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ABSTRACT 

The forestry sector in New Zealand ranks as the third largest export earner. The individual 

industries within the forestry sector have, in some cases, grown up on the basis of 

institutionalised knowledge, sometimes without a full understanding of the underlying 

fundamental physico-chernical relationships and the changes that occur during wood 

material processing. At the same time the commercial pressures of operating within the 

forestry sector have resulted in demand for more uniform, high quality, fit- for-purpose 

product, faster throughput and less downgrade from what is becoming a lower quality 

feedstock as harvest ages decline. In the 21 SI century, the forestry sector is being 

transformed into an "engineered ligno-cellulosic materials processor" and this in turn is 

requiring a more sophisticated knowledge of the material feedstock and the processes 

involved in wood products manufacture. 

The aim of this work was to use magnetic resonance techniques to explore aspects of 

ligno-cel lulosic materials processing at points along the value -added process chain, namely 

drying, chemical modification (preservation) and re-engineering (gluing) of wood 

products. 

Magnetic resonance mini- imaging studies of the water transport during the drying of 

radiata pine boards rove shown differences in the directional movement of water within 

the wood structure. These effects show a dependence on the surface area to volume ratio of 

timber and the orientation of the annual rings with respect to the larger drying face. 

Narrow, flat- sawn boards exhibit anomalous drying behaviour in terms of water mass 

transport, whereas thicker boards display more conventional core- shell drying behaviour. 

These restrictions to flow have been further investigated using diffusion tensor imaging via 

a modified pulsed field gradient spin-echo sequence to elucidate the nature of anisotropic 

diffusion in wood. The direction of least restriction to self-diffusion is in the longitudinal 

direction, as would be expected with it being the direction of active tra nsport within a tree 

stem, whereas the direction of greatest restriction to self-diffusion is in the radial direction, 

with the higher density latewood acting as a barrier. 
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Preservation of radiata pme sapviood with novel boron-based preservatives has been 

investigated using magnetic resonance imaging to determine the penetration and retention 

of the incipient compounds. An apparent anomaly in retention for trimethylborate-treated 

Pin us radiata sapwood was investigated by t t B MAS NMR spectroscopy of excised 

sections of latewood and earlywood, which showed hydrolytic decomposition of trimethyl 

borate to form boric acid. The rate of hydrolysis of trimethylborate was monitored by I t B 

MAS NMR spectroscopy and was shown to occur very rapidly in the latewood (within 24 

hours), and over a longer time scale of several days in the earlywood. The resulting 

publication has reported some of the first publ ished I1 B MRl images. 

Magnetic resonance spectroscopy has provided (in conjunction with separate mass 

spectrometry studies) mechanistic evidence for the accelerated curing of phenol-resorcinol 

formaldehyde resols, usmg ammonia m combination with the conventional 

paraformaldehyde hardener - a process known as GreenWeld™. Carbon-13 and nitrogen-

15 NMR spectroscopy has shown evidence of both benzylamine and aniline type bridging 

structures formed during cure, compared to only methylene structures being formed under 

conventional curing conditions. 

Poly(vinyl acetate) emulsion polymer adhesive has also been examined usmg NMR 

spectroscopic methods, with particular focus on the effect of addition of aluminium 

chloride, which is often commercially added to PV Ac formulations as a crosslinking agent. 

Multinuclear rmgnetic resonance spectra obtained during the cure of AlCll modified PV Ac 

adhesive, shows a low frequ�ncy 27 Al shift of ca. 3 ppm suggesting a local change in 

environment as the aluminium changes from a solvated to a covalently bonded octahedral 

environment. 

Finally, as a preliminary study, a new device for measuring uniaxial extension of visco

elastic solids was trialled on poly(vinyl acetate) hydrogels to study the effect of addition of 

aluminium chloride on the visco-elastic properties of the adhesive. A similar, manually 

operated device was used to obtain NMR spectroscopic data during compression of the gel. 

These studies have shown that addition of aluminium chloride as a crosslinking agent, in 

fact produces a cured adhesive with fewer crosslinks than the corresponding unmodified 

adhesive, but with increased resistance to shear-induced creep. 

iii 



ACKNOWLEDGMENTS 

I have learned more from my mistakes thanfrom my successes. 

Sir Humphrey Davy 

During the period of research that has lead to the completion of this thesis 1 have certainly 

learned a great deal about magnetic resonance imaging and about myself. There have been 

a number of "practical lessons" learnt. None of it however would have been possible 

without the support, encouragement and assistance from a number of people. 

First and foremost I owe a great deal of thanks to Prof. Paul Callaghan, FRS for allowing 

me to work in such a dynamic and invigorating lab as the NMR Group at Massey. Paul 

provided me with an opportunity to explore the arena of magnetic resonance imaging, a 

modality 1 had previously never been exposed to and at the same time explore aspects of 

the fundamental nature of wood and polymer systems. I am sure his efforts in attempting to 

convert a chemist into a physicist must at times ha ve caused him grief and 1 am sincerely 

grateful for his perseverance, support and assistance. 

To my co-supervisors, Or Robert Franich 'Forest Research) and Prof. Russell Howe 

(UNSW) I also say thank you. Robert has an undying enthusiasm for investigation and for 

applying non-traditional techniques to novel problems. He has been a much-appreciated 

source of encouragement and support and become·a ;friend and confidante. Russell 

provided me with an introduction to the nuances of solid state NMR of quadrupolar nuclei 

in the early days of struggling with 1 1  B MAS NMR. 

No vote of thanks would be complete without acknowledging the veritable United Nations 

that is the NMR Group. A special thanks to Or Sarah Codd for her assistance with the 

idiosyncrasies of the 200 MHz widebore system, Or Melanie Britton for an introduction to 

rheology NMR style, Or Craig Eccles for his insightful development of and assistance with 

Prospa which was used for processing the flow images and Robin Dykstra for building the 

Squisher and providing often needed electronics support. Thanks too, to my fellow 

postgraduate colleagues Or Elmar F ischer, Miki Komlosh, Ryan Cormier, Alexandre 

(Sasha) Khrapitchev, Maria Kilfoil, and to the long l ist of visiting academics and students 

IV 



who frequented tre lab; Prof. Lourdes de Vargas, Or Ana Gil, Song- I  Han, Arturo Mendez. 

Oafnis Vargas and Celine Peuriere who developed the fficode for Squisher analysis. Life 

In the lab was never a dull moment with so many diverse personalities. 

I owe a special  appreciation to Forest Research for financial assistance and particularly Or 

Keith Mackie who faci l i tated my being able to undertake this study while maintaining a 

varied programme of research and commercial activity during my "day job". Keith has 

always been a strong supporter of my career development during my 1 5  years at F ores! 

Research, and I value our friendship and those semi-occasional fishing trips. 

I would like to thank a number of other researchers for access to other spectrometers that 

were used during tre course of study; Ors Tim Bastow and Mark Smith for running the ISN 

MAS spectra on the MSL 400 at CSIRO and Or Andrew Whittaker for letting me have 

access to the MSL 300 at UQ-CMR. 

Special thanks go to Or Bodo Saake (BfH, Institut fur Holzchemie und che mische 

Technologie des Holzes, Hamburg) for the samples of cotton l inters. 

Some very special people supported me and put up with me during the journey; Sarah, 

Samuel and Kyle deserve special mention as they suffered most during the frequent trips to 

Massey and the lengthy writing period while they enjoyed the weather and surrounds of 

Brisbane. 

To my mother, Betty and the memory of Adam, I say to you all . . .  

Kia kaha. kia tara 

Have strength. have courage 

v 



T ABLE OF CONTENTS 

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ii 

ACKNOWLEDGMENTS . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  iv 

ABBREVIATIONS USED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  x 

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  xi i i  

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  xxii 

LIST OF PUBLICATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  xxiv 

1. OVERVIEW ............................................................................................................... 1 

1.1 OBJECTIVES AND AIMS OF THIS THESIS ................................................................. 2 
1.2 PREVIOUS NMR INVESTIGATIONS OF WOOD .......................................................... 3 

1.2.1 INTERNAL IMAGING ... ..... . . ... .. . ... ..... .... .. . . . . . . . . .... . ... . . .... . . ... . . . . . . . . . .. . . ..... . . . . . . . . . . . . . . . . .  4 

1.2.2 RELAXATION STUDIES . . . . . . ....... . . .. . . . ..... . . .. . . . . . . .. . . . . .. .. ...... ... .. . .. . . . . ....... . . . .. . . . . . . . . . . . . .  6 

2. FORESTRY AND WOOD PROCESSING ............................................................... 8 
2.1 THE NEW ZEALAND FORESTRY INDUSTRY . ... . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . ... . . . . .  8 

2.1.1 MACROSCOPIC STRUCTURE OF RADIATA PINE WOOD ........................................ 9 
2.1.2 TIMBER PRESERVATION . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . ..... . . .. . . . . . . . .. . . . . . .. . . . . .. . .. . . . . . . . . . . . . . . .. 12 

2.1.3 TIMBER DRyING ............................................................................................... 16 
2.1.4 TIMBER ADHESIVES .......................................................................................... 19 

