionyl esterification of rice straw cellulose (5:1 BPB to AGU molar ratio, 23 °C, 6 h)
and in situ ultrasonication (50 % amplitude, 30 min) in DMF®’ to be ribbon-like with 4.6 = 1.8 nm
thickness (T), 29.3 £ 9.2 nm width (W), and ca. 1 pm length (L) (Figure S3.1a and b). The Br-
CNF geometries are uniquely anisotropic, showing over 6 W/T and 213 L/T ratios. 2-
bromopropionyl esterification converts the OHs in the less ordered region of cellulose to 2-
bromopropionyl esters to endow organic compatibility and to facilitate the direct disintegration by
ultrasonication of 2-bromopropionyl esterified cellulose into homogeneously dispersed Br-CNFs,
all in the same organic media DMF. The level of substitution (p) quantified by '"H NMR (Figure
S3.2) was 0.48, showing nearly half of the surface OHs were converted to 2-bromopropiony]l esters.
The remaining 52% surface OHs, equivalent to 3.5 mmol OHs/g Br-CNF by eqn. (2), remained
available to react with MDI. The XRD of Br-CNFs displayed 20 peaks at 14.6, 16.5, and 22.5°,
corresponding to the respective (1-10) (110) (200) monoclinic If lattice planes of cellulose (Figure
S3.3). The 0.48 Crl of Br-CNF showed retention of 69 % crystallinity of the original cellulose

(Crl:0.69).

Table 3.2. CNF Characteristics: dimensions, crystallinity, Br content/degree of substitution,

available OHs content.
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Crystallite Br OHs

Thickness Width Length j - Level of
(nm) (nm) (nm) Dimension Crl content slBstitition content
(nm) (mmol/g) (mmol/g)
46 293 ca. 1000 145 0.48 3.2 0.48 3.5

Br-CNFs have similar in thickness (T=4.6 nm) as another highly hydrophobic ODE-CNF (T =4.4
nm, W = 4.1 nm, L = 1.7 um)®, both are thicker than hydrophilic TEMPO-CNF (T = 1.5 nm, W
=2.1nm, up to 1 pm long)'3, all ca/ 1 um or longer and derived from the same rice straw cellulose.
Br-CNF (W=29.3 nm) is, however, considerably wider than those respective ODE-CNF and
TEMPO-CNEF, i.e., by 7 and 14 times. The 6 W/T ratio of the cross-section gives Br-CNF highly
anisotropic lateral dimensions than the near isotropic W/T ratios of ODE-CNF and TEMPO-CNF,
both the latter two disintegrated by high-speed blending in water. These lateral dimensional and
aspect ratio differences indicated the specific ultrasonication applied to be less intensive to
disintegrate 2-bromopropionyl esterified cellulose in the less ordered domains into CNFs
compared to aqueous high-speed blending of either hydrophobic ODE-cellulose or hydrophilic
TEMPO-cellulose. Br-CNFs (Crl:0.48) (Figure S3.3) is slightly less crystalline than ODE-CNF
(Crl:0.52)% but clearly less crystalline than TEMPO-CNF (Crl:0.63)"*. The reduced crystallinity
of Br-CNF was attributed mainly to the chemical reaction of cellulose, i.e., 2-bromopropionyl
esterification reduced crystallinity of cellulose (Crl:0.69) to Br-cell (Cr1:0.50)® to signify the more
robust 2-bromopropionyl esterification in DMF in comparison to lesser effects on crystallinity
from the less intensive telomerization®® or TEMPO-oxidation!®>. The significantly retained

crystallinity (Crl:0.48) and largely available surface OHs (3.5 mmol/g) made Br-CNF uniquely
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surface-reactive polyols with crystalline core as potential covalent bonded reinforcement in TPU

synthesis.

3.3.2. Br-CNF as chain extender in PU synthesis at 2.2:1:1 NCO: OH: OH. Br-CNF was
incorporated as chain extender to partially replace 11 and 35 mol% OH in 1,4-BD or 1.8 and 5.4
w% Br-CNF in PU syntheses at a fixed 2.2:1:1 NCOwmpr:OHprmeG:OH | 4-Bp+Br-cNF molar ratio
(Scheme 3.1a, Figure 3.1). Br-CNF was also incorporated as the only chain extender at 5.6 w%,
equivalent to 35 mol% OHs of 1,4-BD, for comparison. Upon replacing 11 mol% OHs of 1,4-BD
with 1.8 w% Br-CNF (Figure 3.1b and c), the elastic modulus, tensile strength and strain-to-failure
significantly increased from 2.6 to 8.3 MPa, 5.4 to 26.7 MPa and 490 to 883%, respectively.
Replacing over three times of 1,4-BD OHs (35 mol%) with Br-CNF (5.4 w%) further doubled the
modulus to 16.5 MPa but lowered the strength by 30 % to 18.8 MPa and stain by 22 % to 684 %.
The enhanced elastic modulus and tensile stress were attributed to linking the MDI-capped soft
segments with multiple OHs of Br-CNF like crosslinkers, instead of the short 4-C extender. The
increased strain-to-failure was attributed to the strengthened soft domains from hydrogen bonding
between the remaining unreacted OH on Br-CNF and PTMEG. That modulus increase essentially
linearly with Br-CNF contents further signifies the contribution of multiply crosslinked Br-CNF
with MDI-capped soft segments. The more heterogeneous appearance of films with 5.4 w% Br-
CNF suggest possible agglomeration and/or phase separation of Br-CNF to lead to lowered tensile
stress and strain-to-failure (Figure 3.1a). Furthermore, using 5.6 w% Br-CNF (equivalent to 35
mol% OHs of 1,4-BD) as the only extender, the modulus drastically increased from 16.5 to 173
MPa while the strain significantly reduced from 684 to 46 %, but only slightly decreased tensile

stress from 18.8 to 17.0 MPa. As the lone chain extender, 5.6 w% Br-CNF only provided 35 mol%
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OHs of 1,4-BD, insufficient to link all the MDI-capped soft segments to turn the elastomeric PU

to high modulus plastic.
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Figure 3.1. Tensile properties of PU synthesized with Br-CNF as chain extender to replace 11 and
30 mol% of 1,4-BD hydroxyls at 2.2:1:1 NCOwmpr: OHprmeG:OH 1 4-BD+Br-CNE: (@) representative
stress-strain curves for PU/CNF films (n>3) with Br-CNF (w%) compositions and photographic
images of PU/CNF films; (b) tensile stress and strain-to-failure; (c) Experimental and Halpin-Tsai

simulated elastic modulus (MPa) (n>3).

The Halpin-Tsai model that predicts the modulus of short fiber reinforced composites with
perfectly aligned, homogeneously mixed, and constant fiber volume fraction in a continuous
matrix®’ was used to compare with the experimental values. The predicted modulus from the

Halpin-Tsai model is expressed as
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E=E, (W) (3.3)

_Ef/En—1

n= E[/Emt1{ (3.4)

where E is the longitudinal modulus of the unidirectional composite; V is the fiber volume

fraction based on mass fraction of Br-CNF in PU with their respective estimated densities of 1.2
g/cm® and 1.1 g/cm?®; E,,, and E + are the respective matrix and fiber modulus; C is a shape factor
for Br-CNF and defined®® as

¢ =(0.5L/D) ** (3.5)
where L is the 1 um length of Br-CNF and D is the diameter or the geometrical mean (11.7 nm)
of Br-CNF thickness (4.6 nm) and width (29.3 nm).
From Halpin-Tsai model simulation®’- %, elastic modulus for PU with 1.8 % and 5.4 % Br-CNF
were 5.7 and 11.9 MPa, ca. 30 % lower than the respective experimental values of 8.3 and 16.5
MPa. The higher experimental modulus than predicted by the Halpin-Tsai model supports the
presence of new covalent bonding between Br-CNF and MDI when applied as extender. As a chain
extender, the optimal Br-CNF content was 1.8 w% to significantly improve all three tensile
properties, i.e., to over 3 times in modulus, nearly 4 times in strength, and 80 % increase in strain.

Similarly, the overall toughness also reached highest at 1.8 w%.

3.3.3. Br-CNF as polyol in PU synthesis. Br-CNF with 3.5 mmol OHs/g was also used as polyol
to replace 0.3, 0.6, 1.2, 1.8 and 3.1 mol% OHs of PTMEG diols to synthesize pre-polymer with 10
mol% excess of MDI, i.e., 2.2:1:1 NCOwmpr:OHprmeG+Br-cnr:OH1 4.8p mole ratio, to ensure capping
all Br-CNF surface OHs. These partial replacement of diol with Br-CNF polyol represent 0.05,

0.1,0.2,0.3, and 0.5 w% of Br-CNF in the PU/CNF composites. The colorless PU turned yellowish
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with increasing Br-CNF contents and into golden color with 0.5 w% Br-CNF (Figure 3.3.2a).
With up to 0.3 w% Br-CNF, the elastic modulus increased by over three times from 2.6 to 8.3 MPa
and the tensile strength by nearly four times from 5.4 to 21.1 MPa, while the strain also increased
by 54% from 490 to 755 % (Figure 3.2b, ¢). However, with further increased Br-CNF content to
0.5 w%, all tensile modulus, strength, and strain reduced to respective 6.0 MPa, 15.7 MPa, and
539 %, i.e., levels near or below those with 0.1 w% Br-CNF. The increases in all three mechanical
properties were attributed to improved dispersion due to 2-bromopropionyl esters functionalized
Br-CNF surfaces and covalent bonding between Br-CNF surface OHs and MDI. The outstanding
reinforcement effects on modulus and tensile strength were attributed to the crystalline core of Br-
CNF and surface OHs covalent bonded with MDI, serving as additional and new kind of hard
segments. Meanwhile replacing diol with Br-CNF polyol in the soft segments could also enhance
hydrogen bonding interactions between unreacted Br-CNF surface OHs and PTMEG to increase
stretchability. In addition, the ability of Br-CNF to realign along the loading direction may be
another reason for increased tensile strength and stretchability. That much reduced tensile stress,
strain-to-failure and elastic modulus with 0.5 w% Br-CNF may be due to inter Br-CNF association,
reducing their reaction with MDI and hydrogen bonding with PTMEG. Comparably, all
experimental elastic modulus values of PU with Br-CNF as polyol were over two times or higher
than Halpin-Tsai model simulated values (Figure 3.2¢), indicating the extreme effectiveness of
strong covalent bonding between Br-CNF and MDI. This observation illustrated surface OHs on
Br-CNF are more reactive to free MDI as polyol but less accessible to MDI-capped PTMEG
prepolymer as chain extender. In fact, the same modulus 8.3 MPa was achieved with Br-CNF

serving as either polyol or chain extender, but requiring only one sixth in the polyol role (0.3 w%)
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than the chain extender (1.8 w%). The optimal molar replacement of Br-CNF hydroxyls for those

in PTMEG soft segment or 1,4-BD chain extenders was 1.8 or 11 mol%, respectively.
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Figure 3.2. Tensile properties of PU synthesized with Br-CNFs as polyols replacing 0.3, 0.6, 1.2,
1.8 and 3.1 mol% OHs in PTMEG (Mn:2,900 Da) diol at 2.2:1:1 NCOwmpr:OHpr™mEG+Br-cNF:OH 1 4-
BD mole ratio: (a) representative stress-strain curves for PU/CNF films with 0.05, 0.1, 0.3, and 0.5
w% Br-CNF; photographic images of the upper portions of fractured samples and 1.8 w% Br-CNF
(11 mol% of OH in 1,4-BD) as chain extender (CE) from Figure 3.3.1a for comparison; (b) tensile

stress (MPa) and strain-to-failure (%); (c) Experimental and Halpin-Tsai simulated elastic modulus

(MPa) of PU/CNF films (n>3).

These findings show, for the first time, that a mere 0.3 w% Br-CNF quantity can significantly
enhance the tensile modulus (3.2x) and strength (3.9x) while also improve the strain-to-failure
(1.5x). In all prior work of involving cellulose or nanocellulose either as filler?!* 2728 or in PU

29-34

synthesis~ ", improvement in all three tensile properties was only reported in three, 1.e., 5 W%
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MCC?, 1 w% MFC?°, and sonication assisted 1 w% CNC??, all with the shorter PTMEG (Mp:1,000
Da) (Table 3.1). While those PUs synthesized with the commonly used shorter PTMEG is
expected to have higher modulus but reduced strain, the MDI quantities were also double. Among
them, only two documented FTIR evidence of new covalent bonding formation between MFC>°
or CNC* and isocyanates. Furthermore, Br-CNF is homogeneously dispersed in DMF without
any pretreatment nor shear force mixing, a stark contrast to the extra and necessary processes of
freeze-drying>2, solvent exchange®*-** then aided by homogenization®!, or soniction***, to disperse
hydrophilic nanocelluloses. Uniquely, Br-CNF is not only efficiently synthesized, i.e., one-pot
esterification and in situ disintegration, directly from cellulose, but also robust in reactivity to serve
dual roles as either polyol or chain extender in the synthesis of PU. Most significantly, the quantity

of the toxic MDI was significantly reduced to half.

3.3.4. MDI optimization. In the attempt to further reduce the diisocyanate quantity, the molar
excess MDI was reduced from 10 to 0 mol% in the synthesis of prepolymer with 0.3 w% Br-CNF
as polyol replacing 1.8 mol% PTMEG hydroxyls (Figure 3.3a). Generally, both modulus and
tensile strength displayed positive correlation to excess MDI mol% meanwhile negative
correlation was observed for strain-to-failure (Figure 3.3b and c). In the absence of Br-CNF, both
elastic modulus and tensile stress of the PU control slightly increased from 2.5 to 2.8 MPa and 4.3
to 5.8 MPa, whereas strain-to-failure slightly decreased from 585 to 507 % with 5 mol% excess
MDI, but showing no further change with 10 mol% excess MDI, indicating 5 mol% excess MDI
to be adequate to cap PTMEG diols in the synthesis of PU. With 0.3 w% Br-CNF, all three tensile
modulus, stress, and strain-to-failure moderately increased from 6.5 to 8.3 MPa, 13.2 to 21.1 MPa
and 656 to 755 % with the increase of excess MDI to 10 mol%. More excess MDI required with

Br-CNF than the control suggested that surface OHs on Br-CNF may be less accessible than those
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of the PTMEG diol. It is also possible that surface Br esters determined by '"H NMR may be over-
estimated due to the DMF-to-acetone solvent exchange preparation that left out some less
substituted Br-cellulose, leading to underestimated OHs content of Br-CNF. Further increasing
Br-CNF content from 0.3 to 1 w% (Figure S3.4) w/o excess MDI moderately increased strength
(1.2x) and strain-to-failure (1.2x) but sacrificed 20 % elastic modulus. The optimal Br-CNF as
polyol w/o excess MDI was determined to be 1 w%, nearly 3-time higher than optimal 0.3 w% Br-
CNF content at 10 mol% excess MDI. Thus, 10 mol% excess MDI not only further enhance the
tensile properties of PU/CNF composite but also requiring significantly less Br-CNF. Unlike prior
PU synthesized with a constant 2:1 NCOwmpr:OHprmeg?” > 3% 3 ratio without consideration of
cellulose OHs, this work rationally targets the OHs of both Br-CNF polyol and PTMEG diol
stoichiometrically to isocyanate to significantly improve all tensile properties of PU, i.e., 3.2x

modulus and 3.9x strength and 1.5x strain-to-failure, with a mere 0.3 w% Br-CNF as polyol and

10 mol% excess MDI.
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Figure 3.3. Tensile properties of PU synthesized with 0.3 w% Br-CNF polyol in PTMEG
(Mn:2,900 Da) diol with 0 to 10 mol% excess MDI (2-2.2:1:1 NCOwmp1:OHprmeG+Br-cNF:OH1,4.8D):
(a) representative stress-strain curves with compositions in w%; (b) tensile stress and strain; (c)

modulus (n>3).

