
 

-o
tl

a
A

D
D

 
4

0
2

/
 6

10
2

 +c
ifah

a*GM
FTSH

9  NBSI 2-8507-06-259-879  )detnirp( 
 NBSI 5-7507-06-259-879  )fdp( 

 L-NSSI  4394-9971
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

 
ytisrevinU otlaA  

ecneicS fo loohcS  
scisyhP deilppA fo tnemtrapeD  

 if.otlaa.www

 + SSENISUB
 YMONOCE

 
 + TRA

 + NGISED
 ERUTCETIHCRA

 
 + ECNEICS

 YGOLONHCET
 

 REVOSSORC
 

 LAROTCOD
 SNOITATRESSID

 n
en

io
ja

M 
an

na
ho

J
 s

la
ts

yr
co

na
N 

es
ol

ull
e

C r
of 

st
pe

cn
o

C l
ad

io
ll

oc
ar

pu
S 

dn
a 

ci
te

ht
ny

S
 y

ti
sr

ev
i

n
U 

otl
a

A

 6102

 scisyhP deilppA fo tnemtrapeD

dna citehtnyS  
rof stpecnoC ladiollocarpuS  

 slatsyrconaN esolulleC

 neniojaM annahoJ

 LAROTCOD
 SNOITATRESSID



 seires noitacilbup ytisrevinU otlaA
SNOITATRESSID LAROTCOD  402 /  6102

stpecnoC ladiollocarpuS dna citehtnyS  
 slatsyrconaN esolulleC rof

 neniojaM annahoJ

fo rotcoD fo eerged eht rof detelpmoc noitatressid larotcod A  
eht fo noissimrep eht htiw ,dednefed eb ot )ygolonhceT( ecneicS  

ta dleh noitanimaxe cilbup a ta ,ecneicS fo loohcS ytisrevinU otlaA  
21 ta 6102 rebotcO fo ht82 no loohcs eht fo 4U llah erutcel eht  

 .noon

 ytisrevinU otlaA
 ecneicS fo loohcS

 scisyhP deilppA fo tnemtrapeD
 slairetaM raluceloM



 rosseforp gnisivrepuS
 alakkI illO rosseforP ymedacA

 
 srenimaxe yranimilerP

 dnalniF ,ytisrevinU imedakA obÅ ,onieL okeR rosseforP
 adanaC ,aibmuloC hsitirB fo ytisrevinU ,nalhcaLcaM kraM rosseforP

 
 tnenoppO

 gruobmexuL ,gruobmexuL fo ytisrevinU ,llawregaL naJ rosseforP

 seires noitacilbup ytisrevinU otlaA
SNOITATRESSID LAROTCOD  402 /  6102

 
 ©  neniojaM annahoJ

 
 NBSI 2-8507-06-259-879  )detnirp( 
 NBSI 5-7507-06-259-879  )fdp( 

 L-NSSI  4394-9971
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

:NBSI:NRU/if.nru//:ptth  5-7507-06-259-879
 

segamI  : lacof cilobarap htiw latsyrc diuqil latsyrconan esolullec  
 stcefed cinoc

 
 yO aifarginU

 iknisleH  6102
 

 dnalniF
 



 tcartsbA
  otlaA 67000-IF ,00011 xoB .O.P ,ytisrevinU otlaA  if.otlaa.www

 rohtuA
 neniojaM annahoJ

 noitatressid larotcod eht fo emaN
 slatsyrconaN esolulleC rof stpecnoC ladiollocarpuS dna citehtnyS

 rehsilbuP  ecneicS fo loohcS
 tinU  scisyhP deilppA fo tnemtrapeD

 seireS seires noitacilbup ytisrevinU otlaA  SNOITATRESSID LAROTCOD  402 /  6102
 hcraeser fo dleiF  scisyhP gnireenignE

 dettimbus tpircsunaM  6102 enuJ 01  ecnefed eht fo etaD  6102 rebotcO 82
 )etad( detnarg hsilbup ot noissimreP  6102 tsuguA 91  egaugnaL  hsilgnE

 hpargonoM  noitatressid elcitrA  noitatressid yassE

 tcartsbA
.snoitacilppa dna slairetam war erutuf rof snoitulos elbaniatsus seriuqer ygolonhcet nredoM  

fo era )FNC( slirbfionan esolullec dna )sCNC( slatsyrconan esolullec yleman ,sesolulleconaN  
war dezis-onan elbazilanoitcnuf ylhgih dna ,elbaliava ylediw ,elbawener sa tseretni ralucitrap  

dna citehtnys ni esu rieht dna sCNC fo seitreporp latnemadnuf eht ,siseht siht nI .slairetam  
 .derolpxe erew slairetam lanoitcnuf levon rof stpecnoc ylbmessa-fles ladiolloc

detceles a rof roloc tcefler hcihw ,smlfi ni elpmaxe rof sCNC fo noitazilitu reporp ehT  
diuqil ni dna yrd ni htob ,sCNC rof seitreporp cisab eht fo gnidnatsrednu seriuqer ,htgnelevaw  

 nI .etats I noitacilbup gninnacs htiw deziretcarahc saw smlfi CNC deird fo erutcurts larihc eht  
gnitsiwt dednah-tfel eht fo noitavresbo tcerid swolla dohtem ehT .)MES( ypocsorcim nortcele  
nI .sCNC delbmessa -fles eht rof sertemonan fo sderdnuh ot nwod doirep lacitpo eht dna esnes  

II noitacilbup sehsurb remylop denfied-llew rof erudecorp noitaziremylop dellortnoc a  
dluoc sehsurb cilihpordyh ro cibohpordyH .depoleved saw sCNC fo ecafrus eht morf derehtet  

decnavda rehtruf delbane etuor noitacfiidom sihT .ytisned gnitfarg hgih htiw deniatbo eb  
detfarg-ecafrus eht fo noitaxelpmoc cinoi ralucelomarpus gnitiolpxe yb sCNC rof esu detegrat  
denibmoc erutcetihcra nordneD.snoitacilppa dna seitilanoitcnuf drawot sniahc etylortceleylop  
tnelavitlum gnisu ylbmessa-fles rof etuor lacitcarp a sreffo ytilanoitcnuf elucelom ragus htiw  

 nI .secafrus ro sremylopoc kcolb ,selcitraponan ekil seiteiom htiw gnidnib III noitacilbup  
sremylop dezinordned dezilanoitcnuf-ragus desab-esotlam neewteb snoitcaretni gnorts  

laudividni dnuora depparw loPneD noitareneg driht ehT .dezingocer erew sCNC dna )sloPneD(  
dna ypocsorcim nortcele noissimsnart noituloser-hgih oyrc yb dezilausiv yltcerid sa ,sCNC  

eht fo noitazilausiv tcerid dewolla loPneD eht fo ezis elbaredisnoc ehT .yhpargomot nortcele  
 nI .ypocsorcim nortcele-oyrc htiw anemonehp gnipparw VI noitacilbup detartsnomed saw ti  

deniatbo eb dluoc langis lacitpo cinomsalp larihc a woh ,yllaciteroeht dna yllatnemirepxe htob  
suoeuqa ni desrepsid sa sCNC larihc dna selcitraponan dlog neewteb noitcaretni hguorht  

dia eht htiw selucelom larihc gnisnes ni elpmaxe rof ,seitilibissop wen etaerc nac sihT .esahp  
-thgir larihc eht taht emit tsrfi eht saw sihT .serutcurtsrepus CNC-elcitraponan dlog larihc fo

 .esnopser cinomsalp larihc a rof desu saw sCNC laudividni gnola tsiwt dednah
eht fo gnidnatsrednu latnemadnuf eht ot etubirtnoc siseht siht ni deniatbo stluser ehT  

elcitraponan ekil-dor larihc dna degrahc a sa sCNC fo noitalupinam dna ruoivaheb ,seitreporp  
remoitnane ,sevitidda eulg ,slegordyh gnilaeh-fles ekil ,noitacilppa lacitcarp sdrawot  

 .roloc larutcurts htiw repap ytiruces neve yllaitnetop dna ,noitarapes

 sdrowyeK ,remylop dezinordned ,hsurb remylop ,latsyrc diuqil ,diolloc ,latsyrconan esolullec  
 ylbmessa-fles ,scinomsalp larihc

 )detnirp( NBSI  2-8507-06-259-879  )fdp( NBSI  5-7507-06-259-879
 L-NSSI  4394-9971  )detnirp( NSSI  4394-9971  )fdp( NSSI  2494-9971

 rehsilbup fo noitacoL  iknisleH  gnitnirp fo noitacoL  iknisleH  raeY  6102
 segaP  851  nru :NBSI:NRU/fi.nru//:ptth  5-7507-06-259-879





 ämletsiviiT
  otlaA 67000 ,00011 LP ,otsipoily-otlaA  if.otlaa.www

 äjikeT
 neniojaM annahoJ

 imin najriksötiäV
 ellietikonaN nasoolulleS ajetpesnoK aisilaadiollokarpuS aj äisitteetnyS

 ajisiakluJ  uluokaekrok nedieteitsureP
 ökkiskY  sotial nakiisyf nesillinkeT

 ajraS seires noitacilbup ytisrevinU otlaA  SNOITATRESSID LAROTCOD  402 /  6102
 alasumiktuT  akkiisyf nenillinkeT

 mvp neskutiojrikisäK  6102.60.01  äviäpsötiäV  6102.01.82
 äviäpsimätnöym navulusiakluJ  6102.80.91  ileiK  itnalgnE

 aifargonoM  ajriksötiävilekkitrA  ajriksötiäveessE

 ämletsiviiT
.atlielaairetam atliutilav nihiin aj atliskullevos ajusiaktar äivätsek naativrat assaigolonkeT  

aj anivelo allivataas itlajaal ,anivutuisuu tavatsonniik tudiukonan aj teetikonan nasoolulleS  
nedietikonan nasoolulles niittydherep assajriksötiäv ässäT .anienia-akaar anivattakoum nivyh  

niisienytyätsejräjesti aj nihiuttakoum itsesitteetnys nedietik äkes niiskuusianimosurep  
 .ajelaairetam aisillannimiot aisuu nelletiovat niisietnekar

ässiäkkiräv assivatsajieh attuutipnollaa äthy iskikremise ,öttyäkytöyh nedietikonaN  
niuk ässäetniik niin ätsimäträmmy neiskuusianimosurep nedietikonan äättyllede assiovlak  

 .assalitetsen  I assusiakluJ nasoolulles nioniek nisippooksorkiminortkeleysiäkhyyp niittiavah  
teetikonan assiovlaK .assiovlak assiviuk itsesietreik nenimutuakkap nedietikonan  

nirtemorkim ella niittettirääm suusilloskaj nenitpO .itsesitäknesav tävytyätsejräjesti  
 .alleduukkrat II assusiakluJ nivyh ämletenemitnioremylop utiollortnok niittetihek  

ällämleteneM .ellannip neetikonan nasoolulles neesimättiil nejujtekireemylop nejytletirääm  
.niskyehitsutsasko niekrok ajujtekireemylop aivisous ätte äiviklyh ättev äkes naadiositetnys  

anijattijul iskikremise atiethoköttyäk tavatsillodham teetikonan tutakoumireemyloP  
aj aisinoi äätnydöyh naadiov ässietikonan nasoolulleS .anajotis neskuarav aj assietiisopmok  

 .aiskutukiavorouv sodisytev III assusiakluJ nutakoum alliedirakkas-isootlam niittiavah  
nisiukul assnak neetikonan nasoolulles sutukiavorouv sakamiov nireemylop nudionordned  

aj naipoksorkiminortkele nesineegoyrk niitiosilausiv nenimutuoteiK .niskodisytev  
nilyykelom neenutuaraah nudiofiidom älliökiskyirekoS .alluva nafiargomotinortkele  

,nihielekkitraponan nihium äätnydöyh naadiov naasoolullesonan atsimutuotis  
ellienytyätsejräjesti aiskuusianimo aisuu neattuvaas ellionnip aj nihiereemylopokhol  

 .ellielaairetam VI assusiakluJ akniuk ,alluva nairoet ätte itsesilleekok äkes niittetioso  
nenilaarik naadaasnaakia neeseetikonan nasoolulles aisakkuihonanatluk ällämektyk  

niitniorosnes iskikremise aiskuusillodham aisuu oul ämäT .ilaangis nenitpo neninomsalp  
neetikonan aj netsakkuihonanatluk neätnydöyh assesimatsinnut neilyykelom netsilaarik  

nasoolulles nesiättisky aatrek ätsiämmisne niittennydöyh ässöyT .ätsimytyätsejräjesti  
 .iskesimaasnaakia neetsav nesinomsalp nesilaarik ättyysietreik ätsitäkaekio neetikonan
,atsiskuusianimo nedietikonan nasoolulles ätsyrrämmy tävätside teskolut najriksötiäV  

assiskullevos äätnydöyh naadiov aiskoluT .atsesimaakkoum aj ätsesimytyättyäk  
apoj itsesillodham ,ellulettore neireemoitnane ,neeskuamiil ,ellieleegordyh ellivutuajrokesti  

 .ellirepap neesimätsidhy nejoteitsuusillavrut

 tanasniavA ,ireemylop utionordned ,ajrah ireemylop ,ediketsen ,idiollok ,edikonan nasoolulles  
 nenimytyätsejräjesti ,inomsalp nenilaarik

 )utteniap( NBSI  2-8507-06-259-879  )fdp( NBSI  5-7507-06-259-879
 L-NSSI  4394-9971  )utteniap( NSSI  4394-9971  )fdp( NSSI  2494-9971

 akkiapusiakluJ  iknisleH  akkiaponiaP  iknisleH  isouV  6102
 äräämuviS  851  nru :NBSI:NRU/fi.nru//:ptth  5-7507-06-259-879





   

	 	 	

Contents 

Acknowledgements .................................................................................... i	
List of Abbreviations and Symbols ......................................................... iii	

List of Publications .................................................................................... v	

Author’s Contribution ............................................................................. vi	

Declaration of Subcontracting ............................................................... vii	
1.	 Introduction ................................................................................... 1	

1.1	 Scope of the Thesis ................................................................... 3	

2.	 Background .................................................................................... 5	
2.1	 From Molecular Cellulose to Cellulose Nanocrystals .............. 5	

2.2	 Surface Modification of Cellulose Nanocrystals ...................... 8	

2.2.1	 Surface-Initiated Controlled Radical Polymerization ............. 10	

2.2.2	 Dendronized Glycopolymers for Multivalent Binding ............ 11	
2.3	 Self-assembly of Colloidal Building Blocks ............................ 13	

2.3.1	 Chiral Nematic Liquid Crystallinity and Structures ................ 14	

2.3.2	 Cellulose Nanocrystal Liquid Crystallinity .............................. 18	
2.3.3	 Chiral Nanostructures of Plasmonic Nanoparticles ................ 19	

2.4	 Cryo-Electron Tomography ................................................... 20	

3.	 Results and Discussion ................................................................. 21	

3.1	 Chiral Nematic Packing of Cellulose Nanocrystals in Bulk Films 
(publication I) ...................................................................................... 21	
3.2	 Lyotropic Liquid Crystalline Cellulose Nanocrystal Phase ... 25	

3.3	 Grafting Well-Defined Polymer Brushes (publication II) ..... 32	

3.4	 Multivalent Interactions Between Colloids (publication III) 37	
3.5	 Electron Tomography of Cellulose Nanocrystals .................. 40	

3.6	 Chiral Plasmonic Nanostructures Using Cellulose Nanocrystals 
(publication IV) .................................................................................. 43	

4.	 Conclusions and Outlook ............................................................. 51	
References ............................................................................................... 55	

Publications ............................................................................................ 65	



	

 



  Acknowlegements 

	 	 	 i	

Acknowledgements 

The research carried out in this thesis has been conducted at Aalto University, 
Department of Applied Physics in the Molecular Materials research group. The 
research was supported by Finnish Funding Agency for Technology and 
Innovation (TEKES), Academy of Finland and European Research Council. I 
would like to express my greatest gratitude to the supervisor of this work, Prof. 
Olli Ikkala. Thank you for the years of excellent science and learning experience. 
Thank you for sharing fascinating ideas and support in executing the doable 
ones. Thank you for trust and patience regarding versatile projects. I look 
forward of collaborating in the future. 

