
MOLECULAR AND ULTRAFINE STRUCTURE 

OF 

COTTON FIBRES 

A thes is submitted by 

LAKDAS DHARMASIRI FERNANDO 

for the degree of 

DOCTOR OF PHILOSOPHY 

in the 

UNIVERSITY OF LEEDS 

TEXTILE PHYSICS LABORATORY 

DEPARTMENT OF TEXTILE INDUSTRIES 

MARCH 1974 



To 

Manel and Saluka 



CONTENTS 

ACKNOWLEDGEMENTS 

ABSTRACT 

LIST OF TABLES 

LIST OF FIGURES 

LIST OF PLATES 

CHAPTER 1 

INTRODUCTION TO THE STRUCTURE OF COTTON CELLULOSE 

1 .1 . GENERAL FEATURES OF COTTON 

1 .1 .1 . Or ig in and Physical Character is t ics 

1.1.2. Chemical Composition 

1 .1 .3 . Chain Length of Cel lu lose 

1.2. THE MOLECULAR STRUCTURE OF CELLULOSE 1 

1 . 2 . 1 . Configurat ions of the Cel lu lose Molecule 

1.2.2. Anomalies in the Meyer and Misch Model 

1 .2.3. Conformations of the Primary Alcohol Group 

1.2.4. The (-50°) Screw Dyad Model for the Anhydrocell 

biose Unit 

1 .2.5. The Hel ical Structure of Ce l lu lose 

1 . 2 . 5 . 1 . Parameters for the Hel ical Structure 

1 .2 .5 .2 . D iscuss ion 

1.3. CRYSTALLOGRAPHY OF CELLULOSE 1 

1 . 3 . 1 . Introduction 

1.3.2. The Unit Cell of Native Ce l lu lose 

1 . 3 . 2 . 1 . X-ray D i f f rac t ion Inves t iga t ions 

1.3 .2 .2 . Electron D i f f rac t ion Studies 

1.3.3. Summary 

i i i 



1.4. THE SUPRAMOLECULAR STRUCTURE OF COTTON CELLULOSE 26 

1 .4 .1 . Nomenclature of Structural Units 26 

1.4.2. Dimensions of the F i b r i l l a r Units 27 

1.4.3. Theories of Fine Structure 31 

1 . 4 . 3 . 1 . Introduction 31 

1.4.3 .2 . Extended Chain Structures 31 

1 .4 .3 .3 . Folded Chain Structures 34 

1.4.3.4. A Mechanism of Chain Folding in Ce l lu lose 36 

1 .4 .3 .5 . D iscussion 38 

1.4.4. Hydrogen Bonding and i t s S ign i f icance in the 

Structure of Ce l lu lose 41 

1 . 4 . 4 . 1 . Introduction 41 

1.4.4 .2 . The Hydrogen Bond 41 

1 .4 .4 .3 . Some Proposed Schemes of Hydrogen 

Bonding for Cel lu lose I 43 

1.4.4.4. Hydrogen Bonds and Mechanical Properties 47 

1.5. THE MACROSTRUCTURE OF THE COTTON FIBRE 48 

1 .5 .1 . Introduction 48 

1.5.2. General Morphology 48 

1.5.3. The Fibre Surface 50 

1.5.4. Cut ic le and the Primary Wall 51 

1.5.5. The Secondary Wall 53 

1.5.6. The Tert iary Layer 56 

1.5.7. The Lumen 56 

1.5.8. B i la te ra l Structure of Cotton 57 

1.5.9. Summary 58 

i v 



CHAPTER 2 

v 

ELECTRON MICROSCOPE STUDIES OF PARTICLES FROM HYDROLYSED 

COTTON - BRIGHT FIELD TRANSMISSION MICROSCOPY AND 

ELECTRON DIFFRACTION 60 

2 . 1 . INTRODUCTION 60 

2 . 1 . 1 . Cel lu lose Par t i c les 60 

2 .1 .2 . Method of Examination 64 

2.2. INTERPRETATION OF HIGH RESOLUTION ELECTRON MICROGRAPHS OF 