3.3.5. PTMEG chain length. While using longer PTMEG (M, : 2,900 Da) than the commonly
reported shorter PTMEG (Max:1,000 Da) has the advantage of reducing MDI usage, lower elastic
modulus and higher strain of PU are expected and was confirmed by the control PU synthesized
without Br-CNF (Figure 3.4a). With the optimal 0.3 w% Br-CNF as polyol and 10 mol% excess
MDY], the elastic modulus nearly doubled from 8.3 to 16.1 MPa while strength and strain modestly
increased and decreased, respectively for the shorter PTMEG, while in contrast, the modulus
increased from 2.6 to 8.3 MPa by over three times, stress nearly quadruple from 5.4 to 21.1 MPa,
and strain nearly doubled from 490 to 755 % with the nearly three times longer PTMEG (Figure
3.4b). Therefore, while incorporating 0.3 w% Br-CNF as polyol most significantly improved the
modulus of PU with shorter PTMEG, the effect on PU with the longer PTMEG was significant in
all three tensile properties. The more significant reinforcement effects of Br-CNF on PU
synthesized with longer PTMEG (Mn:2,900 Da) support the notion that both covalent bonding
between Br-CNF and MDI and hydrogen bonding between B-CNF and PTMEG were maximized
to give the best mechanical performance. Also, adding 0.3 w% Br-CNF as polyol would minimize
negative effects of the longer PTMEG on the modulus to retain same modulus (8.3 MPa) as short

PTMEG (M;:1000 Da).
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Figure 3.4. Tensile properties of PU synthesized with Br-CNFs as polyols and either 1,000 or
2,900 Da PTMEG at a consistent 2.2:1:1 NCOwmpr:OHprvec+Br-cnr: OH14.8p: (2) Representative
stress-strain curves; (b) elastic modulus, tensile stress, and strain-to-failure (n>3), with

compositions (W%).

While the optimal 1.8 w% Br-CNF as extender led to 27 % higher tensile strength (26.7 vs 21.1
MPa), 17 % higher strain-to-failure (883 vs 755 %), and same elastic modulus (8.3 MPa) than its
role as polyol, the slight strength enhancement with six times of Br-CNF is indicative of the more
efficient covalent bonding of Br-CNF with MDI as polyol than as chain extender. With similar
PTMEG, MDI and 1,4-BD contents, 0.3 w% Br-CNF as polyol capped by 10 mol% excess MDI
with PTMEG (Ms : 2,900 Da) were optimal to produce the most significantly reinforced PU film
with 3.2x modulus, 3.9x strength and 1.5x strain-to-failure meanwhile reducing MDI usage to 15.7

w%.
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3.3.6. ATR and DSC spectra of PU/CNF composites. The presence of urethane link in PU and
PU/CNF composite films were clearly evident in their ATR spectra (Figure 3.5a), showing C=0
peaks at 1709 cm™! (hydrogen bonded) and 1730 cm™! (free), C-N asymmetric stretching peak at
1610 cm™!, and N-H bending peak at 1530 cm !. For films with 1.8 and 5.4 w% Br-CNF as chain
extender, the detection of a new carbonyl peak at 1645 cm™! gave evidence to the reaction between
the Br-CNF surface OHs with MDI. In those with Br-CNF as polyol, however, no new peak was
observed due to the extremely low quantities up to 0.5 w%. The effects of Br-CNF from covalent
bonding with MDI, either as polyol or chain extender, as well as their interactions with the soft
segments were further elucidated by their thermal behaviors (Figure 3.5b). Glass transition
temperature T, (°C) increased from -71.9 °C to -63.7 °C with increasing 0 to 0.5 w% Br-CNF
polyol, but decreased to -79.5 °C with increasing 0 to 5.4 w% Br-CNF extender. The endothermic
recrystallization peak for MDI-1,4-BD-MDI hard domains remained constant at -1.5 °C and
independent of Br-CNF contents and roles, indicative of no Br-CNF effects on original PU hard
domain size and distribution. As polyol, the effective reaction between Br-CNF and MDI
introduces new Br-CNF-MDI carrying polyisocyanate terminals among the diols, also bearing
isocyanate terminals, to reduce the segmental motion of the soft segments to decrease Tg. As
extender, the higher Br-CNF contents and the availability of more unreacted OHs on Br-CNF
surface would hydrogen bonded with PTMEG (-OR), suppressing PTMEG phase separation into
smaller soft domains thus lowered Tg. Melting temperature T, (°C) decreased from 18.9 °C to
12.0 °C with increasing Br-CNF contents from 0 to 0.3 w% as polyol, while decreased slightly to
16.2 °C with Br-CNF as extender up to 5.4 w%. In either polyol or extender role, increasing Br-
CNF contents is expected to increase the extent of covalent bonding to MDI, lowering the extent

of MDI-1,4-BD-MDI hard domains to lower Tr. The stronger covalent bonding between Br-CNF
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and MDI may be the reason for higher T reduction with Br-CNF as polyol than extender. One
possible explanation for elevated Tm (14.6 °C) with increased Br-CNF as polyol from 0.3 to 0.5
w% may be that Br-CNFs extensively covalent bonded with MDI behave as crosslinkers and new

hard domains to suppress mobility of the original MDI-1,4-BD-MDI hard domains.
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Figure 3.5. Characteristics of PU/CNF composites with Br-CNF as polyol (0.1, 0.3, 0.5 w%) or
extender (1.8 and 5.4 w%): (a) attenuated total reflectance (ATR) spectra; (b) differential scanning

calorimetry thermograms.

3.3.7. Cyclic tensile properties of polyurethane film with Br-CNF as polyol. To further
investigate elastic and inelastic behaviors, uniaxial cyclic tensile strain/stress curves for PU/CNF
films with 0, 0.1, 0.3 and 0.5 w% Br-CNF (0, 0.6, 1.8 and 3.1 mol% PTMEG OHs) as polyol was
evaluated at up to 400 % strain (Figure 3.6a). The 1 cycle tensile stress significantly increased
from 4.4 to 11.9 MPa with increasing Br-CNF contents to 0.3 w%, then lowered to 9.9 MPa at 0.5
w%. In the 1% cycle, the strain recovery for PU was 152% and increased to 223 % with 0.3 w%
Br-CNF polyol (Figure 3.6b and ¢). The behavior of decreasing stress at 400 % with increasing

number of cycles, or stress relaxation phenomenon, was observed for all three PU/CNF composites.
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At the end of 5" cycle, stress at 400 % strain decreased from 8.3 to 7.0 MPa, 11.9 to 9.5 MPa and
9.9 to 8.5 MPa, corresponding to 0.1, 0.3 and 0.5 w% Br-CNF contents, respectively, in contrast
to the lacking stress relaxation for PU control. Those observed stress relaxation phenomenon
possibly caused by realignment of Br-CNF along loading direction indicated the existence of
irreversibility with Br-CNF as polyol at high strain to 400 %. Nevertheless, the stress after five
cycles of PU with Br-CNF polyols were significantly higher than PU. Both highest 11.9 MPa
tensile stress and 223 % 1% cycle recovery observed at 0.3 w% Br-CNF as polyol confirmed this

to be optimal PU/CNF composition to generate the most resilient film.
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Figure 3.6. Cyclic tensile properties of PU/CNF films with Br-CNF (w%) as polyol at 400 %

strain for 5 cycles: (a) cyclic stress-strain curves; (b) 1% cyclic stress-strain curves, (¢) 1% tensile
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stress and cycle recovery (%). All films are synthesized with at 2.2:1:1 NCOwmpr:OHpt™mEG+Br-
cNF:OHi4.8p and PTMEG (Mn=2,900 Da).

3.3.8. Orientation of Br-CNF in PU along loading direction. Films with 0.5 w% Br-CNF as
polyol and 1.8 w% Br-CNF as extender were uniaxially stretched at up to 300 % strain to observe
their morphology by optical microscopy (Figure 3.7). The phase separated hard (MDI-1,4-BD-
MDI) and soft (PTMEG) microdomains appeared as granular black and white clusters in the PU
control (Figure S3.5a) whereas PU containing either 0.5 w% Br-CNF as polyol or 1.8 w% Br-
CNF as chain extender displayed isotropically arranged microfibers, under both transmission and
cross-polar modes (Figure 3.7a and d). The same microfibers were also observed with 0.1 and 0.3
w% Br-CNF as polyol (Figure S3.5b and c¢). The presence of microfibers illustrated inter-fibril
Br-CNF association possibly by hydrogen bonding. Upon uniaxial stretching, the microfibers
appeared to align along the loading direction from strain-induced stress stiffening above 200 %
(Figure S3.4). All microfibers were reoriented along the loading direction at 300 % strain (Figure
3.7b and e) and returned to original isotropic arrangement (Figure 3.7a and d) upon unloading.
The observed full reversibility for Br-CNF microfibers from isotropic (Figure 3.7a and d) to
oriented alignment (Figure 3.7b and c¢) upon uniaxial stretching then back to isotropic (Figure
3.7a and d) upon returning to zero strain demonstrated apparent elastic behavior at up to 300 %
strain, unlike the inelastic stress relaxation observed at 400 % strain (Figure 3.6). The film
fractured at 539 % strain also showed isotropic fibrils at fracture edge (Figure 3.7¢), indicative of
fully reversibility of PU/CNF film after releasing loading force even in fracture region. The strain
induced fiber realignment in PU with Br-CNF as extender (Figure 3.7f) was not as clear as that

with Br-CNF as polyol, supportive of the polyol role to be more effective in reinforcing PU.
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Figure 3.7. Optical microscopy images of PU/CNF films (0.4 mm thickness), with 0.5 w% Br-
CNF as polyol: (a) as is, (b) under ca. 300 % strain (direction shown by arrow), (c) fractured edge;
with 1.8 w% Br-CNF as chain extender: (d) as is, (e) under ca. 300 % strain (direction shown by
arrow); with 5.4 w% Br-CNF as lone extender: (f) as is. Upper right insets were corresponding

images under cross-polar.

3.4. Conclusion

This stoichiometrically rationalized study demonstrated for the first time that 2-bromopropionyl
bromide esterified cellulose nanofibrils (Br-CNF) facilely synthesized from one-pot esterification
of cellulose with 2-bromopropionyl bromide (BPB) and in situ ultrasonication can serve the dual
role of either chain extender or polyol in the syntheses of polyurethanes. The substituted surface
2-bromopropionyl ester (3.2 mmol/g) endows Br-CNF excellent dispersibility in DMF while the
remainig surface OHs (3.5 mmol/g) highly reactive to methylene diphenyl diisocyanate (MDI).
Most importantly, the uniquely anisotropic (4.6 nm thick, 29.3 nm wide, ca. 1 um long) and dual

surface functional Br-CNF significantly reduced the MDI content to 15.7 % with the use of longer
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PTMEG (Mx:2,900 Da) as the soft segment. As polyol, replacing a merely 1.8 mol% of PTMEG
OHs with the surface OHs of Br-CNF (0.3 w%) optimally improved the respective elastic modulus,
tensile strength, and strain impressively by 3.2,3.9 and 1.5 times to 8.3 MPa, 21.1 MPa, and 755 %.
As chain extender, replacing 11 mol% of 1,4-butanediol OHs with the surface OHs of Br-CNF
(1.8 w9%) also improved the respective tensile properties to 8.3 MPa, 26.7 MPa, and 883%, in fact
17% higher in strength and 17 % higher in modulus. However, 6 times of Br-CNF were required
in the role as chain extender than that of polyol prepolymer. In the role of polyol prepolymer, the
0.3 w% Br-CNF of the PU synthesized is the lowest among reported to date while requiring only
half of MDI. The experimental modulus exceeding those predicted by the Halpin-Tsai model gave
evidence to the synergistic effectiveness of optimal covalent bonding of Br-CNF with MDI and
hydrogen bonding between Br-CNF and PTMEG. Intriguingly, complete reversibility of isotropic
Br-CNF under zero strain to oriented microfibril alignment at 300 % strain extends the elastic
recovery of PU to beyond the typical yield point. The efficiently synthesized Br-CNF with the
unique organic compatibility and reactivity endowed by the respective surface 2-bromopropionyl
ester and hydroxyls have enabled rationally designed and stoichiometric synthetic strategy for the
synthesis of significantly stronger polyurethane with 50% less diisocyanate. The newly
synthesized 2-bromopropionyl esterified Br-CNF offer novel synthetic strategies to not only
maximize their reinforcing effect on polyurethane synthesized but also demonstrate potential to

broaden the applications of this functionalized nanocellulose to the syntheses of other polymers.
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3.5. Supplemental information

pm

Figure S3.1. CNF Characteristics: (a) AFM height and (b) TEM images of CNFs.

The level of substitution (p) of Br-CNF by 'H NMR. For each sample, 40 mL acetone was added
to 10 mL Br-CNF dispersion in DMF (0.5 w/v%) and centrifuged (5k rpm, 10 min) to decant the
supernatant, then repeated three times to prepare acetone gel. Br-CNF acetone gel (ca. 5 mg) was
added into 1 mL DMSO-ds, sonicated (10 min, Branson 2510) and vacuumed at 50°C for 1 h, then
repeated three times to remove residual acetone. Br-CNF in DMSO-d¢ suspension was centrifuged
(5k rpm, 10 min) and supernatant was collected for 'H NMR (Bruker AVIII 600 MHz 'H NMR
spectrometer) characterization. Trifluoroacetic acid (50 uL) was added to DMSO-dg dispersion to

shift all OHs peak downfield.
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Figure S3.2. Br-CNF: (a) Structure and (b) 'H NMR spectra.