I would like to sincerely thank Prof. Reko Leino and Prof. Mark MacLachlan for 
thorough pre-examination of the manuscript and suggestions to improve it. I 
sincerely thank Prof. Jan Lagerwall for accepting the invitation to act as the 
opponent in the upcoming defense. I am grateful to my colleagues past and 
present Mari Granström, Marjo Kettunen, Tina Löbling, Jani Seitsonen and 
Johannes Haataja for their valuable comments regarding the manuscript.  

I would like express great graditude towards the brilliant group of co-authors 
and colleagues I have had the chance to work with. 

I thank Prof. Eero Kontturi firstly for providing me with the material to study 
and together with Prof. Derek Gray for valuable discussions to understand and 
learn more about it. I would like to acknowledge Prof. Janne Ruokolainen, Prof. 
Mauri Kostiainen, Prof. Monika Österberg, Prof. Robin Ras and Jason McKee, 
Jani Markus Malho, Vladimir Aseyev, Henna Rosilo, Anna Elert, Jukka 
Hassinen and Heikki Rekola for their valuable inputs related to individual work 
shared in this thesis and related publications. I am very grateful to Johannes 
Haataja, Jani Seitsonen and Peter Engelhard for the lessons to understand 
electron tomography and discussions that followed. I want to specially thank 
Dietmar Appelhans, Albena Lederer and Stefan Zschoche for providing material 
for part of the work and very exciting and fruitful collaboration thereafter.  

I would like to express my sincere thanks to Andreas Walther, Tina Löbling and 
Prof. Andre Gröschel for teaching me about polymer chemistry and 
engouragement to push forward in science. I am ever grateful to Nikolay 
Huobenov and Prof. Päivi Törmä for their enthusiasm towards our shared goals 
and scientific advice. I would like to thank ever so much Marjo Kettunen for all 
the help and guidance. I have had many work related mind opening discussions 
with you but I also thank you for your friendship I value very much. 



Acknowlegements 

	ii	

I am ever grateful to Mari Granström for her amazing attitude towards science 
and directing some of it to me too. The supporting surroundings, self-
confidence and willingness to listen and help when needed has encouraged me 
tremendously over the years. Thank you for your friendship and tutelage. 

I would like to acknowledge Prof. Markus Linder, Sanni Voutilainen, Arja 
Paananen, Suvi Arola and Roberto Milani for the permission to use selected 
instruments at VTT and for the guidance related. I would like to thank Johannes 
Huokuna, Felix Plamper, Eija Ahonen, Lauri Valtonen and Erno Karjalainen for 
their inputs in characterization of the materials. 

I would like to express my sincere thanks to Silvia Vignolini and Patrice Rannou 
for inspirational scientific discussions and encourament in future plans in 
science. Troughly inspirational! 

I would like to sincerely thank the members, past and present, of MolMat, Soft 
Matter and Wetting and Biohybrid Materials for inspirational scientific 
atmosphere and all valuable support in my projects. I want to thank especially 
my roommates Maja Vuckovac and Matti Toivonen and also Nonappa and Angel 
Sanchez Sanchez for the extra encouragement when needed. I thank also Timo 
Kajava and Orvokki Nyberg for their valuable assistance. 

Finally, I am extremely grateful to my parents, Taimi and Kaarlo and to my 
sisters Jenny and Linda for encouraging me to pursue my dreams without 
prejudice. I want to sincerely thank my dear friends and extended family for all 
their help and support. 

Thank you Jesse for the loving companionship and encouragement and Max for 
making me feel great about life every day J. 

 

 

Creation is an act of sheer will. 

(Richard Attenborough in “Jurassic Park”) 

 

 

Veikkola 20th of September 2016 

 

 

Johanna Majoinen



  List of Abbreviations and Symbols 
 

	 	 	 iii	

List of Abbreviations and Symbols 

AuNP    Gold Nanoparticle 

AFM    Atomic-Force Microscopy 

CD    Circular Dichroism 

CRP    Controlled Radical Polymerization 

CNCs    Cellulose Nanocrystals 

CNFs    Cellulose NanoFibers 

CPL    Circularly Polarized Light 

Cryo-ET   Cryo-Electron Tomography 

Cryo-TEM   Cryogenic Transmission Electron Microscopy 

Cu    Copper  

2D    2-Dimensional 

3D    3-Dimensional 

DenPols   Dendronized Polymers 

DLVO    Derjaguin-Landau-Verwey-Overbeek 

DMF    Dimethylformamide 

EA    Elemental Analysis 

FT-IR     Fourier Transform InfraRed 

GPC    Gel Permeation Chromatography 

kDa    kilo Dalton 

LC    Liquid Crystal 

LSPR    Localized Surface Plasmon Resonance 

MALDI ToF   Matrix-Assisted Laser Desorption Ionization-Time of Flight  

MDa    Mega Dalton 

OH    Hydroxyl Group 

PAzoMA-b-PBiPMA             Poly[6-(4-(4-methoxyphenylazo)phenoxy)hexyl methacrylate] 

PAA    Polyacrylic Acid 



List of Abbreviations and Symbols 

	iv	

PCL    Poly(ε-Caprolactone) 

PEO    Poly(Ethylene Oxide)  

PMDETA   N,N,N´,N´,N-Pentamethyldiethylenetriamine  

PNIPAM   Poly(N-isopropylacrylamide) 

PPO    Poly(Propylene Oxide) 

PDMAEMA   Poly(N,N-Dimethylaminoethylmethacrylate) 

PDMAM   Poly(N, N-Dimethylacrylamide)  

PFC    Parabolic Focal Conic liquid crystal texture 

PS    Polystyrene 

POM    Polarized Optical Microcopy 

PtBA    Poly(tert-Butylacrylate) 

QCMD   Quartz Crystal Microbalance with Dissipation  

SEM    Scanning Electron Microscopy 

SI-CRP   Surface Initiated-Controlled Radical Polymerization 

TEMPO   2,2,6,6-Tetramethylpiperidine-1-oxyl 

THF    Tetrahydrofuran



  List of Publications 

	 	 	 v	

List of Publications 

This thesis consists of an overview and of the following publications, which are 
referred to in the text by their Roman numerals. 
 
I Majoinen, Johanna; Kontturi, Eero; Ikkala, Olli; Gray, Derek G. 2012. SEM 
imaging of chiral nematic films cast from cellulose nanocrystal suspensions. 
Springer. Cellulose, 19, 1599-1605. DOI 10.1007/s10570-012-9733-1. 

II Majoinen, Johanna; Walther, Andreas; McKee, Jason R; Kontturi, Eero; 
Aseyev, Vladimir; Malho, Jani Markus; Ruokolainen, Janne; Ikkala, Olli. 
2011. Polyelectrolyte brushes grafted from cellulose nanocrystals using Cu-
mediated surface initiated controlled radical polymerization. ACS 
Publications. Biomacromolecules, 12, 2997-3006. DOI 10.1021/bm200613y. 

III Majoinen, Johanna; Haataja, Johannes S; Appelhans, Dietmar; Lederer, 
Albena; Olszewska, Anna; Seitsonen, Jani; Aseyev, Vladimir; Kontturi, Eero; 
Rosilo, Henna; Österberg, Monika; Houbenov, Nikolay; Ikkala, Olli. 2014. 
Supracolloidal multivalent interactions and wrapping of dendronized 
glycopolymers on native cellulose nanocrystals. ACS Publications. Journal of 
the American Chemical Society, 136, 866-869. DOI 10.1021/ja411401r. 

IV Majoinen, Johanna; Hassinen, Jukka; Haataja, Johannes S; Rekola Heikki 
T; Kontturi, Eero; Kostiainen, Mauri A; Ras, Robin H. A; Törmä, Päivi; Ikkala, 
Olli. 2016. Chiral plasmonics using twisting along cellulose nanocrystals as a 
template for gold nanoparticles. WILEY-VCH. Advanced Materials, 28, 5262-
5267. DOI:10.1002/adma.201600940.



Author’s Contribution 
 
 

	vi	

Author’s Contribution 

Publication I: SEM imaging of chiral nematic films cast from cellulose 
nanocrystal suspensions. 

The author initiated the project, performed all the experimental work and 
characterization. The author discussed and analysed the data with all authors 
and wrote the first and final version of the manuscript based on the input from 
all authors. 

Publication II: Polyelectrolyte brushes grafted from cellulose nanocrystals 
using Cu-mediated surface initiated controlled radical polymerization. 

The author performed all the experimental work and characterization apart 
from cryo-TEM imaging performed by Jani Markus Malho, elemental analysis 
conducted by Microanalytisches Labor Pascher Germany, GPC performed by 
Felix Plamper, Eija Ahonen and Lauri Valtonen, MALDI-TOF performed by 
Erno Karjalainen and DLS performed by Vladimir Aseyev. The author 
discussed and analysed the data with all authors, wrote the first draft and the 
final version of the manuscript based on the input from all authors.  

Publication III: Supracolloidal Multivalent Interactions and Wrapping of 
Dendronized Glycopolymers on Native Cellulose Nanocrystals. 

The author performed all the experimental work and characterization apart 
from cryo-TEM imaging performed by Jani Seitsonen and Johannes Haataja, 
electron tomography performed by Johannes Haataja and most part of the 
QCM measurements performed by Anna Elert née Olszewska. The work was 
carried out in collaboration with Dietmar Appelhans and Albena Lederer who 
provided the dendronized glycopolymers. The author discussed and analysed 
the data with all authors, wrote the first draft and the final version of the 
manuscript based on the input from all authors. 

Publication IV: Chiral plasmonics using twisting along cellulose 
nanocrystals as a template for gold nanoparticles. 

The author performed all the experimental work and characterization apart 
from cryo-TEM imaging and electron tomography performed by Johannes 
Haataja and theoretical simulations performed by Heikki Rekola and Päivi 
Törmä. Jukka Hassinen synthesized the cationic gold nanoparticles. The 
author discussed and analysed the data with all authors, wrote the first draft 
and the final version of the manuscript based on the input from all authors.



  Declaration of Subcontracting 

	 	 	 vii	

Declaration of Subcontracting 

Elemental analysis in publication II was subcontracted from Microanalytisches 
Labor Pascher, Germany. The service provider implements high quality control 
for its service. The authors carefully evaluated the data, which were in line with 
results acquired by the authors using other characterization methods. 

	  



 

	

 



Introduction 

1	
	

1. Introduction 

Modern technology requires sustainable solutions from future raw materials 
and trendsetting applications. Essence of nanotechnology stems from new 
materials with excellent properties gained from miniaturization of components 
towards the nano scale.1 Nanocelluloses,2–5 including the two main forms, 
cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs), have a great 
promise in materials science as mechanically excellent, sustainable, widely 
available, and functionalizable 1D colloidal materials and therefore share the 
multidisciplinary interest of the scientific fields from chemistry and physics to 
material science. The unique properties they possess can in turn be modified 
and transferred to sustainable applications via advanced nanomaterials. As an 
example, nanocelluloses can be cleaved from plant cell walls, which constitute 
the largest source of polymers on the Earth, grown by bacteria or extracted from 
marine animals (Figure 1). One of the sources for nanocelluloses is pulp, in 
practice chemically treated cellulose macrofibers. Nanocelluloses could offer an 
interesting possibility for the forest industry to produce value-added cellulose 
based materials, both as a raw material and as novel products. 
 

 
 
Figure 1. Sources used for nanocellulose extraction. a) Birch trees, b) cotton fibers around the 

plant seeds, c) marine algae, kelp d) bacterial cellulose pellicle, e) marine animal, 

tunicate, living in oceans shallow waters. Images used with permission from various 

sources.6  



The pristine properties of nanocellulose (CNCs and CNFs) depend on the 
source it has been extracted from. The production process of nanocellulose 
involve acid hydrolysis from macrofibers to generate CNCs7–10 or a mechanical- 
combined with a chemical/enzymatic treatments of macrofibers and an optional 
post treatment with oxidizing radicals like 2,2,6,6-tetramethylpiperidine-1-
oxyl, also known as 2,2,6,6-tetramethylpiperidin-1-yl)oxyl or (2,2,6,6-
tetramethylpiperidin-1-yl)oxidanyl (TEMPO)11, into CNFs12,13. Both of the two 
main forms of nanocellulose that can be extracted have lateral dimensions in 
the nanometer range. The rod-like CNCs have length of 100  500 nm, while 
the longer and entangled CNFs reach micrometers (Figure 2). Nanocelluloses 
feature native crystalline internal structure consisting of hydrogen-bonded 
parallel chains and have extraordinarily high mechanical properties with 
modulus of 140 GPa and strength up to GPa range.14 The strong hydrogel of 
CNFs12 can be processed to lightweight, ductile highly porous aerogels.15 
Functional materials based on CNFs have paved the way for demonstrated 
sustainable applications, such as recyclable oil absorbents16, cargo carriers on 
water and oil17 and photoswitchable superabsorber18 and strong and transparent 
films19,20. 
 