CELLULOSE PARTICLES 65 

2 .3 . MATERIALS AND METHODS 67 

2 . 3 . 1 . Preparation of Samples 67 

2 .3 .2 . Electron Microscopy of Cel lu lose Par t i c les 67 

2 .3 .3 . Measurement of Par t ic le Dimensions 68 

2 .3 .4 . Electron D i f f rac t ion of Par t i c les 69 

2 .4 . RESULTS 69 

2 . 4 . 1 . Br ight F ie ld-Transmission Elect ion Microscopy 69 

2 .4 .2 . Electron D i f f rac t ion of Cel lu lose P a r t i c l e s 73 

2 .5 . DISCUSSION 75 

2 . 5 . 1 . Br ight F ie ld Transmission E lect ion Microscopy 75 

2 .5 .2 . Electron D i f f rac t ion 77 

CHAPTER 3 

X-RAY DIFFRACTION STUDIES 81 

3 . 1 . INTRODUCTION 81 

3 . 1 . 1 . Unit Cell Parameters 81 

3 .1 .2 . C r y s t a l l i t e Size 83 

3 .1 .3 . Orientat ion 85 



3.2. MATERIALS AND METHODS 88 

3 . 2 . 1 . Sample Preparation 88 

3 .2 .2 . Photometric Methods 88 

3 .2 .3 . Di f f ractometr ic Methods 89 

3 .3 . RESULTS 

3 . 3 . 1 . Lat t ice Spacings 90 

3 .3 .2 . Unit Cell Parameters 92 

3 .3 .3 . Line Broadening 96 

3 .3 .4 . Orientation 98 

3.4. DISCUSSION 98 

3 . 4 . 1 . Latt ice Spacings and Unit Cell Parameters 98 

3 .4 .2 . C r y s t a l l i t e Size and Line Broadening 100 

3 .4 .3 . Orientation • 101 

CHAPTER 4 

ELECTRON DIFFRACTION 105 

4 . 1 . INTRODUCTION 105 

4 . 1 . 1 . Br ie f Theory of Electron D i f f rac t ion 105 

4 .1 .2 . The Reciprocal Lat t ice and Ewald Sphere 109 

4 . 1 . 3 . Estimation of the Deviation of the Spherical 

Section from the Plane of the D i f f rac t ion Pattern 111 

4 .1 .4 . Relat ion between Camera Constant and Lat t ice 

Spacings . 112 

4 .1 .5 . In tens i ty Var iat ions in Electron D i f f rac t ion 

Pat terns. 113 

4 .1 .6 . Advantages and Limitat ions of Electron 

D i f f rac t ion 115 

4 .2 . EXPERIMENTAL METHODS 

4 . 2 . 1 . Sample Preparation 121 

vi 



4 .2 .2 . Influence of the Electron Beam on Cel lu lose 122 

4 . 2 . 3 . Recording of Electron D i f f rac t ion Patterns 123 

4 .3 . RESULTS 124 

4 . 3 . 1 . Ca l ibra t ion of Instrument 124 

4 .3 .2 . Latt ice Spacings 126 

4.4 . DISCUSSION 130 

CHAPTER 5 

SUMMARY AND GENERAL CONCLUSIONS 134 

5 . 1 . ULTRAFINE STRUCTURE OF THE COTTON FIBRE 134 

5.2. MOLECULAR STRUCTURE OF COTTON CELLULOSE 135 

APPENDICES 

I DIALYSIS OF COLLOIDAL PARTICLES 137 

I I PREPARATION OF SPECIMEN SUPPORTING FILMS 138 

I I I METAL SHADOW CASTING 140 

IV NEGATIVE STAINING 142 

V WIDE ANGLE X-RAY DIFFRACTION PROCEDURES AND ANALYSIS 144 

LIST OF REFERENCES 147 

v i i 



ACKNOWLEDGEMENTS 

I would l i ke to thank Dr. J . S ikorsk i and 

Dr. M.G. Dobb for their advice and encouragement throughout 

t h i s study. 