The cellulose anomeric proton was the sum of the integrated areas for all anomeric H1 to H6’
proton peaks averaged by 7. Br bearing esters were estimated by integration of the areas of methyl
Ha divided by the respective 3 protons. The ratio of esterified C2, C3 and C6 OHs per surface
AGU could be determined mathematically by the area ratio of Br ester calculated from Ha over
the normalized anomic proton. The level of substitution (p), i.e., the fraction of OH substituted by
Br bearing ester as determined by proton Ha, was calculated by dividing ratio of esterified OHs
per surface AGU by 3, i.e., 3 OH per AGU to be 48 %:

1 o integral of methyl protons (Ha, doublet)/3
°73 ¢ integral of anomeric protons (H') /7

(1)
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Figure S3.3. X-ray diffractograms of cellulose and Br-CNF.
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Figure S3.5. Optical microscopy images (10x) of upstretched PU films with (a) 0%, (b) 0.1%, (c)

0.3% Br-CNF as polyol. Insets on upper were corresponding images under cross-polar.
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Chapter 4. Surface-initiated Atom Transfer Radical Polymerization of Poly(lauryl
methacrylate) on 2-Bromopropionyl Esterified Cellulose Nanofibrils as Rheology Modifier

in Organic Media (Submission Ongoing)
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Abstract

2-Bromoproponyl esterified CNF (Br-CNF) was grafted by lauryl methacrylate (LMA) via
surface-initiated atom transfer radical polymerization (SI-ATRP), for preparation of Br-CNF-g-
PLMA as organic compatible and shear-thinning viscosity modifier. Polymerization of LMA
brushes on Br-CNF followed the first order kinetics up to a chain length of ca. 46 repeating units.
Also, lower than 37% of chain length of all graft copolymers were estimated from solution state
'"H NMR. Extremely high 92.7% monomer conversion was achieved at 16 mM initiator
concentration, 800 mM monomer concentration, and 24 h in absence of sacrificing initiators. The
hydrophobic PLMA grafts increased the WCAs of films from 69.8° to 110.6° and decreased
moisture content from 9.9 % to 1.6 %. This novel Br-CNF-g-PLMA exhibited combined shear

thinning behavior of Br-CNF proved by flow behavior index n< 1 and drag reducing effects of
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PLMA with up to 21071x increased viscosity. Especially, Br-CNF-g-PLMA with longest side
chain (DP=46) could be fully dispersed in silicon pump oil to behave as drag reducer to enhance
viscosity up to 5x at varied temperatures of 25, 40 and 55 °C. This study validated the role of Br-

CNF as a novel macroinitiator directly used in control radical polymerization.

4.1. Introduction

Cellulose is the most abundant natural polymer on earth with renewable annual production of 75
to 100 billion tons.! Nanocellulose, cellulose nanocrystals (CNC) and cellulose nanofibrils (CNF)
can be produced by many top-to-down methods, such as non-crystalline region removal by acid

6-11, 13-16
2

hydrolysis?®, modification by oxidation®!?, disintegration by mechanical forces or a

combination of the latter two’"'!. Hydrophilic nature of these nanocelluloses with surface anionic
charges®!? or exposed hydrophilic planes'*'® limit their applications in most synthetic polymer
matrixes. Thus, chemical modifications for hydrophobic nanocelluloses!” involved esterification,
silanation, amidation, and polymer grafting. Polymer grafted by well-defined brushes is one of
most applicable techniques due to controllable tuning of material compatibility and functionality

for broad applications.

)18-20

A variety of grafting methods including ring opening polymerization (ROP , reversible-

)21, 22 23-26

deactivation radical polymerization (RDRP , and cerium free radical graft polymerization

have been used to graft polymer brushes on CNCs?% 2!:24 26 or CNFs!®: 1922 23: 25 Atom transfer
radical polymerization (ATRP) 27 is still the most widely used surface grafting techniques due
to the simple initiator immobilization, precise molecular weight control, and wide range of solvent

systems.’! Surface initiated (SI)-ATRP has been applied to graft controllable lengths of functional

27-31

polymer brushes on CNCs*”#® or CNFs*" to produce stimuli-responsive materials*’!, polymer

41, 42

fillers32-3% %47 gold nanoparticle stabilizers*’, binders for ionic or organic*® pollutants, hard
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domain in thermoplastic polybutyl acrylate elastomer®®, or for kinetics studies** 4% (Table 1).

d27, 28, 31-45, 50 or

To enable surface grafting by ATRP, these nanocelluloses were either freeze-drie
solvent exchanged?® 46 48 to DMF?7-2% 31, 35.38-46.50 'DMSO3, toluene® *7 or anisole® 3* 3 to react
with 2-bromoisobutyryl bromide (2-BIB)?7-2% 31-46.48. 30 {5 generate surface initiators. Of those
where the extent of OHs converted to Br esters were determined as low as 1.4°%, 3.5%7, 7.44* and

9.5%* Br w% by elementary analysis, or 26 %2° and 43 %°° converted OHs by NMR, which limited

grafting density of Br bearing esters on those already existing nanocelluloses.

The monomer conversion for SI-ATRP on CNC with macroinitiators from 2-BIB was also less
than 35 %?27-3%38, One possible reason for low conversion was the less accessibility of immobilized
Br initiators on nanocelluloses surfaces compared to free initiators. Thus, additional initiators, such
as ethyl 2-bromoisobutyrate (EBIB)3!:32 34.35,37.39-41,43,44.46 o1 5 _hydroxyethyl 2-bromoisobutyrate
(HEBIB)** %, were included with macroinitiators to significant increase conversion up to 85 %>’
for CNC-Br and 70 %*® for CNF-Br, both with narrow polydispersity index (PDI) up to 1.4*° and
1.17*® determined by gel permeation chromatography (GPC). Addition of sacrificial initiator was
also used to gather chain length information and distribution without cleaving polymer chains from
the macroinitiator surface under the assumptions of equal accessibility and reactivity for both
sacrificial and immobilized initiators. The few ATRP surface grafting on CNFs*7-* included those
by TEMPO-oxidized,* enzymatically pretreated,*’ and film from vacuum filtration from TEMPO-
oxidized CNF* is even more scarce. Polystyrene chains has been grafted on TEMPO-oxidized
CNF at 70% conversion as organic pollutant absorbent improved absorbance (t = 2 h) of 1,2,4-
trichlorobenzene from 70 to 91 w% compared to pure CNF.*® However, a low conversion of 50%
was reached when grafting polystyrene on TEMPO-oxidized CNF film via vacuum filtration with

moderately increase of WCA from 67.6 to 92.8°.*° Enzymatic pretreated CNF was grafted with
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poly(stearyl acrylate) followed by sequential extrusion and melt-press process for enhanced water

contact angle (WCA) from 43 to 107° with up to 80% monomer conversion.*’

Table 4.1. SI-ATRPs on nanocelluloses based on reaction with 2-bromoisobutyryl bromide (2-

BIB)?7-2%:31-46.48-50 19 _bromopropionic acid*’, and 2-bromo-2-methylpropionic acid*’.

Nanoellulose” Pretreatment | Solvent Monomer rafting Densif DP |onversion (¢ ?a.ctgf;ler PDI
nitiator
27 . ethylene glycol
freeze-d DMF - - 16.4 . _
NCEH ceredyig methacrylate
28 . azoC6MA -co-
freeze- DMF - - - - -
CNC (SH) eeze-drying DMAEMA
solvent
CNC (SH)ZQ echange to DMF N-vinylcaprolactam |26% Br/OHs - - - -
DMF
CNC (SH)30 NA anisole styrene, NIPAM - - - - -
CNC (SH)31 freeze-drying DMF |glycidyl methacrylate - - 85 EBIB uli :0
CNC (HH)® freeze-drying | toluene butyl acylate - 110,486 70 EBIB 1.09
CNC (SH)33 freeze-drying [ anisole styrene - - - - _
CNC (SH)34 freeze-drying | anisole styrene 9.5Br% [upto 173 40 EBIB 1.1
CNC (SH)” freeze-drying | DMF styrene - up to 164 265 EBIB 11~0155-
36 i 1.46-
CNC (SH) freeze-drying | DMSO methyl acylate 1.4 Br % - 30.3 - 506
CNC (SH)37 freeze-drying | toluene | methylmethacylate | 3.5Br% - - EBIB 1.1,1.2
CNC (unk110w)38 freeze-drying DMF cinnamoyloxy ethyl . . 35 ] ]
methacrylate
CNC (SH)39 freeze-drying DMF 4-vinylpyridine - - 23.1 EBIB -
CNC (SH)" freeze-drying | DMF DMAEMA - - 35 EBIB “li ‘6"
CNC (SsHY! freeze-drying DMF DMAEMA - 13-26 - - _
CNC (SH)42 freeze-drying DMF methyl methacylate - - 614 EBIB -
CNC (SH)" freeze-drying | DMF butyl acylate 7.44 Br% | 47-101 - EBIB 1.18,1.21
CNC (SH)44 freeze-drying DMF t-butyl acylate - - 36 EBIB thlessl |
an 1.
CNC (SH)" freeze-drying | DMF DMAEMA - R R _ i
solvent oo
CNC (SH)46 exchange to DMF styrene - - 25 EBIB 1' 19
DMF .
solvent 2-ethyl-
CNF (enzyrnatic)47 exchange to JMSO/toluer] stearylacrylate - - 80 bromo-2- 1.06
DMSO methylpropi
solvent .
CNF(TEMPO)48 exchange to anisole styrene - 135-278 70 HEBIB 1' 17
DMF .
CNF (TEMPO) )
49 casting film | toluene styrene - 150 50 HEBIB 1.06
membrane
CNF(homogenized)* | freeze-dryin DMF butyl acylate 43 % up to 11.8 EBIB -
* e i Br/OHs | 800 :
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& “SH” for sulfuric acid hydrolysis; “HH” for hydrochloric acid hydrolysis; “DMAEMA” for
dimethylaminoethyl acrylate; “NIPAM” for N-isopropylacrylamide; “EBIB” for ethyl 2-
bromoisobutyrate; “HEBIB” for 2-hydroxyethyl 2-bromoisobutyrate.

Recently, a novel Br-CNF (T = 4.7 nm, W = 29.3 nm width, L = ca. 1 um) was successfully
defibrillated from the chemical stable 2-bromopropionyl esterified cellulose by direct
ultrasonication.>? Those Br bearing high crystalline CNFs compatible to DMF and have potential
to be utilized as reinforcement or rigid backbone for polymer grafting. Specially, Br-CNFs with
surface available OHs have been successfully demonstrated as reactive polyol for prepolymer
synthesis to synthesize thermoplastic polyurethane (PU) whose cast films exhibited significantly
improved’ modulus (3.2x) and strength (3.9x) and strain-to-failure (1.5x). Unlike all above macro-

27-50

initiators prepared via modification of already existing NCs, these novel Br-CNFs with surface

alkyl bromines are potential macroinitiators for direct ATRPs.

For fluid transportation, drag reducing agent could increase viscosity to turn more energy
consumable turbulent flow to laminar flow without reducing speed of transporting. Poly(lauryl
methacrylate) (PLMA) homopolymer, as one oil-soluble drag reducer, has been added in kerosene
at 0.06 w % to reduce drag by 68 %>. To broad its drag reducing effects in paints or ink-printing
applications, thixotropy behavior should be introduced by copolymerizing with rigid backbones
already showing shear-thinning behavior. Although the thixotropy behavior of grafted CNF in
organic media has not been investigated yet, shear thinning rheological behavior of mechanical
treated>*, TEMPO>> >® or periodate®’ oxidized CNFs in aqueous dispersion expanded applications
in coating’’, thickening®*, and 3D printing/bioprinting®> >® Thus, Br-CNF is considered as one
potential candidate to be grafted with PLMA for preparation of bottle brush-like Br-CNF-g-PLMA

drag reducer with shear-thinning behavior via SI-ATRP.
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Br-CNF is a potential already existing macroinitiator which could be used for direct grafting
without immobilization of initiators as before. SI-ATRP of LMA is proposed to graft on those
DMF dispersible high surface area Br-CNF with copper bromide (CuBr) as catalyst (Scheme 1).
N,N,N’,N’,N”-pentamethyldiethylenetriamine (PMDETA) is selected as the amine ligand to yield
the more stable copper(I) to mediated ATRP polymerization as compared to the aliphatic amine
ligand like 2,2 -bipyridine.’® Conversion of LMA and DP of PLMA were studied by sequentially
varying macroinitiator concentration ([I] =9.6 or 16 mM) and LMA monomer concentration
([M]=800 or 1600 mM) at variety of reaction times (1-24 h). The structures of Br-CNF-g-PLMA
were characterized by attenuated total reflection (ATR) and solution phase proton nuclear
magnetic resonance ('H NMR) spectroscopy. Thermal properties were characterized by
thermogravimetric analysis (TGA). Surface hydrophobicity and morphology of Br-CNF-g-PLMA
copolymer were characterized by WCA measurements and atom force microscopy (AFM). Br-
CNF-g-PLMA with varied DPs were further investigated as rheology modifier in toluene or drag
reducer in pump oil. The rheology of toluene and pump oil dispersed Br-CNF-g-PLMA was

characterized by viscometer under varied shear rates and temperatures.

727& :?7
(@]
J M CuBr, PMDETA 227
°  DMF, 70°C,
%/F 0oz 1-24 h Wo i
(800 or1600mM)

MA ¢

(9.6 or 16 mM) R= %
Br-CNF Br-CNF-g-PLMA

Scheme 4.1. Reaction scheme for SI-ATRP of LMA on Br-CNF to Br-CNF-g-PLMA.
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4.2. Experimental

4.2.1. Materials. Cellulose was isolated from rice straw (Calrose variety) by a previously reported
three-step 2:1 v/v toluene/ethanol extraction, acidified NaClO2 (1.4%, pH 3-4, 70 °C, 5 h)
delignification, alkaline hemicellulose dissolution (5% KOH, 90 °C, 2 h) process and lyophilized
(Labconco Lyophilizer).”® 0.5 w/v % Br-CNF in DMF dispersion was prepared by reported
combined esterification and ultrasonication with surface still available Br esters estimated to be
5.7 mmol/g cellulose®? equivalent to 3.2 mmol/g Br-CNF. Cuprous bromide (CuBr, Spectrum

Chemical), N,N,N' ,N' ' N "' -pentamethyldiethylenetriamine (PMDETA, 99%, TCI), N,N-

dimethylformamide (DMF, certified grade, Fisher Scientific), toluene (ACS grade, Spectrum
Chemical), methanol (ACS grade, Sigma Aldrich), tetrahydrofuran (THF, ACS grade, Alfa Aesar),
and vacuum pump oil (Welch® DuoSeal®) were used as received without further purification.
Lauryl methacrylate (LMA, 97%, TCI) was flushed by 5 M sodium hydroxide solution to remove
inhibitor then dried by molecule sieves overnight. Highly oriented pyrolytic graphite (HOPG,
grade ZYB) was used for AFM characterization. For UV—vis spectrophotometry, 1 mm UV-vis

standard cell quartz cuvettes (Fisher Scientific) were used.

4.2.2. SI-ATRP from Br-CNF with LMA. A total volume of 25 mL 0.3 (0.24 mmol Br) w/v%
Br-CNF DMF dispersion was prepared at initiator concentration [I] of 9.6 mM. Catalyst CuBr
(0.034 g, 0.24 mmol) was dissolved in Br-CNF DMF dispersion (0.24 mmol Br) in Schlenk flask
under constant stirring. After 5 min degassing by sonication, the mixture was purged by nitrogen
for 10 min then capped with a rubber septum. Complexing ligand PMDETA (50.1 pL, 0.24 mmol)
was dissolved in monomer LMA (5.1 g, 20.0 mmol) and sonicated (1 min, Branson 2510). The
LMA/PMDETA mixture was injected through a syringe into flask under 70°C oil bath ([M]o=800

mM) to initiated polymerization and terminated by adding 5 mL THF after 1, 3, 4.5, 6 or 24 h.

115



Final mixture was washed by cold methanol and centrifugated (Eppendorf 5804R, 5k rpm, 10 min)
to decant supernatant. The methanol washing and centrifugation process was repeated three times
to remove all catalyst and unreacted monomer. Final precipitate was dried under vacuum (0.5 atm)
in oven (50 °C) overnight to obtain pure Br-CNF-g-PLMA in the form of an elastic gel. The [I]
and [M]o were sequentially increased to 16 mM and 1600 mM, respectively, with catalyst and

complexing ligand set to be equal to initiator concentrations [I] to be polymerized up to 24 h (Table

4.1).