 
Figure 2. Cryo-transmission electron microscopy (cryo-TEM) images of a) cotton based CNCs 

and b) bleached sulfite softwood CNFs12. Image 2b is adapted with permission from 

reference [12]. Copyright (2016) American Chemical Society. 

 
 CNCs are high aspect ratio colloidal rods with nanoscale dimensions, 
attracting considerable interest recently due to their excellent mechanical 
properties14,21 and liquid crystallinity (LC)22,23.9,24 Pristine CNCs have been 
pursued as a reinforcing element for novel polymeric nanocomposites.9,25 CNCs 
are easily handled as colloidally stable aqueous dispersions. They can be 
transferred to organic solvents and finally into a polymer matrix using a sol-gel 
method26,27, electrospun into fibers with water soluble polymer28 and self-
assembled into stacked composite structures29–31 using the layer-by-layer 
approach introduced by Gero Decher in 1997.32 CNCs are produced with fairly 
harsh acid treatment and contain only cellulose unlike CNFs, which have 
hemicelluloses on the surface for better dispersing properties.12  
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CNCs are straightforward to modify chemically and gain compatibility 
with various matrices.24 In this thesis, CNCs are exclusively studied. For CNF 
related interest in mind, the reader is directed to several up-to-date reviews 
from the field.2,4,5 As for nanoscale fibers and particles, nanocelluloses offer an 
interesting platform to study supramolecular concepts and interactions for 
future advanced materials. 

1.1 Scope of the Thesis 

 
The objective of this thesis was to explore the fundamental properties of CNCs 
and utilize them in different synthetic and supracolloidal concepts for novel 
CNC based products (Scheme 1). CNCs are anisotropic colloidal nanoparticles 
with liquid crystalline properties. They have highly functionalizable and chiral 
surfaces. The possibilities to develop new materials and properties are very 
diverse and can be realized with clever design of procedures utilized. The results 
shown in this thesis demonstrate the versatile approaches and detailed analysis 
executed for CNCs for the manufacture of CNC based materials with high 
nanotechnological potential. 
 In publication I the chiral nematic LC phase behavior of the CNCs was 
frozen in dried films and the structure was characterized by means of scanning 
electron microscopy (SEM). The helical pitch of the chiral structure and the left-
handedness of the superhelix were determined from the micrographs. Close 
inspection of the micrographs gave valuable information about the apparent 
porosity of the fracture surface resulting from pull-out of CNCs placed 
orthogonal to the fracture surface.  

In addition a concentrated dispersion of CNCs was also studied with 
polarized optical microscopy (POM) in this thesis. The formation of polygonal 
textures and a parabolic focal conic defect texture were identified and analyzed 
from POM images.  

In publication II the colloidal nature of CNCs was modified from 
hydrophilic to hydrophobic and back to hydrophilic by polymer brushes grafted 
from the CNC surface. First, the CNCs were chemically modified with high 
density of hydrophobic initiator functionalities, which in turn gave the modified 
CNCs high dispersibility to organic solvents. Hydrophobic poly(tert-
butylacrylate) (PtBA) brushes were polymerized from the CNC surface with 
means of Cu-mediated surface initiated controlled radical polymerization (SI-
CRP). Finally, subsequent acidic hydrolysis led to CNCs with hydrophilic 
polyacrylic acid (PAA) brushes. The polymerization of tBA monomer proceeded 
in a controlled manner and resulted in narrowly dispersed polymer chain 
lengths. The calculated polymer brush grafting density was almost 0.3 
chains/nm2, corresponding to a dense polymer brush formation on the 
nanocrystals. Individually dispersed rod-like nanoparticles with brushes of 
PtBA or PAA were visualized by atomic force microscopy and transmission 
electron microscopy (AFM, TEM).  
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In publication III multivalent interactions between the CNC surface and 
dendronized polymers (DenPols) with maltose-based sugar peripheral groups 
were explored. The complexation of the third generation DenPol (G3) with 
CNCs allowed aqueous colloidal stability and showed wrapping around CNCs, 
as directly visualized by high-resolution cryogenic transmission electron 
microscopy (cryo-TEM) and cryogenic electron tomography (cryo-ET). The 
contrast of G3 DenPol compared to the dimensions of a linear polymer chain, 
allowed direct visualization of the wrapping phenomena using TEM.  
 In publication IV it was demonstrated that in dilute dispersions cationic 
gold nanoparticles (AuNPs) electrostatically bind on anionic CNC surface and 
exhibit a pronounced chiral right-handed plasmonic response measured by 
circular dichroism spectroscopy (CD). The split signal with a first negative dip 
and a second positive peak with zero-crossing at the characteristic localized 
surface plasmon resonance (LSPR) wavelength for 8.5 nm sized AuNPs 
appeared upon forming nanoscale fibrillar CNC/AuNP superstructures. Therein 
we optimized the structure formation and chiral plasmonic signal by tuning of 
nanoparticle concentrations, sizes and charge screening upon superstructure 
formation. Simulating the CD signal using 3D coordinates of the bound AuNPs 
from electron tomograms supported experimental results. These simulations 
confirmed that the main contribution to the experimentally observed CD signal 
originates from the arrangement of the AuNPs having a slight helical asymmetry 
in their assembly along the CNCs. 
 

 
Scheme 1. Scientific topics dealt with in this thesis rotating clockwise from publication I to IV.
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2. Background 

2.1 From Molecular Cellulose to Cellulose Nanocrystals  

Cellulose consists of D-glucose units linked together by b-1,4-glycosidic bonds 
(Figure 3a).9,33 Every second sugar unit is rotated 180 degrees to its 
neighboring unit. The functionality of cellulose backbone originates from three 
hydroxyl groups within the D-glucose sugar rings. Hydroxyl groups can be 
identified after the carbon atom they are attached to accordingly (OH) C2, (OH) 
C3 and (OH) C6. The three different hydroxyl groups have influence on cellulose 
properties, like solubility, structure formation and reactivity. For example, 
depending on the chemical reaction, the three OH-groups have different 
reactivity towards chemical functionalization. Cellulose is a rigid molecule due 
to the intrachain hydrogen bonding. Cellulose is insoluble in common organic 
solvents and water due to interchain hydrogen bonding network between 
neighboring chains (Figure 3b). The hydrogen bonding network forms the 
crystalline lattice for native cellulose which has Ia and Ib forms.34,35 Cellulose 
originating from animal source has Ib crystal structure. Algae and bacterial 
based cellulose have the Ia crystal structure. Cotton, wood and ramie fibers are 
rich in their Ib crystal structure content.  
 

 
Figure 3. Cellulose molecular structure and hydrogen bonding. a) Cellulose molecule repeating 

unit is market by brackets. Carbon atoms in the glucose ring are marked by numbers 

from 1 to 6.  Every second sugar unit has rotated 180 degrees compared to the 

neighboring rings (marked by an arrow). The non-reducing end for the cellulose chain 

is the left end for the polymer and the reducing end is on the right side. b) Hydrogen 

bonding between two cellulose chains (intrachain red, interchain black and green).36 

Image 3b is adapted with permission from reference [36]. Copyright (2016) American 

Chemical Society.  
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The nature of hydrogen bonding in cellulose Ib36 can be illustrated as such in the 
Figure 3b. Stiff and linear backbone of cellulose is ideal for chemical 
functionalization using etherification and esterification reactions for advanced 
properties. 
 Cellulose macrofibers consist of fibrils with hierarchy according to 
decreasing size of the underlying building blocks and alternating ordered and 
disordered regions for the packed cellulose chains in so called elementary 
fibrils.12 CNCs are produced from a number of different sources of cellulose 
including plants, bacteria and some sea animals, e.g., the tunicate (Figure 1) 
by hydrolysis with a strong acid37 and an optional post treatment with oxidizing 
radicals like TEMPO38.7–9,39 In this thesis we worked with sulfuric acid 
hydrolyzed CNCs produced from Whatman cotton filter paper (Figure 2a, 4, 
5) These crystals show average lateral dimension of 7 nm and length of 150 nm40 
(Figure 4) and have an average aspect ratio (length/diameter) of 21.  
 

 
Figure 4. Characterization of the pristine CNCs with AFM. A height image and statistical analysis 

based on measured heights for individual CNCs resulting in average diameter of 7 nm 

(upper diagram) and average length of 150 nm for filter paper based CNCs (lower 

diagram). The measurements were performed for selected 300 CNCs from different 

images. 

 
 Highly crystalline rod-like nanodimensional particles of cellulose are left, 
after macrofibers of cotton are treated with sulfuric acid hydrolysis. Acid also 
reacts with a part of OH-groups on the CNC surface and sulfate moieties are 
created as the acid destroys the amorphous parts of the larger fibers.37,41 Anionic 
sulfate groups repel each other through electrostatic interactions and create 
colloidal stability for CNCs dispersed in aqueous media.42,43 The charge on the 
surface is known to vary from 0.3 to 0.6 e/nm2.37 The esterification of the CNC 
surface OH-groups with sulfuric acid is a non-selective reaction regarding the 
three OH-functionalities available. TEMPO oxidation, on the other hand, has 
been reported to functionalize only the primary alcohol groups, (OH) C1 on the 
surface of CNCs.44 TEMPO radicals are used for creating carboxylic acid groups 
on the surface of the CNCs for colloidal stability after acid hydrolysis from 
macrofibers.38,44 



 

 
Figure 5. Twisted and charged CNCs. a) Scheme of a cellulose crystallite simulated right-handed 

twisting structure45, surface chemistry after sulfuric acid hydrolysis of macrofibers and 

colloidal stability in aqueous media. b) Cryo-TEM image of CNC with a twist and 

varying lateral dimension indicated by gray scale analysis. c) An example of cryo-

electron tomography of a CNC illustrating the twisted morphology and rectangular 

shape of the cross-section. The simulation snapshot in 5a is adapted with permission 

from reference [45]. Copyright (2016) American Chemical Society. 

 
 The dimensions and the overall shape for the CNCs are important 
parameters to consider in chemical functionalization of the surface OH-groups. 
CNC dimensions vary depending on the cellulose source and reagents and 
reaction conditions used for the hydrolysis (Table 1).5,39,46 TEMPO oxidation 
tends to produce thinner CNCs.38 Therefore, the assessment for the degree of 
substitution for surface functionalized CNCs is challenging. Lin et al. showed 
how the cross-sectional choice for CNC from cylindrical to rectangular model 
changes the CNC surface area and calculations for the degree of substitution 
considerably.39 Rectangular and elliptical shapes have been suggested for the 
cross-section of sulfuric acid hydrolyzed cotton CNCs.39,46 Interestingly, cryo-
ET of pristine CNCs shows a rectangular shape for the crystallite cross-section 
(Figure 5c). 
 
Table 1. Dimensions and cross-section shape for sulfuric acid hydrolyzed CNCs from different 

nanocellulose sources. 

Source Diameter (nm) Length (nm) Cross-section shaperef. Ref. 

Cotton 7 150 Rectangular46/ellipse39 40 

Tunicate 8±2 1525±843 Parallelogram47 48 

Wood 3-5 100-300 Rectangular5 49 

Ramie 10.8±4.5 134±59 - 50 
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Another intrinsic property for CNCs is the suggested twisting of the rod-like 
particle surface. Tunicate CNCs show twisting with a helical pitch from 2.4 to 
3.2 micrometers.46 Since cotton or wood originated CNCs are notably shorter 
than tunicate CNCs, the twisting is very subtle and difficult to visualize e.g. with 
electron microscopy. Nevertheless, Mezzenga et al. reported recently how 
nanocelluloses from several sources have a preferred right-handed twisting 
along the fiber longitudinal axis.51 The subtle right-handed twisting originating 
from cellulose crystallization has been described in the literature10,43, and 
molecular dynamic simulations strongly support this assumption (Figure 
5).45,52,53 
 CNCs are a hydrophilic material and anionic sulfate groups on the surface 
further increase the hydrophilic nature of particles. Therefore covalent 
modification of the surface OH-groups or utilizing the anionic charge of sulfates 
for binding of cationic surfactants makes CNCs more hydrophobic.54  

2.2 Surface Modification of Cellulose Nanocrystals 

 
The CNC surface OH-groups are partly modified with anionic sulfate groups 
when sulfuric acid is used to hydrolyze CNCs from larger fibers. Surface 
modification with sulfuric acid yields low degree of substitution, therefore 
sulfate group modified CNC surface contains numeral hydroxyl groups. The 
charge created by sulfate groups or carboxyl groups from TEMPO oxidation, 
and an alcohol group functionality restrict further modification routes for CNCs 
to aqueous media. Hence, pre-modification for the surface is necessary in order 
to disperse CNCs in organic solvents or in a hydrophobic polymer matrix.55 
Surface modifications of CNCs can be achieved by attaching small moieties or 
polymer chains via covalent bonds (chemisorption) or physical interactions 
(physisorption). Covalent modification with 10-undecenoyl has been used to 
disperse CNCs in THF and for further chemical crosslinking to polybutadiene 
matrix.56 Chemical grafting with low-molecular-weight poly(ε-caprolactone) 
(PCL) diol onto the CNCs has been carried out to improve the interfacial 
adhesion within PCL fiber matrix for grafted CNCs.57 Covalent surface 
modification in the gas phase with volatile reagents has offered an elegant way 
to overcome the challenging re-dispersing procedures for CNCs in organic 
solvents.58,59 Surfactant molecules can be used to bind onto CNCs through 
electrostatic interactions between cationic surfactant molecules and anionic 
sulfate groups.60,61



 

 
Scheme 2. Basics for surface functionalization routes using polymers by a) physisorption and by 

chemisorption via b) ‘grafting to’ or c) ‘grafting from’ techniques. Gray sphere 

represents a covalent bond formation and the letter M for unreacted monomer. 

 
 Covalent modification of surfaces using polymer chains can be divided 
into ‘grafting to’ and ‘grafting from’ approaches depending on whether the 
covalent bond between the surface and the polymer chain end is formed after or 
before the polymerization (Scheme 2). CNCs have been modified with the 
chemisorption method using the facile ‘grafting to’ approach with pre-formed 
polymers. Kloser et al. grafted poly(ethylene oxide) (PEO) chains to the CNCs 
to change the aqueous colloidal dispersion of pristine CNCs from an 
electrostatically stabilized to a sterically stabilized system.62 Similarly, Azzam et 
al. reported on grafting poly(ethylene oxide) (PEO) and poly(propylene oxide) 
(PPO) copolymers to CNCs using a peptide coupling reaction.63 PEO and PPO 
modified CNCs showed colloidal stability at high ionic strength, surface activity 
according to surface tension measurements and stimuli responsiveness with 
thermoreversible aggregation. In ‘grafting to’ approaches high polymer grafting 
densities cannot be expected because of steric hindrance and blocking of 
reactive sites by the already grafted polymer chains.  
 The ‘grafting from’ approach is not as straightforward compared to 
‘grafting to’ approach as surfaces need to be modified with an initiator before 
polymerization. However, due to efficient initiator modification, ‘grafting from’ 
method guarantees a high polymer chain grafting density on the surface as the 
chains are synthesized from the initiator moieties. Easily accessible surface 
functionalities with a high density of functional groups can be achieved with 
grafting of polymer brushes. Polymer brushes are polymer coatings consisting 
of polymer chains that are tethered with one chain-end to an interface  
(Scheme 2b, c).64 Next, surface-initiated controlled radical polymerization 
method for well-defined polymer brushes is described and examples given for 
CNC modification using the method.



