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1 
Abstract 

S o l i d - s t a t e NMR has become a p o w e r f u l t o o l f o r s t u d i e s o f 

s t r u c t u r a l and p h y s i c a l p r o p e r t i e s o f polymers. This 

t h e s i s i n v e s t i g a t e s a t e c h n i c a l l y produced b l o c k copolymer 

by means o f s o l i d - s t a t e NMR. The p r o p e r t i e s which are of 

p r i n c i p a l i n t e r e s t a r e t h e h e t e r o g e n e i t y on v a r i o u s s c a l e s 

r a n g i n g from m o l e c u l a r ( u n i t c e l l ) t o macroscopic 

(m o r p h o l o g y ) , and m o l e c u l a r m o t i o n i n s o l i d s . 

The i m p o r t a n t q u e s t i o n o f c r o s s p o l a r i s a t i o n i s 

addressed. Q u a n t i f i c a t i o n o f d e p o l a r i s a t i o n experiments 

w i l l b r i n g some more i n s i g h t i n t o t h e o r i g i n s o f the 

p o l a r i s a t i o n t r a n s f e r . B a s i c a l l y a model by M u l l e r , Kumar 

and E r n s t has been used t o d e s c r i b e t h e p o l a r i s a t i o n 

t r a n s f e r . Novel r e s u l t s a r e r e p o r t e d i n t h i s a rea. 

s p i n - l a t t i c e r e l a x a t i o n measurements, b o t h i n the 

l a b o r a t o r y and on-resonance r o t a t i n g frames of resonance 

a r e a p p l i e d t o t h e b l o c k copolymer. An a t t e m p t i s made t o 

address t h e r e l a t i o n o f t h e observed r e l a x a t i o n times and 

t h e macroscopic p r o p e r t i e s . The b e h a v i o u r o f t h e observed 

and t h e i n t r i n s i c p r o p e r t i e s o f t h e v a r i o u s r e g i o n s o f the 

heterogeneous system i n t h e presence o f s p i n d i f f u s i o n i s 

i n v e s t i g a t e d . The system i s s i m u l a t e d by a computer model, 

w h i c h a l l o w s q u a n t i f i c a t i o n o f t h e dimensions of the 

d i f f e r e n t r e g i o n s . Comparison w i t h s m a l l - a n g l e X-ray 

d i f f r a c t i o n measurements i l l u s t r a t e s t h e accuracy o f t h i s 

new p o w e r f u l t e c h n i q u e . 
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C h a p t e r 1 

1. I n t r o d u c t i o n 

1.1. The Scope of the Work 

I n the l a s t f i f t e e n years s o l i d - s t a t e nuclear magnetic 
resonance (NMR) has become an important t o o l f o r 
s t r u c t u r a l and morphological analysis i n s o l i d s . This i s 
l a r g e l y because of the development of new techniques which 
a l l o w the observation of h i g h - r e s o l u t i o n spectra of 
s o l i d s . I n favourable circumstances these techniques can 
y i e l d spectra which appear s i m i l a r t o those p r e v i o u s l y 
a v a i l a b l e from non-viscous l i q u i d s and s o l u t i o n s . Since 
the apparent p h y s i c a l nature of s o l i d s i s n a t u r a l l y more 
complex i n NMR terms than t h a t i n l i q u i d s , the 
experimental demands to obtain h i g h - r e s o l u t i o n spectra are 
higher than those i n l i q u i d s . 

I n t h i s t h e s i s a polyetheramide block polymer produced 
by a R e j e c t i o n i n j e c t i o n Moulding (RIM) process i s 
i n v e s t i g a t e d . This technique i s very important nowadays, 
because of i t s low production cost of the polymers. The 
work w i l l show t h a t s o l i d - s t a t e NMR i s capable of looking 
at a completely unknown, h i g h l y complex polymer system. 
Known standard, modified and novel techniques have been 
used t o show t h a t s o l i d - s t a t e NMR can be a standard method 
f o r a n a l y s i s i n s o l i d s . The work has been c a r r i e d out 
under the I n t e r d i s c i p l i n a r y Research Centre (IRC) scheme, 
i n c o l l a b o r a t i o n w i t h the U n i v e r s i t y of Bradford. 
Professor Anthony Johnson and Dr. S-W. Tsui were 
responsible f o r producing the m a t e r i a l and f o r standard 
a n a l y t i c a l work, l i k e D i f f e r e n t i a l ^canning Calorimetry 



(DSC), DTMA and o p t i c a l microscopy measurements. 
A d d i t i o n a l l y Small-angle X-ray s c a t t e r i n g experiments were 
c a r r i e d out i n Durham. The r e s u l t s from these measurements 
were used as a d d i t i o n a l i n f o r m a t i o n , and brought i n 
c o n j u n c t i o n w i t h the s o l i d - s t a t e NMR r e s u l t s . The aim was 
t o s e l e c t as much data as possible from the m a t e r i a l so as 
t o o b t a i n a f a i r l y accurate model of the polymer system, 
of which h a r d l y was anything known, although i t i s already 
used i n the automotive i n d u s t r y . 