The conversion (%) of LMA to PLMA was determined by percentage of PLMA mass gain on Br-
CNF-g-PLMA over initial LMA mass. The degree of polymerization (DP) pf PLMA was

determined by mass gain assuming unity polydispersity or equal chain lengths of PLMA as follows

Dp = —2

"~ 0.2544X0om,

(4.1)

Where m; is Br-CNF mass (g), m, is Br-CNF-g-PLMA mass (g), 0.2544 (g/mmol) is the
molecular mass of LMA, and ¢ is the quantity of Br ester on Br-CNF macroinitiator or 3.2

mmol/g>? prepared by combined tunable cellulose esterification and ultrasonication.

4.2.3. Characterization. Br-CNF-g-PLMA in toluene dispersions (1w/v%) were scanned by UV-
vis spectroscopy (Thermo Scientific, Evolution 600) from 325 to 800 cm™ at 4 cm™/s. A small
volume (ca. 1 mL) Br-CNF-g-PLMA (1 w/v%) in toluene dispersions were deposited on clean
glass slide and dried overnight in fume hood to prepare thin film for water contact angles (WCAs)
measurements. WCAs of sessile drops Milli-Q water (5 pL) on Br-CNF-g-PLMA film were
measured using the ImageJ Analyzer and the average values were calculated from both sides of a

sessile drop reported in total of 5 images for each (n=5).

116



Br-CNFs (10 pL, 0.0005 w/v %) in DMF dispersion and Br-CNF-g-PLMA (10 pL, 0.0005 w/v %)
in toluene dispersions were deposited on highly oriented pyrophoric graphite (HOPG), then air-
dried in fume hood for 6 h and profiled by AFM (Asylum-Research MFP-3D) in the tapping mode
with scan size and rate set to Spym x Sum and 512 Hz. For solution-state 'H NMR sample
preparation, Br-CNF-g-PLMA (0.01 g) gel was dispersed directly in DMSO-ds (1 mL) aided by
sonication (Branson 2510, 10 min). Pure Br-CNF in DMSO-ds was prepared as reported by three
times repeating solvent exchange to acetone and DMSO-ds followed by 1 h vacuum evaporation

(0.5 atm) at 50 °C as reported.>>

Oven-dried (56°C, overnight) Br-CNF-g-PLMA elastic gel was used for proton nuclear magnetic
resonance ('"H NMR), attenuated total reflectance (ATR), and thermogravimetric analysis (TGA)
characterizations without any further purification. For 'H NMR, Br-CNF-g-PLMA (ca. 10 mg)
was added into 1 mL DMSO-ds followed by 1 h sonication (Branson 2510). After centrifugation
(5k rpm, 10 min), Br-CNF-g-PLMA in DMSO-ds supernatant was collected for 'H NMR (Bruker
AVIII 800 MHz '"H NMR spectrometer) characterization. The level of substitution (p) of Br-CNF
surface OHs to 2-bromopropoinyl groups was quantified by reported method (Chapter 3) for
calculation of percent OH converted to Br initiating sites. For ATR characterization, each Br-
CNF-g-PLMA gel was scanned by Thermo Nicolet 6700 spectrometer under ambient conditions
from an accumulation of 128 scans at a 4 cm ™! resolution from 4000 to 400 cm . TGA were
performed on a TGA-50 thermogravimetric analyzer (Shimadzu, Japan) by heating 10 mg dry

sample at 10 °C/min from 25 to 500 °C under purging N2 (50 mL/min).

Viscosities of Br-CNF in DMF dispersion (0.5, 0.3 and 0.1 w/v%) and Br-CNF-g-PLMA in
toluene dispersions at different concentrations were measured at 25 °C with shear rates from 1 to

220 s! using a Brookfield DV3T rheometer. Similarly, viscosity measurements for Br-CNF-g-
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PLMA in toluene (4 w/v%) or oil (1, 2 and 4 w/v%) dispersions were repeated at elevated
temperatures of 40 °C and 55 °C. Power law model® was used to calculate flow behavior index

(n) of Br-CNF-g-PLMA in toluene dispersions as follows:
n=ay"! (4.2)
Where 1) is viscosity in mPa-s, a is flow consistency index, and y is shear rate in s™'.

4.2.4. Redispersion of Br-CNF-g-PLMA in Toluene and Pump Oil. Br-CNF-g-PLMA (1.5 g)
with varied DP was added in 10 mL toluene then sonicated (Branson 2510) 1 h to prepare
homogeneous dispersions at 15 w/v%. After rheology test by viscometer at 25 °C from 1 to 220 s~
!, 5 mL of Br-CNF-g-PLMA in toluene dispersions (15 w/v%) were diluted to 10 w/v% and
rheology test was repeated. Same dilution and test procedures were repeated to obtain viscosities
results for Br-CNF-g-PLMA at concentrations of 8, 7, 6, 4, 2, 1 and 0.5 w/v%. For low conversion
Br-CNF-g-PLMA, only 0.2 g copolymer was added in 5 mL toluene then sonicated 1 h to prepare
homogeneous dispersion at 4 w/v%. This dispersion was serial diluted to 2, 1 and 0.5 w/v%
followed by same rheology test. For oil dispersion preparation, 0.4 g Br-CNF-g-PLMA was added
in 10 mL toluene followed by 10 min sonication (Branson 2510) to prepare 4 w/v% homogeneous
dispersion. 10 mL vacuum pump oil was added to 4 w/v% Br-CNF-g-PLMA toluene dispersion
then sonicated for another 10 min. This toluene/oil dispersion was dried under vacuum (0.5 atm)
in oven (50 °C) for 24 h to evaporate all toluene for preparation of 4 w/v % Br-CNF-g-PLMA in

oil dispersion. 2 and 1 w/v % Br-CNF-g-PLMA in oil dispersion were prepared by serial dilution.
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4.3. Results and discussion

4.3.1. SI-ATRP on Br-CNF.

4.3.1.1. Kinetics of Polymerization. SI-ATRP of LMA on Br-CNF using it as macroinitiator was
conducted at 70 °C with Br-CNF macroinitiator concentration [I] 0f 9.6 or 16 mM, LMA monomer
concentration [M], of 800 or 1600 mM, and reaction time from 1 to 24 h (Table S4.1). Effects of
polymerization time on monomer consumption, logarithm of [M]¢/[M], and degree of
polymerization (DP) for three combinations of [I] and [M]o were displayed (Figure 4.1a-c). The
initial [M]o to [I] ratio was 83 or 50:1 ([M]o=800 mM, [1]=9.6 mM or 16 mM), and polymerization
was conducted at 70 °C and allowed to proceed for 24 h to reach respective final conversions of
52.0 % and 92.7 %. Conversion dropped to 41.3% at 24 h when double [M]o to 1600 mM at same
[I] = 16 mM. The semilogarithmic plot of monomer consumption, i.e., In [M]o/[M], increase
linearly with time to 6 h at conversion of 48.6 % and 74.8 % for high and low [M] to [I] ratio,
demonstrating first order kinetics for ATRP as control radical polymerization. Slope or apparent
rate constant for high [I] scenario was 0.1829 h'!, 41% higher than rate constant 0.1295 h™! for low
[1]. This observation indicated high [I] would help to generate more radicals for chain propagation.
However, at the same [I] = 16 mM, the extreme low apparent rate constant 0.0401 h™! with high
[M]o = 1600 mM compared to [M], = 800 mM might be attributed to the early achieved nonlinear

region even before 1 h.

DP for surface grafted chains increased dramatically from 3 to 40, 18 to 37 and 26 to 40 with time
increased from 1 to 6 h (Figure 4.1¢), then all DPs slightly increased to between 41 to 46 at 24 h.
Compared to short chains, the longer side chain length above DP =41 potentially increased degree
freedom of chain end radicals, enhancing possibility of radical termination by combination and
causing only slightly increased DP. Thus, 6 h is determined as optimal propagation time for all
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three scenarios for preparation of Br-CNF-g-PLMA with ca. 40 repeating units. However, when
monomer conversion and highest achievable chain length were both taken into consideration, [M]o
= 800 mM and [I] = 16 mM were determined as the optimal condition resulted in 92.7 %
conversion at 24 h, higher than the 11.8 to 85 % conversion previously reported of ATRPs on

CN(Cs?7: 31,32, 34-36, 38, 39, 42,44, 46-50 yen with the aid of sacrificial initiators (Table 4. 1).

100 3 50
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Figure 4.1. SI-ATRP of LMA ([M],=800 or 1,600 mM) on Br-CNF ([I] =9.6 or 16 mM) at 70 °C:

(a) conversion, (b) In ([M]./[M]), (¢) DP.

4.3.1.2. Mn Estimation of Br-CNF-g-PLMA. Br-CNF-g-PLMA with highest DP = 46 was
suspended in pyridine, ethyl acetate, chloroform, toluene and hexane at 5 w/v% to determine the
most compatible solvent (Figure S4.1). Transparent dispersion was prepared in toluene meanwhile
translucent suspensions were observed with other four solvents, indicative of toluene as the most
compatible solvent to copolymer. Five Br-CNF-g-PLMA gels with DP = 3, 16, 32, 40 (Figure
4.1a) and 46 (Figure 4.1b) were dispersed in toluene at varied concentrations of 0.5, 1, 2 and 4, 6,
8, 10 and 15 w/v % for viscosity measurement at 25 °C. My of Br-CNF-g-PLMA could be

estimated by Mark—Houwink equation®® under homopolymer assumption as follows

M, = (In]/K)*/* (4.3)
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Where K and a are Mark-Houwink parameters (0.73x102 ml/g, 0.69)%! for PLMA in THF,
[n] is the intrinsic viscosity determined by extrapolation of natural logarithm of relative
viscosity (Inn,) or specific viscosity (n,) over concentration (C) to y axis. Homopolymer
assumption for Br-CNF-g-PLMA is reasonable with limited Br-CNF content range from 2.7
to 7.4 w%. Parameters K and o for PLMA in THF were used in absence of any reported
values in toluene. Since toluene is less polar and more compatible to the hydrophobic PLMA,
K and a values (lower for better polymer-solvent interactions) may be overestimated by using

less compatible THF as solvent and caused an underestimation of final M,. The plots of

In

;IT) verse concentrations for Br-CNF-g-PLMA with corresponding

inherent viscosity (
estimated M, were displayed (Figure 4.2).
To increase accuracy of intrinsic viscosity determination from either inherent or reduced

viscosity, sufficiently dilute concentrations®* of Br-CNF-g-PLMA in toluene system were

required and only the linear regions for each DPs was selected (Figure 4.2a and S2). M,
determined by inherent viscosity (ln%) moderately increased from 264 to 616 kDa with DP
increased from 16 to 40, then doubled to 1381 kDa (2.2x) at DP =46 (Figure 4.2b). Similarly,
M, determined by reduced viscosity (n%) moderately increased from 386 to 671 kDa with DP
increased from 16 to 40, then jump to 1592 kDa (2.4 x) with DP slightly increased from 40

to 46 (Figure S4.2). M, determined by inherent viscosity (ln%) was considered more reliable

than from reduced viscosity (nSTP) due to their better linear relationship. With hydrophobic

LMA monomer gradually grafted on relative hydrophilic Br-CNF surface, Br-CNF-g-PLMA
in DMF dispersion turned from transparent (t=0) to milky (t=1 h) to solid-liquid phase
separation (t=3 h) and finally gelation ([M]o=800 mM, [[]=16 mM) with polymerization time
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increased to 24 h. This observation indicated Br-CNF-g-PLMA became more incompatible
to polar DMF with increasing PLMA chain lengths and precipitated chains tended to
terminate than isolated chains in solution. No gelation was observed for each point (Figure
4.2a) thus the most possible reason for significantly increase on My (2.2x) when DP slightly
increased from 40 to 46 (Figure 4.2b) was attributed to chain ends combination, in which

two radicals between two grafted chain ends from different CNF surface terminated.
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Figure 4.4.2. Plot of (a) inherent (ln;]r) and concentration (C) for Br-CNF-g-PLMA in toluene

dispersions; (b) M, verse estimated DP by eqn (4.1) with calculated intrinsic viscosities.

4.3.1.3. ATR spectroscopy and thermal analysis of Br-CNF and Br-CNF-g-PLMA. The
presence of broad peak at 1040 cm™ in the FTIR spectraof Br-CNF closed to characteristic
stretching peaks of C-O, C=C and C-C-O (1035 cm™)%” and confirmed existing cellulose structure
(Figure 4.3a). This characteristic peak intensity at 1040 cm™! dramatically dropped for both DP =
3 and 16 Br-CNF-g-PLMA, then disappeared on spectra of DP =32, 40 and 46 due to relative low
cellulose content of 3.8, 3.1 and 2.7 w%. Intensity of O-H stretching peak (3400 cm™') on Br-CNF

spectra was stronger compared Br-CNF-g-PLMA with all DPs, indicating the decrease of relative
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hydrophilic Br-CNF with the increase hydrophobic PLMA up to DP = 46. The C=0 stretching
peak at 1740 cm™ of Br-CNF elucidated the successful conversion of cellulose OHs to 2-
bromopropionyl group. Same peak (1740 cm') appeared on all Br-CNF-g-PLMA spectra,
representing C=0 from esters on both side chain (PLMA) and backbone (Br-CNF). Both ester sp>
and sp? C-C stretching peaks at 2860 cm™' and 2930 cm™! were slightly more intense on spectra of

Br-CNF-g-PLMA compared to Br-CNF with chain growth of polyacrylates.

With chain growth from 0 to 46 repeating units, decreasing trend of moisture (%), char (%) and
increasing trend of onset, maximum degradation temperatures were displayed (Figure 4.3b and ¢).
After incorporating PLMA side chains, Br-CNF-g-PLMA displayed elevated onset and 1% max
degradation temperatures in the ranges of 215 to 230 °C and 240 to 250 °C except for DP=3. Onset
degradation temperatures reflected HBr releasing from PLMA chain end groups, which could
potentially be suppressed by steric effects provided by long alkyl chain. 1% max degradation
temperatures represented Br-CNF degradation and were elevated when grafted with more stable
PLMA. The decreased 1% max degradation temperatures for long chain grafted Br-CNF-g-PLMA
(DP =16, 32, 40 and 46, 240 to 250 °C) compared to short chain (DP = 3, 293°C) may be due to
reduced thermal stability caused by potential cellulose degradation®® at extreme high DP. All Br-
CNF-g-PLMAs showed 2" even 3™ (DP=16, 32 and 46) max degradation at and above 317 °C,
where the second is close to reported 327 °C depolymerization temperature for of PLMA (M=
29000) 8. With decreased of Br-CNF content from 100 to 3.1 w%, moisture absorption of Br-
CNF-g-PLMA proportionally reduced from 8.50 % to 0.05 %, accompanied with reduced char
residue (%) from 9.9 to 1.7 % (Figure 4.3d). Nearly linear relationship between moisture (%) and
Br-CNF (w%) is consistent with the still hydrophilic Br-CNF with remaining OHs of 1.6 mmol/g.