2.2.1 Surface-Initiated Controlled Radical Polymerization 

Grafting polymer chains from different kinds of surfaces has proven to be a very 
effective way to create high grafting densities and end up with well-controlled 
polymer structures.64,65 Copper-mediated controlled radical polymerization 
(CRP) is a versatile ‘grafting from’ method with respect to monomer choice and 
ease of synthesis.66–68 Two mechanisms, atom transfer radical polymerization 
(ATRP) and single electron transfer-living radical polymerization (SET-LRP), 
are distinguished.66,68 In both cases, Cu(I) salts can be added to control the 
polymerization and the reaction mechanisms differ in how the transition metal 
catalyst disproportionates between its oxidation states Cu(0) and Cu(II). The 
mechanism for ATRP favors non-polar reaction media and ligands (L) that are 
weak with their coordinating power to the metal catalyst (Mtn) and form a 
dormant catalytic complex (Mtn/L) (Figure 6). ATRP needs an alkyl halide (Pn-
X) functionality for initiation and proceeds with exchange of the halide to a 
metal/ligand complex with higher oxidation state (X-Mtn+1/L). An active radical 
(Pn*) is formed with a rate of activation (kact) and monomer reacts with the 
radical as polymerization propagates (kp). Radical polymerization can also be 
terminated (kt) but termination reactions are usually suppressed in ATRP 
because of highly controlled reaction kinetics. Control in polymerization is 
achieved with rapid exchange of halide between the dormant and the active 
catalytic complex favoring the deactivation rate (kdeact), hence the dormant 
complex. The kinetics favor the deactivated side of the reaction and termination 
reaction by intermolecular radical-radical couplings are not usually observed in 
the kinetic window of ATRP. 
 

 
Figure 6. Mechanism for ATRP. 
 
 Copper-mediated surface initiated controlled radical polymerization is 
widely used in the design of well-defined polymer nanostructures employing 
various monomers for surfaces.67 The initiator containing material for the 
‘grafting-from’ reaction can differ from flat surfaces69–71 to polymeric 
macroinitiators for star polymers72 and bottle brushes73 to colloidal 
organic/inorganic particles.74 CNCs have attracted attention as anisotropic 
nanoparticle templates for the synthesis of several polymers with intriguing 
properties. Using ATRP, polystyrene75,76 (PS), poly(N,N-
dimethylaminoethylmethacrylate)77,78 (PDMAEMA) and poly[6-(4-(4-
methoxyphenylazo)phenoxy)hexyl methacrylate]79 (PAzoMA-b-PBiPMA) grafts 
have been polymerized from the CNC surface.  
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PS brush grafted CNCs could be used as absorbents for aromatic solutes.76 
PDMAEMA and PAzoMA-b-PBiPMA grafted CNCs have been studied for liquid 
crystalline properties and binding of anionic viruses utilizing the PDMAEMA 
polyelectrolyte property. Poly(N, N-dimethylacrylamide) PDMAM grafts from 
anionic CNCs were synthesized to examine the role of electrostatic interactions 
on ATRP in aqueous media.80 Copolymer grafts consisting of methyl 
methacrylate, butyl methacrylate and 2-ureido-4[1H]-pyrimidone methacrylate 
monomers polymerized on CNCs have been achieved by ATRP inducing stimuli 
responsive character with dimerization of the UPy moieties by four hydrogen 
bonds within the grafted CNC material.81 SI-SET-LRP has been used to 
polymerize thermoresponsive poly(N-isopropylacrylamide) (PNIPAM) brushes 
from CNCs.82 It can be concluded that the versatility of polymer grafts is ever 
growing for CNC based materials and they serve as impeccable substrates for 
SI-CRP and novel nanostructured materials. 

2.2.2 Dendronized Glycopolymers for Multivalent Binding 

Supramolecular chemistry relies on bottom-up approaches where the structural 
information for self-assembly is encoded within the assembling molecules to 
allow control and function at the molecular length scale.1 These concepts can be 
extended to the colloidal level for fabrication of nanostructures from colloidal 
particles. Recent progress in supracolloidal self-assembly can be highlighted in 
the form of rod-like metal nanoparticle assemblies with polymer end 
functionalization for tunable plasmonics, colloidal assemblies architecturally 
resembling molecules, viral capsids and dendrimer self-assemblies and 
assemblies based on patchy colloids.83–86  
 Multivalent interactions play an important role in nature and have been 
pursued also for strong interactions between colloids.85,87 An inspirational 
system for multivalent interaction to cellulose can be found from plant tissue 
where hemicelluloses bind to cellulose fibers to form the cell wall structures.88 
The major hemicelluloses in plant cell wall, xyloglucans, bind to cellulose with 
branched architecture and multivalent hydrogen bonds31,89–91 Cellulose and 
xyloglucan also have structural complementarity which can contribute to the 
binding between them.92 Dendrimer sub-structures, dendrons show 
multivalence in a tunable way upon properly selecting the peripheral chemical 
units and dendrimer generation.93 
 Branched and dendronized glycopolymer architectures94 are interesting 
structures for the supramolecular approach with triggered functions.95,96 In this 
regard, synthetic dendritic giant molecules with molecular weights in the range 
of MDa and size of a colloidal object, are intriguing.97,98 Work from Zhang et al. 
showed how the largest synthetic molecule, molecular weight 200 MDa, was 
comparable to a natural colloid, tobacco mosaic virus.98 When giant synthetic 
molecules are equipped with branched dendronized polymer (DenPol) 
backbone and sugar functionalized outer shell, they offer water solubility and 
possibility of multivalent interactions via hydrogen bonding for a 
supramolecular assembly.97  



 DenPols with sugar decoration and three dendron generations (G1-G3) 
were synthesized in the work by Boye et al. (Figure 7.). DenPols consist of poly 
(ethylene-alt-maleimide) backbone, lysine dendrons of three generations and 
maltose-based sugar peripheral groups, denoted as G1, G2 and G3 accordingly. 
The sugar periphery allows water solubility for the DenPols. Tunable molecular 
shapes were accomplished for different generations by adjusting pH, 
temperature and concentration. Molecular weights ranged from 1.3-27 MDa. 
Tendency for aggregation was also studied as a response to external stimuli 
(pH). The ability for multivalent hydrogen bonding to surfaces using sugar 
moieties makes the branched G3 an appealing candidate for supracolloidal self-
assembly. 

 
Figure 7. Molecular structure of sugar decorated DenPols of three generations (G1, G2 and G3).97 
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2.3 Self-assembly of Colloidal Building Blocks 

Self-assembly is the autonomous organization of components into patterns or 
structures, defined by Whitesides et al.99 Factors favoring association between 
like molecules can be generalized and applied to a system describing interaction 
between like particles in a binary mixture.100 As particles grow in size, 
properties can change for an individual particle and for an assembly of particles 
for particle sizes from 1 nm, through nanoscale regime (1-100 nm) into the 
micro- and macroscale (sizes > 200 nm).101 The shape and geometry of a particle 
have an effect on their behavior as well.102 For particle self-assembly they have 
to have dynamics and come in close proximity to another particle to start 
interacting with each other. When the assembly reaches an equilibrium 
structure, it is classified as static self-assembly. In dynamic self-assembly, out-
of-equilibrium stuctures require energy feed to sustain the structures.103 
Assemblies are held together with interactions of different strengths 
(electrostatic attraction and repulsion, van der Waals attraction, steric 
repulsion, hydrophobic attraction). The solvent media for the particles has an 
effect on the interactions. For a nanoparticle system an effective attraction 
drives nanoparticles towards aggregation, because interaction energy of 
associating particles is always smaller than in the dispersed state.100 The 
interactions between nanoparticles can be approximated by the DLVO 
(Derjaguin-Landau-Vervey-Overbeek) theory, which comprises of a repulsive 
electrostatic and an attractive (van der Waals) term.100 Self-assembly process 
often has an enthalpic term and an entropic term to explain the evolution of 
structures.  
 Oppositely charged molecule, nanoparticle and microparticle self-
assembly through electrostatic interaction follows a path determined by the size 
of the interacting building block. Upon mixing spherical nanoparticles of 
opposite charges, precipitation occurs when the charges are neutralized. Before 
reaching the neutralization point, stable aggregates are formed because of 
charged surrounding created by the nanoparticle majority with mutual 
electrostatic repulsion.104 These nanoparticle dispersions are stable and offer an 
opportunity to study the assembly properties. We utilized these concepts in 
publication IV for anionic rod-like CNCs and cationic spherical AuNPs and 
their assemblies. 
 Anisotropic nanoparticles can be studied using the Onsager theory for 
hard rods which describes the dynamic behavior of rod-like colloids in solution, 
hence their liquid crystalline (LC) phase formation.105 Straley included in his 
theory the chiral morphology of interacting rods and introduces chiral nematic 
LC phase formation for a rod-like particle.106 The twisted rod-like shape of a 
CNC and the negative charge on the surface make CNCs interact and self-
assemble into chiral nematic liquid crystalline phase. In the next two sections 
an overview of a chiral nematic LC is given concentrating on natural structures 
and finally on CNCs. 
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2.3.1 Chiral Nematic Liquid Crystallinity and Structures 

 
Liquid crystallinity is a state of matter between crystalline solid and an isotropic 
liquid. For a molecule to express LC properties, it needs to demonstrate 
molecular shape persistence to achieve alignment order and capability to flow. 
When the concentration of the LC molecule in the solvent medium becomes the 
most influencing factor for phase formation, the phase is classified as lyotropic. 
LCs can be divided into categories based on how they assemble into different 
kind of phases. The three basic forms are nematic, chiral nematic and smectic 
LC phase (Figure 8a). The nematic phase is the simplest one and has an 
orientational long-range order to guide the overall molecule orientation. In a 
smectic phase, there is also positional order to give more complex structures. 
LC molecule can have an asymmetric center at carbon atom(s) to introduce 
chirality and direct the LC phase formation. But it is not necessary as achiral but 
curved shaped molecules can form chiral structures in LC phases.107 Chiral 
nematic (cholesteric) LC phase is studied in more detail in this thesis. 

 The helical structure is formed spontaneously into the nematic layers of 
chiral nematic LC phase with a helix axis perpendicular to the longitudinal axis 
of the molecule determined as the director. As the structure is illustrated from 
a direction parallel to the helix axis, local nematic order is observed within 
layers. Chiral nematic LC phase does not have layered positional order, like in 
the smectic LC. Instead, two structural parameters, the helical pitch (p) and the 
twist sense, are used to characterize a chiral nematic LC phase. The pitch is given 
by the distance over which the helical turn of the rod-like molecule layers is a 
full 360 degrees (Figure 8b). The pitch magnitude can vary from a few tens of 
nanometers to micrometers. 

LC materials interact with light creating visible color due to varying 
structures in the material. When one is restricted to a so-called short-pitch 
length (visible light wavelengths), the wavelength reflected from chiral nematic 
LC depends on the pitch and on the angle between the incident light and the 
plane perpendicular to the helical axis (Figure 8b) known as Bragg’s law for 
diffraction.108 The twist sense determines the direction of the helical turn as 
right-handed or left-handed. An optical microscope with polarizers is a valuable 
tool in characterizing LC phases. A full-wave plate placed into the optical path 
allows distinguishing different orientations for LCs, hence clear color 
differences in LC patterns. This method is used in this thesis for lyotropic CNC 
dispersions discussed in the Results section.  
 The handedness of a chiral nematic LC phase can be determined by the 
handedness of the chiral liquid crystalline molecule but counter-intuitively 
there can exist helix inversion in a cholesteric system or in a mixture of two 
cholesterics with the same helical screw sense in the pure state.109 Chiral 
nematic LC phases have many applications in optics110 and especially lyotropic 
chiral nematic LCs are of importance for cosmetic and beauty care111 taking 
advantage of properties like UV-light screening and as structural coloring 
agents112,113. 
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Figure 8. Liquid crystalline phases and chiral nematic structure. a) Three basic LC phases. b) 

The origin of selective (Bragg) reflection from a short-pitch helix with optical 

periodicity of p/2.108 c) SEM image of dried chiral nematic CNC film fracture surface 

with optical periodicity of~1µm highlighted with an arrow. Image 8b is adapted with 

permission from reference [108]. Copyright (2016) American Chemical Society. 

 
Understanding the examples given by nature for chiral nematic structures 

offers a very interesting and inspirational route to learn more about fabrication 
of functional materials. Bouligand illustrated the chiral nematic helical 
structure in natural material, using a 3D distribution of rectilinear fibrils within 
thin layers (Figure 9).114 The oblique sections end up with an arc pattern as the 
fibril direction rotates regularly, when passing from one layer to the adjacent 
one. The structure shows helical symmetry, though the fibrils themselves are 
straight and aligned along a constant direction within each layer. Liquid 
crystallinity has a special role in the biological morphogenesis and chiral 
nematic liquid crystalline structures left behind in living matter can be 
identified from many natural tissues (Figure 10). Specifically, the arch pattern 
is seen in the following three examples. Metallic and blue structural color based 
on chiral nematic plant cell wall fiber orientations has been beautifully shown 
by Vignolini et al. from the fruits of Pollia condensata.115 Chiral twisting of the 
cellulose microfibrils in the fruit shell tissue from cell to cell reflects both left-
handed and right-handed circularly polarized light (Figure 10a). 
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Stomatopods are an ancient group of marine tropical and subtropical 
crustaceans with a highly aggressive eating culture.116 They hit their pray with a 
mineralized hammer-like dactyl club. High damage tolerance for the club is 
achieved partly due to a helicoidal chitin fiber structure (Figure 10b). Jewell 
et al. have characterized the shell of a green colored beetle, Plusiotis boucardi 
with optical microscopy and TEM.117 The unique iridescence for the outer-shell 
is given by a hexagonal array across the beetle shell exhibiting highly localized 
regions of reflection of only red and green left-handed circularly polarized light. 
An array of ‘bowl-shaped’ recesses on the elytra that are formed from a dual-
pitch helicoidal layer of chitin fibers are identified (Figure 10c). To widen the 
variety of natural materials of charged rod-like colloidal character, supercoiled 
DNA118, many viruses119–121 and helical fagella122 display lyotropic chiral nematic 
LC phases in aqueous media. 
 