C h a p t e r 2 

2. T h e o r y 

2.1 Introduction 

The d e t e c t i o n of nuclear magnetic resonance by Bloch et 
a l . [1] and P u r c e l l and co-workers [2] i n 1946 has led t o 
the development of one of the most powerful spectroscopic 
techniques known today. The reason i s t h a t , besides the 
a p p l i e d e x t e r n a l magnetic f i e l d , a nuclear spin also 
experiences e x t r a l o c a l magnetic f i e l d s , which are due t o 
surrounding e l e c t r o n clouds and other spins, leading to a 
chemical s h i f t . These l o c a l f i e l d s d i f f e r f o r n u c l e i 
l o c a t e d at chemically d i f f e r e n t p o s i t i o n s i n a molecule. 
The r e s u l t i s t h a t a NMR spectrum o f t e n consists of 
several l i n e s , which can be considered t o be f i n g e r p r i n t s 
of the m a t e r i a l under i n v e s t i g a t i o n and also a s s i s t i n 
c l a r i f y i n g i t s molecular s t r u c t u r e . 
NMR has been e s p e c i a l l y successful i n l i q u i d s and l i q u i d 
l i k e m a t e r i a l s , where f a s t molecular tumbling averages out 
the a n i s o t r o p i e s i n the l o c a l f i e l d s , r e s u l t i n g i n w e l l -
r esolved i s o t r o p i c NMR resonances. NMR f o r l i q u i d s has 
become a standard r o u t i n e a n a l y t i c a l technique, which can 
be found i n n e a r l y every research l a b o r a t o r y nowadays. 
I n i t i a l l y the development of s o l i d - s t a t e NMR was less 
dramatic. O r i g i n a l l y , f o r reasons of s e n s i t i v i t y , 
a t t e n t i o n was focused mainly on Ĥ-NMR. However, problems 
a r i s e because the anisotropies i n the l o c a l f i e l d s , which 
are no longer averaged out, broaden the s p e c t r a l l i n e t o 
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such an extent, t h a t no s p e c t r a l r e s o l u t i o n i s observed. 
The r e s u l t i n g spectra o f t e n consist of a s i n g l e broad, 
f e a t u r e l e s s l i n e , which, except f o r speci a l cases, such as 
i s o l a t e d spin p a i r s or methyl groups, does not provide 
much i n f o r m a t i o n . Therefore i n i t i a l s o l i d - s t a t e NMR 
i n v e s t i g a t i o n s concentrated on the measurement of nuclear 
r e l a x a t i o n times as a f u n c t i o n of the external f i e l d 
and/or the temperature. These types of study provide 
i n f o r m a t i o n on the m o b i l i t y of a p a r t of the molecule such 
as the r o t a t i o n of methyl groups or motion of parts of the 
molecular chains i n polymers. 

2.2. The Problem of obtaining High-resolution 
Spectra of S o l i d s 

The problem of o b t a i n i n g a h i g h - r e s o l u t i o n '^^C NMR 
spectrum f o r a t y p i c a l organic s o l i d i s e s s e n t i a l l y two
f o l d . The f o l l o w i n g considerations are, of course, v a l i d 
f o r a l l rar e spin-j/^ n u c l e i . The f i r s t p a r t of the problem 

i s t o remove those i n t e r a c t i o n s present i n a s o l i d - s t a t e 
system which lead to broadening of the ^̂C resonances. 
Considering an -H-atom attached t o a carbon-13 atom, the 
main source of l i n e broadening i s the I 3 C _ I H d i p o l a r 
c o u p l i n g , which i s generally of the order of =10^ Hz. Even 
f o r carbons w i t h no directly-bonded protons, long-range 
i^C^H d i p o l a r i n t e r a c t i o n s ( i . e . from the next-nearest 
neighbours) can cause a frequency spread of up t o 5 kHz 
measured f o r a s i n g l e carbon atom. 

Another i n t e r a c t i o n c o n t r i b u t i n g t o l i n e broadening i s , as 
mentioned above, the chemical s h i f t anisotropy. This 
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i n t e r a c t i o n also can cause l i n e broadening up t o 100 ppm. 
Note t h a t the o r i g i n of chemical s h i f t anisotropy i s only 
due t o the d i f f e r e n t r e l a t i v e o r i e n t a t i o n s of the 
molecular axes t o the B g - f i e l d . 

The second p a r t of the problem i s to overcome the 
i n h e r e n t l y - l o w '^^C s e n s i t i v i t y and t y p i c a l l y - l o n g (1-lOOs) 
i^ c s p i n - l a t t i c e r e l a x a t i o n times, which make the d i r e c t 
a c q u i s i t i o n of i3c_spectra of s o l i d s p r o h i b i t i v e l y time-
consuming i n many cases. To achieve more i n s i g h t i n those 
i n t e r a c t i o n s causing l i n e broadening i t i s necessary t o 
understand t h e i r nature. The f o l l o w i n g section w i l l 
e x p l a i n them i n more d e t a i l . 

2.3. B a s i c I n t e r a c t i o n s of a S p i n - j ^ System i n a 

S o l i d 

I t i s assumed t h a t the i n t e r a c t i o n s of the spins w i t h 
the e x t e r n a l magnetic f i e l d dominate a l l other 
i n t e r a c t i o n s (high-field approximation) and t h a t the 
energy associated w i t h the l a t t i c e temperature i s large 
compared t o the Zeeman energy (high-temperature 
approximation) . 

The n u c l e i of a spin system under i n v e s t i g a t i o n are 
c h a r a c t e r i s e d by t h e i r magnetic moment p., angular momentum 
operator hi, gyromagnetic r a t i o 7i, and Larmor frequency 
cOj . I f t h i s spin system i s i n t e r a c t i n g w i t h another spin-

system, which i s not measured, the respective 

parameters of t h i s system w i l l be f l ^ , S ,7s, cos.. I f the s o l i d 
i s placed i n an e x t e r n a l magnetic f i e l d , 5 Q , d i r e c t e d along 
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the z-axis of the la b o r a t o r y frame, then the spin 
Hamiltonian, H, des c r i b i n g the i n t e r a c t i o n s of the I-spins 
w i t h BQ and t h e i r surroundings i s given by 

H = ^2 + H(^2 + j j + H^j j_g + Hj + Hj-f (2.1) 
were Hz represents the Zeeman i n t e r a c t i o n , Hcs the chemical 
s h i f t , HD,II the d i p o l a r i n t e r a c t i o n among I-spins, HD,IS 

the d i p o l a r i n t e r a c t i o n between the I - and S-spins, Hj the 
i n d i r e c t (electron-mediated) i n t e r a c t i o n , and Hrf the 
i n t e r a c t i o n w i t h the applied r f f i e l d . 