Char residual (%) significantly increased from 1.7 t0 9.2 % (5.4x) when Br-CNF content increased
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from 2.7 to 28.2 w%, and only slightly higher for pure Br-CNF at 9.9 %. This observation indicated
Br-CNF has more carbon materials compared to PLMA, which cannot be dissociated into smaller

volatile fragments and remain there at 500 °C.
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Figure 4.3. Characterizations of Br-CNF, Br-CNF-g-PLMA with DP = 3, 16, 32, 40 and 46: (a)
ATR spectra; (b) TGA; (c) DTGA curves; and (d) Br-CNF portion effects on moisture (%) and
char residue (%). Moisture (%) was the mass loss at 140 °C and char residue (%) was retained

mass at 500 °C.

4.3.1.4. Degree of polymerization (DP) determined by solution-state 1H-NMR. The 'H-NMR
spectra of pure Br-CNF and Br-CNF-g-PLMA with varied DPs were displayed (Figure 4.4a) with

corresponding protons (Figure 4.4b). For protons peaks on Br-CNF, the furthest downfield H6
and H6 peaks appeared at & 3.63-3.89 in all five Br-CNF-g-PLMA spectra, comparable to those
in 83.71-4.06 of Br-CNF>? and § 3.65-3.88 range for dissolved MCC in NaOD/D>0O%. Multiple
overlapping peaks between 6 3.29-3.58 were assigned to H2, H3, H4 and HS, matching those at 6

3.16-3.70 of Br-CNF>? and & 3.27-3.66 of TEMPO-CNF in D>O%. The theoretical furthest
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downfield cellulosic H1 proton peak existed in Br-CNF at 6 4.20-4.52 but disappeared after PLMA
grafting due to potential overlapping with broad PLMA methylene He at & 4.10. For proton peaks
on grafted PLMA chains, chemical shift of He, Hc+ Hy, Hq + Hi and Hg were assigned to 6 4.05, &
1.41-1.58, 6 0.81 and & 1.13-1.27, matching corresponding 6 3.96, 6 1.65-1.84, 6 0.93 and ¢ 1.32
of homopolymer PLMA in chloroform-d;*>. The average ratios of integrated proton
He:(Hc+Hyp):(Ha+Hn):Hg peaks were 1:1.9:2.3:12.8 for all five Br-CNF-g-PLMAs, near to the
1:2:3:9 theoretical proton ratio to confirm these proton assignment for the PLMA grafts.
Assuming all anomeric protons of amorphous and crystalline surface AGUs of Br-CNF are
detectable by 'H NMR, surface AGUs was the sum of the integrated areas for anomeric H2 to H6’
proton peaks, averaged by 6 or 3 anomic protons for amorphous or crystalline surface (only half
exposed), respectively. HI proton peak was excluded due to overlapping with methylene proton
(Hb). LMA units could be estimated by integration of the areas of methylene H; divided by
respective 18 protons. LMA units per surface AGU could be determined mathematically by the
area ratio of LMA calculated from Hg over surface AGUs calculated from H2 to H6’.

For amorphous Br-CNF, each AGU has 3 exposed OHs, DPyumg, representing the # of LMA per
initiating sites, could be calculated by sequentially dividing # of LMA per AGU by 3 and level of

substitution (p=0.48) according to eqn. (4)

L integral of methylene protons (Hg)/18

DPNMR,amorphous = 4.4)

3Xp zg' integral of anomeric protons (Hi)/6

For crystalline surface of Br-CNF, each cellobiose (two AGUs) has three exposed OHs, DPywmr,

representing the # of LMA per initiating sites, could be calculated by sequentially dividing # of

LMA per surface AGU by 1.5 and level of substitution (p=0.48) according to eqn. (5)
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1 integral of methylene protons (Hg)/18

DPNMR,crystalline = 4.5)

1.5xp  2xY¢ integral of anomeric protons (Hi)/6
Thus, the DPyygr for amorphous and crystalline surface are the same numerical value calculated
by eqn (4) or (5). Where p is 0.48, or 48% OHs on surface AGUs of Br-CNF were converted to
Br initiating sites. DPymgr calculated by "H NMR were 2, 14, 24, 31 and 29 for Br-CNF-g-PLMA,
up to 37% lower than DP estimated from mass gain w% and grafting density (Figure 4.4¢). In the
polar DMSO-ds used for solution-state NMR, the more hydrophilic Br-CNFs were dispersed but
the increasingly more hydrophobic Br-CNF-g-PLMA with greater extents of hydrophobic PLMA
moiety or higher DPs became less dispersible. The less or undispersed PLMA cannot be detected
by NMR thus underestimated Hg and DPyyg. This is the first successful attempt to estimate chain
length of nanocelluloses grafted copolymer matrix via NMR to avoid using sacrificial initiator or

cleaving polymer chains from the macroinitiator surface with potential underestimation.
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Figure 4.4. '"H NMR spectra of Br-CNF and Br-CNF-g-PLMA in DMSO-d6: (a) Spectra with
assigned protons; (b) Proton assignment for Br-CNF backbone and PLMA chains; (c) integral of
Br-CNF protons (2-6’) and methylene protons (g) on PLMA chains. DP determined by NMR based

on eqn. (4) or (5)

4.3.1.5. Surface Compatibility of Br-CNF-g-PLMA. Br-CNF and Br-CNF-g-PLMA (DP=3 and
46) from SI-ATRP were further imaged by AFM on freshly exfoliated graphite. Br-CNF appeared
as interconnecting nanofibrils with 4.7 nm average thickness and varying lengths in the order
around 1 pm (Figure 4.5a). Majority of short chain Br-CNF-g-PLMA (DP=3) displayed as bead
particulates with some nanofibrils (Figure 4.5b). Only bead particulates appeared for long chains
Br-CNF-g-PLMA (DP=46) on graphite (Figure 4.5¢). Br-CNF-g-PLMA with longer hydrophobic
alkyl chains became increasingly incompatible to the moderately hydrophobic graphite surface
(WCA=71.8°) to coil and aggregate. UV-vis spectra of transparent Br-CNF-g-PLMA (DP=3, 16,
32,40 and 46) in toluene dispersions at 1 w/v% displayed increased absorbance with increased DP
from 16 to 46 at all wavelengths from 400 to 800 cm™ (Figure 4.5d). The larger Br-CNF-g-PLMA
with increased DP led to higher molar attenuation coefficient in Beer—Lambert law®®, causing
increased absorbance at same concentration and path length. The less compatibility between low
DP =3 Br-CNF-g-PLMA and nonpolar solvent toluene may cause aggregation of short chain
copolymer into large aggregates, increasing molar attenuation coefficient to higher absorbance
compared to Br-CNF-g-PLMA (DP =16 and 32). The WCAs of Br-CNF-g-PLMA casted film
gradually increased from 80.9° to 86.2° with DP varying from 3 to 40, then significantly increased
to 110.6° when DP =46 (Figure 4.5e). This observation also demonstrated increased surface
hydrophobicity of Br-CNF-g-PLMA with chain growing. Characterizations of Br-CNF-g-PLMA

copolymer were summarized and displayed in Table 4.2. Br-CNF-g-PLMA copolymer with
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tunable WCAs (80.9-110.6°), DP (3 -46), and M, (264-1381 kDa) has been successfully prepared

via SI-ATRP by controlling polymerization time (1-24 h) and [I] (9.6 and 16 mM) at up to 92.7%

monomer conversion.
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Figure 4.5. AFM morphology (a) Br-CNF in DMF; Br-CNF-g-PLMA in toluene (b) DP=3, (c)
DP= 46, all from 10 pL at 0.0005 w/v% on HOPG substrate; (d) UV-vis spectra of Br-CNF-g-

PLMA (1 w/v %, toluene); (¢) WCAs on films cast from Br-CNF-g-PLMA with varied DP.

Table 4.2. SI-ATRPs of LMA ([M],=800 mM) on Br-CNF to Br-CNF-g-PLMA: DPmass, DPnwR,

WCA, M, characterizations.
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Time Mn Conversion | Br-CNF DP DPnmr WCA Mn
(h) (mM) (%) (W%) ) KDa
3 06 19.5 7.4 16 14 84.6 264
45 ' 39.1 3.8 32 24 84.2 332
6 48.6 9.1 40 31 86.2 616
24 16 92.7 2.7 46 29 110.6 1381

4.3.2. Br-CNF-g-PLMA as Viscosity Modifier

4.3.2.1. Viscosities of Br-CNF-g-PLMA at varied shear rates. The viscosities of Br-CNF-g-
PLMA dispersions in toluene at varied concentrations of 4, 6, 8 and 10 w/v% were measured at 25
°C and plotted against shear rates (Figure 4.6). The flow behavior index (n) of Br-CNF-g-PLMA
was derived from (n-1), the slope of plot natural logarithm on both sides of the Power law model
eqn (5). Theoretically, n < 1 indicates pseudoplastic or shear-thinning behavior of liquid. For Br-
CNF grafted with short chain (DP=16), shear thinning behavior was apparent only at 10 w/v%
concentration (Figure 4.6a) with n=0.7202. For medium chain grafted Br-CNF-g-PLMA (DP=32
and 40), shear-thinning behavior existed at both 10 and 8 w/v% with corresponding n values near
0.71 and 0.84-0.87, respectively (Figure 4.6b and c). For long chain grafted copolymer with DP
= 46, pseudoplastic behavior showed at all concentrations of 4, 6, 8 and 10 w/v% with lower n
values between 0.38 and 0.48 (Figure 4.6d). The flow index n decrease with increasing either the
total Br-CNF-g-PLMA concentration or proportion of Br-CNF and PLMA moieties at three DPs
of 16, 32 and 40, but remained low and indifferent for Br-CNF-g-PLMA with the highest DP =46
(Figure 4.6e and f). At lower concentrations, the coil-like Br-CNF-g-PLMA have limited

interactions with each other thus Newtonian behavior should be anticipated at all shear rates. At
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higher concentrations, those coil structures would stay entangled at low shear rates to generate
more friction for enhanced viscosity; at high shear rates those coil structure would extend to along
the shear direction to avoid shear friction for reduced viscosity. The potential coil to fiber transition
between low and high shear rates introduce unique shear-thinning behavior of Br-CNF-g-PLMA
in toluene, potentially serving as viscosity modifier in oil-based paints and ink printing
applications. Shear-thinning phenomenon for Br-CNF-g-PLMA in toluene dispersions could be
tuned by varying concentrations or side chain length of PLMA. Among all, Br-CNF-g-PLMA with
the longest side chain (DP=46) has shown the most apparent shear-thinning behaviors (lowest n)

at all and even lowest 4 w/v% concentration.
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Figure 4.6. Viscosity verse shear rate of toluene dispersions of Br-CNF/PLMA with DP of: (a) 16;
(b) 32; (¢) 40 and (d) 46 at 4 w/v% (purple), 6 w/v% (blue), 8 w/v% (green) and 10 w/v % (red).
All measurements were conducted at 25 °C. The flow behavior index (n) value was noted for each

concentration.
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4.3.2.2. Concentration, chain length and temperature effects on Br-CNF-g-PLMA rheology.
Rheology of Br-CNF-g-PLMA in toluene were evaluated under more expanded concentrations
(0.5 to 10 w/v%), chain length (DP = 3, 16, 32, 40 and 46) and temperatures (25, 40 and 55 °C)
(Figure 4.7). Viscosities of Br-CNF-g-PLMA in toluene at lowest 0.5 w/v% concentration were
all below 1 mPa-s, slightly higher than pure toluene of 0.464 mPa-s (Figure 4.7a). Viscosities of
Br-CNF-g-PLMA with shorter chain lengths (DP=3, 16 and 32) moderately increased to 1.51
(3.3x), 3.16 (6.8x) and 3.24 (7.0x) mPa-s as concentration increased to 4 w/v%, while viscosities
of those with longer chains (DP=40 and 46) significantly increased to 6.93 (15x) and 29.7 (64x)
mPa-s at 4 w/v% concentrations. When concentrations increased to 10 w/v%, significant increases
(153 to 211x) of viscosities for Br-CNF-g-PLMA (DP=16, 32 and 40) were observed, while that
with longest side chain (DP=46) appeared as a viscous gel with dramatically increased viscosity
to 9,777 mPa-s (21,071x). The enhanced viscosity improvement with longer side chain was also
observed (Figure 4.7b), in which viscosity significantly increase to 9.3x or 307x with increase of
DP from 16 to 46 at respective 4 or 8 w/v%. The longer molecular chains on Br-CNF surface are
expected to increase intermolecular attractions at any given concentration to contribute to a

resistance to flow and lead to more significant viscosity enhancement effect.

Viscosities for all Br-CNF-g-PLMA with varied DP decreased with increased temperatures from
25 to 55°C at constant 4 w/v% (Figure 4.7¢). For Br-CNF-g-PLMA with shorter chains of DP =3
and 16, viscosities moderately decreased to 0.71x and 0.84x at 55 °C, while those with longer
chains of DP = 32, 40 and 46, viscosities slightly more decreased to 0.61x, 0.64x and 0.67x
compared to 25 °C. Energy level of Br-CNF-g-PLMA macromolecules would increase with the
increase of temperature. Thus, they are more easily able to overcome the intermolecular hydrogen

bonding or Vander Waals attractive forces binding them together and reduced viscosity should be
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anticipated. The temperature dependent property of Br-CNF-g-PLMA with longer side chains

(DP=32, 40 and 46) makes them more applicable as viscosity modifier in paints and coating at

constant and low temperatures.
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Figure 4.7. Viscosity of Br-CNF-g-PLMA in toluene as effect by: (a) concentration at varied DPs

(25 °C); (b) DP at varied concentrations (25 °C); and (c) temperature at varied DPs (4 w/v%).

Average viscosity at shear rates from 1 to 220 s™' were used for all data points.