2.1.4.1 Emulsion Polymers .... . . . . . .. ...... ............. . . . . ..... . ... . . ....... . . .... .... ... ..... ... .. . . . . . . . 19 
2.1.4.2 Phenolic Resins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  22 

2.1.4.2.1 Novolak Resins .. . . ..... . . . .. . . . . . . . . .. .... . . . . . . .. . . . . . . . . . . . . . . . . .... .. . . . . . . .. . . . . . . . . . . . . . . . .  23 

2.1.4.2.2 Resol-type Resins . . . . . . . . . . . ... . . . . ... . .. . . . . . . . .. .... . . . . .... . . . . . . .. . . . . . . . . . . . . . . . . . ... . . . . .  24 
2.1.4.3 GreenWeld™ . ... . . . . .. . .... . . . . . . . .. . ... . . . . . . . . . . ... . . ...... . ... . . . . . . . . . . . . . . . . . . . . . . . . .... .. . . . . . . . .  25 

3. NUCLEAR MAGNETIC RESONANCE THEORY ............................................... 28 
3.1 NUCLEAR MAGNETISM .. . . . . ....... . . ..... . . . . ..... .... . ... . . . . . ... .. . . ... ...... . . . ......... . . .. . . . . . . . . ... ... . 28 

3.1.1 THE MAGNETIC D IPOLE . . .. .... ....... . . . . .. . . . .... .... .... . . ... .. . . . . . ........ .. .... . . . . .... . . . . . . . . . . .. . .  28 
3.1.2 NUCLEAR PRECESSION .. . . .. . . . . . . . . . . . . . ...... . . . . . . . .... . . . . ... ....... . . .. . . . . . . . . . . . ... . . . . .. . . . . .... . . . . 29 
3.1.3 THE MAGNETIC MOMENT . . ... . .... . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . ... . . . .. . .... . . . . . . . . . . . . . . . . . . . . . . . . .  30 
3.1.4 THERMAL EQUILIBRIUM ................................................................................... 31 
3.1.5 B\ AND THE ROTATING FRAME . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . .... . . . . . . . . . . . . . . . . . . . . . . . . . .... . . . . . . . 32 

3.2 RELAXATION . . . . . . .... . . . . . .. . . . . . . . .. . . .. . . .. . . . . . . . . . .. .. . . .. . . . . ... . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . .  33 
3.2.1 SPIN-LATTICE OR LONGITUDINAL RELAXATION (TI) . . . . . .. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . .  33 
3.2.2 SPIN-SPIN OR TRANSVERSE RELAXATION (Tz) ...... . . . ........ ... . . .. . . . . . . . . . . .. . . . . . . . . . .. . .  36 

3.2.2.1 The Hahn Spin Echo . . . ... . . ... . . . . . ... ... . . . . . . . . . . . . . . . . . . . .... . ....... . . . . . . . ... . . . . . . . . . . . . . . . . .  38 
3.2.3 FOURIER TRANSFORM ....................................................................................... 41 
3.2.4 THE NUCLEAR OVERHAUSER EFFECT .............................................................. . 41 

3.3 CROSS POLARISATION AND MAGIC ANGLE SPINNING .. . . ... . . . . . . . .... . . . . . . . . . . . . . . . . . . . . . . . . . 42 
3.3.1 THE MAGIC ANGLE .......................................................................................... 42 

3.3.2 CROSS POLARISATION VIA HARTMANN-HAHN MATCH .................................... 43 
3.3.3 MAS OF QUADRUPOLAR NUCLEI . ... . . . . . . ... . . ... . . . . . .... .. .... ........ . . . . .. . . . . . . . . . . . . . . . . . . . . . . .  44 

3.4 THEORY OF MAGNETIC RESONANCE IMAGING . . . . . . .. . . . . . . ...... . . .. . .. . . ... ...... . . . .... . . . . . . . .  47 

VI 



3.4.1 MAGNETIC FIELD GRADIENT . . . . .... . . . . ... . . . . . ... . ... . . .. . . . . . . . . . ... . . ...... . . . ...... . . . ... . ... . . . ... 47 
3.4.2 SLICESELECTION .............................................................................................. 48 
3.4.3 FREQUENCY ENCODING .................................................................................... 49 
3.4.4 PHASE ENCODING ............................................................................................. 50 
3.4.5 IMAGE CONTRAST . . . .. . . . . . . . . . . ... . . . ..... . . . . .. . . . . .. . . . . ... . ... . . . . . ...... . . ... . ... . . . .. ...... . . . . . ... ..... 52 
3.4.6 GENERIC IMAGING SEQUENCES .... . . . .. . . . . . . ... . . . ......... . . . .... . . ... .... . . . .......... . .. ... . . . .... . 54 

3 .4.6.1 Spin-Echo lmaging .... . . . ............... . . . . . . . . . . . . . ...... . . . . . . . . . . . . ... . ....... . . ..... . . ...... . . . 54 
3.4.6.1.1 T2 Mapping via Multi Echo Sequence ............................................... 54 

3 .4.6.2 Gradient Echo Imaging ...... ..... ...... . .... . . . ........ . . ... . . . ................ .. . . ........ . . . .... 55 
3 .4.6.3 3-D Imaging ...... . . . . . . . ... . ... ..... ... . .... . . . . . . . . . . . ................. . . . . . . . . .. . . . ....... . ..... ...... 57 

3.4.6.4 TI. T2 and p Images ..... . . . .... . . . . . ....... .... . .. . . . ............... . . . . . . . . . . . . . . . ....... . . ...... .. 58 
3.5 DIFFUSION ............................................................................................................ 59 

3.5.1 MOTION OF WATER . . . . . . . . . . . . . ........... . . . . . . . ....... . . . ... ....... . . . . . . .... ...... . . . . ... . ...... . . . ... . . .  59 
3.5.2 DIFFUSION MEASUREMENT VIA PFGSE . . . . . . . . . ........ . ................ ......... . . . ............. 59 
3.5.3 DIFFUSION WEIGHTED IMAGING . . ......... . . . .. . . . ............... . . . . . . . . ... . . .. . . . . . ..... . . . . . ... . ... 62 

3.5.3.1 Diffusion Tensor and Diffusion Anisotropy Imaging .. . . .. . ... . .. . .... . .. . . .... . . 63 
3.6 INSTRUMENTATION . . . . ........... ..... . . . . ........... . . . ............. . . . . . .. . . ................ ....... . . . . . . . . .... 65 

3.6.1 THE MAGNET .................................................................................................... 66 
3.6.2 N M R  PROBE ..................................................................................................... 66 

3 .6.2.1 Radio- frequency Coils . .... . . . . . . ... . . . ......... .. . . . . . ........ .. ... . . .... . . . . . . ....... . . . . . .. . .... 67 
3 .6.2.1.1 Solenoids . . . . . . .............. .. . . . ....... . . ... . . . . . . .. . . ... . . . . . . ... . ........ . . . .. ... . . . . . . . ......... 67 
3.6.2.1.2 Saddle Coils ....... . . . . . . .. . . . ....... . . . . .... . . . . . . . . . . . . . . . . ................... ..... .......... . . . .  68 
3.6.2.1.3 Bird Cage Resonators .... . . . . .. . . . . . ...... . . ... . . . . . . . . . . . ..... . . . . . . . . . . . ... . . . . . . . ...... . . .  69 

3.6.3 SPECTROMETER CONSOLE . . . .. .......... .. . . ... . ..... . . ...... . . . . . . . . . . . . . ................. . . . . . . . ... .... 69 

4. MUL TIV ARIA TE ANAL YSIS ............................................................................... 71 

4.1 PRINCIPAL COMPONENT ANALYSIS AND PROJECTION TO LATENT STRUCTURES .. 71 
4.2 ApPLICATION OF PCA AND PLS TO WOOD PROPERTY PREDICTION ..................... 75 

5.  NMR EXPERIMENTAL METHODS ..................................................................... 77 

5.1 SPECTROSCOPY ..................................................................................................... 77 
5.1.1 SOLUTION STATE NMR ...... . . . . . .... . ...... . . ........ . . . . . . ... . ..... .. . .... . . . . . . . . . . . . .............. . . . . 77 

5.1.2 SOLID STATE NMR ............... . . . .... . . . ...... . ....... . . . . . ....... . . . . . ............ . . . . ........ . . . . ....... 79 
5.1.3 RELAXATION STUDIES ..... . . . . .. . . . . . . .......... . ...... ...... . . . . . . . . . . . . . ... . .. . . . . ... . . . . . . . . .. . . . . . . . . . .  80 

5.2 IMAGING . .... .  : ........................................................................................................ 80 

5.2.1 SPIN ECHO IMAGING ............ . . .. . . . . . . . ................ . ...... . ................................. . ........ 80 
5.2.2 DIFFUSION IMAGING . . .. . . ..... . . . . . . ... . . ......... . .. . . . . . ............... ........ ...... ............ ......... 83 
5.2.3 CONSTRUCTION OF AN 11 B IMAGING COIL. ....................................................... 85 
5.2.4 CONSTRUCTION OF A BORON IMAGING PHANTOM ............ . . . . . ... ............ ... . . . ...... 86 