I am indebted to the Text i le Ins t i tu te for the 

award of the Roland Spencer Scholarship and to the Internat ional 

Ins t i tu te for Cotton for the provis ion of a research grant and 

samples of cotton used in t h i s work. 

My thanks are a lso due to Mr. G. Dean for valuable 

ass is tance with the diagrams, and to my col leagues in the Text i le 

Physics Laboratory for thei r co-operation at a l l t imes. 

Na tura l l y , the greatest burden of t h i s study f e l l 

upon my fami ly . Their s a c r i f i c e s are great ly appreciated. In 

p a r t i c u l a r , I must acknowledge with deep gra t i tude , the ind ispens­

able help of my wife who pa instak ing ly typed the entire s c r i p t 

and whose understanding and steadfastness a s s i s t e d more than 

anything else in the successful completion of th is work. 

vi i i 



ABSTRACT 

Differences among native cottons which have been recognized 

in the tex t i l e industry for many y e a r s , and have formed the bas is for 

cotton c l a s s i f i c a t i o n in commerce and ultimate u t i l i z a t i o n , include 

factors such as f ibre length , f ineness and s p i n n a b i l i t y . Recent, 

detai led inves t iga t ions have establ ished t h a t , in a d d i t i o n , cotton types 

vary in their fundamental mechanical propert ies . The object of the 

present work has been to ascerta in whether the var ia t ion in f ibre 

properties are due to dif ferences which e x i s t at the u l t ra f ine and 

molecular levels of the structure. Furthermore, with the advent of 

man-made f i b r e s , modif icat ions of the properties of natural f ib res has 

become a compelling requirement, for the i r surv iva l in the competitive 

world markets; and for th is reason a detai led study of the structure of 

the cotton f ibre has par t icu la r relevance. 

The u l t ra f ine and molecular structure of several var ie t ies 

of cottons have been examined by means of t ransmission electron micro­

scopy and X-ray and electron d i f f rac t ion techniques. 

I t has been possible to es tab l i sh that there are no s i g n i ­

f i cant dif ferences i n : ( i ) the s ize of the p a r t i c l e s (obtained af ter 

hydro lys is ) whose dimensions may be taken to represent the combined 

c r y s t a l l i n e and para -c rys ta l l i ne r e g i o n s , and ( i i ) the crysta l s t r u c ­

ture (ce l lu lose I ) , between d i f ferent cotton types. X-ray studies 

have shown that di f ferences in the or ientat ion of the ' c r y s t a l l i t e s ' 

have an ef fect on the mechanical propert ies of the f i b r e . Thus, the 

evidence leads to the conclusion that var ia t ion in f ibre properties 

are due to dif ferences at higher ( f i b r i l l a r ) leve ls of s t ructura l 

organizat ion . 
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•1 

Electron d i f f rac t ion resul ts have conclusive ly shown the 

inadequacies of the widely accepted model for the fundamental s t ructura l 

unit of c r y s t a l l i n e ce l lu lose I (unit c e l l ) , proposed by Meyer and Misch 

on the b a s i s of X-ray d i f f r a c t i o n s t u d i e s . A possib le unit ce l l to 

f i t the observed data , from electron (and X-ray) d i f f r a c t i o n , has been 

postu la ted , even though a deta i led elaborat ion of a unit ce l l for c e l l u ­

lose I was outside the scope of th is work. 

The present study has l a i d the foundations for further 

inves t iga t ions into the structure of cotton f ib res at the f i b r i l l a r 

level and a more r igorous study of the unit ce l l of native ce l lu lose 

by means of electron d i f f r a c t i o n . 
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