4.3.2.3. Br-CNF-g-PLMA as drag reducer in pump oil. To validate drag reducing effects in oil-

based fluid, Br-CNF-g-PLMA (DP=46) was solvent exchanged from toluene to pump oil at 0.1,

0.3, and 0.5 w/v% to measure their viscosities over varied shear rates (Figure 4.8a). Viscosity
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decreased to ¥, % and ' for respective 0.1, 0.3, and 0.5w/v% Br-CNF-g-PLMA when shear rates
increased from 1 to 220 s!, indicative of more significant shear-thinning behavior for the more
concentrated dispersions. Br-CNF grafted with longest PLMA chain (DP=46) was solvent
exchanged from toluene to silicon pump oil at 1, 2 and 4 w/v% to appear translucent (Figure 4.8b).
At 25 °C, viscosities slightly increased from 102.2 to 110.9 mPa-s at up to 2 w/v% Br-CNF-g-
PLMA, then significantly increased to 256.0 mPa-s at 4 w/v%. Similar trends were also observed
at elevated temperatures at 40 and 55 °C, indicating 4 w/v% was adequate concentration for Br-
CNF-g-PLMA used as viscosity transducer. Newtonian behavior was observed for pure pump oil
at all three temperatures while shear-thinning behavior displayed at 4 w/v% Br-CNF-g-PLMA
addition (Figure 4.8¢). Viscosity significantly increased from 104.2 mPa-s to 406.3 mPa-s (3.9x)
at 1 s’! and only slightly increased to 178.2 mPa-s (1.7x) at 220 s™! both at 25 °C. At elevated
temperature of 55 °C, viscosity dramatically increased to 5.0x or 2.2x at respective 1 or 220 s™.
The more significant viscosity enhancing effect indicated potential Br-CNF-g-PLMA application
as oil drag reducer at low temperature, in addition to convert turbulent flow to laminar flow for

energy saving.
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Figure 4.8. Rheology test of (a) Br-CNF in DMF, (b) Br-CNF-g-PLMA (DP=46) in oil and (c)

viscosity verse shear rate at temperatures of 25 °C, 40 °C and 55°C.
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4.4. Conclusion

This work successfully demonstrated surface grafting of PLMA on one-pot synthesized Br-CNF
macroinitiators via surface-initiated atom transfer polymerization (SI-ATRP). Up to 92.7%
conversion of LMA was achieved by tuning initiator concentration [I], monomer concentration
[M]o, and propagation time to prepare Br-CNF-g-PLMA copolymer in absence of sacrificing
initiators. First order kinetics for ATRP was demonstrated by linear plot of semilogarithmic
monomer consumption and time with slopes determined as apparent rate constants to be 0.1829 h-
"and 0.1295 h!, for high [I] = 16 mM and low [I] = 9.6 mM, respectively. DP of PLMA chains
on Br-CNF surface was determined between 3 to 46 by mass gain and grafting density, higher than
potentially underestimated DPyyr from 2 to 31 determined by solution-state '"H NMR. M, for
DP=16 to 46 copolymer was estimated in range of 264 to 1381 kDa by intrinsic viscosity
measurement with toluene as the most compatible solvent. Surface hydrophobicity of Br-CNF-g-
PLMA casted films increased with increased DP, evidenced by increasing WCAs from 69.8° to
110.6° and decreasing moisture content from 9.9 to 1.6 %. This grafted copolymer was considered
as novel viscosity modifier in organic media since it combined shear thinning behavior of Br-CNF
and viscosity enhancing effect of high M, PLMA. Viscosity of toluene dispersion could be tuned
from 0.464 to 9777 mPa-s (21071x) with addition of 0 to 10 w/v% Br-CNF-g-PLMA (DP=46).
Especially, Br-CNF-g-PLMA (DP=46, 4 w/v%) could be fully dispersed in silicon pump oil as
transducer via solvent exchange from toluene to enhance viscosity up to 5 times at varied
temperatures from 25 to 55°C. This study validated the role of Br-CNF as a novel macroinitiator
directly used in control radical polymerization. Moreover, this simple and facile method involving
grafting different functional polymer brushes via SI-ATRP, should not only have potential

applications in rheology modification but also enlarge the scope of nanocomposites fabrication.
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4.5. Supplemental information

Table S4.1. SI-ATRP of LMA on Br-CNF characterizations and final copolymer DP estimations
under various macroinitiator concentrations and polymerization time at 70 °C. LMA conversion
(%) was determined by mass gain divided by initial LMA mass. CNF (w %) was determined by

mass of Br-CNF divided by mass of Br-CNF-g-PLMA.

Time | [M] ] |Conversion| Br-CNF DFZ f)q"
h mM mM % w%
4.0 28 1 3
19.5 7.4 16
45 | 800 | 96 39.1 3.8 32
6 48.6 3.1 40
24 52 2.9 43
1 36.7 6.6 18
3 514 4.8 25
45 63.5 3.9 31
6 800 | 16 748 34 37
12 80.3 3.1 39
24 927 2.7 46
1 26.9 4.7 26
2 31.2 4.0 31
3 1600 | 16 35.2 3.6 35
6 40.6 31 40
24 413 3.0 41
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Pyridine Ethyl Acetate =~ Chloroform Toluene Hexane

5d (MPa)"? 19.0 15.8 17.8 18.0 14.9

dp (MPa)"? 8.8 5.3 3.1 1.4 0.0

dh (MPa)"? 5.9 7.2 5.7 2.0 0.0
Ez'lztrii‘t’: 0.302 0.228 0.259 0.099 0.009

CORN

Figure S4.1. Redispersion of Br-CNF-g-PLMA (DP=46) into different solvents at 5 w/v%.
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Figure S4.2. Plot of (a) reduced viscosity (n%) verse concentration; (b) M, verse estimated DP

determined by eqn (4.1). Calculated intrinsic viscosities and M, determined by eqn (4.2) were
displayed in b.
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Chapter 5. One-pot Synthesis of Bromine Esterified Cellulose Nanofibrils for Solvent Free

Polyurethane Synthesis and Fabric Coating (Submission Ongoing)
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ABSTRACT
A streamlined one-pot hydrophobic cellulose synthesis coupled with direct disintegration in castor
oil or acetone was investigated for prepration of organic compatible bromine esteriffied cellulose
nanofibrils (Br-CNF) for polyurethane synthesis and coating applciations. Br esterified cellulose
(Br-Cell) with 1.9, 3.3, and 5.4 mmol/g Br add-ons from reactions at respectivee temperatures of
23, 35, and 50°C, then defibrillated into Br-CNF1, 2, and 3 with respective DS of 0.32, 0.64, and
0.70 in yields up to 87.1 w%. Fibrous Br-CNF1 and Br-CNF2 with retaining crystallnity of 62.6%

and 48.6% were characterized by AFM and TEM in ca. 300 nm in length, 7 nm in width and 2.4
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to 4.0 nm in thickness. A solvent free Br-CNF2 (0.3 w%) in castor oil suspension was streamlined
for synthesis of plastic PU with enhanced 2.3x modulus (modulus), strength (3.7x), and strain (1.5x)
in presence of 40 mol% OHs replacement by ethylene glycol at 20 mol% excess MDI usage.
Coating cotton fabric with 10.5 w% Br-CNF3 improved hydrophobicity in WCAs up to 87.5°, as
well as moderately improved modulus (1.4x and strength (1.2x) for Br-CNF2 only. This one pot
streamlined preparation involving Br esterification and ultrasonication enables nanocellulose
preparation in variety of organic solvents to broad their applications in hydrophobic matrix or

coatings, especially for oil based PU synthesis and textiles.

5.1. Introduction

Nanocelluloses, isolated from crystalline domains of cellulose, are classified to a few to tens nm
wide and hundreds nm long rod-like cellulose nanocrystals (CNCs) or thinner and longer cellulose
nanofibrils (CNFs). Nanocellulose and its applications gain high attraction in both research and
industrial areas due to ultra-high elastic modulus (150 GPa for CNCs, 28 GPa for CNFs)! 2, low
axial thermal expansion coefficient (1077 K™! for CNCs, 5x107°% K!' for CNFs)* 4, optical
transparency® ¢, unique nanoscale lateral dimensions’-® and high biocompability® '* Most common

nanocelluloses have been produced by removing or disintegrating the non-crystalline regions via

11-14 7, 15-18

acid hydrolysis'!!*, oxidation or mechanical forces® * 92?2 thus are hydrophilic and

incompatible to less polar organic media and most synthetic polymers.

Besides addition of cationic surfactant®>?* or quaternary ammonium salt?> 2, chemical means

27-40 41-44 45-48

such as esterification?’*, silanation*'**, amidation and polymer grafting®=’ have been
reported to modify the existing hydrophilic nanocelluloses®*=® 417 to generated hydrophobic

nanocelluloses. Chemical modification on micro-size cellulose followed by mechanical
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treatment®’ %" has been investigated as streamlined process for hydrophobic nanocellulose
preparation. Direct esterification of cellulose with acetic anhydride followed by refining, cryo-
crushing, and homogenization has shown to generate 10-50 nm wide and ethanol or acetone
dispersible CNFs with unreported yield.*” One-pot solventless telomerization of butadiene into
2,7-octadienyl ether (ODE), a 8-carbon diene, on cellulose followed by mechanical blending of
aqueous suspensions of ODE-cellulose to generate hydrophobic ODE-nanocelluloses has been
demonstrated with 27-41% yield in DMF, DMSO, and chloroform.>®

Bromine esterification of ionic liquid dissolved cellulose®® ** and CNC>** 3! by 2-bromoisobutyryl
bromide (2-BIB) has been investigated to improve solubility or dispersity to less polar DMF3* 3%
59 and anisole®'. Recently, one novel DMF dispersible nanofibrils (Br-CNF) have been facilely
produced from one-pot esterification of cellulose with 2-bromopropionyl bromide (BPB) followed
by disintegration via ultrasonication at high yield of 70.9%.° To further demonstrate feasibility of
above methodology from different cellulose stock and broad applications, pulp based Br-CNF with
controllable degree of substitution are aimed to be prepared at previously determined optimized
condition®® of 5:1 bromine provider BPB to anhydroglucose unit (AGU) ratio and 6 h reaction time
(6 h), but varied temperatures of 23, 35, and 50°C that have shown to most significantly alter
bromine esterification, followed by optimized ultrasonication (30 min, 50% amplitude) in organic
media (Scheme 5.1a). The effect of sonication in disintegrating bromine esterified cellulose into
nanocelluloses was conducted in DMF, the most compatible with the bromine ester functionality.
Castor oil, a vegetable oil, has been used as reactive polyol for polyurethane (PU) synthesis.®" !
However, the low compression stress of 0.118 MPa® for foam and tensile stress of 1.6 MPa®! for
film at 5 mol% excess isocyanates limited those application as plastics. Herein a streamlined

synthesis of castor oil suspensible Br-NCs/Microfibers (MFs) mixtures was investigated followed
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by reaction to methylene diphenyl isocyanates (MDI) to prepare rigid PUs (Scheme 5.1b). Direct
sonication of Br esterified cellulose in acetone was also evaluated for coating on cotton to alter
hydrophilic fabric to be hydrophobic as well as enhancing mechanical properties (Scheme 5.1¢).
The morphologies of DMF dispersible Br-CNFs were imaged by atom force microscopy (AFM)
and transmission electron microscopy (TEM) to identify the optimized Br-CNFs in fibrous
structure. Chemical structure of Br-CNFs casted film was elucidated by Fourier-transform infrared
spectroscopy (FTIR) with thermal properties analyzed by thermogravimetric analysis (TGA) and
crystallinity determined by X-ray diffraction (XRD). Degree of substitution (DS) of DMF
dispersible Br-CNF was characterized by solution-state proton nuclear magnetic resonance ('H
NMR). Tensile stress, stain-to-failure, and elastic modulus of the Br-CNF reinforced castor oil-
based PU film were tested via Instron 5566. Moreover, the wetting behavior of Br-CNF deposited
bleached cotton fabric were evaluated by water contact angle (WCA) measurement. Br-Cell under
varied pretreatment and reaction conditions were imaged by optical microscopy (Leica DM2500)

in transmission mode and under cross-polars.

In-situ
ultrasonication

R= (o
OH
e OH i ODMAP ) DMF — Br-CNFs (sn) + Br-MFs (ppt)
o o o 0’}: + Br O‘l/ (b) Castor Oil — CO+Br-CNF/Br-MF PU
HO, " owmF
ell OH BPB

OH
rt-50 °C, 6 h (c) Acetone  ——» Br-CNFs coating

Bror -OH

C Br Cell
Scheme 5.1. Bromine acylation reaction of cellulose and ultrasonication for preparation of DMF,

castor oil and acetone dispersible Br-CNF for characterizations, polyurethane synthesis, and fabric

coating.

5.2. Experimental
5.2.1. Materials. Soft wood dissolving pulp was provided by the Forest Products Laboratory of
US Department of Agriculture Forest Service (Madison, WI). 2-Bromopropionyl bromide (BPB,
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97%, Alfa Aesar), 4-dimethylaminopyridine (DMAP, 99%, Acros Organics), potassium bromide
(KBr, 99.9+%, Fisher Scientific), acetone (histological grade, Fisher Scientific), N, N-
dimethylformamide (DMF, certified grade, Fisher Scientific), castor oil (Sigma Aldrich, hydroxyl
value 150-160%%), methylene diisocyanate (MDI, 97 %, Sigma Aldrich), ethylene glycol
(anhydrous, EG, 99.8 %, Sigma Aldrich), tert-butanol (ACS reagent, Sigma Aldrich), and bleached
plain-woven cotton fabric were used as received without further purification. All water used was
purified by Milli-Q Advantage water purification system (Millipore Corporate, Billerica, MA).
For AFM imaging, mica (highest-grade V1 mica discs, 10 mm, Ted Pella, Inc. Redding, CA) and
highly oriented pyrolytic graphite (HOPG, grade ZYB) were used. For TEM, carbon grids (300-
mesh copper, formvar—carbon, Ted Pella Inc.) were used.

5.2.2. Synthesis of Bromine Acylated Cellulose (Br-Cell). Bromine acylation of cellulose was
performed at varying reaction temperature (23 to 50 °C) at a fixed 5:1 BPB to anhydroglucose
units (AGU) in cellulose ratio for 6 h (Scheme 5.1). The dissolving pulp sheet was cut and ground
(Thomas-Wiley Laboratory Mill model 4, Thomas Scientific, USA) to pass through 60-mesh
screen. Crystallinity of pulp cellulose was determined to be 0.824 via X-ray diffractometer (XRD),
and non-crystalline cellulose OH was calculated by total OHs per g cellulose (18.52 mmol/g)
multiplied by one minus crystallinity, which is equivalent to 3.26 mmol/g. Ground cellulose (0.5
g, 1.63 mmol AGU) was added to DMF (30 mL) and ultrasonicated (Qsonica Q700, 50/60 Hz, 3
min, 50 % amplitude) to a homogeneous suspension. Bromine provider BPB (3.5 g, 16.3 mmol)
and DMAP (0.05 g, 0.4 mmol) catalyst were dissolved in DMF (10 mL) in an ice bath under
vortexing, then added dropwise to the cellulose dispersion to start the reaction and vacuum filtered
to stop the reaction. The reacted cellulose solids were rinsed with acetone (%3) to remove residual

BPB, DMAP and DMF, then dried at 55 °C overnight to obtain bromine acylated cellulose (Br-
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Cell). The extent of reaction in Br-Cell was determined by mass gain and expressed as Br add-on

(o, mmol/g):

_ my—my
T 135xmy

(5.1)

where mep s the initial cellulose mass (g), mpy_cep 18 the dry Br-Cell mass (g), and 135 (g/mmol)
is the molar mass gain from hydroxyl to bromine ester.

5.2.3. In-situ Ultrasonication in DMF, Acetone and Castor-oil to Br-NCs. Br-Cell (0.1 or 0.5

g) was suspended in 100 mL DMF or acetone (0.1 or 0.5 w/v%) and ultrasonicated (Qsonica Q700,

50/60 Hz) at 50% amplitude for 30 min at 10-minute intervals in an ice bath. Tert-butanol wetted

Br-Cell (0.5 g) was also pre-wetted with tert-butanol (0.5 mL) then sonicated as above. All

ultrasonicated dispersions were centrifuged (Eppendorf 5804R, 5k rpm, 10 min) to collect the clear

Br-acylated nanocellulose (Br-NC) containing supernatants and Br-Cell precipitates for further

characterizations. Similarly, Br-Cell (0.25 g) was suspended in 50 g castor oil for preparation of
0.5 w% suspension and ultrasonicated at 50% for 30 min. Mass of air-dried Br-Cell precipitates

was determined gravimetrically and subtracted from the initial Br-Cell mass to derive the quantity

of Br-NC in the supernatant.