6. CHARACTERISING TIMBER PRESERVATIVES BY NMR 
S PECTROSCOPY AND IMAGING .................................................................... 88 

6.1 TIN COMPOUNDS . . . . . . . . . . . .......... . . . .. . . . . ....... . . . . . . . . . . .......... . . . . . . . . . . . . . . . . . . . . . . ... . .... . . . . ...... .  88 

6.2 BORON COMPOUNDS .......... .... . ..... .............. . ..... . . . . ........ . . . . . . . . . ............... . . . . . ...... . .... 88 
6.3 MODEL WOOD COMPOUNDS ........ . . . . . . . . . . .. . . . . . . . . . . . . ........... . . .... . . . .... . . . . . . . ...... . . ......... .  90 

6.3. 1 LIGNIN .. .. . . . . ........ . ................. ... . ....... . . ................ . ......... ................... . ... . . . . . . . . . . . . . .  90 

6.3 .1.1 M illed Wood Lignin (M WL) ................................................................... 90 
6.3.2 CELLULOSE . . . . ............. . . . . . ............ . . . . . . . . ... . ... . . . . .................. . .... . . . . ... . . . ........... . .... .  91 

6.3.2.1 Cotton L inters . . . . . . . . . ...... . . . . . ..... . . . . . . ...... . . . . . . . . ....... . . . . .... .. . . . . ...... .. . . . ...... . .. .... 91 
6.4 PRESERVATIVE TREATMENT . . ... . . ........ . . ... . ...................... . . .............. . ..... . . . . . . . . . .. . . . . .  91 
6.5 RESULTS . . . . . . . . .......... . . .. . . . . . . . . ........ ............ . . . . ................ .... . . . . . . . . . . . ... . . .... . . . . . . . . . . . . . . . . .  92 

Vll 



6.5.1 119SnMAS SPECTROSCOPY ... . ... . . .... ............. .... . .. . . ............. .. .. ... ... ......... ..... ... . . . 92 
6.5.2 1 1 B NMR IMAGING .................................. . . ........................... ............ ... ...... .... . . .  93 
6.5.3 BORON TREATED RADIATA PINE SAPWOOD ............ ......................................... 94 
6.5.4 NMRSPECTROSCOPY ....................................................................................... 97 

6.5.4.1 Candidate Preservative Treatment Compounds . . ...... . . ................... ... . ...... 97 
6.5.4.2 Treated Radiata Pine ....................... . . . . ...... ..... . .......................... ..... .. ........ 99 
6.5.4.3 Treated Model Compounds ..................... . ............................................. 104 

6.5.4.3.1 Chemical Shift Data ...... ................................................................... 104 
6.6 SUMMARY OF CHAPTER .... . . . . . . . ........................................................................... 105 

7. NMR IMAGING OF TIMBER DRyING .............................................................. 1 07 
7.1 SMALL SCALE SAMPLES ................. . . ...................... . ............... ..... ...... ................. 108 
7.2 LARGE SCALE SAMPLES ....... ... ................................................... . ................... .... 109 

7.2.1 AZEOTROPIC DRyING ........................ . . ........................................ .............. ..... . 110 
7.3 DIFFUSION TENSOR IMAGING ....................... .. . .................................... ............... 110 
7.4 MOVEMENT AND NATURE OF WATER DURING DRYING OF RADIATA ................. 110 

7.4.1 BULK MOVEMENT OF WATER ......................................................................... 110 
7.4.1.1 Small Scale Samples .......... ........................................ . .... . ...................... 110 
7.4.1.2 Large Scale Samples . . . . . ............................................. . ............... . . . . ........ 112 

7.4.1.2.1 Conventional Drying ....... . . . . . . . . . ......... .................. .............. .......... . .. .  112 
7.4.2 ANISOTROPIC DIFFUSION ................................................................................ 117 
7.4.3 AZEOTROPIC DRyING ............................... .......................... . .......................... . 120 
7.4.4 WATER RELAXATION .......... . . . . ........ .. . . . . . . . ....... . . . ...................... ....... .... . ...... ... .. 122 

7.4.4.1 TI ........................... ........... .... . . . . .. . .. . . . ....... . . . . .......................... . . . .............. 123 
7.4.4.2 T2 ............................................ ................................. ............................... 125 

7.5 INTERNAL CHECK FORMATION ............................. .............................................. 126 
7.6 SUMMARY OF CHAPTER .... � ................. .......... . . . . . . ................................................ 133 

8. NMR SPECTROSCOPY OF WOOD-WORKING ADHESIVES ........................ 136 
8.1 PHENOL-RESORCINOL RESINS ......................... ........... . . .......... . ........................... 136 

8.2 CHARACTERISATION OF GREENW ELDTM RESIN BY NMR SPECTROSCOPY .......... 138 
8.2.1 LIQUID RESINS .......... ...................... ............................... . . ............................... 138 

8.2.1.1 Isotope Labelled Model Compounds ........................ ......................... . . .. 139 
8.2.2 CURED RESINS ...... ......................... . .. ....... : ...................................................... 140 
8.2.3 MODEL COMPOUNDS .................................. ....... ..... ... ..................................... 146 

8.3 CHARACTERISATION OF POL Y(VINYL ACETATE) BY NMR SPECTROSCOPY ........ 155 
8.4 SUMMARY OF CHAPTER ............................. . . . ........ . ................. ............................ 162 

9. RHEOLOGY AND RHEO-NMR STUDIES OF ADHESIVES ............................ 1 64 
9.1 POLYMER NETWORKS AND POLYMER DEFORMATION . . . . ........ . ....... .......... .......... 165 

9.1.1 CROSSLINK DENSITY ...................................................................................... 166 
9.1.2 UNIAXIAL COMPRESSION OF GELS .................................................................. 167 
9.1.3 STRESS RELAXATION ..... . ................. . . ............... .............................................. 170 

9.2 UNIAXIAL COMPRESSION OF HYDROGELS ................................... . . . . ............ ....... 173 
9.2.1 STRESS-STRAIN RELATIONSHIPS ............ . . . . . .................................................... 173 
9.2.2 RELAXATION BEHAVIOUR ............. ........................................................ ..... .... 178 

9.2.3 NMR SPECTROSCOPY OF GELS DURING COMPRESSION ............. .................... 186 
9.3 FLOW RHEOLOGY . . ........................................ . . ................................................... 188 

9.3.1 SHEARING FLOW IN A CONE-AND-PLATE RHEOMETER ............................... .... 188 
9.3.2 NMR VELOCIMETRY IN A CONE-AND-PLATE DEVICE .. ................. ................. 189 
9.3.3 27 At NMR SPECTROSCOPY OF PV Ac EMULSION UNDER SHEAR .................. .. 194 

Vlll 



9.4 SUMMARYOFCHAPTER .................................................... ........... ..... ........... . ...... 195 

10. ' CONCLU DING REMARKS .................................................................................. 197 
10.1 FUTURE DIRECTIONS .................................................................. .... ............... . 200 

11. APPENDIX A ........................................................................................................ 203 
11.1 

11.1.1 
11.1.2 
11.1.3 

PREPARATIONOFN-MAMIPVAC ........................................... ........... . ........... 203 

Preparation of 13C- labelled N - MAM .................. .. . ......... ....... ... ........... ...... 203 
Preparation of N-MAM/PVAc ....... .......................................... . .... . . ...... .... 204 
Curing of Hydrogels ................. ..................................................... ............ 205 

12. REFE RENCES ....................................................................................................... 206 

IX 



ABBREVIATIONS USED 

cm 

COSY 

CP/MAS 

CPMG 

C SA 

D 

dB 

D IFFSE 

DCM 

D EPT 

FID 

FOY 

FT 

G 

G/cm 

h 

n 

HMMM 

HMTA 

HMBC 

H MQC 

HSQC 

HPDEC 

1. S 

kB 

kHz 

L 

MAS 

external (static) magnetic field 

applied magnetic fields 

centimetre 

(I H-I H) correlation spectroscopy 

cross polarisation - magic angle spinning 

Carr-Purcell-Meiboom-Gill 

chemical shift anisotropy 

diffusion coefficient 

decibel 

diffusion spin echo (pulse sequence) 

dichloromethane (CH2Ch) 

distortionless enhancement by polarisation transfer (pulse sequence) 

free induction decay 

field of view 

Fourier transform 

Gauss = 10-4 Tesla 

Gauss per centimetre ( l  G/cm = 10 mT/m) 

field gradient (applied in direction e) 
Planck's constant (6.625 x 10-34 J s) 

h121t 

hexamethylmethylolmelamine (C 3N 3(N(OHhh) 

hexamethylenetetramine (C6HI2N4) 

heteronuclear mUltiple bond correlation 

heteronuclear multiple quantum correlation 

heteronuclear single quantum correlation 

high power decoupling (MAS pulse sequence) 

nuclear spin quantum number 

Boltzman constant (1.38 x 10-23 J K-1) 

kilohertz 

angular momentum 

magic angle spinning 

x 



MC moisture content 

MHz megahertz 

ML middle lamella 

mM millimolar (concentration) 

mm millimetre 

MRI magnetic resonance imaging 

MSME multi slice, multi echo (imaging pulse sequence) 

mx, my. /Ilz magnetisation in x, y, z axes 

Mo bulk magnetisation 

NA Avogadro's number (6.022 x 1023 
morl) 