2.3.1. Zeeman I n t e r a c t i o n 

The Zeeman i n t e r a c t i o n occurs between the magnetic 
moment of the nucleus and the applied magnetic f i e l d BQ, 
y i e l d i n g 21+1 energy l e v e l s (where hi i s the nuclear spin 
quantum number) of separation hcog = Y-̂ Q̂ . The Hamiltonian 

may be w r i t t e n as 
N 

= -J^yik^^Bo (2.2) 

were Yi;c denotes the gyromagnetic r a t i o of spin k and N i s 
the t o t a l number of I spins. 
The i n t e r a c t i o n i s l i n e a r w i t h the applied magnetic f i e l d . 
Therefore a l a r g e r separation of the energy l e v e l s occurrs 
at higher f i e l d s w i t h a corresponding increase i n the 
p o p u l a t i o n d i f f e r e n c e between them and an increase i n the 
si g n a l / n o i s e r a t i o (S/N) of the spectrum. 
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2.3.2. Chemical S h i f t , Hcs 

The chemical s h i f t a r i s e s from loop currents i n the 
e l e c t r o n clouds surrounding the n u c l e i t h a t are induced by 
the e x t e r n a l f i e l d BQ • The currents produce a secondary 
f i e l d a t the s i t e of a nucleus w i t h a magnitude 
p r o p o r t i o n a l t o BQ . The corresponding Hamiltonian can be 

w r i t t e n as 

Hcs = Y r ^ ^ ^ 4 (2.3) 

Where d i s the chemical s h i f t tensor. 
Since t h i s i n t e r a c t i o n involves the surrounding 

e l e c t r o n s , i t i s the most s e n s i t i v e i n t e r a c t i o n t o the 
geometry and i d e n t i t y of the other atoms i n the v i c i n i t y 
of a p a r t i c u l a r nucleus and w i l l u s u a l l y be the most 
important measurable i n NMR stu d i e s . 

2.3.3. I n d i r e c t (Spin-Spin) I n t e r a c t i o n Hj 

The s p i n - s p i n coupling i n t e r a c t i o n between a p a i r of 

spins may represented as 

Hj,u=J,ttl]j.,Jj (2.4) 

For u n l i k e spins I and S, Hj,is i s given by 

Hjjs=J,rd,J„S, (2.5) 
i 

The i n t e r a c t i o n i s f i e l d independent and i s u s u a l l y 
smaller than the other i n t e r a c t i o n s under consideration. 
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2.3.4. D i p o l a r I n t e r a c t i o n 

Because of the importance of the d i p o l a r i n t e r a c t i o n i n 
s o l i d - s t a t e NMR, t h i s i n t e r a c t i o n w i l l be explained i n 
more d e t a i l . 

Any two d i p o l e moments w i l l i n t e r a c t d i r e c t l y through 
space t o produce mutually perturbed energy states. The 
s t r e n g t h of t h i s i n t e r a c t i o n i s i n v e r s e l y p r o p o r t i o n a l to 
the cube of the distance between the o r i g i n s of the 
moments. Therefore only dipoles which are r e l a t i v e l y 
adjacent i n space w i l l have a s i g n i f i c a n t i n t e r a c t i o n . 
The c l a s s i c a l i n t e r a c t i o n energy E between two magnetic 
moments j i i and j l j i s 

471 
fiifis 3 ( i l i f ) ( i l 2 r ) (2.6) 

were r i s the radius vector from j i i and , M-o i s the 

p e r m e a b i l i t y of free space, and jl,- i s the i^^ dipole 

moment. 
I n any r e a l system i n v o l v i n g many n u c l e i , i t i s 

necessary t o sum the i n t e r a c t i o n s over a l l pa i r s [ 3 ] . This 
extension i s s t r a i g h t f o r w a r d . For the quantum mechanical 
Hamiltonian eqn. (2.2) i s simply taken and j l i , are 
t r e a t e d as operators as usual: 

li,=y,hi, (2.7) 

were hi i s the spin angular momentum operator of the 
nucleus. The general d i p o l a r c o n t r i b u t i o n to the 
Hamiltonian f o r N spins then becomes 
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Hn = 
N N _ 1 ^̂0 (2.8: 

were t h e needed, s i n c e t h e sums over j and k would 

count each p a i r t w i c e and where, of course, terms w i t h j = k 

were e x c l u d e d . 

By w r i t i n g [Ii and f l j component form and o m i t t i n g t h e 

s u b s c r i p t s f r o m f i t f o l l o w s from Eqn. (2.2) t h a t t h e 

d i p o l a r H a m i l t o n i a n w i l l c o n t a i n terms such as 

r 

(2.9) 

E x p r e s s i n g I ^ ^ and J^y i n terms o f t h e r a i s i n g and l o w e r i n g 

o p e r a t o r s i\ and / f , r e s p e c t i v e l y , and t h e r e c t a n g u l a r 

c o o r d i n a t e s x,y,z i n terms of s p h e r i c a l c o o r d i n a t e s r , 0, 

(t), ( F i g . 2.1.) 

F i g . 2.1 R e l a t i o n s h i p between r e c t a n g u l a r coordinates x,y,z 

( d e s c r i b i n g the p o s i t i o n of nucleus 2 r e l a t i v e to nucleus 1) and the 

p o l a r c o o r d i n a t e s f , 9, (ji 
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t h e H a m i l t o n i a n can be w r i t t e n i n a form t h a t i s 

p a r t i c u l a r c o n v e n i e n t f o r computing m a t r i x elements [ 3 ] . 

Hn = —^^^^^{A + B + C + D + E + F) (2.10! 
4n; f 

where 

A = J i z T 2 z ( l - 3 cos^ e) 

B = - i ( i i ^ J j + xrJs ) ( l - 3 cos^ e) 

C = - - ( i t h z + 112^2) s i n e cos ee"'''' = D 
2 

E = -li-i-sin'Qe''^ = F 
4 ^ 

I n t h e above e x p r e s s i o n s 

1+ = ^^x + iiy 
/* ^ y\ 

(2.11: 

:2.12: 

LX Y Y 
The c o n s t a n t d = — — L - i — i g known as t h e d i p o l a r c o u p l i n g 

47U f 

c o n s t a n t . Each o f t h e terras A t o F c o n t a i n s a s p i n f a c t o r 

and a g e o m e t r i c a l f a c t o r . The time-average values o f t h e 

terms C t o F a r e a l l zero f o r random t h e r m a l motion o f 

mo l e c u l e s i n l i q u i d s . These terms do not t h e r e f o r e l e a d t o 

t h e s p l i t t i n g o r broadening o f NMR l i n e i n l i q u i d s , but 

a r e a c t i v e i n n u c l e a r r e l a x a t i o n . 
F u r t h e r , terms A and B c o n t a i n t h e g e o m e t r i c a l f a c t o r 

( 1 - 3 0 0 3 ^ 9 ) . T h i s t e r m vanishes t o o f o r random t h e r m a l 
m o t i o n o f molecul e s , because the t i m e average 
^ 1 - 3 cos^ 0^ = 0, w i t h t h e r e s u l t t h a t i n l i q u i d s t he whole 

d i p o l a r i n t e r a c t i o n i s averaged t o zero. 
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To d e t e r m i n e t h e e f f e c t s o f d i p o l a r i n t e r a c t i o n s i n 

s o l i d s , i t i s necessary t o c a l c u l a t e t h e eigen v a l u e s o f 

t h e t o t a l H a m i l t o n i a n 

H = Hz + Hp ( 2 . 1 3 ) 