5.2.4. Characterizations. The morphology of dried Br-Cells was imaged by optical microscopy

(Leica DM2500). Br-Cell microfibers were redispersed in DMF at 0.1 w/v% and 10 pL droplets

were deposited on glass slides to measure their widths and lengths (n > 100). Their averages and

standard deviations were reported. Br-NCs in DMF dispersions were imaged by AFM and TEM

on different substrates. Br-NCs (10 pL, 0.0005 w/v %) were deposited on freshly cleaved

hydrophilic mica or relatively hydrophobic highly oriented pyrophoric graphite (HOPG), then

evaporated in fume hood for 30 min and decant excess liquid by filter paper followed by 1 min
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nitrogen blowing. The dried samples were profiled by AFM in the tapping mode with scan size
and rate set to Sum % 5um and 512 Hz. Br-NCs Castor oil (0.5 w%) was diluted by DMF directly
to 0.0005 w/v% followed by centrifugation (5k RPM, 10 min), the supernatant (10 puL) was
deposited on mica or graphite in the same manner as described above. Br-NC (10 pL, 0.0005
w/v %) was deposited onto glow discharged carbon-coated TEM grids, and excess liquid was
removed after 5 min by blotting with a filter paper. The specimens were negatively stained with 2
w/v% aqueous uranyl acetate and blotted to remove excess solution with filter paper, repeated five
times then dried under the ambient condition for 15 min. The samples were observed using a Philip
CM12 transmission electron microscope at a 100 kV accelerating voltage. The lengths and widths
of Br-CNFs were measured and calculated using ImageJ Analyzer (Imagel, NIH, USA).

For Fourier transform infrared spectroscopy (FTIR), transparent pellets were prepared by mixing
3 mg of Br-CNF powder with 300 mg of spectroscopic grade (99.9+%) potassium bromide (KBr)
after 1 min pressurization under 800 MPa barrel chamber, then scanned by Thermo Nicolet 6700
spectrometer under ambient conditions from an accumulation of 64 scans at a 4 cm ™! resolution
from 4000 to 400 cm!. Thermogravimetric analysis (TGA) was performed on a TGA-50
thermogravimetric analyzer (Shimadzu, Japan) by heating 5 mg dry sample at 10 °C/min from 25
to 500 °C under purging N2 (50 mL/min). The crystalline structures were determined by X-ray
diffraction (XRD) using a PANalytical X pert Pro powder diffractometer with a Ni-filtered Cu Ka
radiation (A = 1.5406 A) at 80 kV anode voltage and 40 mA current. The samples were fixed on
by double-sided tape, then diffractograms were recorded from 5 to 40° at a scan rate of 2°/min.
Crystallinity index (Crl) was calculated using the intensity of the 200 peak (I200, 20 =22.5°) and

the intensity minimum between the peaks at 200 and 1110 (Iam, 26 = 19.0°) as follows®’

Crl = zoo~lam (5.2)

I200
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The crystallite dimensions were calculated using the Scherrer equation®*

0921
B1/2c0s6

Dhia = (5.3)

where Dy, is the crystallite dimension in the direction normal to the (h k 1) lattice planes, A is the
X-ray radiation wavelength (1.5406 A), B, /2 1s the full width at half-maximum of the diffraction
peak in radius determined by excel.

To prepare Br-CNF for proton nuclear magnetic resonance ('"H NMR), Mill-Q water (40 mL) was
added into Br-CNF in DMF dispersions (10 mL, 0.50 w/v%) followed by centrifugation (5k rpm,
10 min) to decant the supernatant, and repeated three times to prepare Br-CNF aqueous suspension
(ca. 0.5 w%). The suspension was quickly frozen by pouring liquid nitrogen into the container and
then freeze-dried into Br-CNF powder. Br-CNF powder (ca. 5 mg) was added into 1 mL DMSO-
ds, then sonicated (10 min, Branson 2510) to partially dispersed followed by centrifugation (5k
RPM, 10 min). Br-CNF in DMSO-ds supernatant (ca. 0.2 w/v%) was collected for 'H NMR
(Bruker AVIII 800 MHz 'H NMR spectrometer) characterization. Around 1 mL supernatant was
placed in one NMR tube with 100 pL trifluoracetic acid added to shift water absorption peak
downfield to above 4.5 ppm, then water suppression mode was applied on 'H-NMR spectra by
selecting the water peak at 6 4.7-5.0.

5.2.5. Castor-oil Based PU Synthesis and Dip Coated Cotton Fabric. MDI (3.96 g. 15.8 mmol)
was dissolved in 1 mL acetone with 10 min sonication (Branson 2510), then added to
ultrasonicated Br-Cell (ca. 0.05 g) in castor oil (10 g, 26.3 mmol OHs) in 1.2:1 NCOwmp1:OHco
ratio and sonicated for 10 min. The same process was repeated using 6 or 8§ g Br-Cell in castor oil,
followed by addition of 0.16 (5.3 mmol) and 0.32 (10.6 mmol) g ethylene glycol for preparation
of EG replaced castor oil PU. Polyurethane films were prepared by pouring the mixture into glass

petri dish and let reacted at 80°C under vacuum oven (0.5 atm). Bleached plain-woven cotton
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fabric was washed by hot water (ca. 70 °C) followed by drying in oven (56°C) overnight. Each
fabric was cut into 0.2 g piece (4 cmx4 cm). A drop (0.255 mL) of acetone dispersions (0.3 w%,
Br-CNF2 or Br-CNF3) were padded on each fabric, evaporate for ca. 1 min and repeated five times,
then dried in fume hood for 5 min before water contact angles (WCAs) measurement. WCAs of
sessile drops (5 uL) on pad coated cotton fabric were measured using the ImageJ Analyzer and the
average values were calculated from both sides of a sessile drop. Castor oil-based PU films and
coated fabric were cut into 40 mmx15 mmx 2 mm or 40 mmx10 mmx 0.2 mm for tensile test
(Instron 5566) at strain rate of 10 mm/min until breakage. All coated fabrics were tested along

warp direction.

5.3. Results and discussion

5.3.1. Bromine Acylated Cellulose (Br-Cell) and in-situ Ultrasonication into Br-NCs. Bromine
acylation was performed of pulp cellulose that were ground and/or sonication to study potential
improved reaction. Length of pulp fibers significantly decreased from 1216 to 201 (0.17x) um
after grinding and only slightly decreased to 193 pum after being further sonicated (Figure 5.1a).
Width of fibers stayed almost unchanged between 23.2 and 24.5 pm after sequential treatments of
grinding and pre-sonication (Figure 5.1b). Bromine esterification of ground and sonicated
cellulose at constant 5:1 BPB:AGU ratio and 6 h reaction time produced Br esterified cellulose
(Br-Cell) with significantly increased Br add-ons (o) of 1.9, 3.3, and 5.4 mmol/g at 23, 35, and
50 °C, yet similar to 2.3, 3.0, and 5.8 mmol/g of the untreated cellulose (Figure 5.1¢). In contrast,
the Br-NCs yield collected in supernatant for ground/sonicated cellulose increased from 48.2 to
87.1%, all higher than those for untreated as is cellulose from 28.6 to 43.3% with increasing

temperatures. Grinding not only reduce cellulose length potentially via onset of chain scission but
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also significantly increase Br-NCs yield. Esterification on ground cellulose without pre-sonication
was also prepared at 35 and 50°C to collect slightly less esterified Br-Cell2 (3.1 mmol/g) and 3
(5.1 mmol/g) (Table S5.1), indicative of lesser effect of sonication than grinding on esterification.
Moreover, more intensive esterification at 50°C led to length deduction and displayed irregular
beads or bundles under cross-polar (Figure 5.1d) compared to relative mild esterification at 23
and 35°C. Grinding or higher reaction temperatures both help to increase Br-NCs yield by
respectively decreasing length of microfiber or increasing Br add-ons. Overall, Br-Cell1-3 with Br
add-ons of 1.9, 3.3, and 5.4 mmol/g has been facilely produced and easily controlled by varying
reaction temperatures, then ultrasonicated in DMF (0.1 w/v%) (50 % amplitude, 30 min) to collect
the Br-NC containing supernatants with 48.2 % Br-NC2, 74.5 % Br-NC2, and 87.1% Br-NCs.
Thus, increasing Br esterification level on Br-Cell converts more amorphous OH to Br bearing

esters, improves its compatibility to DMF and disintegration into NC by sonication.
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Figure 5.1. Effects of grinding and pre-sonication (3 min, 50% amplitude) on pulp cellulose: (a)
optical microscopic images of cellulose; (b) microfiber dimensions; (¢) Br add-on and Br-NCs (%)
yield from esterification (5:1 BPB:AGU, 6 h) at varied temperatures; (d) optical microscopic
images of Br-Cell1-3. All images in a and d were captured at 1 w/v% in DMF under cross-polar.

5.3.2. Br-NC Morphology. Hydrophilic mica (16.8°) and moderately hydrophobic graphite
(71.8°), glow-discharged carbon grid (68.2°) with corresponding WCAs* were used for deposition
of Br-NC1-3 with increased hydrophobicity of Br add-ons from 1.9 to 5.4 mmol/g under AFM or
TEM (Figure 5.2). On the most hydrophilic mica substrate, the least esterified Br-NC1 displayed
as fibers at 2.8 nm thickness, meanwhile the moderated esterified Br-NC2 displayed mostly as
fibers (2.4 nm) but also few particulates and the most esterified Br-NC3 showed only particulates
(Figure 5.2a-c). In contrast on relative hydrophobic graphite, only bead particulates were observed
for Br-NC1, while major or partial clear fibers were observed for Br-NC2 and Br-NC3 at
corresponding 4.0 and 3.4 nm thickness(Figure 5.2d-f). Widths of 7.0 and 6.7 nm fibrous Br-NC1
and 2 were observed on glow discharged carbon grid but only ribbon-like aggregations of Br-NC3
appeared (Figure 5.2g-i). The forms and sizes of Br-NCs were found highly dependent on the
extent of Br-acylated cellulose and depositing substrates. Br-NC1 displayed in fibers on
hydrophilic mica but particulates on hydrophobic graphite, indicating the esterification is not
intensive enough to convert sufficient OHs to relatively hydrophobic esters for homogeneous
deposition on more hydrophobic substrates. Br-NC2 displayed in fibers structures on mica and
graphite, indicative of modest esterification on Br-Cell2 surfaces to be amphiphilic, thus
compatible to both mica and graphite. Thickness of Br-CNF2 measured on hydrophobic graphite
(4.0 nm) was higher than that measured on hydrophilic mica (2.4 nm), indicating esterified

cellulose was more defibrillated along hydrophilic (110) planes compared to hydrophobic (200)
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planes during ultrasonication. However, major bead particulates instead of fibers were observed
for the most esterified Br-NC3. Those bead particulates along with ribbon-like structures under
TEM (Figure 5.2i) could be attributed to either super hydrophobic CNFs which incompatible to
graphite or dissolved cellulose aggregation. The latter one was more reasonable due to the
significant reduced 0.22 Crl (Figure 5.4b) compared to original cellulose (0.82) . All length to
thickness ratios, or aspect ratios of Br-CNFs on mica (128, 105 for Br-CNF1 and 2) and graphite
(80, 95 for Br-CNF2 and 3), were all roughly equal to 100 and indicative of successfully
preparation of CNFs instead of rod-like CNCs. Clear fibrous structures of Br-CNF1, Br-CNF2 and

ribbon-like associated Br-CNF3 were further confirmed under TEM.
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Figure 5.2. AFM and TEM height images (0.0005 w/v%) of Br-NCs from sonication (30 min, 50%
amplitude) on mica (a-c), graphite (d-f) and glow discharged carbon (g-i). Br add-on and yield

values for Br-CNF1-3 are 1.9 mmol/g, 48.2%; 3.3 mmol/g, 74.5%; and 5.4 mmol/g, 87.1%.
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5.3.3. Structural Characterization by FTIR, TGA, and XRD. The presence of the C=0
stretching peak at 1740 cm™ in the FTIR spectra of all Br-Cells and Br-CNFs confirmed the
successful conversion of hydroxyls to 2-bromopropionyl group on cellulose (Figure 5.3a). The
unchanged carbonyl peak (1740 cm™') on both Br-Cells and Br-CNFs indicates no side reaction or
degradation to the alkyl bromines from ultrasonication. With the increased Br add-ons from 0 to
5.4 mmol/g, the lowered intensity of absorbed water peak (1632 cm™) was expected from the more
hydrophobic esters converted. Furthermore, weaker hydrogen bonding O-H stretching peak (3400
cm™) in all Br-Cells and Br-CNFs than underivatized cellulose supports the successful cellulose
hydroxyl conversion to bromine esters. The reduced hydrogen bonding interactions between
cellulose chains could aid the opening of bromine acylated cellulose (110) or (1-10) planes via
ultrasonication to generate more NCs.

Moisture absorption of Br-Cells were reduced to between 3.77 and 4.62 % as compared to
underivatized cellulose (7.28%) (Figure 5.3b), consistent with effect of converting hydrophilic
hydroxyls to Br-ester. The significantly higher moisture contents of Br-CNF1 (6.3 %) and Br-
CNF2 precipitate (6.5 %) were observed compared to those precursors Br-Celll (4.1 %) and Br-
Cell2 (3.8 %), which suggested that hydrophilic surfaces may be generated from the opening of
cellulose (110) and (1-10) planes during ultrasonication. In comparison for the most esterified Br-
CNF3, no significant moisture (%) difference was observed due to its extremely hydrophobic
nature in both Br-Cell3 and Br-CNF3. Both the onset and max degradation temperatures decreased
from esterification of celluloses into Br-Celll-3 (Figure 5.3¢) and could be attributed to the
conversion of hydroxyls to less thermal stable bromine esters. Further but slightly lowered onset
and max degradation temperatures of Br-CNF1-3 (203 - 213°C) than those precursors Br-Cell1-3

(204 - 225°C) may be due to the three order of magnitude smaller fiber dimensions (2.4-3.4 nm
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thickness) and higher specific surfaces. Char residual (%) for all esterified celluloses and
derivatives (6.5-19.4%) were significantly higher than underivatized cellulose (2.4%) due to the

insertion of more thermally stable methyl groups from Br bearing esters.
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Figure 5.3. Characterizations of pulp cellulose, Br-Cell1-3 and Br-CNF1-3: (a) FT-IR spectra; (b)
TGA; and (c) DTGA curves. Moisture (%) is determined as mass loss at 140 °C.

5.3.4. Crystalline structure by XRD. The deconvolution of XRD spectra of three Br-CNFs
displayed 20 peaks at 14.6, 16.5, and 22.5° corresponding to the respective (1-10) (110) (200)
monoclinic If lattice planes of cellulose (Figure 5.4a). The crystallinity of Br-CNFs lowered from

0.63 to 0.22 accompanied by increased Br add-on from 1.9 to 5.4 mmol/g, compared to the 0.69
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Crl of original cellulose (Figure 5.4b). All above observations indicated partial loss of cellulose
crystalline region from one-pot synthesis process, and the higher esterification level led to more

cellulose dissolution. Crystalline size (D,,,) slightly decreased from 4.10 to 3.91 nm with 1.9
mmol/g Br add-on, but significantly decreased to 1.02 and 0.88 nm when Br add-ons increased to
3.3 and 5.4 mmol/g, respectively. Slightly decreased D,,, indicated low level of bromine

esterification would affect the cellulose crystalline surface without affecting crystalline size. In
contrast, high level of bromine esterification may penetrate inside the crystalline cellulose to break

large crystals to one quarter size.
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Figure 5.4. Crystalline structure of Br-CNFs: (a) XRD spectra; (b) Crl and crystal parameters. a.
B1/2 1s the full width at half-maximum of the diffraction peak in radius. b. Crystalline dimension

determined by Scherrer equation.