N-MAM N-methylolacrylamide 

NMR nuclear magnetic resonance 

NOE nuclear Overhauser effect 

od oven dry 

PCA principal components analysis 

PFGSE pulsed field gradient spin echo 

PLS projection to latent structures (regression) 

ppm parts per million 

PVAc poly(vinyl acetate) 

PVOH poly(vinyl alcohol) 

QCC quadrupolar coupling constant 

r radius 
i 

rf radio frequency 

R universal gas constant (8.314 J K-I mOrl) 

SIN signal-to-noise (ratio) 

T temperature or Tesla (magnetic flux density) 

Tl spin-lattice or longitudinal relaxation constant 

T: spin-spin or transverse relaxation constant 

TE echo time 

TR repetition time 

TBTO tributyltin oxide «C4H9hSnbO) 

THF tetrahydrofuran (C4HsO) 

TMB trimethyl borate (B(OCH3)3) 

TMS tetramethylsilane «CH3)4Sn) 

XI 



rrJ2 

1] 

11 

p 

v 

())rf 

y 
I 

r 
Q 

"big delta" - duration between gradient ramps in diffusion sequence 

"little delta" - duration of gradient ramp in diffusion sequence 

angle, Ernst angle 

angle of tip in radians = 1800 tip 

angle of tip in radians = 900 tip 

asymmetry parameter (NMR), intrinsic viscosity (rheology) 

magnetic dipole moment 

NMR chemical shift (ppm), stress (rheology) 

density 

Larmor frequency (rad S-I) 

concentration ( rheology) 

Larmor frequency (Hz) 

quadrupole frequency (rad S-I) 

quadrupole frequency (Hz) 

excitation frequency 

strain 

functionality of polymer crosslinks 

variable delay (NMR) or stress or torque (rheology) 

NMR gyromagnetic ratio (rad Tl S-I) 
shear rate (rheology) 

frequency of rotation of rheometer drive spindle (Hz) 

," t 

Xll 



LIST OF FIGURES 

Chapter 2 
Figure 2.1. Distribution and area (in hectares x 1000) of New Zealand's plantation 

forests. (Adapted from NZFOA, (1999) . . ...... ......... . . . . . . . . . . . . . . . . . . . . ... 8 
Figure 2.2. Model of softwood macroscopic structure (Fengel and Wegener, 1983) .......... 9 
Figure 2.3. Schematic of (a) an open pit and (b) a closed (aspirated) pit. . . . . . ........ . . . . . . .. . . . .  10 
Fib'Ure 2.4. TEM of (a) an aspirated pit in cross section and (b) a pit showing the 

torus and margo (Forest Research collection # 13047) . .................................. 10 
Figure 2.5. Model of tracheid cell wall structure showing the three layers of the 

secondary cell wall (S I-S3), the primary cell wall (P) and the middle 
lamella (ML) (Cote, 1983) .............................................................................. II 

Figure 2.6. Photomicrograph of radiata cells in cross-section showing gross 
anatomy (Forest Research collection #16375) . .............................................. 12 

Figure 2.7. 74.5 MHz solution state 119Sn NMR spectrum of CDCb extract of 
TBTO treated radiata pine sapwood. I = Bu)SnCI, 2 = Bu)SnOR, 3 = 
TBTO, 4 = Me4Sn (reference 0.0 ppm), 5 = BU4Sn, 6 = BU2Sn(OBuh, 7 
= BU2Sn(ORh where OR = fatty or resin acid ester. (Meder and Archer, 
1991) . . ... ........ . . . . . . . . . . . . .. . . . . . ..... . . . . . . . . . . . . ......... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  14 

Figure 2.8. Schematic of TMB treatment vessel. The timber is first dried, the vessel 
evacuated of air and then TMB introdu;ed and volatilised. After 
treatment the vessel is re-evacuated and the treatment solution 
recovered .. . . . ............. . . . . . ..... . . . ... . . ....... . .. . . . . . . ......... . . . . . . .. . . . . . . . . . . . .. . ...... . . . . . ...... . . . . .  15 

Figure 2.9. Schematic sorbtion isotherm for wood at varying EMC and relative 
humidity (after Skaar, 1984) . .......................................................................... 17 

Figure 2. 10. Cross-sectional image of radiata pine disk showing internal checks 
formed. Note that check formation takes place outside the heartwood 
zone (indicated by white circle) and that checks are confined within an 
annual growth ring. (Forest Research collection #20576) . . ....... . . . . . . . . ... . . . . . . . . .  18 

Figure 2.11. Schematic showing steps involved in adhesive -wood bond formation . .......... 20 
Figure 2. 12. Formation of cross-linked PV Ac from vinyl acetate and N-

methylolacrylamide . ................................................................... , . . . .. . . . .. . . . . . . . . . 21 
Figure 2. 13. Three reaction pathway options for involvement of Al in cr�ss�linking of 

N-MAM . . . . . . .. . ............. . . . ........ . . . . . . . . . . . .............. . . . . . ......... . . ...... . . . .. . . ....... . . . . . . . . . . . .  22 
Figure 2.14. Generalised structure of a novolak-type resin . ................................................ 23 
Figure 2. 15. Generalised structure of HMTA or paraformaldehyde cured novolak-

type resin . . . . . . . . . . . . . . . ........ ......... . ............... . . ... . . . . . . . . ........ . . . . . . . . . . . . . ......... . . . . . . . . . . . . . .  24 
Figure 2.16. Generalised structure of a resol-type resin . .. .  : ................................................. 24 
Figure 2. 17. Generalised structure of heat or acid cured resol-type resin . . . . . . . . . . . . . . .. . .. ........ 25 
Figure 2.18. Schematic of fmger-joint (left) and a finger-jointed pole (right) showing 

the glueline . ............. .. ........ . . . . . .. . . . .. . . . . . . . . . . . . . ...... . . . . . . . . . . . . .... . . . . . ...... . . . . . . . . . . . . . . . . . . . .  26 

Chapter 3 
Figure 3. 1. Precession of a magnetic dipole moment in a magnetic field . .......................... 30 
Figure 3.2. Possible spin orientations of a proton magnetic dipole moment in a 

magnetic field and the corresponding quantum mechanical energy states . .... 3 1 
Figure 3.3. The effect of applying a BI field along x on the bulk magnetisation . ............... 32 
Figure 3.4. Variation of relaxation time constants TI and T2 with inverse 

temperature . . . . . ....... : ........................................................................................ 34 

XIII 



Figure 3 .5 .  Pulse sequence for inversion reco\ery for measurement of  TI • . . • . . • • . • . . • • • • . • . . . • .  34  
Figure 3 .6 .  Schematic showing the inversion recovery sequence used for 

determining TI with increasing r delay (a-d), the resultant signal in the 
frequency domain arrl a generalised TI relaxation curve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 5  

Figure 3 .7. Modified inversion recovery sequence for measurement of TI (after XU 
et al. 1 996) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  36  

Figure 3 .8 .  Schematic of the Hahn spin echo experiment, showing the dephasing of 
transverse magnetisation after a 90° excitation pulse and the refocussing 
of the magnetisation to produce an echo fol lowing a 1 80° pulse . . . . . . . . . . . . . . . . . . .  3 8  

Figure 3 .9 .  Pulse sequence for Carr-Purcell- MeiboonrG ill (CPMG) experiment . . . . .. . . . . .  39 
Figure 3 . 1 0. Schematic showing the evolution of the magnetisation under the CPMG 

sequence used for determining T2 with respect to increasing number of r 
durations (a-c) ,  the resultant signal and a generalised T2 relaxation curve . . . .  40 

Figure 3 . 1 1 .  Pulse sequence for Cross Polarisati�n - Magic Angle Spinning 
(CP/MAS) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  44 

Figure 3 . 1 2 .  Pulse sequence for a single pulse high power decoupling experiment 
(HPDEC) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  44 

Figure 3 . 1 3 . Magnetic field strength as observed in the z-axis as a result of an applied 
gradient. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  48 

Figure 3 . 1 4. Schematic showing the relationship between excitation pulse bandwidth 
(�(()), gradient strength (G) and slice thickness (fu) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  49 

Figure 3. \ S. Signal observed from three spatially separated water-filled tubes (black 
dots), the individual FID for each tube and the resulting signal (a) 
without and (b) with an applied field gradient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  50 

Figure 3 . 1 6. Schematic of a phase gradient ramp showing three varying gradient 
strengths . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 1 

F igure 3 . 1 7. Schematic showing effect of orthogonal read and phase gradients on the 
angular momentum of spatially separated spins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 2  