The e x a c t way o f d o i n g so would be t o d i a g o n a l i s e t h e sum 

of m a t r i x r e p r e s e n t a t i o n s . However, i t i s more a p p r o p r i a t e 

t o use t i m e - i n d e p e n d e n t p e r t u r b a t i o n t h e o r y and t r e a t H^ 

as a s m a l l p e r t u r b a t i o n on t h e Zeeman H a m i l t o n i a n . I t i s 

necessary t o c o n s i d e r two d i s t i n c t cases: 
1. = Y2' w h i c h means t h e two s p i n s are i d e n t i c a l . T h i s 

i s t h e s o - c a l l e d homonuclear case 
2• Y i ^12' t h e h e t e r o n u c l e a r case 

However, p e r t u r b a t i o n t h e o r y i s o n l y l e g i t i m a t e when 
a l l e i g e n v a l u e s o f H^ are much l a r g e r than t h e e i g e n v a l u e s 

o f Ho . 

I n o r d e r t o t r u n c a t e t h e H a m i l t o n i a n Hp, i t has t o be 
c o n s i d e r e d w h i c h terms i n ( 2 . 1 1 ) c o n t r i b u t e t o each o f t h e 
elements o f t h e m a t r i x {Hp}. A s t r a i g h t f o r w a r d c a l c u l a t i o n 

shows t h a t i n t h e i n t e r a c t i o n frame A and B remain t i m e -

independent, r e s u l t i n g i n f i r s t - o r d e r energy s h i f t s [ 4 ] 

and t h a t t h e C t o F terms become time-dependent w i t h 

f r e q u e n c i e s cOj (C,D) and cOj (E,F), r e s p e c t i v e l y c a u s i n g 

second-order a d m i x t u r e s o f e i g e n f u n c t i o n s and/or 

r e l a x a t i o n t r a n s i t i o n s . 

I t f o l l o w s f r o m ( 2 . 1 1 ) t h a t t h e B term i s r e s p o n s i b l e 

f o r t h e s o - c a l l e d f l i p - f l o p t r a n s i t i o n s , where s p i n I 

f l i p s , e.g., f r o m a s t a t e p a r a l l e l t o Bq, s i m u l t a n e o u s l y 

accompanied by a f l o p o f s p i n 2 i n t h e o p p o s i t e d i r e c t i o n . 

E s p e c i a l l y f o r abundant s p i n s p e c i e s , where t h e l i k e - s p i n 

d i p o l a r i n t e r a c t i o n s a r e s t r o n g , t h e f l i p - f l o p t e r m g i v e s 
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r i s e t o e f f i c i e n t s p i n - d i f f u s i o n and homogeneous l i n e -

b r o a d e n i n g . 

However, t h e magnitude o f t h e p e r t u r b a t i o n produced by-

each t e r m i s i n v e r s e l y dependent on t h e energy d i f f e r e n c e 

between t h e Zeeman s p i n - s t a t e s i t a f f e c t s . Thus, t o a good 

a p p r o x i m a t i o n i t i s o n l y necessary t o c o n s i d e r those terms 

w h i c h a f f e c t i s o - e n e r g e t i c Zeeman s p i n - s t a t e s . This w i l l , 

s t r i c t l y s peaking, i n c l u d e o n l y t e r m A, which a f f e c t s o n l y 

d i s c r e t e s p i n s t a t e s . I t c o u l d a l s o i n c l u d e term B i f t h e 

s p i n s t a t e s /aP) and /Pa) are i s o - e n e r g e t i c . T h i s , o f 

cour s e , w i l l o n l y o c cur i f t h e two n u c l e i are of t h e same 
i s o t o p e . The t r u n c a t e d form o f t h e d i p o l a r Hamilonian thus 
o b t a i n e d i s c a l l e d t h e s e c u l a r H a m i l t o n i a n . The f i r s t -
o r d e r s e c u l a r p a r t o f t h e h e t e r o n u c l e a r ^̂ o, 12'-^0^12 i s 

d e t e r m i n e d by t h e A t e r m o n l y [5] 

= f ^ ^ ' i > z i 2 z ( l - 3 c o s ^ e ) ( 2 . 1 4 ) 

Analoguous c o n s i d e r a t i o n s f o r t h e homonuclear case y i e l d 

AzJ^2Z + ^(^1+J^2- + ^1-^2+) (1 - 3 COS^ e) 

(2.15) 

because now t h e B t e r m a l s o operates between i s o - e n e r g e t i c 

Zeeman s p i n - s t a t e s 

2.3.5. S h i e l d i n g Anisotropy 

S h i e l d i n g a n i s o t r o p y might be a problem i n h i g h -

r e s o l u t i o n s o l i d - s t a t e NMR, because of i t s l i n e - b r o a d e n i n g 

c h a r a c t e r , b u t on t h e o t h e r hand i t c o n t a i n s v a l u a b l e 
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s t r u c t u r a l i n f o r m a t i o n on t h e molecule under 

i n v e s t i g a t i o n . 

The resonance frequency of a p a r t i c u l a r nucleus depends 

on b o t h t h e t y p e o f nucleus (iH, i3c, 29si, e t c . ) and the 

e l e c t r o n i c environment of t h a t n u c l e u s . The s u r r o u n d i n g 

e l e c t r o n s s h i e l d t h e nucleus f r o m t h e e x t e r n a l magnetic 

f i e l d . The e l e c t r o n i c environment i s u s u a l l y s p a t i a l l y 

dependent i n a m o l e c u l e , and t h e r e f o r e induces d i f f e r e n t 

s h i e l d i n g s f o r d i f f e r e n t d i r e c t i o n s i n the molecule. The 

s i n g l e - v a l u e d c h e m ical s h i f t s observed i n s o l u t i o n are i n 

r e a l i t y i s o t r o p i c averages o f a n i s o t r o p i c s h i e l d i n g s 

r e s u l t i n g f r o m r a p i d m o l e c u l a r t u m b l i n g . 