5.3.5. Degree of substitution of surface OH by Solution-State 1H-NMR. Solution-state 'H
NMR of Br-CNFs showed cellulosic anomeric protons with characteristic methyl proton (Ha) or

methylene proton (Hb) peaks from the alkyl bromide groups (Figure 5.5a). All esterified pulp
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cellulose anomeric protons peaks were assigned at 6 4.40 (H1), 6 3.30-4.01 (H3-6") and 6 3.15
(H2), matching chemical shift of 6 4.53 (H1), ¢ 3.42-3.97 (H3-6’) and o 3.04 (H2) on esterified
rice straw cellulose in the same DMSO-d solvent.>® Two characteristic peaks were at & 1.29 (Ha)
and 6 4.51-4.86 (Hb), which perfectly matching published Ha and Hb peaks at respective 6 1.28
and & 4.53-4.87.° Assuming that all anomeric protons and all Ha, Hb protons of surface AGUs
(amorphous and crystalline) of Br-CNFs are detectable by 'H NMR, the degree of substitution of
surface hydroxyls to Br esters (DS) could be quantified. The ratio of converted C2, C3 and C6
OHs per surface AGU could be determined mathematically by the area ratio of Br esters over
normalized anomeric proton. The cellulose anomeric proton was the sum of the integration of areas
for all anomeric H1 to H6’ proton peaks averaged by 7 then normalized by reference methylene
proton Hb at 6 4.51-4.86. Br content could be estimated by integration the areas of methyl Ha
divided by # of respective 3 protons. Degree of substitution (DS), the fraction of OH substituted
by Br-ester, could be calculated by dividing ratio of converted OHs by 3, the number of OHs per

AGU as

1 integral of methyl protons (Ha, doublet)/3
DS = L x Intes ylp ( )/

3 Z?’ integral of anomeric protons (Hi)/7

(5.4)

Due to the overlapping peaks of H1 and Hb, the integration of methyl peak (Ha) is more reliable
for calculation of DS in eqn. 4. "H NMR spectra of Br-CNF1-3 accompanied with integrations
values normalized by Hb were displayed (Figure 5.5b and c). The calculated DS significantly
increased from 0.32 to 0.70 (2.2x) with increasing Br add-ons from 1.9 to 5.4 mmol/g, indicating
32 to 70% of surface hydroxyls were converted to esters. In preparation of Br-CNFs in DMSO-ds
for 'H NMR, Br-CNFs was first solvent exchanged from DMF to aqueous where the more

hydrophilic or less esterified CNFs may remain in the aqueous phase that was decanted. Thus, the
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0.32-0.70 DS values derived may represent the more hydrophobic CNF, or overestimate the overall

effect of the reaction.
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Figure 5.5. (a) Structure and proton assignment of Br-CNF1-3; (b) Spectra of Br-CNF1-3; (c)
Integral values of H1-6°, Ha and Hb with corresponding Br-CNF; (b) Freeze-dried Br-CNF3 (ca.

0.2 w%) '"H NMR spectra in DMSO-de.

5.3.6. Castor Oil Polyurethane Synthesis in Presence of Br-NCs. Br-Cells (0.25 g) with 1.9,
3.3, and 5.4 mmol Br add-ons were ultrasonicated (50%, 30 min) in castor oil (50 g) to produce
three respective suspensions containing ca. 10 w%, 50 w%, and 70 w% Br-NC1, Br-NC2, and Br-
NC3, showing also improved extent of fibrillation of Br-esterified microfibers (Br-MFs) into Br-
CNFs in castor oil with increasing esterification. The whole ultrasonicated mixture of castor oil
(CO) triols, in varied proportions of Br-NC and Br-MF polyols, were used to react with 20 mol%
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excess of MDI isocyanate into PU (Table S5.2). Partial replacement of less accessible 18 carbon
chain castor oil with more accessible 2 carbon ethylene glycol (EG) could enhance covalent
bonding between isocyanates and hydroxyls thus increase stretchability. The composition of PU
matrices was 0.3 w% of Br-NCs/MFs as well as ca. 70 w% of CO+EG and 30 w% of MDI. The
colorless pure PU turned brown with ca. 0.3 w% addition of Br-CNF3. Representative strain/stress
curves (Figure 5.6a) showed tensile properties of PU with addition of 0.3 w% Br-NC1/MFs
significantly decreased compared to original PU. Comparably, modulus of 0.3 w% addition of Br-
NC2 and Br-NC3 along with respective 50 and 30 w% Br-MFs moderately increased to 1.4x and
1.1x, as well as significantly increased strength to 1.4 and 1.7x (Figure 5.6b). The reduced
mechanical performance of Br-NC1 addition was attributed to existence of large portion of Br-
MFs (90 w%) which aggregated into separated phase during solvent evaporation, inducing to
inhomogeneous microphase separation of hard and soft domain. PU with Br-CNF3 displayed the
highest strength (1.7x) and strain (1.3x) enhancement but only slightly increased modulus (1.1x).
The reinforcement effects on modulus and tensile strength for Br-NC2 and 3 were attributed to
crystalline region of Br-CNF as well as synthesis of a new kind of hard segment in which Br-CNF
OHs covalent bonded with MDI. The limited increased modulus may indicate low crystallinity of
Br-NC3 in castor oil, which could also be illustrated by similar Br-CNF3 in DMF of 0.22 Crl
(Figure 5.5). Thus, Br-NC2/MFs in castor oil should be further investigated for plastic PU
synthesis. PU films with replacement of 20 and 40 mol% castor oil with EG (0.3 w% Br-CNF2)
were prepared accordingly (Figure 5.6a). With mol% of EG increased from 0 to 40 mol%,
Strength significantly increased to 3.3x meanwhile modulus and strain moderately improved to
1.6x and 2.3x, with mol% of EG increased from 0 to 40 mol%. The improved modulus and strength

were attributed to the increased hard domain size due to the presence of MDI-EG-MDI as a new
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larger hard segment. Under AFM Br-NC2 were displayed in bead particulates on hydrophilic mica
but single fiber was also observed on moderately hydrophobic graphite (Figure 5.6b), suggesting
the super hydrophobic nature of Br-NC2 which were incompatible to both relatively hydrophilic
substrates. Similar modulus (2.94 and 3.62 MPa), stress (0.90 and 0.85 MPa) and strain (51 and
57%) were observed for no excess and 10 mol% excess MDI (Figure S5.1), both with partial
replacement of 20 mol% OHs from castor oil with EG. In contrast, significantly enhanced modulus
(2.3x), stress (3.5x), and slightly increased strain (1.1x) PU film was prepared with the addition of
20 mol% excess MDI. This observation indicated 20 mol% excess MDI as optimized content to
react all OHs on castor oil, Br-CNFs and EG to enhance mechanical performance. With same 0.3
w% addition of Br-NCs/MFs, Br-NC2 (3.4 mmol/g Br add-on) and 40 mol% soft domain OHs
replacement of EG were optimal to produce the most significantly reinforced PU plastic film with

2.3x modulus, 3.7x strength and 1.5x strain-to-failure.
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Figure 5.6. Tensile properties (n>3) of castor oil (CO) triol/Br-NCs/MFs polyol/ethylene glycol
(EG) diol PU films (40x15x2 mm) with ca. 0.3 w% Br-NCs/MFs: (a) typical stress-strain curves
with photographic images of PU/Br-CNF3 (right) and PU (left) films; (b) modulus, strength, and
strain. Insets are AFM images for Br-CNF2 solvent exchanged from castor oil to DMF (0.0005
w/v%) imaged on mica and graphite. NCs portion in castor oil suspension are estimated to be 10%,
50% and 70% for Br-CNF1, Br-CNF2 and Br-CNF3. An excess of 20 mol% MDI to total OHs

was used for all scenarios.

5.3.7. Br-CNFs Pad Coated Bleach Cotton. Like Br-CNFs preparation in DMF, Br-Cell1-3 were
suspended in acetone at 0.5 w% followed by ultrasonication (50% amplitude, 30 min) and
centrifugation (5k RPM, 10 min) to collect the supernatant as Br-CNF1-3. Less than 10 w% Br-
CNF1 indicated Br-Celll was only slightly defibrillated due to the still existing strong hydrogen
bonding between cellulose chains caused by remaing large portion of surface hydroxyls. Yields of
Br-CNF2 and 3 were 33.2 and 42.9 w% and further increased to 51.5 and 64.1% by prewetting Br-
Cell2 and 3 in tert-butanol before ultrasonication. (Figure 5.7a). The OHs of tert-butanol would
hydrogen bond to Br-Cell surfaces with three hydrophobic methyl groups exposed to increase
compatibility to acetone, improving ca. 20% yield of Br-CNF2 or 3 containing supernatant. Br-
CNF2 and 3 produced from tert-butanol pre-wetted Br-cell in acetone were pad coated on bleached
cotton to measure their WCAs (Figure 5.7b). WCAs of Br-CNF2 coated fabric retained zero with
mass add-on from 0 to 3 w%, and gradually increased to 49° at 9 w%. For cotton coated with the
highly esterified and more hydrophobic Br-CNF3, WCA immediately jumped to 52.7° at merely
1.5 w% add-on then increased up to 87.5° at 10.5 w%. Mechanical properties add-ons of Br-CNF2
and Br-CNF3 coated fabrics were displayed (Figure 5.7¢ and d). With addition of 9 w% Br-CNF2,

the elastic modulus moderately increased one third from 835 to 1149 MPa and the tensile strength
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by nearly a quarter from 44.6 to 55.3 MPa, while the strain retained the same. However,
significantly decreased modulus to 677 MPa (0.8x) and strength to 30.3 MPa (0.7x) by coating
10.5 w% Br-CNF3. The reinforcement effects of Br-CNF2 coating may be due to the relatively
high retention of the crystalline region (CrI = 0.486), and the reduced mechanical performance
could be attributed to significant loss in 0.22 Crl for Br-CNF3. Thus, significant WCAs
improvement for Br-CNF3 coated fabric enable it as one potential hydrophobic coating material
in textiles. Moderately mechanical reinforcement of less functionalized and high crystallinity Br-
CNF2 make it could be further investigated to serve as strength enhancement additives variety of

coatings or packaging applications.
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Figure 5.7. (a) Yield of ultrasonicated Br-CNF2 and Br-CNF3 from ultrasonication in acetone
with or without t-Butanol wetting; (b) WCA (°) of bleached cotton fabric with add-on (w%) of
Br-CNF2 and Br-CNF3 from t-Bu wetted Br-cell; (c) Representative strain/stress curves (n>3)
for cotton fabric (40x15x0.2 mm) with pad coated Br-CNF2 (9 w%) and Br-CNF3 (10.5 w%);

(d) modulus, strength and strain.

5.4. Conclusion

Facile one-pot bromine acylation (1.9-5.4 mmol/g Br add-on) has been applied soft wood cellulose
in DMF followed by direct ultrasonication (50% amplitude, 30 min) of microfibers suspension in
DMF, acetone, or castor oil for prepration of organic compatible cellulose nanofbirls with
controallble DS between 0.32 and 0.70. Three esterification levels of Br-Cell1-3 with Br add-ons
of 1.9, 3.3 and 5.4 mmol/g were successfully defibrillated into 48.2, 74.5 and 87.1% yield of Br-
CNF1-3 with averaged thickness and length ranging from 2.4 to 4.0 nm and 254 to 359 nm,
meanwhile retaining crystallnity of 62.6%, 48.6% and 21.5%, respectively. 83% length reducation
of cellulose after grinding indicated the onset of chain sission under shear force. Irregular beads or
bundles for esterified cellulose at 50°C suggested the possible cellulose dissolution at elevated
temperatures. Successful conversion of surface OHs to bromine esters were confirmed by the
presence of C=0 at 1740 cm™! in FTIR and chemical shift for methyl (Ha) proton at §=1.29 in 'H
NMR. Castor oil-based plastic PU was reinforced to 2.3x modulus, 3.7x strength and 1.5x strain
with the addition of 0.3 w% Br-CNF2 in presence of 40 mol% OHs replacement from ethylene
glycol. Dip coated bleached cotton fabric by acetone dispersed Br-CNF2 and 3 enable significantly
improved WCAs up to respective 49° and 87.5° with add-on to 9 and 10.5 w%. Moderately

mechanical enhanced bleached cotton (1.4x modulus and 1.2x strength,) was also prepared at 10.5
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w% add-on of Br-CNF2. This paper streamlined one pot synthesis of hydrophobic esterified
nanocelluloses in variety of solvents such as DMF, acetone and castor oil to broad applications in

hydrophobic coating and matrix reinforcement.

5.5. Supplemental information
Table S5.1. Grinded and non-grinded pulp cellulose bromine acylation optimization (5:1=BPB:

AGU and 6 h) followed by sonication (50% amplitude) and centrifugation (5k rpm, 10 min).

Pre-sonication Esterification
mass gain Br add-on Redispersing Sonication Supernatant

el . (%)  (mmollg) Solvent  Time (min) Portion (%)
(50%, 3min) Ratio  onP-
(°C)
Yes Yes 2.5:1 23 14 1 - - -
No No 5:1 23 30 59 DMF 30 28.6
No Yes 5:1 23 28.6 2.1 DMF 30 15.4
Yes Yes 5:1 23 25.2 1.9 DMF 30 48.2
DMAc 30 57.7
No No 5:1 35 415 3 DMF 30 35
Yes No 5:1 35 425 3.1 - - -
Yes Yes 5:1 35 46.2 3.3 DMF 30 745
Yes Yes 54 50 74 .1 54 DMF 10 56.1
DMF 30 87.1
Yes No 5:1 50 69.5 5.1 DMF 30 90.1
No No 5:1 50 79 5.8 DMF 30 43.3
No No 5:01 70 17.7 1.3 - - -
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Figure S5.1. Engineering stress-strain curves (n=3) for PU/CNF films with 0.3 w% Br-CNF2 and

80/20 mol/mol% castor oil/ethylene glycol.

Table S5.2. Mole and weight composition of each component in castor oil PU matrixes. Only
components with OHs were used to name each trial: “CO” for castor oil; “EG” for ethylene glycol.

20 mol% excess MDI used if not indicated.

mol% w%

Trial Name CNF CO EG MDI CNF CO EG MDI

CcO 0 454 0 546 0 718 0 282
CO/NC1

COINC2 05 452 0 543 03 716 0 281
CO/NC3

0.8C0O/0.2EG/NC2 04 36.2 91 543 0.3 ©66.1 13 323

0.6CO/0.4EG/NC2 03 272 181 544 0.3 584 3.2 381

0.8C0/0.2 EG/NC2
(no excess MDI)
0.8C0O/0.2EG/NC2
(10 mol% excess MDI)

04 398 99 498 03 697 14 285

04 379 95 521 03 678 14 305
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