Figure 3 . 1 8 . Generalised pulse sequence for spin echo imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  54  
Figure 3 . 1 9. Multi slice multi echo imaging sequence for T2 mapping ( il lustrated for a 

single slice) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 5  
Figure 3 .20. Gradient echo imaging pulse sequence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 7  
Figure 3 .2 1 .  Generic pulse sequence for 3D spin echo imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 8  
Figure 3 .22 .  Pulsed field gradient spin echo (PFGSE) pulse sequence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  60 
Figure 3 .23 .  Diffusion weighted imaging pulse sequence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  62 
Figure 3 .24. Modified diffusion weighted imaging pulse sequence showing the 

diffusion ed iting sequence separated from the spatial imaging sequence. 
The diffusion editing gradients are applied as linear combinations 
according to Table 3 . 3  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  63 

Figure 3 .25 .  Schematic cut-away of a cryogenic magnet (left) showing (a) the liquid 
helium can, (b) the superconducting coil, (c) the liquid nitrogen can, (d) 
the vacuum space and (e) the room temperature lme into which the 
room temperature shim coils and probehead fit. The right hand figure 
shows a commercial 400 MHz (9.4 T) magnet. . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  66 

Figure 3 .26. Schematic of  a solenoid coil .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  67 
Figure 3 .27. Schematic of a solid state rotor system ( left) and probehead assembly 

(right) . . . . . . . . . . . . . . .. . . . . . . . . . . . ... . . . . . . . . . . . . . . . . .......... . . . . . . . . .. . . . . . .. . . .. . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . .  68 
Figure 3 .28.  Schematic o f  a saddle coi l  showing direction of the E l  field. The 

optimum performance of the coil is achieved when angle e = 1 20° . . . . . . . . . . . . . .  68 

XIV 



Figure 3.29. Schematic showing operational modules of the observe channel (adapted 
from Braun et al .. 1996) . ................................................................................ 70 

Chapter 4 
Figure 4.1. Graphical representation of Z-scoring and Eigen extraction during 

principal component analysis. (Adapted from Meglen. 1991) . ...................... 73 
Figure 4.2. Graphical representation of PLS regression. In each of X and Y space 

the principal components of the data are related by a linear model. 
(adapted from Wallbacks, 1991) ..................................................................... 75 

Chapter 5 
Figure 5.1. Pulse sequences for (a) power gated and (b) inverse gated decoupling ......... 77 
Figure 5.2. Pulse sequence for DEPT. Subspectra editing via the variable angle 

pulse. e. is described in the text . .................................................................... 78 
Figure 5.3. Pulse sequence for gradient selected HMBC .................................................. 79 
Figure 5.4. Spin echo imaging pulse sequence . ................................................................ 82 
Figure 5.5. Photographs of the Tecmag Aries rf rack and Oxford 2 00 MHz 

horizontal magnet. ............... . . . ................................. .. . ........... . ........ . . . . ............ 82 
Figure 5.6. Diffusion weighted imaging pulse sequence (DlFFSE) showing the 

diffusion editing sequence as separated from the spatial imaging 
sequence . ...... . . . ... . . ....... . ... ....... ...... ........... ............. ..... ........... . . .......... ........ . . . . ... 85 

Figure 5.7. Photograph of liB imaging coil, probehead, gradient coil, phantom and 
samples . ............................... ....... ........... .......................... . . . . . ........... ............... 86 

Figure 5.8. Schematic of TMB filled phantom for 11 B NMR imaging. showing glass 
beads, one open and one sealed capillary and one glass tube. The levels 
refer to the approximate position of the transverse liB NMR images in 
Figure 6.4 . ....................................................................................................... 87 

Chapter 6 
Figure 6.1. Structures of preservative compounds investigated . ......................................... 89 
Figure 6.2. Schematic of machining of radiata pine sapwood ............................................. 91 
Figure 6.3. 74.5 MHz 119Sn MAS NMR spectrum of TBTO-treated radiata pine 

; sapwood 2 weeks after treatIrent. [Avance-200, HPDEC, rotor speed 4.5 
kHz, relaxation delay 4 s, 6 �s 90° pulse, LB 40 Hz, referenced to 
external (C6HI d4Sn (-97.4 ppm)] ................................................................... 93 

Figure 6.4. 96.3 MHz liB NMR images of TMB filled phantom at +2,0, -2 and -4 
mm offset from centre. [AMX-300. spin echo, 128x128, 15 mm FOY, 2 
mm slice, TE 10.6 ms, h 250 ms]. ................................................................. 95 

Figure 6.5. IH and liB NMR images ofTMB treated radiata . ................ .......................... 96 
Figure 6.6. (a) Optical image of radiata pine cross section showing dark latewood 

(L W) and lighter coloured earlywood (EW), (b) I H NMR image of green 
(wet) sample before TMB treatment and (c) JIB NMR image two days 
after drying and TMB treatment. [AMX-300, spin echo, 128x128, 15 
mm FOY, 2 mm slice, rE eH) 6.5 ms, TE e IB) 1 0.6 ms, TR (IH) 500 ms, 
TR (lIB) 250 ms] . ............................................................................................ 97 

Figure 6.7. 64.2 MHz lIB MAS NMR spectra of (a) LIB 555 and (b) LIB 666. [AC-
200, HPDEC, rotor speed 4 kHz, relaxation delay 5 s. 6.5 liS 90° pulse, 
LB 10 Hz, referenced to external BPO� (-3.60 ppm)] . ....... . . . . . ....................... 98 

Figure 6.8. 64.2 MHz 11 B solution state NMR spectrum of boron biguanide chelate, 
V, in aqueous solution (left) and after adjusting to pH 3 (right). [AC-

xv 



200, single pulse, relaxation delay 2 s, 9.5 I-ls 90° pulse, LB 2 Hz. 
referenced to internal concentric B£-4 + (- 42.2 ppm)]. ..................................... 99 

Figure 6.9. 64.2 MHz liB solution state NMR spectrum of bis- biguanadyl boron, 
VI, (left) and 11 B CP/MAS NMR spectrum of the copolymer formed by 
condensation of VI with hexamethyl- methylolmelamine (right) . 
[Solution state: conditions as per Figure 6.8. Solid state: conditions as 
per Figure 6.7] . . . . . . . . . .. . . . . ..... . . . . . . . . ..... ...... .. . . . . . . . . . ... . . . . ....... ..... . . . . ... . . . . . .. . . .... . . . . .  1 00 

Figure 6.10. 128.3 MHz liB CP/MAS NMR spectrum of bis- biguanadyl boron VI 
IHMMM polymer formed in radiata pine sapwood. [MSL-400, 
CP/MAS, rotor speed 3.6 kHz, relaxation delay 10 s, contact time 1 ms, 
3.8 Jls 90° pulse, LB 20 Hz, reference BP04 (- 3.60 ppm)] . ......................... 100 

Figure 6.11. Possible reaction scheme for reaction of BGB hydrolysis product with 
wood carbohydrates and/or hexamethylmethylolmelamine (HMMM) . . . . . . . .  101 

Figure 6.12. 64.2 MHz 11 B MAS NMR spectrum of (a) boric acid, (b) TMB- treated 
earlywood, and (c) TMB treated latewood sectioned from a radiata pine 
wood sample. The position of spinning sidebands are indicated by an 
asterisk. [AC- 200, HPDEC, rotor speed 5 kHz , relaxation delay 2 s, 5 Jls 
90° pulse, LB 10 H z, reference external BP04 (- 3.60 ppm»). ...................... 102 

Figure 6.13. 64.2 MHz liB MAS NMR spectrum of boric acid and simulated fit 
(smooth line). Spinning sidebands are indicated by an asterix. [AC -200, 
HPDEC, rotor speed 5 kHz ,  relaxation delay 2 s, 5 Jls 90° pulse, LB 10 

Hz, reference external BP04 (- 3.60 ppm). [Conditions as per Figure 
2.12] . ..... . . . . . . .. . . . . . . ... . . . . . . . . . . . . . .. . .. . . .. . . . . .... . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . .. . . .... . . . . . . . .  102 

Figure 6.14. Relative rates of hydrolysis of TMB as followed by disappearance of the 
liB NMR signal for TMB (18.0 ppm) . ......................................................... 103 

Figure 6.15 . liB MAS NMR spectra of TMB-treated (a) cotton linters and (b) milled 
wood lignin, 1 day after treatment. [Conditions as per Figure 2.12]. ........... 105 

Chapter 7 
Figure 7.1. Illustration of the two extremes in orientation of annual rings resulting 

from (A) flat-sawn and (B) quarter-sawn cutting patterns . .......................... 108 
Figure 7.2. Schematic of machining of radiata pine sapwood . .. . . . .. . . . . . . . . . .. . . . . . . .. .. . . . . . . . . . .. 109 
Figure 7.3. 300.13 MHz lH NMR :images of radiata pine sample at 7 minute 

intervals during drying at 60°(, (The direction of the pith is located 
upper left of the image). [AMX- 300, spin echo, 128x128, FOV IS mm, 
1 mm slice, TE 6.5 ms, TR 5 00 ms] . .............. ...... . .... . . . ..... ... . . ....... ............ .. .. .  III 

Figure 7.4. Schematic representation of I H NMR images during drying of radiata 
pine wood if water movement was multi-directional to all drying 
surfaces via a core- shell model. ....... .... ........... . . . . ...... . . . . . .. . . . . ..... . .. . . . .... . . . . . .. . . .  112 

Figure 7.5 . lH NMR images of flat-sawn (left) and quarter-sawn (right) 20 x 5 0  mm 
radiata during drying at 80°(, [OxfordlTecMag 200, spin echo. 
128x128, FOV 70 mm, 2 mm slice, TE 10 ms, TR 5 00 ms] . .. .. . . . . . . .. . . . . . .. . . . . . .  114 

Figure 7.6. 1 H NMR images of flat- sawn (left) and quarter-sawn (right) 30 x 5 0  mm 
radiata during drying at 80°(, [Conditions as per Figure 8.5 ]  ...................... 116 

Figure 7.7. Seven diffusion images (left) corresponding b each of the diffusion 
gradient combinations outlined in §3.5 .3. The diffusion tensor map 
(right) corresponds to the nine elements of the diffusion tensor (eqn 
3.35 ). [AMX- 300, DIFF- SE, 128x128, FOV IS mm, 1 mm slice, TE 6.5 
ms, h 75 0 ms, Ll 12 ms, 8 3 ms, G 0.35 T/m] . . . . . . . . . . . . .. . . . . . . . . . .. . . . . . . .. . . .. . . ... . . . 117 

XVI 



Fi gure 7.8. 