I n s o l i d s , however, t h i s i n t e r a c t i o n i s u s u a l l y not 

averaged because o f t h e r e s t r i c t e d m o b i l i t y . The s h i e l d i n g 

a t a g i v e n n u c l e u s may be expressed i n terms o f a 

s h i e l d i n g t e n s o r , a, where 

B_joc = CB ( 2 . 1 6 ) 

The o r i e n t a t i o n dependence of Bioc i s i m p l i c i t i n a. 

I n t h e g e n e r a l case t h e observed s h i e l d i n g c o n s t a n t i s 
denoted a^z and i s a l i n e a r c o m b i n a t i o n of t h e p r i n c i p a l 
components, hjj 

^zz = I c J j j cos^ ê. ( 2 . 1 7 ) 

where 6^ a r e t h e angles between a^^ and BQ . I n s o l u t i o n s , 

w i t h f a s t i s o t r o p i c m o l e c u l a r t u m b l i n g , s u b s t a n t i a l 

a v e r a g i n g o f cr o c c u r s , so t h a t o n l y one t h i r d o f t h e 
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t r a c e , a^^ = ^ {(^n + <^22 + ^33)' ^s observed. Eqn. (2.17) 

can be r e w r i t t e n [8] 

= - T r a + - 2 ^ ( 3 cos^ 6^ - (2.18) 
3 3 

where Tr stands f o r . t r a c e . I n the case of a x i a l symmetry, 

t h e c o r r e s p o n d i n g e q u a t i o n i s 

0^2 = ^[Trxs + (3 cos^ - l ) ( a j j - aj _ ) ] (2.19) 

where T r a i s ( o j j + 2 a j _ ) and (CTJJ - <S±) i s r e f e r r e d t o as 

t h e s h i e l d i n g a n i s o t r o p y . As a consequence o f these f a c t s , 

f o r a s i n g l e c r y s t a l c o n t a i n i n g n u c l e i which are a l l i n 

t r a n s l a t i o n a l l y e q u i v a l e n t p o s i t i o n s , t h e NMR spectrum 

w i l l c o n s i s t o f o n l y one l i n e whose frequency v a r i e s w i t h 

t h e o r i e n t a t i o n o f t h e c r y s t a l i n Bg. Consequently, f o r a 

m i c r o c r y s t a l l i n e powder sample, t h i s w i l l l e a d t o a range 

o f f r e q u e n c i e s c o r r e s p o n d i n g t o a l l p o s s i b l e o r i e n t a t i o n s 

between C j j and aj_, w hich may cover s e v e r a l tens o f p a r t s 

p e r m i l l i o n . 

2.4. Magic-Angle Spinning 

As p o i n t e d o u t i n t h e p r e v i o u s s e c t i o n s t h e two main 

o r i g i n s o f l i n e b roadening i n s o l i d - s t a t e NMR are t h e 

d i p o l a r i n t e r a c t i o n and t h e s h i e l d i n g a n i s o t r o p y . The 

q u e s t i o n o f removing from t h e f i n a l spectrum broadening 

due t o those e f f e c t s r e l i e s on t h e a p p l i c a t i o n of one 

g e n e r a l p r i n c i p l e o f NMR, namely t h a t i f a s p i n system can 

e x i s t i n two o r more s t a t e s the e f f e c t o f those s t a t e s can 
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be averaged t o a s i n g l e v a l u e when t h e r a t e o f t r a n s i t i o n s 

o r exchange between th e s t a t e s exceeds th e energy 

d i f f e r e n c e between them. That means, i f an i n t e r a c t i o n 

g i v e s r i s e t o a frequency spread o f Av f o r a g i v e n 

t r a n s i t i o n , t h e e f f e c t s o f the i n t e r a c t i o n may be removed 

f r o m t h e spectrum i f an exchange o f t h e s t a t e s can be 

i n d u c e d a t a r a t e g r e a t e r than Av. T h i s does not mean o n l y 

i n t e r a c t i o n s i n v o l v i n g a change o f t h e s p i n - s t a t e , but 

a l s o f r e q u e n c y d i f f e r e n c e s induced by changes i n t h e 

e n v i r o n m e n t , as i s t h e s i t u a t i o n i n t h e case o f chemical 

exchange o r j u m ping between i n e q u i v a l e n t c r y s t a l l o g r a p h i c 

s i t e s . 

I n t h e case o f non-viscous l i q u i d s , r a p i d m o l e c u l a r 

t u m b l i n g averages a l l a n i s o t r o p i c i n t e r a c t i o n s such as 

d i p o l a r c o u p l i n g and s h i e l d i n g a n i s o t r o p y t o l e a v e o n l y 

t h e i s o t r o p i c a l l y averaged c h e m i c a l s h i f t and t h e 

i s o t r o p i c p a r t o f t h e i n d i r e c t d i p o l a r c o u p l i n g ("J-

c o u p l i n g " ) [ 8 ] . 

I n s o l i d s , however, m o l e c u l a r m o t i o n i s g e n e r a l l y t o o 

r e s t r i c t e d f o r s i g n i f i c a n t a v e r a g i n g t o t a k e p l a c e . 

T h e r e f o r e , some fo r m of a r t i f i c i a l a v e r a g i n g has t o be 

a p p l i e d . The f i r s t s u c c e s s f u l t e c h n i q u e was developed i n 

1958 by Andrew, Bradbury and Fades [9] and l e d t o 

i ndependent r e c o g n i t i o n by b o t h Andrew [10] and Lowe [11] 

o f t h e f a c t t h a t s u f f i c i e n t l y r a p i d r o t a t i o n o f a powdered 

sample about an a x i s i n c l i n e d a t 54°44' ("the magic 

a n g l e " ) t o t h e a p p l i e d BQ would r e s u l t i n i s o t r o p i c 

a v e r a g i n g o f t h e d i r e c t d i p o l a r i n t e r a c t i o n . 

The f o l l o w i n g d i s c u s s i o n w i l l e x p l a i n t h e t h e o r e t i c a l 

b ackground o f magic-angle s p i n n i n g , because t h e a v e r a g i n g 
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e f f e c t i s n o t o b v i o u s . Consider r o t a t i o n o f a powdered 

sample about an a x i s s i n c l i n e d a t an angle p t o t h e 

a p p l i e d f i e l d BQ as d e f i n e d i n F i g . ( 2 . 2 ) . 