 
 
Figure 9. Model of the origin of arcs in oblique sections of a regularly twisted fibrous system 

according to Bouligand.123 A pyramidal trunk superposes a series of rectangular cards of constant 

thickness. Parallel straight lines are drawn on each card and their direction changes by a small 

and constant angle from one card to the following one. The twist is chosen left-handed as in most 

biological materials of this kind. Some arcs are underlined red on the oblique face on the left.  



 

 
 
Figure 10. Chiral nematic fiber structure in plant and in animal tissue. a) Pollia condensate fruit 

cell wall.115 b) Stomatopods, Odontodactylus scyllarus, dactyl club.116 c) Iridescent 

outer-shell of the beetle Plusiotis boucardi.117 Images are adapted with permission 

from references [115], [116] and [117]. Copyright (2016) American Chemical Society.  
 

Also synthetic nanorods composed of small organic molecules form chiral 
nematic LC phases.124 Rossi et al. concluded how the chiral distribution of 
charges on the surface of neighboring rods was the driving force for the chiral 
nematic phase formation for a phytosterol molecule based rod-like 
nanoparticles. Interestingly the same rationalization has been proposed for 
CNC phase separation to an isotropic phase and an anisotropic chiral nematic 
LC phase.125 
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2.3.2 Cellulose Nanocrystal Liquid Crystallinity 

Unmodified cellulose solutions126 and cellulose derivatives127,128 can have LC 
properties at the molecular level. At the level of nanoparticles, CNCs form a 
chiral nematic LC phase above a certain concentration42,125 because of an 
anisotropic rod-like shape and anionic sulfate groups on the surface. The 
separation into isotropic and anisotropic phases begins with the formation of 
LC droplets called tactoids.125,129 The CNC dispersions can be characterized 
according to nanorod interactions which balance between entropic and 
thermodynamic contributions.42,43 Schütz et al. estimated the van der Waals 
attraction and the electrostatic repulsion for two CNCs interacting parallel and 
orthogonal to each other using the DLVO theory100.130 These CNC pair potentials 
suggested intuitively that the electrostatic repulsion increases as the separation 
distance decreased for the rods. Neighboring rods experience more twist as the 
rods get closer to each other. Increasing the ionic strength of the CNC chiral 
nematic phase has the same effect as the chiral nematic pitch decreases upon 
increasing electrolyte concentration.131 Electrolyte addition had an interesting 
effect on the LC properties of bacterial cellulose-based CNCs with aspect ratios 
of 44-73.132 Hirai et al. reported on fully LC phases upon adding enough 
electrolyte to a fixed CNC concentration.132 At a specific high salt concentration, 
only chiral nematic tactoids were observed. Araki et al. reported on nematic 
phase formation for bacterial cellulose CNCs after desalination.133 Chiral 
nematic LC phase was obtained only upon electrolyte addition. The result was 
explained by the effective particle shape, turning from cylindrical to twisted rod 
as a result of screening of surface charges. Dispersed CNCs can form well-
ordered structures by orienting themselves accordingly to external stimuli, 
parallel with a applied electric field134 and perpendicular with a magnetic 
field135. 

CNC batches have polydispersity regarding the dimensions for a particle 
(Figure 4). The diameter of a CNC varies less than the length of the particle. 
The LC phase separation can form due to shorter rods that are expelled and 
redispersed from the chiral nematic phase and this creates an increase of 
entropy for the overall system. The notion drives CNC system into the direction 
of a self-sorting system possible with chiral precision.136 A complex mixture of 
competing particles, capable of self-recognizing or discriminating through 
interparticle interactions is a less studied point-of-view for CNC LC. 

Chiral nematic structure of the CNC LC phase can be preserved in dry 
films upon water evaporation (Figure 8c).125,137 These films reflect circularly 
polarized light (CPL) at specific wavelengths due to the chiral nematic packing 
of the CNCs. When the optical periodicity is at the visible wavelengths, so called 
short pitch periodicity, the films show color due to the chiral nematic structure. 
Films equipped with structural color could have advanced applications for 
example as security paper.9 Vignolini et al. have studied CNC films with planar 
chiral nematic structure and altering color.138,139  
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By imaging the CNC film cross-section with SEM and mapping the actual 
colored domains from POM images, the number of needed layers for a specific 
color could be assigned.138 The chiral nematic structure development has been 
explained via a glassy state formation to the top layer of a drying CNC 
dispersion.140 Water diffuses slowly through the glassy phase and gives the 
center part of the drying suspension time to assemble better. Sonication 
treatment for CNC dispersions decreases the nanoparticle size and surface 
charge density and causes an increase in pitch length and a red-shift for the 
reflecting wavelength of the iridescent films.141,142  

The same red-shift was also noticed by Mu et al. by adding D-glucose to 
the CNC dispersion before drying the film.143 The final pitch of the chiral 
nematic structure in the film was increased because the concentration for a 
glassy phase to appear upon drying was decreased preventing short pitch 
structure formation. CNC LC phase and chiral superhelix within can be utilized 
in templating with a wide variety of materials for different properties 
demonstrated by MacLachlan et al.22,144,145 Chiral nematic CNC films with 
varying color were produced by employing polymer to a salt-neutralized CNC 
solution in DMF.146  

2.3.3 Chiral Nanostructures of Plasmonic Nanoparticles  

Surface plasmon is a collective property of oscillating conduction electrons on 
metal surfaces and used widely in areas ranging from photonic devices, sensing, 
and solar cells to pharmacology.147–151 In this thesis, achiral cationic gold 
nanoparticles (AuNPs) were studied. In metal nanoparticle assemblies the 
oscillations become coupled to allow a chiral plasmonic response provided by 
sufficiently closely positioned NPs assembled in a chiral manner.152 A very facile 
way to study this response is circular dichroism (CD) spectroscopy, which 
describes the difference in absorption for left- and right-handed CPL.153 The 
chiral coupling of surface plasmons induces a bisignate CD signal with a zero-
crossing at the characteristic LSPR wavelength of the isolated NPs. Such a 
Cotton effect is either a dip−peak or peak−dip shape, depending on the 
handedness of chirality. For chiral biological molecules, such as DNA, proteins 
and polypeptides, the CD signal is at the ultraviolet wavelengths, whereas the 
CD signal of helical metal nanoparticle assemblies is in the visible range. Chiral 
nanoparticle assemblies have been demonstrated using helical polymers, 
supramolecular fibers and DNA-based constructs as templates.152,154,155 A chiral 
plasmonic signal is obtained using DNA-origami to organize the nanoparticles 
in well-defined helices with tunable pitch, separation, and handedness.154,155  

Chiral nematic LC phase of the CNCs can act as a chiral template to align 
metal nanoparticles in chiral nematic films.23,156 The films have been studied by 
CD spectroscopy and show left-handed chirality due to the original chiral 
nematic left-handed CNC assembly. Interestingly, the individual CNC twisting 
had not been studied for chiral optical properties before.
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2.4 Cryo-Electron Tomography 

Characterization of nanometer- and sub-nanometer length scale structures 
requires sophisticated techniques with high resolution. Transmission electron 
microscopy (TEM) is a convenient characterizing tool for size and shape of CNC 
particles.46 CNCs have low density, they easily aggregate and as organic material 
are highly susceptible to beam damage. These features make proper 
characterization challenging. Cryogenic inspection of nanoscale structures with 
TEM offers a way to visualize CNCs in their dispersed state and requires special 
sample preparation. Cryo-TEM enables close to in situ 2D imaging of CNCs in a 
vitrified thin aqueous film (Figure 2a).157 Dilute colloidal dispersions of CNCs 
are blotted on a sample grid, immersed in liquid ethane/propane and 
transferred into the microscope in a vitrified state. Individualized rods can be 
imaged as the negatively charged rods repel each other in water media and 
statistical analysis of rod size is facile. 

On the other hand, cryo-electron tomography (cryo-ET) offers a powerful 
and versatile tool to obtain structural information from different materials in 
three dimensions.158 3D characterization with ET can reveal structural features 
from imaged objects which would not appear in a traditional 2D TEM 
projections due to overlap of features in e.g. complex nanostructures. In ET, 
sample is reprojected into 3D model using reconstruction software and an 
appropriate visualization of the reconstructed 3D volume is generated for a 
comprehensible presentation. The tomogram is finalized using a molecular 
visualization program into an image with 3D visual aspects. ET is a very 
common characterization tool for biological samples159 and recently it has been 
introduced to the field of material science as well. As an example, hidden 
structures from interpolyelectrolyte complexes between block-copolymer 
micelles and charged polymer were discovered using tomographic analysis 
(Figure 11).160 
 

 
Figure 11. Cryo TEM and ET of two (a and b) block copolymer interpolyelectrolyte complexes 

revealing different structural details in ET depending on the block lengths. Adapted 

with permission from ref. [160]. Copyright (2014) American Chemical Society.  
 

In this thesis, cryo-ET was used in publications III and IV to 
characterize pristine CNCs and CNC self-assembled structures with DenPols or 
AuNPs.
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3. Results and Discussion 

The main results of this thesis are presented in the following sections. 
Additional results related to liquid crystallinity and electron tomography of 
CNCs are also described. 

3.1 Chiral Nematic Packing of Cellulose Nanocrystals in Bulk 
Films (publication I) 

The unique self-assembly of CNCs in LCs can be a very useful property for 
optical applications. Revol et al. described for the first time how the chiral 
nematic packing of CNCs is preserved in solid films upon slow evaporation of 
water.125 TEM was used for characterization after sectioning of the films. 
Ultramicrotoming allows cutting thin oblique sections through the helical array 
so that arching patterns, typical for chiral nematic arrangement for plant and 
animal fibrils123 can be observed (Figure 12c, d). The shape of arcs is used to 
analyze the overall helix handedness, as discussed in the introduction part of 
this thesis (Figure 10). 

SEM, as a structural characterization tool, offers a quick and easy way to 
analyse fractured surfaces. This method was used for example by the 
MacLachlan group as main characterization tool for capturing ‘fossil records’ of 
CNC tactoids from suspension solidified in a polymer matrix.129 In this work, we 
made CNC films by slow evaporation of water and analyzed the fractured film 
cross-sections by means of SEM. The chiral nematic pitch was determined from 
the SEM images to be ~2 µm (Figure 12e-h). We further confirmed the left-
handed chiral nematic packing arrangement of the CNCs and discussed the 
orientation of the nanoparticles by a so-called nail convention representation 
(Figure 12c, d).  
 



 
 
Figure 12. Left handed chiral nematic structure of dried CNC film. a) POM image of the bulk 

iridescent film with crossed polars. b) SEM image of the film fracture surface. 

Schemes for c) perpendicular and d) oblique sectioning using nail convention 

illustration. e) and g) shows SEM images of perpendicular fracture illustrated in 

scheme c). f) and h) show SEM images of an oblique fracture surface and an arch 

structure is visible as illustrated in scheme d).
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The results show how dried films have well-ordered local chiral nematic 
structures. The vividly iridescent appearance of the film arises from irregularly 
distributed cholesteric polydomain structure (Figure 12a). As the film is 
studied under crossed polarizers, colors appear as a result of overall 
birefringence of the ~70 µm thick film (Figure 12b) with a cholesteric 
polydomain structure. In other words, the nematic planes are not 
homogeneously planar throughout the film. According to SEM images taken 
from different parts of the film cross-section, a chiral nematic pitch of 1-3 µm 
could be measured indicating that the pitch is too large for Bragg reflected color. 
Also the obvious left-handedness of the nanorods in the cholesteric superhelix 
was observed with SEM (Figure 12g, h). The occurrence of a fan-like structure 
for the CNCs was identified from the SEM image (Figure 12f, h). Results 
further illustrate the typical arching pattern present in chiral nematic structures 
(Figure 12d, f, h). The arches are an effect of oblique sections through a 3D-
distribution of nematic layers of CNCs with CNC director being regularly rotated 
when passing from one layer to the next. Topological features revealed by SEM 
helped in identifying a failure mechanism present in the cholesteric films. Hills 
consisting of CNCs and a hole next to one could be identified from a zoom-in 
image of a cholesteric layer within film cross-section (Figure 12g). The pull-
out mechanism for a planar chiral nematic arrangement of CNCs was suggested 
to cause this feature. A hill next to a hole-pattern is found also in parabolic focal 
conic disclination observed for thin CNC films.161  

Additionally, a thicker CNC film was characterized (film 1 in Figure 13a) 
with SEM and POM. The color is apparent already without POM. Film (2) in 
Figure 13a reflects no color and is similar to the film studied in publication 
I, where the colors probably originate from the interference of a birefringent 
film. The helical pitch in film 1 is in the range of visible light wavelengths 
revealed by SEM giving rise to Bragg reflected structural color. 

Molecular LC phases and extracellular matrices of diverse tissues in plants 
and animals share features with similar geometry in the structures.123 The 
bridge between LCs and these tissues is the similar geometry of the structures. 
The structures in tissues are not fluid-like and can be described as stabilized 
analogues of LCs. Alike case can be studied in dried CNC films with chiral 
nematic structure. 
 



 
 
Figure 13. Comparison between two CNC films (1 and 2) made by evaporation of water. a) 

Photographs from the film show reflected color (1) (film thickness ~100μm) and 

transparent film with no color reflectance (2) (film thickness ~60 μm). b) Optical 

microscope images of the films above using same magnification. Yellow crosses 

indicate crossed polarizers. On the left side only color is visible, left side also 

fingerprint defects are visible. c) SEM images of the fracture surface of film 1 on the 

left. The color the film 1 in image a) originates from Bragg reflection as the pitch is 

less than 1 μm. 
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3.2 Lyotropic Liquid Crystalline Cellulose Nanocrystal Phase 

Chiral nematic LCs are nematic with a twist. Chiral nematic and nematic phase 
are miscible and chiral nematic phase of CNCs can be thought to form as long 
as part of rods poses the needed chiral twisting surface. It is not clear to date 
what is the most influencing factor for colloidal chiral nematic phase formation 
in general. Azzam et al. have summed up the effects of surface chemistry on CNC 
liquid crystallinity by comparing sulfated, TEMPO oxidized and polymer 
decorated CNCs.162 CNCs can act as a self-sorting (organizing) system, as 
discussed in the introduction of this thesis. It has been shown statistically with 
TEM imaging how CNCs are sorted by size as they separate into isotropic and 
anisotropic phases.37,132 The longer rods separate first to the anisotropic phase. 
The LC phase of CNCs has been studied from an enthalpic point of view130 but 
the entropic reasoning, like the effect of CNC size polydispersity or shape, has 
not been discussed in depth.  