Figure 7 .9. 
Figure 7. 1 0. 

Figure 7. 1 1 . 

Figure 7. 1 2 . 

Figure 7. 1 3 .  

Figure 7. 1 4. 

Figure 7. 1 5 .  

Figure 7. 1 6. 

Figure 7. 1 7. 

Figure 7. 1 8. 

Figure 7 . 1 9. 

Figure 7.20. 
Figure 7.2 1 .  

Eige nval ue maps taken from the diffusion tensor maps for ( left) the three 
primary axes and (right) an expansion of the x and y directions only . . . . . . . . . .  1 1 8 
Quiver plot  of Eigenvectors showing direction of minimum diffusion . . . . . . . .  1 1 8 
Diffusion image showi ng restriction to diffusion (purple to bl ue) 
adj acent to the l atewood and high diffusion in the earlywood and at the 
surfaces and i n  the rays (green to red) .  The arrow indic ates the direction 
of the pi th . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ' "  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1 9 
Q ui ver plot of Eigenvectors showing direction of minimum diffusion for 
a second sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 20 
200. 1 MHz I H NMR images of quarter- sawn 30 x 50 mm radiata pine 
taken at intervals during azeotropic drying using toluene. 
[OxfordlTecMag 200, spin echo, 1 28x 1 28, FO V 70 mm, 2 mm slice, TE 
1 0  ms, T R 500 ms] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 2 1  
Water loss from drying samples for conventionally dried an:! 
azeotropical ly dried radi ata pine wood . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 22 
Tl re laxation maps of fl at- sawn 20 x 50 mm radi ata pine sapwood during 
drying at 80°C: ( a) i ntensity plo t  and (b) surface plo t  at 1 55% MC; (c) 
intensi ty plot and (d) surface plot at 52% MC. The white l ine in ( a) 
shows the approximate transect position at which a profile of T2 values 
were extracte d  (Figure 7. 1 5) .  [Oxford! Tec Mag 200, spi n echo, 
1 28x 1 28, FOV 70 mm, 2 mm slice, TE 1 0  ms, TR 50, 1 00, 200, 400, 
800, 1 600, 3200 ms] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 23  
Tl values obtai ned from transect posi tion across a Tl map of flat- sawn 
20 x 50 mm radiata pine (Figure 7. 14) at varying moisture conterts 
during a drying run at 80°C. The approximate posi tions of the latewood 
( LW) bands are i ndicated by dotted lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 24 
T2 relaxation maps of flat- sawn 20 x 50 mm radiata pine sapwood during 
drying at 80°C: ( a) intensity plot and (b) surface plot at 1 55% MC; Cc) 
i ntensity plot and ( d) surface plo t at 52% MC. The white l ines in ( a) and 
( b) show the approximate transect posi tion at which T2 val ues were 
extrac ted (Figure 7. 1 7) .  [Oxfordl Techmag 200, spin echo, 1 28x 1 28, 
FOV 70 mm, 2 mm slice, TR 3200 ms, TE 10, 20, 40, 60, 80, 1 00, 1 20, 
1 50 ms] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : :  . . .  i . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 25 

T2 values obtained from transect  position across a T2 map of flat- sawn 
20x50 mm radiata pine (Fi gure 7. 1 6) at varying moi sture contents during 
a drying run at 80°C. The approximate posi tions of the l atewood bands 
(LW) are indicated by dotted l ines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 26 
Photographs of the disks fro m  the accelerate d  drying test showing 
samples that did not form checks (a-c) and those th at did form checks (d-
f). The l arge cracks that appear on sample c are not regarded as internal 
checks and have a different mechanism of formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 27 
Predicted versus measured plot for the incidence of checking per ring 
base d  on I 3C C P/ MAS NMR spectra. (number of samples, n = 1 2 , � = 
0.93, 3 latent variable s, SEP = 2.4) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 29 
50.3 MHz I3C CP/MAS NMR spectrum of radiata pine sapwood . . . . . . . . . . . . . . . 1 30 
Loading weigh ts for the first three latent variables used in  the prediction 
of checking severity based on 1 3 C  CP/MAS NMR spectra . . . . . . . . . . . . . . . . . . . . . . . . . . 1 30 

XVII 



Chapter 8 
F igure 8 . 1 .  Schematic showing possible linkage formation between two resorcinol 

monomers indicating chemical shift values (Knop and Pilato, 1 985)  . ......... 1 37 
Figure 8.2.  50.3 MHz solution state I 3C NMR spectra of (a) R 1 5, (b) R25 and (c) 

R35 resins. [AC- 200, neat solutions, inverse gated decoupling, 

relaxation delay l O s, 1 3  �s 90° pulse, no l inebroadening applied, 
referenced to internal MeOH (49.3 ppm)] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 39 

Figure 8 .3 .  50.3 MHz I 3C CP/MAS NMR spectrum of conventionally cured R25 
PRF resin showing generic assignment of resonances. [AC-200, 
CP/MAS, rotor speed 5 kHz, relaxation delay 2 s, contact time 4 ms, 5 . 5  

�s 90 ° pulse, LB 20 Hz, referenced to  external adamantane (38 .3  ppm)] . . .  1 4 1  
Figure 8.4. 50.3 MHz I 3C CP/MAS NMR spectra of conventionally cured (a) R 1 5 , 

Cb) R25 and (c) R3 5 PRF resins. [Conditions as per Figure 8 .3 ] .  . . . . . . . . . . . . . . . . .  1 42 
Figure 8 . 5 .  50.3 MHz 1 3C CP/MAS NMR spectra of  Greenweld™ cured (a) R 1 5 , (b) 

R25 and (c) R35 resins. [Conditions as per Figure 8 .3 ] .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 43 
F igure 8.6.  50 .3  MHz I 3C CP/MAS NMR spectra of R 1 5  resin fol lowing (a) 

conventional cure, (b) Greenweld™ cure and (c) Greenweld™ cure 
followed by heating at 1 00°C. [Conditions as per Figure 9.3]  . . . . . . . . . . . . . . . . . . . . .  1 43 

Figure 8 .7 .  50.3 MHz 1 3C CP/MAS NMR spectrum of R3 5 resin fullowing (a) 
conventional cure, (b) GreenWeld™ cure and (c) GreenWeld™ cure 
followed by heating at 1 00°C. [Conditions as per Figure 9.3] .  . . . . . . . . . . . . . . . . . . . .  1 45 

Figure 8 .8 .  40 .5  MHz 1 5N MAS NMR spectrum of GreenW eld™ cured R25 resin 

[MSL 400, HPDEC, rotor speed 4.8 kHz, relaxation delay 2 s, 2 I!s 90° 
pulse, LB 25 Hz, referenced to external CH3N02 (0.0 ppm)] . . . . . . . . . . . . . . . . . . . . . .  1 45 

Figure 8 .9 .  50.3 MHz 1 3C solution state NMR spectrum of 2,4-diethylresorcinol, IX. 
[AC 200, CDCh, power gated decoupling, relaxation delay 2 s, 1 3  I!s 
90° pulse, l inebroadening 1 Hz, referenced to internal CDC� (77 .04 
ppm)] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 47 

F igure 8 . 1 0. 50.3 MHz I 3C solution state NMR spectrum of crude 4,6-
diethylresorcinol, X. [Conditions as per Figure 8 .9] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 47 

Figure 8 . 1 1 .  50.3 MHz 1 3C solution state NMR spectrum of 2,4-diethylresorc inol, IX, 
reacted with ammonia and paraformaldehyde (GreenWeld™ conditions). 
[Conditions as per F igure 8.9, referenced to internal acetone-d6 (29.8 
ppm)]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 48 

F igure 8 . 1 2. 50.3 MHz I 3C solution state NMR spectrum of 4,6-diethylresorcinol, X, 
reacted with ammonia and paraformaldehyde (GreenWeld™ conditions). 
[Conditions as per F igure 8. 1 1 ] .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 48 