L e t r be t h e p r i n c i p a l v e c t o r f o r t h e i n t e r a c t i o n o f 

i n t e r e s t , making an a n g l e 6 w i t h Sg, and l e t t h e a n g l e 

between r and J be %. 

I n t h e case o f r o t a t i o n , a t r a t e co, t h e angle (j) = cot i f 

r 

i s i n t h e p l a n e o f BQ and J a t t i m e t = 0. Thus a t a 

subsequent t i m e , t 

cos 0 = cos X cos P + s i n % s i n P cos cot (2 .20) 

Thence 
(cos^ 0\ = cos^ % cos^ P + 2 s i n % cos % s i n P cos p(cos cot) 
^ ' (2.21) 

+ s i n ^ X s i n ^ P^cos^ cot^ 

A l s o 

^cos^ cot^ = 0 and ^cos^ cot^ = -

Eqn. (2.21) reduces t o 

^cos^ 0̂  = cos^ % cos^ P + - s i n ^ % s i n ^ P 

= cos^ X cos^ P + i (1 - cos^ x ) ( l - cos^ p) 
2 

= - + - ( 3 cos^ X - 1)(3 cos^ p - 1) 
3 6 

(3 cos^ 0 - 1) = - ( 3 cos^ X - 1)(3 cos^ p - 1) 
2 

(2.22) 
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B 0 /K 

F i g . 2.2 O«oiiietrical Representation for the e f f e c t of rotation 

Both parameters 0 and x are f i x e d f o r a r i g i d s o l i d , 

t h o u g h t h e y t a k e a l l p o s s i b l e v a l u e s i f t h e m a t e r i a l ' i s a 
powder. The t e r m i ( 3 c o s ^ p - l ) t h e r e f o r e a c t s as a s c a l i n g 

2 

f a c t o r on a d i p o l a r powder p a t t e r n . 

F o r t u n a t e l y t h e angle p i s under t h e c o n t r o l o f t h e 
e x p e r i m e n t a l i s t . I f P = 0°, i . e . r i s p a r a l l e l t o t h e 
a p p l i e d magnetic f i e l d , - (3 cos^ P - l ) = 1, so t h e r e i s 

2 
no e f f e c t on t h e spectrum. I f P = 90°, i . e . r o t a t i o n about 
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an a x i s perpendicular to Bg, the powder p a t t e r n i s scaled 
down by a f a c t o r of 2 and reversed i n d i r e c t i o n . The most 
i n t e r e s t i n g case, f o r s o l i d - s t a t e NMR spectroscopists, i s 
when cos^ P = - (P=55°44'), since then cos (3 = and 

i (3 cos^ |3 - l ) = 0, so t h a t - (3 cos^ 6 - l ) = 0 f o r a l l 

o r i e n t a t i o n s , i . e . f o r any 
B a s i c a l l y , r a p i d r o t a t i o n about an angle of 55°44' to 

Bq , w i l l average out a l l e f f e c t s due to a n i s o t r o p i c 
i n t e r a c t i o n s , j u s t as f o r i s o t r o p i c tumbling i n non-
viscous l i q u i d s . 
I n a l l the above discussions, the assumption that the 
time- averaged value of t h i s i n t e r a c t i o n over a r o t a t i o n 
w i l l be observed i s i m p l i c i t . 

However, as has been pre v i o u s l y stated, f o r observation 
of simple average values, the r a t e of mixing of states, 
i . e . i n t h i s case the r a t e of sample spinning, must be 
g r e a t e r than the frequency spread produced by the 
a n i s o t r o p i c i n t e r a c t i o n s . Since the i n t e r a c t i o n s under 
c o n s i d e r a t i o n w i l l o f t e n be i n the range of IO2 - 10^ Hz, 
i t i s obviously not always possible t o achieve a spinning 
r a t e h i gh enough to s a t i s f y t h i s c o n d i t i o n . I f the 
spinning r a t e i s smaller than the frequency spread, then 
there are two classes of i n t e r a c t i o n to be considered. 
These two i n t e r a c t i o n s have been christened 
"heterogeneous" and "homogeneous" by F o r t i e s [12] and were 
t h e o r e t i c a l l y discussed by Maricq and Waugh [13] . 
Considering f i r s t l y homogeneous i n t e r a c t i o n s such as 
homonuclear d i p o l a r i n t e r a c t i o n s i n a s p a t i a l l y 
homogeneous s o l i d , there w i l l be no narrowing of the l i n e 
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o b s e rved i f t h e r o t a t i o n r a t e i s l e s s t h a n t he d i p o l a r 

l i n e w i d t h because a d j a c e n t p a i r s o f s p i n s , b e i n g o f t h e 

same i s o t o p e , are c o n t i n u a l l y u n d e r g o i n g e n e r g y - c o n s e r v i n g 

r a d i a t i o n l e s s mutual t r a n s i t i o n s , caused by t h e c o u p l i n g 

o f t h e a P - and P a - s t a t e s o f t h e a d j a c e n t p a i r o f n u c l e i by 

th e "B"-term i n Eqn. (2.11), w h i c h e f f e c t s t h e s e c u l a r 

homonuclear d i p o l a r H a m i l t o n i a n i n Eqn. ( 2 . 1 5 ) . 

These " f l i p - f l o p " t r a n s i t i o n s produce a f l u c t u a t i n g 

m a gnetic f i e l d a t a g i v e n n u c l e u s , w i t h a c h a r a c t e r i s t i c 

c o r r e l a t i o n f r e q u e n c y i ) , which i s o f t h e same o r d e r as t h e 

f r e q u e n c y spread caused by t h i s i n t e r a c t i o n . 

The r e s u l t i n g e f f e c t of r o t a t i o n w i t h a r a t e l e s s than 

t h e f r e q u e n c y spread i n t h e spectrum, w i l l be opposed by a 

F o u r i e r component of t h e f l u c t u a t i n g f i e l d , and no 

a v e r a g i n g w i l l t a k e p l a c e . 