In this thesis the cholesteric phase formation was studied in more detail 
and specific features of smecticity, as focal conic defects,163 were observed. A 12 
wt % (0.12 g/mL) suspension of CNCs was studied in closed glass cell for phase 
transition during a time period of several weeks. According to rheological 
studies no gelation occurs at 12 wt % concentration. Gelation would lock the 
CNC system and hinder the lyotropic phase formation.164 Optical microscopy 
with polarizers was used to image the samples. The phases were not subjected 
to any pre-orientation. Figures 14a and b illustrate with POM images how 
after 7 days a pre-cholesteric texture has formed. The texture resembles a 
polygonal cholesteric, described by Bouligand for a chiral nematic sample of 
dopant and LC molecule.114 Conical domains, domes, are not fully in focus, 
which makes spiral direction identification difficult. Some conics are connected 
from the outer chiral layers forming double spiral cones. Figure 14a has conic 
domains that do not appear in the plane above it in Figure 14b. Bouligand 
described similar textures for polycones from curved layers as ‘domes and 
basins’.114 The domes consist of semi-conical ribbons where the molecules lie 
parallel, but rotate progressively from one ribbon to the next.165 A comparable 
pre-cholesteric texture was identified for concentrated DNA solution in 1988.166 
 



 
 
Figure 14. POM images of preformed polygonal cholesteric texture with crossed polars. Sample 

volume ~50 μL. Spiral cones are highlighted with circles. In image a) upper circle has 

two cones inside which are missing in image b). For lower circle nothing is inside in 

image a) but four cones appear in image b). Image a) is from a plane below the image 

b) plane. This illustrates the ‘domes and basins’ topology described by Bouligand.114 

Scale bar is 100 μm.



 
After several weeks, we can observe how a fully developed chiral nematic 

CNC LC phase has been formed (Figure 15, 16). Depending on the volume of 
the suspension sealed between glass slides, different defects of the cholesteric 
system related to smectic phase ordering were observed. As the suspension 
volume is ~50 μL, large polygonal entities with cholesteric defects are identified. 
A zoomed-in image from the 4-aisle flower-like domain edge reveals the 
cholesteric layers within the domain (Figure 15b, c). The polygonal LC 
structure could evolve from pre-cholesteric layers of CNCs (‘domes and basins’) 
identified in Figure 14 by merging as the patterns within layers get larger. 
 

 
 
Figure 15. Polygonal texture for LC CNC dispersion (12 wt %). a) overall image of the phase with 

scale bar 100 μm. b) Close up to three polygons, which are partly merged. Pitch ~4 

μm. c) Close up of the edge of two polygons next to one another. Arrows indicate the 

curved cholesteric layers with altering pitch. b-c) scale bar 50 μm. Sample volume 

~50 μL.
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When using a smaller volume (~10 µL) for sample preparation, a 
parabolic focal conic (PFC) texture forms (Figure 16, 17). The samples are 
imaged by POM with different developed states, focusing on varying planes and 
using a full wave plate for color enhancement. An overview image (Figure 16a) 
of the sample shows how an area of tactoids (left side), area of wave lines (center 
part) and the typical square lattice texture (right side) for PCFs all appear in the 
same plane. PFC LC defects are formed from interlocked parabolas and display 
square lattices when fully developed (Figure 16a, right side). PFC structures 
have been observed in dried CNC films by Roman et al.161 

A closer examination of focal planes reveals distinguishing features. First 
feature of interest is located at the upper level of the sample. A layer of 
cholesteric tactoids from CNCs is observed (Figure 16b). Tactoids in CNC LC 
system are round-shaped objects, which display the chiral nematic texture as 
well. This can be observed from the typical fingerprint texture usually seen when 
observed with POM (Figure 16b). The size of the tactoids can be determined 
by its weight against gravity. All the tactoids within same plane seem to posses 
more or less the same size. When the number of CNCs increases in a tactoid it 
starts to migrate according to the direction of gravitational force collecting 
material to the chiral nematic phase at the bottom of the sample vessel.  

Tactoids have presumably the same left-handedness as the CNC chiral 
nematic phase. As individual CNCs have a slightly twisted overall shape they 
start to form nematic layers with an angle of rod orientation slightly different 
for each layer. Because of the mildness of the right-handed twisting, the 
energically preferred packing structure turns to the left hand side.153 CNCs start 
to interact in dilute solutions with time shown by light scattering studies.167,168 
Structures showed 2D stacking, which could be interpreted for an early state LC 
ordering.167  
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Figure 16. POM images of parabolic focal conic phase of CNCs with crossed polars. Full wave 

plate is used for color enhancement. a) Overview image of the sample. Scale bar 200 

µm. b) tactoids of CNCs with fairly monodisperse size (long axis ~10 µm) and pitch 

~4 µm (inset scale bar 10 µm). White dash line box indicates the area imaged in 

Figure 17. Scale bar 50 µm. Sample volume ~10 µL.
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As a second feature, long disclination lines with a regular spacing (~25 
µm) are seen in the plane under the tactoids indicated by a dash line white box 
in Figure 16b (Figure 17a). A cholesteric fingerprint texture is seen between 
these ‘lines of flare’ with a pitch of 2 µm. Pitch value is roughly the same in the 
lyotropic state as in dry films of CNCs.161 The third feature seen is a bottom plane 
for the line defects (Figure 17b). The lines of flare have node defects where the 
fingerprints show focal conical defects. Since the two planes have interlocked 
disclination lines they form a zig-zag like pattern with alternating hills and dips. 

The images reveal how the PFC texture of CNCs may evolve. Rosenblatt et 
al. described the formation of PFC defects for smectic A phase in 1977.169 They 
concluded how the PFC defects are a result of dilative strain relaxation in the 
system between glass slides. Fluidic layers flow over one another and tilt to relax 
the strain. We can observe how focal cones start to form within disclination lines 
from Figures 17a and b (dotted circles). The tilting of the layers is revealed by 
the perpendicular orientation within focal plane in Figure 17a with color 
change revealed by the wave plate and newly oriented fingerprints. The square 
texture size seems to be half the size of the ones identified in dry film.161 More 
compact texture may be due to the long time period allowed for the sample to 
evolve in a sealed LC cell in comparinson to drying in an open dish 24 h in the 
film’s case. The PFC textures obtained in thin CNC films indicate how the PFC 
texture requires a swallow depth from the glass cell to evolve. PFC CNC films 
were also designed thin from dilute CNC dispersion.161 

To summarize, polygonal and PFC LC textures can be studied in the 
lyotropic state for concentrated CNC dispersions. An important factor related to 
the formation of these structures from CNC dispersions seems to be the sample 
volume and thickness.  



 

 
 

Figure 17. Layered structure of chiral nematic LC phase of CNCs in two different focal planes. 

POM images were taken with crossed polars and full wave plate. The fingerprint 

texture is running between interlocked disclination lines (lines of flare) with fairly 

equal distance (~25 μm). The pitch is ~ 2 μm. Arrows indicate the line defects and 

spheres merging focal conic defects. Scale bars 25 μm. Sample volume ~50 μL.
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3.3 Grafting Well-Defined Polymer Brushes (publication II) 

CNC colloids are restricted to aqueous media due to hydroxyl and sulfate surface 
functionalities. Dispersing them in nonpolar polymers or nonaqueous solvents 
becomes challenging because of aggregation. CNC compatibility with nonpolar 
media can be improved with surface modification using small molecules or 
polymers. In publication (II), a strategy for proper covalent surface 
modification towards CNCs compatible with organic solvent media is explored. 
Thereafter controlled radical polymerization of hydrofobic polymer brushes 
from the CNC surface was conducted. The end products, CNCs with a hydrofobic 
polymer brushes or with hydrophilic polyelectrolyte brushes are promising 
materials for advanced functional materials. 

Gas phase reaction, in a form of chemical vapor deposition (CVD), was 
first used to introduce a hydrophobic esterifying agent (2-bromoisobutyryl 
bromide, Br-iBBr) to the hydroxyl-group rich CNC surface (Figure 18). The 
CVD approach has been shown to work impeccably for surface modification of 
nanocellulose.18 After CVD treatment, the dispersibility of the CNCs was 
improved due to hydrophobization with 5 % of Br-moieties on the CNC surface. 
Then esterification was continued in solution (DMF) and up to 15 % of Br-esters 
without affecting the integrity of the rod-like CNCs. After full initiator 
modification procedure, CNCs with Br-ester groups on the surface could be 
redispersed even in chloroform. When the bromine content is compared with 
the dimensions of a CNC, we calculated an amount of 4.6 bromine ester groups 
per nm2 considering a cylindrical cross-section for the CNC. Our value 
correlates well with literature values for hydroxyl-groups present in silica 
particles (3-6/nm2).170 See characterization for the Br-ester modified CNCs with 
Fourier Transform InfraRed spectroscopy (FT-IR), solubility tests and AFM in 
Figure 18. 

Well-defined poly(tert-butylacrylate) (PtBA) brushes with high grafting 
densities were polymerized from the initiator modified CNC surface, followed 
by acid hydrolysis of their tertiary alkyl functionality to yield poly(acrylic acid) 
(PAA) brushes (Scheme 3). Additionally, a free (sacrificial) initiator ethyl-2-
bromoisobutyrate (EBiB) was used in the reaction to allow control for 
polymerization kinetics from the CNC surface. Polymer brush molecular 
weights were determined from the free polymer without an extra reaction step 
of cleaving the brush from the CNC surface.  
 



 

 
 
Figure 18. Initiator modified CNCs. Two-step reaction scheme for CNC surface esterification: 

Step 1 in the gas phase (CVD) for partial and subsequent Step 2 in DMF for high 

initiator surface grafting. Confirmation for functionality by FT-IR for pristine 

CNCs, after Step 1, and after Step 2. The vertical line shows the appearance and 

increase of the carbonyl moieties in the products. The change in dispersibility due 

to surface modification of the CNCs (c ≈ 0.05 g/L) after Step 2, as the reacted initiator 

molecules modify the CNCs from hydrophilic to more hydrophobic. Confirmation for 

intact rod-like morphology by AFM height image and height profile of modified 

CNCs after Step 2. 
 
 

  
 
Scheme 3. Schematics for Cu-mediated SI-CRP of tBA followed by acid hydrolysis of the tertiary 

alkyl functionality to yield PAA brushes grafted from the CNC surface. Image is 

adapted with permission from reference [40]. Copyright (2016) American Chemical 

Society.  
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The preparation of polyelectrolyte brushes via SI-CRP relies on 
deprotection of the tert-butyl functionality in the PtBA via acidic hydrolysis. 
Acidic monomers such as acrylic acid cannot be polymerized directly by Cu-
mediated CRP because they cause side reactions with the metal complex and 
quaternization of the nitrogen ligands.69 CuBr and N,N,N´,N´,N´-
pentamethyldiethylenetriamine (PMDETA) ligands were selected as the 
catalytic complex system for their excellent performance in the Cu-mediated 
CRP of tBA.66 To ensure well-dispersed Br-modified CNCs and the catalyst, 
CuBr/PMDETA, we chose DMF as a strong solvent media for the reaction. 
Initial screening of the conditions showed that ratios of 
[monomer]/[CuBr]/[PMDETA]/[initiator] of [500]:[1]:[2]:[1] produced 
reliable reactions. The initiator ratio consists of 50 mol % free initiator in 
solution and 50 mol % surface initiator groups. A high monomer-to-initiator 
ratio is favorable because it provides long brushes, while the conversion can be 
limited to prevent unwanted termination or even cross-linking at higher 
conversions.  

With similar ratios and conditions reported by Zhao and coworkers, it was 
demonstrated that the free and grafted chains for the grafting-from reactions of 
PtBA from silica beads correlated well.171,172 Furthermore, a linear film growth 
as a function of the degree of polymerization of the free polymer for the surface-
grafting of PtBA brushes from gold surfaces using again a similar 
monomer/catalyst/ligand system has been shown.69 

The controlled character of the polymerization of tBA can be seen in the 
linear first-order kinetic plot (ln[M0]/[M]) vs time (Figure 19). The monomer 
conversion increases linearly between 0 and 6 h. The evolution of number-
average molecular weight (Mn) and polydispersity index (PDI) provides a 
similar linear relationship versus conversion. The combination with the low PDI 
values reveals that a well-controlled radical polymerization takes place. We also 
studied isolated polymer samples with matrix-assisted laser desorption 
ionization-time of flight (MALDI ToF) mass spectrometry to obtain absolute 
values for the molecular weights, for which we found a good agreement with gel 
permeation chromatography (GPC) data revealing a linear evolution of 
molecular weight with conversion. The PtBA homopolymers, issued from the 
sacrificial initiator, display number-average molecular weights up to 36.3 
kg/mol and low PDI indices (PDI≤1.1). 
 



 

 
 
Figure 19. Characterization for CNCs modified with PtBa and PAA brushes. a) Monomer 

conversion versus time. b) Dependence of number average molecular weights, Mn 

(black square (MALDI ToF) and dot (GPC)), and polydispersity indexes, PDI (red, 

open square (MALDI ToF) and dot (GPC)) versus conversion (%) of the free polymer 

created by the sacrificial initiator. c) TGA analyses for fully Br-esterified CNCs, 

followed by the PtBA grafted CNCs with different grafting lengths and finally the pure 

PtBA. d) FT-IR of CNC-g-PtBA and CNC-g-PAA illustrating the detachment of the 

tertiary alkyl group in PtBA yielding PAA brushes. PAA molecular weight is 16.7 

kg•mol-1. e) Differences in dispersibility of CNC-g-PtBA and of CNC-g-PAA in 

alkaline water. f) Distribution of the apparent hydrodynamic radius (Rh) of CNC-g-

PAA (PAA molecular weight 16.7 kg•mol-1): (1) intensity weighted distribution and 

(2) mass weighted distribution. 
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 Thermogravimetric analysis (TGA) were measured to investigate the 
thermal behavior of CNC-g-PtBA with different brush lengths (Figure 19c). On 
the basis of the TGA thermograms we estimated the weight fractions of the PtBA 
and of the CNCs based on the gradual change of the traces, for example, at 250 
and 400 °C. When studying polymer brushes on solid surfaces created by a 
“grafting to” method, fairly low grafting densities around 0.05 chains/nm2 are 
typically found.173 SI-CRP as used herein is known to give considerably denser 
polymer brushes with good control of chain length and distribution on the 
surface. Grafting density of 0.27±0.05 chains/nm2 was calculated as an average 
of all four samples with different brush length depicted in Figure 19c. This 
represents a reasonably dense brush, comparable to other well-established SI-
ATRP from silicon wafers, gold nanoparticles or carbon nanotubes.71,170,173,174 
FT-IR was used to confirm the correct product functionality for CNC-g-PtBA 
and CNC-g-PAA products (Figure 19d). Figure 19e demonstrates how the 
solubility changes from hydrophobic to hydrophilic for PtBA and PAA brushes 
in aqueous media. Finally, dynamic light scattering (DLS) experiments were 
carried out to assess the size distribution of the CNC-g-PAA particles in aqueous 
solution. Figure 19f depicts the CONTIN plots of the apparent hydrodynamic 
radii (Rh) for a sample with grafted brushes of degree of polymerization of ca. 
230 for brush length. The intensity-weighted distribution shows a broad curve 
with a z-average <Rh>z of 334 nm. A broad distribution is expected because the 
starting material CNC is a polydisperse bio colloid. Mass-weighted distribution 
showed a narrower size distribution with an average of <Rh>w = 85 nm. This is 
in a very reasonable range supported by the experimental imaging results. 