F igure 8 . 1 3 . 40.5 MHz 1 5N solution state NMR spectrum of (a) 2,4-diethylresorcinol, 
IX, and (b) 4,6-diethylresorcinol, X, reacted under GreenWeld™ 
conditions using ammonia- 1 5N. [Avance-400, CDCh, inverse gated 
decoupling, relaxation delay l O s, 1 5  I-lS 90° pulse, LB 5 Hz, referenced 
to external CH3N02 (0.0 ppm)] .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 49 

F igure 8 . 1 4. I H_ 1 5N HSQC correlation spectrum of reaction product from reaction of 
1 5N H3/(CH20)1I with 4,6-diethylresorcinol. [Avance 400, HSQC, 2K x 
256 �zero filled to 5 1 2), IJNH 1 0  Hz] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 5 1  

F igure 8 . 1 5 . IH_ 1 C HMQC correlation of reaction product from reaction of 
1 5N H)/(CH20)1I with 4,6-diethylresorcinol. [Avance 400, HMQC, 2K x 
1 28 (zero filled to 256),  IJCH 1 45 Hz, mixing delay 400 ms] .  . . . . . . . . . . . . . . . . . . . . . . 1 5 1  

XV1ll 



Figure 8. 1 6. Lon� range 1 H_ 1 3C HMBC correlation of reaction product from reaction 
of 1 N H3/(CH20}, with 4,6-d iethylresorcinol. [Avance 400, HMBC, 1 K 
x 256 (zero filled to 5 1 2), nJCH 1 0 Hz] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 52 

F igure 8. 1 7 . Proposed structures for reaction of (a) 2,4- and (b) 4,6-diethylresorcinol 
with formaldehyde and ammonia (GreenWeld™ )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 5 2 

Figure 8. 1 8 . Proposed mechanism for reaction of 2,4-diethylresorcinol with ammonia 
and paraformaldehyde via methyleneimine, showing formation of 
benzylamine and dibenzylamine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 53 

F igure 8. 1 9 . Green Weld™ mechanism continued, showing formation of aryl nitrogen 
compounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 54 

Figure 8.20. Polymer reaction scheme of N- MAM and vinyl acetate monomer to 
form poly(vinyl acetate) latex . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 55 

Figure 8.2 1 .  100. 1 MHz solution state l 3C NMR spectrum of commercial N
MAM/PVAc emulsion polymer (Edson Chemicals). [Avance-400, neat 
solution, powergated WALTZ decoupling, relaxation delay 2 s, 1 3  Ils 
90° pulse, LB 1 Hz, referenced to external acetone (29.8 ppm)] .  . . . . . . . . . . . . . . . .  1 56  

Figure 8.22.  100. 1 MHz solution state l 3C NMR spectrum of l 3C labelled N-MAM. 
[Avance-400 ,  �O, powergated WALTZ decoupling, relaxation delay 2 
s, 1 3  Ils 90° pulse, LB 1 Hz, referenced to external acetone (29.8 ppm)] . . . .  1 5 7 

Figure 8 .23 .  1 00. 1 MHz solution state l 3C NMR spectrum o f  l 3C labelled N-
MAMlPVAc emulsion polymer. [Conditions as per Figure 8 .20]. . . . . . . . . . . . . . .  1 5 8  

Figure 8.24. 1 00. 1 MHz solution state l 3C N M R  spectrum o f  l 3C labelled N
MAMlPV Ac emulsion polymer with 5% w/v AlCh .  [Conditions as per 
Figure 8.20]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 5 8 

Figure 8 .25 .  Expansion of l 3C NMR spectra of (a) l 3C labelled N- MAMlPVAc 
emulsion polymer and (b) l 3C labelled NMAMlPVAc emulsion polymer 
with 50/0 w/v AICh  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 59 

Figure 8.26. 52.2 MHz solution state 2 7 Al NMR spectra of (a) AICB solution, (b) 
PVAc + 5% w/v AICh 10 minutes after addition and (c) 1 2  hours after 
addition of AICh and (d) 52 .2  MHz 27 Al MAS NMR spectrum of cured 
resin. The insert shows the expansion of the chemical shift scale for a-c .  
[Solution state: Avance-200, DzO, single pulse, relaxation delay 2 s, 12  
Ils 90° pulse, LB 2 Hz, referenced to external 2M AI(N03)3 , (0.0 ppm). 
Solid state : Avance-200, H PDEC, rotor speed 4 kHz, relaxation delay 2 
s, 6 Ils 90 ° pulse, LB 20 Hz, referenced to external 2M AI(N03)3 , (0.0 
ppm)] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 60 

Figure 8.27.  1 00. 1 MHz l 3C NMR spectra of PVAc + 5% w/v AICh solutions (a) 1 
hour and (b)  2 hours after addition of AICh and (c) 75.4 MHz l 3C MAS 
NMR spectrum of cured adhesive. [Conditions as per F igure 8 .20 
(solution) and Figure 8.27 (solid)] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 6 1  

Figure 8.28. Expansion of methine and methylene region of Figure 8.26a showing 
tacticity assignments (Wu and Ovenall, 1974; Sung and Noggle, 1 98 1 )  . . . . .  1 6 1  

Figure 8 .29. 75.4 MHz l 3C MAS N M R  spectra o f  (a) cured l 3C -Iabelled N
MAM/PVAc + 5% AICh and Cb) cured l 3C- labelled N- MAMlPVAc. 
[MSL-300, HPDEC, relaxation delay 2 s, 5 .6  Ils 90° pulse, rotor speed 
7.5 kHz, LB 20 Hz, referenced external adamantane (38.3 ppm)] . . . . . . . . . . . . . . .  1 62 

XIX 



Chapter 9 
Fi gure 9. 1 .  Schematic showing affine deformation of crossli nked polymer chains 

resulting from uni axial extension . .... . . . . . . . . ... . . ... . . .... . ... .. .. .. .. . . . . . .. . . .... . .. . . ..... . . .  1 65 
Figure 9.2. Sche matic of a c rosslink point between two individual polymer chains 

with functionality, \jI = 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 66 
Fi gure 9.3 .  SchematIc of  c ompression of a hydrogel causing deformation . . . . . . . . . . . . . .. . . . . .  1 68 
Figure 9.4. Sche matic and photograph of "T he Squisher" s howi ng t he s ample gap 

between the fi xed base plate, t he top mounted m oving piston, the screw 
drive, the optic al c oupler to register the zero point and the micro 
pressure transducer . . . . . .. ..... ... .. . . . . . . ... . ... . . . . .. . ... .. . . . .. .... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . .  1 69 

Figure 9.5 .  S imple spring and dashpot models (a) Maxwell model (b) Kelvin or 
Voigt model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . .  1 70 

Figure 9.6. Schematic of a c ombined MaxwelI- Voigt standard linear solid model for 
stress accommodation in polymers . . . . . . . . . . . . . . . . . . .. .... . . .. . . . . . .. .. . . . . .. . . . . ... ... .. . . . . . . . .  1 72 

Figure 9.7. Stress vs extension rati o pl ot for ge ls of varying N- MAM c oncentration 
with and without addition of AICb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 74 

Fi gure 9 .S .  Expansi on of stress vs extensi on ratio pl ot for gels of varying N-MAM 
c oncentration for 1 0% and 3 0% N-MAM c oncentrati on, with and 
without addit ion of AICh . .. . . . . . . . . . . . . . . . . .. . . .. .. . . . . . . .. . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . .  1 75 

Fi gure 9.9. Stress vs extensi on ratio pl ot for gels at 20% N-M AM concentration with 
vary ing AICh c oncentration . . . . . . . . . . .. . . .. . . . . . . . . . . . . . . . . . . . . .. . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .  1 76 

Figure 9 . 1 0 .  Stress vs extension rati o pl ot of PV AcIN-MAM gels with and without 
additi on of 5% AICb . . . . . . . . . . . .. . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . .. . . . . . . .. . . . . . . . .. . . . . .. . . . . .  177 

Figure 9. 1 1 . Force versus t ime plot for varying N- MAM c oncentration w it h  and 
without addition of 5% AICb.  This plot also s hows the stress build· up 
and rel axation periods referred to in the text. . . . . .. ..... . .. . . . . . . . ...... . . . . .. . ... .. .. . . . . .. 1 78 

Figure 9. 12 .  Relaxation t ime c onstant profile for varying N·MAM c oncentrations 
w ith and wit hout addition of 5% AICh . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. .. . . . . . . . . . . . . . . .  1 80 

Figure 9. 1 3 . Expansion of rel axation t ime c onstant profile for 1 0% and 30% N- MAM 
c oncentrati ons with and without addition of 5 %  AICh .  The arrows 
indicate the peaks referred to in the text . . . . . .. . . ... . . . . . . .. . .... . . . . . . . . . .. . ... . . . . . .. .. ... . . .  1 8  I 