I f t h e i n t e r a c t i o n i s inhomogeneous, e.g. h e t e r o n u c l e a r 

d i p o l a r c o u p l i n g and s h i e l d i n g a n i s o t r o p y , t h e n t he 

i n t e r a c t i o n s a t v a r i o u s s i t e s a r e not coup l e d and behave 

i n d e p e n d e n t l y . M a r i c q and Waugh [13] showed t h a t a t 

s p i n n i n g speeds l e s s than t he fre q u e n c y spread o f t h e 

s h i e l d i n g a n i s o t r o p y i n t e r a c t i o n , t h e s t a t i c l i n e s h a p e 

w i l l b r e a k up i n t o a s e r i e s o f d i s c r e t e l i n e s , one o f 

wh i c h w i l l r e p r e s e n t t he i s o t r o p i c average resonance 

whereas t h e o t h e r s w i l l be s e p a r a t e d f r o m i t by m u l t i p l e s 

o f ( t h e r o t o r f r e q u e n c y ) . The l i n e s a re s o - c a l l e d 

s p i n n i n g side-bands. 

However, a n o t h e r problem i s t h e homogeneous d i p o l a r 

i n t e r a c t i o n s . Since these i n t e r a c t i o n s a re homogeneous, 

ma g i c - a n g l e s p i n n i n g has v e r y l i t t l e e f f e c t , i f t h e 

s p i n n i n g r a t e does not exceed t h e e q u i v a l e n t l i n e -
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broadening due t o the homogeneous d i p o l a r i n t e r a c t i o n . 
This i n t e r a c t i o n can e a s i l y produce a l i n e broadening upto 
10 0 kHz i n the spectrum. These spinning rates cannot be 
achieved w i t h the present techniques of magic-angle 
s p i n n i n g . 

To overcome t h i s problem Bloch [14] suggested a 
technique, today generally known as d i p o l a r decoupling. I n 
t h i s techique the mixing of the states i s achieved by 
t r a n s i t i o n s between proton spin-states induced by powerful 
r f i r r a d i a t i o n at the appropriate proton Larmor frequency. 
The c r i t e r i o n f o r e f f e c t i v e averaging i n t h i s case i s th a t 
the amplitude of the magnetic component of the r f 
r a d i a t i o n expressed i n frequency u n i t s (v = — B, ), should 

471 
exceed the d i p o l a r l i n e w i d t h . I t should be pointed out 
t h a t such i r r a d i a t i o n w i l l average both the a n i s o t r o p i c 
and i s o t r o p i c p a r t of the i n d i r e c t d i p o l a r i n t e r a c t i o n . 
The l a t t e r i s the basis of the s o l u t i o n - s t a t e 
heteronuclear decoupling technique used to remove J-
coupling from spectra. 

Both techniques mentioned are i n p r i n c i p l e capable of 
l e a d i n g t o h i g h - r e s o l u t i o n -^-^C-spectra of s o l i d s . However, 
there i s s t i l l the problem of the low s e n s i v i t y of -̂ Ĉ (1.1 
%) and the normally r e l a t i v e l y long l o n g i t u d i n a l 
r e l a x a t i o n times of "̂ Ĉ i n s o l i d s . 
To overcome these problems a t h i r d technique i s required. 

2.5 Cross P o l a r i s a t i o n 

The main idea of the cross p o l a r i s a t i o n technique i s to 
use the magnetic p r o p e r t i e s of an abundant spin species. 
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l i k e , t o o b t a i n a h i g h - r e s o l u t i o n spectrum o f the r a r e 
s p i n s . 

I t was i n t r o d u c e d f i r s t i n 1960 by Hartman and Hahn 

[15] . The c l a s s i c a l a n a l y s i s o f t h e method has been g i v e n 

by Hartman and Hahn u s i n g t h e g e n e r a l d e n s i t y m a t r i x 

t e c h n i q u e and was developed by L u r i e and S l i c h t e r [17] 

u s i n g a thermodynamic t r e a t m e n t . The t e c h n i q u e r e l i e s on 

t h e t r a n s f e r o f energy i n t h e form o f s p i n p o l a r i s a t i o n 

f r o m t h e abundant S s p i n s t o t h e r a r e I s p i n s . 

The p r o p e r way t o d e s c r i b e such a system i s i n a double 

r o t a t i o n frame r e p r e s e n t a t i o n [ 1 6 , 1 7 ] . I n t h i s 

r e p r e s e n t a t i o n , each o f t h e two s p i n species can be made 

t o sense a d i f f e r e n t e f f e c t i v e f i e l d . The e f f e c t i v e Zeeman 

s p l i t t i n g s o f t h e two species can be made equal, t h e r e b y 

a l l o w i n g r a p i d p o l a r i s a t i o n t r a n s f e r from t h e abundant S-

s p i n s t o t h e r a r e I - s p i n s . T h i s c o n d i t i o n o f equal 

e f f e c t i v e f i e l d s p l i t t i n g s i s c a l l e d t h e Hartman-Hahn 

c o n d i t i o n . The e x p e r i m e n t a l r e q u i r e m e n t t o f u l f i l t h i s 

c o n d i t i o n i s 

Ys-Bi5 = Yi -Bi i ( 2 . 2 3 ) 

where B̂  i s t h e e f f e c t i v e r a d i o f r e q u e n c y magnetic f i e l d a t 

n u c l e u s I o r S. At t h i s c o n d i t i o n b o t h I and S n u c l e i i n 

t h e i r r e s p e c t i v e r o t a t i o n frames of r e f e r e n c e w i l l precess 

about t h e i r r e s p e c t i v e B^'s a t t h e same frequency and 

t h e r e f o r e a r e a b l e t o exchange energy. 

A more q u a n t i t a t i v e d e s c r i p t i o n o f t h e r a t e o f t r a n s f e r 

o f p o l a r i s a t i o n under such c o n d i t i o n s i s c o m p l i c a t e d . I t 

has been e x t e n s i v e l y s t u d i e d b o t h t h e o r e t i c a l l y [ 1 8 , 1 9 ] 



d u l a t e d by t h e s t r o n g '^^C-^H d i p o l a r c o u p l i n g , and the 
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and e x p e r i m e n t a l l y [2 0-22]. W i t h o u t g o i n g i n t o d e t a i l , i t 

can be s t a t e d t h a t p o l a r i s a t i o n t r a n s f e r w i l l n o r m a l l y 

o c c u r so as t o approach an e q u i l i b r i u m v a l u e v i a an 

i n v e r t e d e x p o n e n t i a l decay curve f o r carbons weakly 

c o u p l e d t o p r o t o n s . When the carbons a r e s t r o n g l y coupled 

t o t h e p r o t o n s t h e p o l a r i s a t i o n w i l l be f r e q u e n t l y 

mo 

o v e r a l l i n i t i a l s i g n a l b u i l t up i s b e t t e r d e s c r i b e d by a 

g a u s s i a n f u n c t i o n [ 2 2 ] . 