AFM was used to visualize and identify the surface topography of grafted 
PtBA brushes on the CNCs (Figure 20a). Although only rather short grafts are 
attached for this sample (6.2 kg ● mol-1, DP ≈ 47), we can observe surface height 
differences of few nanometers around the CNC core compared to the starting 
material. This can be attributed to a collapsed polymer brush shell surrounding 
the rod-like CNC core. The corona surrounds the whole CNC in both 
longitudinal and crosswise directions and is visible in the image as a color 
difference extending in red color from the yellow CNC core against the 
background in the magnified image in the inset of Figure 20. The width 
exceeds 100 nm already at rather short polymer length indicating a dense brush. 
A high grafting density aids in the visualization of a surface-adsorbed brush 
layer. AFM also confirmed the presence of a grafted PAA-shell surrounding the 
CNCs after acid cleaving (methylsulfonic acid) of the alkyl-protecting group of 
tBA (Figure 20b). Analysis shows how the material exhibits a flat polymer 
corona extending from the rod-like particles and thus confirming the presence 
of densely grafted PAA chains. The height profile also illustrates the roughness 
of the PAA brush layer covering the CNCs (Figure 20b). 
 



 

 
Figure 20. AFM imaging of PtBA and PAA brush modified CNCs. a) Height image of the CNC-

g-PtBA with a brush molecular weight of 6.2 kg•mol-1. Inset shows a zoom-in height 

image of an individual CNC-g-PtBA particle highlighted in part a by the white box. 

Semi logarithmic plot of the section analysis of a CNC-g-PtBA particle featured in the 

inset. The orange arrows indicate the polymer brush wing-like appearance on two 

sides of the CNC in the profile analysis. b) AFM height image of a CNC-g-PAA sample 

with Mn = 16.7 kg•mol-1 (MALDI-TOF of PtBA). Height profile of the section analysis 

of the yellow dashed line indicated in image. 

CNC surface can be modified utilizing physical bonds, not involving chemical 
treatment that results in covalent bonds. Physical bonding involves the 
utilization of numerous hydroxyl groups on the CNC surface. In publication 
III the aim was to mimic binding between hemicellulose and cellulose fibers in 
plant cell walls with CNCs and dendronized polymers (DenPols) with a sugar 
modified periphery (Figure 21a).97 The emphasis in this work was put on third 
generation DenPol (G3) introduced in section 2.2.2, due to its high binding 
affinity to CNCs and allowing colloidal stability upon interacting with CNCs. 

G3 DenPol is very unique in size and functionality reflecting its behavior 
in aqueous conditions. Characterization with cryo-TEM shows how G3 adopts a 
semi flexible worm-like conformation in neutral conditions due to dense 
packing of the dendrons along the backbone, as expected from other 
dendronized polymers with large side chains.98  



The contrast mapping (inset of Figure 21c) indicates the lateral dimension of 
6 nm, which is in agreement with the 3 nm dendrons surrounding the polymer 

backbone (Figure 21a).  
Calculations suggest a contour length of 600 nm for G3. Even if the large 

side-chain steric crowding in G3 causes overall polymer backbone stretching, 
coiling is still not fully excluded due to possible ethyl maleimide bond rotation 
in combination with the rearrangements of the dendron side groups. Using DLS, 
the hydrodynamic radius (Rh) of aqueous G3 is observed to be Rh 80 nm, which 
increases to Rh =140 nm after 3 days of incubation. G3 aggregates with time, as 
expected due to its very high molecular weight and physical size. Such 
aggregation properties are characteristic for colloids, even if G3 is considered as 
a single macromolecule. For CNCs, similar DLS studies suggest Rh 50 nm after 
3 h without mixing, and an increase to Rh 90 nm is observed after 3 days of 
incubation due to aggregation. The reported hydrodynamic radii are apparent 
values and have to be interpreted only qualitatively. 
 

 
 
Figure 21. a) Scheme for G3 DenPol and simulated G3 dendron size. b) DLS for CNC/G3 adducts 

with 3 h and 3 d incubation times. Cryo-TEM images of c) G3, d) pristine CNC and e) 

CNC/G3 adducts with 30/70 w/w mixing ratio. In e) the G3 wrapping is illustrated 

with polymer tails and loops protruding from the CNC surface. In c-e) insets describe 

lateral dimensions indicated by arrows in the cryo-TEM images. Scale bars 100 nm 
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An example in Figure 21e illustrares how G3 wraps itself around the CNC 

upon mixing without severe aggregation upon adding CNCs to G3 solution. The 
sugar moieties of G3 bind to the CNC surface with multivalent action via 
hydrogen bonds and they also act in keeping the newly formed structure in 
aqueous media. Wrapping of polymers around colloidal objects has been 
reported previously for, e.g., carbon nanotubes and montmorillonite 
nanosheets, based on TEM and AFM studies.175–177 Therein, the small lateral 
dimension of the wrapping polymers poses challenges to clearly resolve the 
structures at the individual polymer level. In contrast, the large diameter of the 
G3 DenPol allows one to resolve the wrapping processes toward individual 
polymer resolution. For theoretical backup, simulation study for a cylindrical 
tube and a polydisperse polymer shows a helical polymer wrapping around the 
cylinder depending on polymer persistent length.178 The size of curvature on a 
nanotemplate effects also on the helical binding of a semi flexible 
macromolecule.179 Cryo-ET confirmed the wrapping phenomena of G3 around 
the CNC. The CNC surface is saturated with DenPol and the unbound parts of 
the polymers are free to extend to the surrounding solvent matrix showing up 
as protrusions and free polymer tails extending from the CNC surface (Figure 
21e, 22c). 
 

 
 
Figure 22. G3 wrapping around CNCs. Schematics for a) G3 multivalent interaction towards 

CNC surface. b) G3 wraps around CNC. c) Cryo-ET of a CNC and G3 adduct. 

 
Matching lateral dimensions of CNC and G3 can enable and drive the 

behavior of wrapping of G3 around CNCs. Quartz crystal microbalance with 
dissipation (QCMD) showed qualitatively how G3 binds to CNCs in an 
irreversible and fairly rapid manner. The calculated bonded mass for G3 using 
a model for viscoelastic surface is 2.53 mg/m2. The value can be compared to 
that of xyloglucan (2.5 mg/m2),180 considered to be state of the art in binding 
onto cellulose via soft interactions.  

The important role of sugar decoration on different generations was 
shown by QCMD studies. The G3 dendronized polymer without sugar 
decoration does not absorb on CNC surface in neutral aqueous media. In the 
presence of electrolyte, it behaves like a polyelectrolyte and binds to the CNC 
surface. The sugar periphery transfers the binding motif of G3 from electrostatic 
interaction to hydrogen bonding.  
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Thinking of novel supracolloidal entities constructed via hydrogen bonds, 
these results could be generalized to other hydroxyl group containing 
nanoparticle surfaces with different shapes for multivalent binding approaches 
using sugar decorated DenPols.  

3.5 Electron Tomography of Cellulose Nanocrystals 

Cellulose microfibrils contain ordered and disordered regions. Disorder is 
introduced in CNCs where cellulose chains crystallize to form a fiber. Disorder 
can create slight twisting of a CNC and it has been simulated how this surface 
twisting would turn to the right-hand side.45,52,53 The twisting is very subtle, 
hence with a long pitch, and can be difficult to visualize for short CNCs (100 nm 
and shorter). In this thesis, cryo-TEM and ET were used to study the twisting 
nature of the CNCs. CNCs were obtained from commercial filter paper, which 
has been pretreated by purification and bleaching methods. After sulfuric acid 
treatment cotton CNCs are fairly polydisperse in their dimensions.  

Directly resolving the twisted shape of a CNC is a considerable challenge. 
Molecular dynamic simulation studies have shown in several occasions how the 
cellulose chain tends to form bundles of right-handed twisting as the chains 
interact via interchain hydrogen bonds.45,52,53 Several nanocellulosic and 
microfibrillar cellulose materials have been leading to discussions about factors 
determining the twisting direction and e.g. AFM, SEM and TEM imaging 
techniques have been used.51,181 We made attempts by means of dry state-and 
cryo-ET to visualize the inherent twisting in cotton based CNCs. The main 
results and conclusions based on ET are discussed next. 

Traditional 2D observation with cryo-TEM gives a simplified overall 
picture of the morphology of the CNCs as rod-like nanosized colloids. 
Nevertheless, careful examination can reveal features of twisting in the form of 
thickness differences along the rod axis in selected CNCs (Figure 5b). ET 
enables 3D examination of the rod-like shape in more detail and can give more 
insight on the morphological features as the resolution of ET is in the nanometer 
range. It should be emphasized that ET is limited to the non-statistical overview 
of the material, due to laborious work load carried out for a tomogram  (Figure 
23, 24). 
 



 

 
 
Figure 23. Tomographs in a) dry state and b) cryo state of cotton CNC samples. In figure b) the 

twisting of the CNC surface is indicated by black arrows in CNC cross-section. 
 

In Figure 23a for ET conducted in the dry state the example CNC is over 
100 nm long and the width is not uniform along the CNC axis. It seems that 
there could be more than one crystallite associating with one another. It can be 
noticed, that the carbon film support on the TEM sample grid decreases 
resolution for the images. Therefore, in situ imaging and tomography in the cryo 
state was performed. The example CNC in Figure 23b is 150 nm long and 
seems to have wider and narrower side thickness as it is turned 90 degrees from 
y to x plane along longitudinal axis.  
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Unlike in the dry state specimen case (Figure 23a), the uneven twisted CNC 
surface indicated by arrows on the cross-section can be clearly observed when 
flipped 180 degrees from the two ends of the CNC.  

In Figures 24a, b and c two CNCs in the same TEM field of view are 
picked for closer inspection with cryo-ET. The CNC measured length varies from 
145 to 350 nm. The twisting is pronounced 0.1 degrees/nm to both directions 
along the longitudinal direction from CNC cross-sections. The lateral geometry 
of the individual CNC is rectangle-like and the narrower facet dimension is ~10 
nm. 

Lateral association between crystallites is visualized. Nishiyama et al. 
have discussed association between crystalline fragments of CNCs through side-
by-side interactions.46 The association between cotton based CNCs may 
originate from the cotton plant microfibrils or post aggregation of particles. 
Cotton microfibrils tend to twist to both directions within the layers of the bigger 
fiber.182 Microfibril twisting seems possible if the organization of a bigger fiber 
allows associations between different crystalline units randomly from side to 
another along the fiber.  

Sulfuric acid treatment given to the macroscopic fibers is not necessarily 
able to attack the associating sides of the crystallites. This is supported by the 
diameter of 10 nm obtained from cryo-ET. Cotton microfibril lateral dimensions 
vary between 10-40 nm in the plant.183 TEMPO treated nanofibrillated cellulose 
has the lateral dimension of only 3 nm.13 These fibers can be several microns 
long. TEMPO oxidation can be more efficient in reacting in between associating 
crystallites but maintaining the fiber length. 

In Figure 24d about 100 nm long CNCs show lateral aggregation and no 
twisting could be visualized for individual CNCs. The length (100 nm) can be 
compared to actual cotton cellulose crystallite size5 and therefore the very subtle 
twisting of the surface remains out of reach for resolution for ET. No clear 
indication for the twisting direction in the associate can be seen.  

To summarize, singular picks from the cryo-ET revealed an ambidextrous 
nature of CNCs longer than 100 nm. Shorter than 100 nm long CNCs did not 
display twisting detectable with ET. Association between crystallites was visible 
in the longer CNCs and possibly the reason for the twisted morphology to both 
directions seen in ET. The twisting due to cellulose chain interactions to form a 
right handed twisted surface for a CNC crystallite needs to be separated in sense 
of the twisting seen in ET. Since left-handedness is not observed for CNC 
crystallites, it is reasonable to assume that the left-handed twisting in longer 
CNCs results from multiple crystallite association. 

It would be curious to characterize a tactoid in its early developed state 
using cryo-ET to determine minimum domain size where the preferred left-
handedness of the chiral nematic phase could be identified. Also the CNC 
population used in this thesis composes lengthwise of mostly over 100 nm long 
CNCs, meaning that the left-handed twisting is present in the material quite 
profoundly from the initial interactions between individual CNCs. 



 

 
 
Figure 24. Cryo-ET of pristine CNCs. a) Cryo-TEM image of cotton CNCs. Two CNCs are 

indicated by white boxes for ET reconstruction. b-c) Reconstructed isosurfaces of two 

different CNCs. The twisting nature to both directions is indicated by black, red and 

blue arrows in the cross-sections for the CNCs. d) Reconstructed isosurface of 

aggregated CNCs with three associating fragments.  

Individual CNCs offer an opportunity for templating due to their nanosized 
structure, which can direct the response of light for new properties. The chiral 
nematic LC phase of CNCs and the left-handed super helicity within the phase 
have been used for new materials and properties by templating with 
nanoparticles, block-copolymers and pyrolyzed carbon.23,144,146,156 Using metal 
nanoparticles together with the self-assembly approach, new optical features 
can be created. We aimed to use the suggested right-handed twist of individual 
crystallites to produce a new optical response from CNC combined with cationic 
AuNPs as a hybrid material. 



Three vitally important questions arise for the intended successful 
experiment. Can one physically bind plasmonic nanoparticles on colloidal rod-
like templates in a manner despite the expected packing disorder, would still 
allow a relevant plasmonic signal? The anionic charge on the surface of the CNC 
is somewhat randomly distributed by the acid hydrolysis. If the rod-like 
template exhibits chirality can one break the nanoparticle packing symmetry to 
allow chiral plasmonics? In other words is the CNC twisted enough? A third 
aspect relates to whether electrostatic interactions can be used between the rod-
like and spherical colloids without excessive aggregation. Electrostatic 
interactions between two colloidal particles can be subtle, as pointed out 
recently.104 In our system colloidally stable and oppositely charged nanoparticle 
surfaces would need to interact in a well-defined manner to succeed in 
plasmonic coupling. 