Figure 9. 1 4. Force versus t ime pl ot for vary ing AICh c oncentration in  gels at 20% N-
MAM concentration, . . . . . . . . ... . .. . . . . . . . . . . .. . ... .. . . . . . . . . .. . . . . . . . . . . . . . . ... . . . . . . . . . . . . .. . . . .. . . . . . . .  1 82 

Figure 9.1 5. Relaxation time c onstant profile for varying AICh c oncentration at 20% 
lV-MAM c once ntration . . . . . . . . . . . . . . . . ... . . .. . . .. . .. . . ... . . . . . . ..... .. . . . . . . . . . . . .. . . . . . . . . ... . . . . . . . . . .  1 83 

Figure 9. 1 6. Force versus time plot for PVAcIN- MAM with and wit hout additi on of 
5% AICh . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 84 

Figure 9. 1 7. Relaxation time c onstant profile for PVAcIN-M AM adhesive w ith and 
w ithout addition of 5% AICh . . . .... . . . . . .. . .. . . . . . . . . . . . . . . . . . .... .. . . . . . . . . . . .... .. .. . . . . .. . . .. .. .  1 85 

Figure 9. 1 8 . 78 .2 MHz 27 AI NMR spectra of N-MAM/AlCh cylindrical gels 
undergoing i nc re ased compressi on. (a) no compression, (b- f) 
i ncre asingly c ompressed by 0.7 mm i ncreme nts . [C onditions as per 
Figure 9.24]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. .. . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 8 7  

Figure 9. 1 9. 300. 1 MHz i H NMR spectra of cast N-MAMI AICh cyl indri cal gels 
undergoing increased compression. (a) no c ompressi on, (b-e) 
increasingly c ompressed by 0. 7 mm increme nts . [AMX-300, single 
pulse, relaxation delay 2 s, 8 .9 115 90° pulse, LB 0.3 Hz] .. . . . . . . . . . . .. .... . . . . . ... . .. 18 7 

Figure 9.20. Sc hematic diagram of a cone and plate showing t he relat ionship between 
the t hree c oordinate systems described in t he text .  Note t hat t he c one 
apex does not actually meet the plate . .. . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . .. .. . . . . . . . .. . . .. . . . . . .. 1 89 

xx 



Figure 9.2 1 .  PFGSE velocity images of PV Ac without addition of AICI, at shear rates 
of (a) 7.6, (b) 1 2 .4, (c) 1 7 .3 and (d) 22.5 s' ! and PVAc with addition of 
2 .5% AICh at (e) rest and at shear rates of Ct) 1 2.4, (g) 1 7 .3 and (h) 22.5 
s· ' . [AMX-3 00, DIFFSE, 1 28x 1 28,  FOV 20 mm, 1 mm slice, h 1 000 
ms, TE 1 6.5 ms, � 12 ms, 0 3 ms, number of q-slices 8, G 0.35 mT/m, 4x 
expansion in phase gradient] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 90 

Figure 9.22. Velocity profile across the gap for PVAc at a shear rate of  1 7. 3  S· I and a 
distance of 7 .5  mm from the cone apex. The velocity profiles are plotted 
for the advancing and receding flow directions as well as the steady state 
diffusion when no shear is experienced. Note the approximate 1 .6 mm s' 
, offset. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 9 1  

Figure 9.23.  Velocity profile across gap for PV Ac solution at varying shear rate . . . . . . . . . . .  1 92 
Figure 9.24. Velocity profile across gap for PV Ac + AICh solution at varying shear 

, rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 93 
Figure 9.25.  Velocity profi le across gap for solutions of PVAc w ith and without 

added A1Ch at a shear rate of 1 2.4 s· ! . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 93 
F igure 9.26. 78 .2 MHz 27 Al N MR spectra of PVAc/AICI, at shear rates of (a) 7 .6 s' ! , 

(b) 12 .4 s" , (c) 1 7 .3  s ' ,  (d) 22 .5  s ' and (e) 48.3 S i .  [AMX-300, neat 
solution, single pulse, relaxation delay 2 s, 1 2. 5  jls 90° pulse, LB 2 Hz] . . . .  1 94 

XXI 



LIST OF TABLES 

Chapter 3 
Table 3 . 1 .  N MR properties of nuclides used in this study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  29 

Table 3 .2 .  Relationship between h and h values and image weighting . . . . . . . . . . . . . . . . . . . . . . . . . . .  53  

Table 3 .3 .  Coefficients of gradient ampli tude for linear combination of  gradients 
applied to generate a series of diffusion weighted images for diffusion 
tensor imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 

Chapter 5 
Table 5 . 1 .  Imaging conditions employed for spin echo imaging of wood samples . . . . . . . . . . . .  8 1  

Table 5.2 .  Imaging conditions employed for spin echo imaging of large wood 
samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 3  

Table 5 . 3 .  Coefficients for linear combination o f  gradients applied to generate a 
series of diffusion weighted images for diffusion tensor imaging . . . . . . . . . . . . . . . . . . . . . 84 

Table 5.4. Imaging conditions employed for diffusion weighted imaging of wood 
samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  84 

Chapter 6 
Table 6. 1 .  Solution state and solid state NMR chemical shift data (ppm) for 

candidate boron compounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98  

Table 6 .2 .  Solid state 1 1  B NMR chemical shift data (ppm) for candidate boron . ;  
compounds in  radiata pine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 

Table 6.3 .  Time constant data for decay of TMB signal from TMB-treated radiata 
pine sapwood earlywood and latewood . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 04 

Table 6.4. Solid state 1 1  B MAS NMR chemical shift data for TMB treated model 
compounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 05 

Chapter 7 
Table 7. l .  Tally of internal checks per annual ring for checked samples . . . . . . . . . . . . . . . . . . . . . . . . . 1 28 

Table 7 .2 .  Re laxation and checking data for individual annual rings samples from 
disks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 32 

Table 7.3 .  Correlation analysis of relaxation times with incidence of check 
formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 3 3  

XXII 



Chapter 8 
Table 8 . 1 .  I 3C chemical shifts for resorcinol and phenol. .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 37 

Table 8 .2 .  Integrated peak areas of resonances for the 3 resins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 38 

Table 8 .3 .  Assignment of I 3C NMR resonances in cured P RF resins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 40 

Table 8 .4 .  Chemical shift data for 1 5N MAS MNR spectrum of GreenWeld'M cured 
R2S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 46 

Table 8 .5 .  I 3C chemical shift data (ppm) for 2,4- and 4,6-diethylresorcinol. .  . . . . . . . . . . . . . . . . . . .  1 46 

Table 8.6. l 3C chemical shift data (ppm) for GreenWeld™ reaction products of 
diethyl substituted resorcinol models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 49 

Table 8.7 .  Chemical shift data (ppm) for \ sN solution NMR spectra of 2,4- and 4,6-
diethylresorcinol reacted with \ sNH3 and formaldehyde . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 50 

Table 8 .8. Generic formulation for N- MAM/PV Ac formulation used in this study . . . . . . . . .  1 55 

Table 8.9. Assignment of \ 3C NMR resonances in PVAc latex and monomer 
compounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 56 

Table 8 . 1 0. 27 Al  NMR chemical shifts of added AIC� with respect to 2M AI(N03k . . . . . . 1 59 

Chapter 9 
Table 9. 1 .  Crosslink densities for N-MAM gels of varying concentration with and 

without addition of AIC� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 75 

Table 9.2.  Crosslink densities for 20% N- MAM gels with varying AIC� 
concentration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 76 

Table 9.3 .  Crosslink densities for PVAcIN-MAM gels with and without addition of 
AlCb  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 77 

Table 9.4. Relaxation time constants for N-MAM gels of varying N- MAM 
concentration w ith and without addition of AIC� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 82 

Table 9.5.  Relaxation time constants for 20% N- MAM gels with varying 
concentration of added AICh . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 84 

Table 9.6. Relaxation time constants for PV AcIN- MAM gels  with and without 
addition of AICh . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 85 

XXII\ 



LIST OF PUBLICATIONS 

Meder, R . ,  Franich, R.A. and Callaghan, P.T. ( 1 999) 1 1  B magnetic resonance imaging and 

MAS spectroscopy of trirnethylborate-treated radiata pine wood, Solid State Nud. 

Magn. Reson. , 1 5 ( 1 ), 69-72. 

Meder, R . ,  Codd, S.L., Franich, R.A. Callaghan, P .T. and Pope, J .M. (2003) Observation 

of anisotropic water movement in Pinus radiata D. Don wood using magnetic 

resonance micro- imaging. Holz Roh Werkst., 6 1  (6), accepted, in press. 

Meder, R., Franich, R.A. ,  Witt ,  M., Callaghan, P.T., and Britton, M.M.  (2003 ) Aluminium 

chloride crossl inking in poly(vinyl acetate) adhesive: Part I. NMR spectroscopy and 

NMR-rheology. J. Adhesion Sci. Technol. , in prep. 

Meder, R. ,  Franich, R.A., Dykstra, R. ,  Callaghan, P.T., and Peuriere, C. (2003) Aluminium 

chloride crosslinking in poly(vinyl acetate) adhesive: Part 2. Visco-elastic 

compression studies. J. Adhesion Sci. Technol. , in prep. 

XXIV 