In the literature it is shown how chiral plasmonic nanostructures can be 
explored utilizing the chiral nematic LC phase of CNCs in bulk films.23,156 Using 
the cholesteric superhelix of CNCs the twist sense of the resulting nanostructure 
should show left-handedness as discussed in literature.23,156 In our approach we 
wanted to use the expected right-handed twisting of individual crystallites of 
cellulose differing conceptually from previous work (Figure 25). In addition, 
as the right-handed twisting in question is a very subtle feature for the 
crystallite, we were optimistic to indirectly prove its existence using the probing 
method with AuNPs. 
 

 
 
Figure 25. Schematics illustrating different possibilities to use CNCs as templates for 

nanoparticles. a) CNC as a nanoscale colloidal twisting nanorod with right-

handedness (RH). b) CNC LC phase as a left-handed (LH) helical template. 
 

DNA origami can be used as a sophisticated template for chiral 
plasmonics with AuNPs.154,184 Origami has well-defined patches for binding 
AuNPs and a homochiral sample can be produced. DNA origami allows creation 
of an in-depth tunable chiral plasmonic response. Unfortunately, origami 
synthesis requires a great deal of effort, therefore introducing rapid, scalable, 
and economical ways for producing chiral plasmonic nano-objects is needed. 
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We demonstrate how AuNPs can be electrostatically bound on CNCs 
exhibiting a pronounced chiral right-handed plasmonic response, opposite to 
that of left-handed plasmonics of CNC LC assemblies. Circular dichroism (CD) 
spectroscopy was used to detect a chiral plasmonic response (see chapter 2.3.3). 
The formation of nanoscale fibrillar CNC and AuNP superstructures is 
illustrated in Scheme 4. Superstructures made with 8.5 nm AuNPs gave a 
bisignate signal with a negative and a positive peak around LSPR for AuNPs (8.5 
nm). Pristine CNCs or AuNPs don’t show CD signals (Figure 29a). The CD 
signal can be interpreted to originate from a right-handed AuNP chiral 
assembly, when the first peak is negative and the second peak is positive.154 The 
observed CD signal is rather strong (1.7 mdeg), when compared to other similar 
structures in literature.152,154,155 
 

 
 
Scheme 4. Schematic representation of fibrillar superstructure formation via electrostatic 

binding between cationic AuNPs and anionic CNCs. 

 
Tuning of nanoparticle concentrations, sizes and charge screening were 

the focus of the experimental work. First, the effect of AuNP size was studied. 
Cryo-TEM and corresponding CD spectra of the samples with different sizes of 
AuNPs used are shown in Figure 26. Employing larger nanoparticles, 11.7 nm 
diameter, did not produce a well-defined CD signal (Figure 26b). The size 
mismatch when compared to CNCs (ca. 7 nm for lateral size) was concluded to 
cause the irregular aggregation and no chiral plasmonic response. Using smaller 
2.6 nm AuNPs produced fibrillar CNC and AuNP superstructures due to their 
matching hydrodynamic size (9.4 nm), but no CD signal could be observed as 
the NPs were too small for a strong plasmon resonance (Figure 26c). 
Therefore, an optimal size for a spherical nanoparticle is needed that enables 
chiral ordering of the nanoparticles while providing sufficiently strong 
plasmonic strength. A pronounced CD signal could be achieved for AuNPs with 
core sizes of 8.5 nm and Rh=12.5 nm, i.e., when the dimensions of the AuNPs 
and CNCs roughly matched (Figure 26a). 
 



 
Figure 26. Cryo-TEM and corresponding CD spectrum for a) 8.5 nm, b) 11.7 nm and c) 2.6 nm 

AuNPs used in the fibrillar superstructure formation. 

 
Also, an optimal amount of AuNPs (8.5 nm) and CNCs were tuned to 

nominally 30 AuNPs (8.5 nm) for CNC. Doubling the AuNP (8.5 nm) 
concentration led to less-dense packing of AuNPs, reduced fibrillar aggregation, 
and a poor CD signal. When extra AuNPs are washed away, mostly 
individualized CNCs with few AuNPs on their surface are left. Ionic strength of 
the surrounding media is important for electrostatic self-assembly. High 
concentration of majority cationic AuNPs creates a stabile cationic surrounding 
for the assembly which has an overall cationic surface charge. Aggregation to 
fibrillar structures may not occur due to repulsive electrostatic interactions. 

On the other hand, using a half amount of AuNPs (8.5 nm), a CD-signal 
could not be measured due to irregular AuNP-mediated aggregation of CNCs 
(Figure 27). The less stabilizing environment during sample preparation 
prevents fibrillary superstructure formation. 
 



 

 
 
Figure 27. Fibrillar superstructure optimization by AuNP concentration. The molar mixing 

ratios of a) 1:15, b) 1:30 and c) 1:60 for CNC and AuNPs were used. The AuNP 

concentration in the starting point for complexing has an effect on the outcome of 

the self-assembly. After the extra AuNPs are removed by centrifugation, the purified 

sample shows different structures in cryo-TEM images depending on the used molar 

mixing ratios in the preparation process. A pronounced CD signal is accomplished 

when using mixing ratio of 1:30 and only a weak one with 1:60 mixing ratio. 
 

The right-handed CD signal diminishes to zero upon addition of NaCl due 
to electrostatic screening, and ultimately a complete phase separation between 
CNC and AuNP (8.5 nm) takes place (Figure 28). This demonstrates that the 
CD signal originates from the electrostatic binding of AuNPs on the twisted CNC 
rods. 
 



 
 
Figure 28. Effect of ionic strength on the electrostatic binding of AuNP (8.5 nm) on CNC. a) CD 

spectra showing the effect of NaCl additions leading to reduced positive peak at ~580 

nm. b) SEM image of CNC and AuNP fibrillar superstructures for zero added NaCl. 

c) SEM image upon adding 4 mM NaCl. 
 

The CD signal is reproduced using numerical simulations utilizing the 
AuNP coordinates from cryo-ET (Figure 29). For examble, the 3D positions of 
118 AuNPs in the Figure 29c were extracted from the ET data. The calculated 
center-to-center nearest neighbor average distances for neighboring AuNPs 
were 10.0 ± 1.8 nm leading to the average core distance of ca. 1.5 nm for 
plasmonic coupling. By simulating the corresponding CD response for each 
structure using a coupled-dipole approach185,186 the essential experimental 
observations could be captured (Figure 29b). Thus, the main contribution to 
the experimentally observed CD signal (Figure 29a) undeniably originates 
from the arrangement of the AuNPs having a slight helical asymmetry in their 
assembly along the CNCs. Fan et al. suggest also in their theoretical study that 
a chiral CD signal can be observed even if the mutual distances between AuNPs 
are not strictly defined.186 
 To summarize, the inherent right-handed twisting of CNCs was indirectly 
observed by probing the CNC surface with AuNPs. A right-handed optimized 
CD signal was obtained from a dilute sample of fibrillar superstructures 
composed of CNCs and 8.5 nm sized AuNPs. This result was reproduced from 
fibrillar superstructures by simulating AuNP 3D coordinates collected from 
cryo-ET. 
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Figure 29. CD signal simulation based on cryo-ET. a) CD spectra of CNCs, AuNPs (8.5 nm) and 

CNC and AuNP (8.5 nm) fibrillar superstructures. b) Simulated CD spectra for four 

different CNC and AuNP fibrillar superstructure tomograms (samples #1–4) taken 

from different positions, having different numbers of AuNPs. c) Example of cryo-ET 

reconstruction using 118 AuNPs (red color on top of gray-scale cryo-TEM image of 

the same assembly, sample #1) The average nearest neighbor distance of 1.5 nm 

(sample #1) is calculated using the coordinates from the ET. 
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4. Conclusions and Outlook 

This thesis explores the fundamental properties of CNCs and their utilization in 
different synthetic and colloidally self-assembled concepts. The most important 
results are discussed below and a glimpse of how the new knowledge could be 
utilized for future studies for CNCs is presented. 

In publication (I), SEM was introduced as a powerful tool to study chiral 
nematic LC structures in dry CNC films. The method allows direct observation 
of the left-handed twisting sense and the optical period (pitch/2) down to 
hundreds of nanometers for the self-assembled CNCs. Right-handed chiral 
nematic phase has never been shown for CNC based LCs. The left handed 
twisting sense could be turned into right-handed using for example surface 
modification with polymer brushes. Nature also demonstrates how the final 
chirality in plant tissue may show both handedness resulting from factors other 
than the original chirality of cellulose.115 Chiral swithing could extend the use of 
CNC based materials for advanced functions. 

Polygonal and PFC LC textures were identified from lyotropic 
concentrated dispersions of CNCs. The different structures formed upon 
varying the sample volume and thickness of 12 wt % CNC dispersion. Given that 
statistical analysis for the periodicity for chiral nematics, defect formation and 
phase transition are easy to capture, these textures take several weeks to form. 
They give valuable information concerning the evolution of CNC LC system. 

Hybrid nanoparticles consisting of CNCs tethered with PAA 
polyelectrolyte brushes were prepared using a SI-CRP of tBA and subsequent 
hydrolysis in publication (II). Both brushes, hydrophobic PtBA and 
hydrophilic PAA, were characterized for their chemical functionalities, solution 
properties and morphological features. The surface-grafted well-defined 
polymer chains showed very narrow PDIs and samples with varying chain 
lengths were synthesized. On the basis of an improved route for the initiator 
modification, high polymer grafting densities close to 0.3 chains/nm2 were 
achieved. CNCs are one of the few examples of bio based organic nanoparticles 
with anisotropic shape, and are interesting for utilization in advanced materials. 
The new polymerization route might enable further advanced use for CNCs in 
supramolecular ionic complexations with charged polyelectrolyte block 
copolymers for example for antifouling properties.187,188  
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Publication III dealt with dendronized polymers (DenPols) with 
maltose-based sugar periphery. They showed strong and irreversible binding to 
CNCs. A nominal amount of 16 sugar moieties for a dendron branch in G3 
DenPol strongly interacts with the CNC surface. Mono- and oligosaccharides do 
not show high affinity towards cellulose. Binding has been observed for 
oligosaccharides with six glucose units or greater. We were able to identify how 
maltose based saccharide can bind to cellulose utilizing multivalent 
interactions. The G3 has a worm-like conformation, which is due to the freedom 
of polymer backbone to rotate around its axis. Cryo-TEM and ET confirmed how 
the G3 polymer wraps around CNCs. The branched dendron binding approach 
with sugar modification is an attractive and facile route for other nanoparticles, 
block-copolymers and surfaces as well as to gain new properties for functional 
materials. 

In this thesis the chiral property of individualized CNCs was of particular 
interest in publications I to understand the fundamental liquid crystalline 
property of the macrophase and in publication IV to utilize this chiral 
property in constructing chiral plasmonic nanostructures on the surface of 
CNCs with AuNPs. In publication III we conducted dry state and cryo-ET to 
study the shape and geometry of cotton CNCs in more detail. We were not able 
to visualize the native chiral twisting of CNC. This is a very subtle feature and 
remained outside of the resolution for ET. Longer CNCs (over 150 nm in length) 
showed ambidextrous twisting. Especially, in a portion of very polydisperse 
CNC material the alternating twist is not so surprising. For example, in our case, 
we use microfibers of cotton linters, which show chirality to both directions in 
bigger fibers. Ambidextrous twisting can result from post aggregation of cleaved 
crystallites or it can be a defect left from the hydrolyzed larger fibers. The latter 
option is appealing as a cotton microfibril has the same lateral dimension as the 
longer CNCs characterized by ET. CNCs seem to have crystallite fragments 
attached to their sides, hence widening the lateral dimension, and possibly 
resulting in left handed twisting as well.  

To summarise, the twisting nature of the CNCs is expected right-handed 
due to molecular level interactions and concerning interactions in the 
nanoparticle level, both right-handed and left-handed twisting could be 
observed according to cryo-ET. A statistical analysis for the ET results is 
desirable but laborious because of restricted resources.  

It is interesting to hypothesize what kind of effects this ambidextrous 
nature has e.g. for the LC properties of CNCs. And if quantitatively confirmed, 
what explanations it could give of the overall behavior of the CNC colloidal 
system. Could the handedness of the chiral nematic LC phase be turned from 
left-handed to right-handed by using a right-handed LC precursor? Or could the 
ambidextrous twisting be involved in the chiral nematic LC phase formation for 
the CNCs. It was recently simulated how a twisted rod with polydispersity in 
twisting sense but with homochirality, could form well-ordered helical 
structures where the handedness of the overall structure was changed.189 The 
polydispersity of the CNC population can be a limiting factor in producing well-
defined properties and functions for CNC assemblies.  
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Therefore, the size and shape selective purification methods for CNCs are 
of great interest.190 When obtained, nanorod monodispersity can lead to highly 
ordered structures, like in dried smectic virus films with long range order .191 

In publication (IV), we show indirectly that the CNC surface is right-
handed by probing with cationic Au markers. The chiral plasmonic response 
from fibrillar aggregates of CNCs and AuNPs measured with CD spectroscopy, 
repeatedly confirmed the right-handed twisting nature of the CNC. The 
combination of spherical and rod-like nanoparticles produces unique fibrillar-
like self-assembled superstructures. The structures were optimized with AuNP 
sizes, mixing concentrations and screening of charges. Nature has 
immeasurable amount of twisted or helical structures, which might be probed 
by metal nanoparticles for new optical properties. 

The fibrillar superstructures are nanosized, highly cationic and stable in 
agueous media. These properties could be utilized in applications were 
technology requires chiral plasmonic sensing in water using low concentrations 
but highly sensitive fibrillar building blocks for detection. Chiral plasmonic 
property could be also imbedded to already surface modified CNCs, were the 
chiral nature of the CNC template could be changed with chiral precursor, for 
example carefully choosen polymers or chiral molecules. 

To conclude, the results obtained in this thesis contribute to the 
fundamental understanding of the properties, behavior and manipulation of 
CNCs as a charged and chiral rod-like nanoparticle. They aim towards practical 
applications, like self-healing hydrogels, glue additives, enantiomer separation, 
and potentially even security paper with structural color. All in all, the versatile 
ways of modification and unique pristine properties of the CNCs made the work 
highly interesting for this thesis and many theses to come to enhance the general 
knowledge of CNCs and to utilize nanocellulose in advanced applications for 
future society. 
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