T h i s process i s termed cross relaxation and f o r t h e 

i n t h e presence of ^H t h e symbol o f t h e p o l a r i s a t i o n time 

c o n s t a n t i s u s u a l l y termed as T,-.^ . 

I t s h o u l d be p o i n t e d out t h a t s i n c e i n p r a c t i c e the 

p r o t o n s a r e u s u a l l y s p i n l o c k e d d u r i n g t h e process o f 

c r o s s p o l a r i s a t i o n , t h e y w i l l be undergoing s p i n - l a t t i c e 
r e l a x a t i o n i n t h e r o t a t i n g frame (T^^) s i m u l t a n e o u s l y . I n 

o t h e r words t h e whole process o f cross p o l a r i s a t i o n i s 

b u i l t up fr o m two competing processes o c c u r r i n g a t the 

same t i m e . I f t h e r e l a x a t i o n r a t e i s s u f f i c i e n t l y f a s t the 

p r o t o n p o l a r i s a t i o n r e s e r v o i r may become s e v e r e l y 

d e p l e t e d , and t h e m a g n e t i s a t i o n w i l l b e g i n t o f l o w back 

f r o m t h e '̂'̂C r e s e r v o i r t o the ^H r e s e r v o i r i f the c o n t a c t 

i n c o n t i n u e d . The r e s u l t i n g f u n c t i o n o f a cross 

p o l a r i s a t i o n experiment w i t h s u c c e s s i v e l y i n c r e a s i n g 

c o n t a c t t imes t h e r e f o r e i s expected t o have a maximum 

m a g n e t i s a t i o n a t a c e r t a i n t i m e depending on the 

p o l a r i s a t i o n t r a n s f e r r a t e and t h e r e l a x a t i o n r a t e o f the 

n u c l e i under i n v e s t i g a t i o n . 

The combined t e c h n i q u e s , d i p o l a r d e c o u p l i n g and cross 

p o l a r i s a t i o n , were f i r s t used by Pines, Gibby and Waugh i n 



29 

1972 [ 2 3 , 2 4 , 2 5 ] . I g n o r i n g T j p - r e l a x a t i o n , t he g a i n i n S-
s p i n p o l a r i s a t i o n i s = 4 f o r S = and I = ^^C. This 

f a c t and t h e s h o r t e r l o n g i t u d i n a l r e l a x a t i o n time o f t h e 

p r o t o n s , compared t o t h e carbon r e l a x a t i o n t i m e c o n s t a n t , 

w h i c h s h o r t e n s t h e r e c y c l e t i m e between two a c q u i s i t i o n s , 

a r e r e s p o n s i b l e f o r t h e imp o r t a n c e o f • t h e cross 

p o l a r i s a t i o n t e c h n i q u e . 

The combined use o f c r o s s p o l a r i s a t i o n , magic-angle 

s p i n n i n g and d i p o l a r d e c o u p l i n g t o o b t a i n h i g h - r e s o l u t i o n 

s o l i d - s t a t e s p e c t r a was f u r t h e r s t u d i e d by S t e j s k a l and 

Schaefer [26] and made s o l i d - s t a t e NMR a v a l u e d t e c h n i q u e 

f o r a n a l y t i c a l purposes. 

The experiment c o n s i s t s o f an i n i t i a l 9 0 ° p u l s e t o t h e 

p r o t o n s f o l l o w e d by immediate s p i n - l o c k i n g and CP. A f t e r 

t h e s p i n - l o c k i n g t h e ^^C-FID i s a c q u i r e d w i t h 

s i m u l t a n e o u s l y p r o t o n d e c o u p l i n g . 

Thus, t h e experiment as n o r m a l l y performed may be 

r e p r e s e n t e d i n a schematic diagram ( F i g . 2 . 3 ) 

H 

90 B. lY 

d e c o u p l i n g r e c y c l e t i me 

c o n t a c t a c q u i s i t i o n 

F i g . 2.3 Standard c r o s s p o l a r i s a t i o n pulse sequence 
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The dynamics o f t h e p o l a r i s a t i o n t r a n s f e r were d e s c r i b e d 
t h e o r e t i c a l l y by Mehring [ 2 7 ] , l o o k i n g a t an abundant s p i n 
system S (e.g. ^H) and a r a r e s p i n system (e.g. "̂ Ô , w i t h 
an i n f i n i t e heat c a p a c i t y o f t h e S-spins. T^p r e l a x a t i o n 

s h o u l d a l s o be i n c l u d e d . A u s e f u l e x p r e s s i o n f o r the time 

dependence o f t h e c r o s s - p o l a r i s a t i o n experiment i n such a 

case can be w r i t t e n as 

Mix) = 1 - exp<^ - t exp 2.24) 
1 - X 

where MQ: i s t h e maximum m a g n e t i s a t i o n p o s s i b l e w i t h o u t 

any r e l a x a t i o n 

Tip-, i s t h e r e l a x a t i o n t i m e i n t h e r o t a t i n g frame 

X: i s t h e c o n t a c t time 

M(x) : i s t h e m a g n e t i s a t i o n a t some subsequent time x 

T h i s f u n c t i o n shows t h e e x p o n e n t i a l behaviour o f the 

p o l a r i s a t i o n t r a n s f e r . The second e x p o n e n t i a l takes t he 

r o t a t i n g frame r e l a x a t i o n o f t h e abundant spi n s i n t o 

a c c o u n t . The c r o s s p o l a r i s a t i o n b e h a v i o u r i s s c h e m a t i c a l l y 

shown i n F i g . 2.4. I t should be no t e d t h a t f o r i d e a l cases 

t h i s t e c h n i q u e i s a b l e t o d i s c r i m i n a t e between CH and CH2 

carbons i n one molecule. The r a t e o f cross p o l a r i s a t i o n i s 

t h e o r e t i c a l l y f o r CH atoms lower t h a n f o r CH2 carbons of 

t h e same m o b i l i t y . The i d e a l case would r e s u l t a maximum 

p o l a r i s a t i o n r a t i o a t s h o r t c o n t a c t t i m e s o f 2:1. The CH3 

carbons behave d i f f e r e n t l y because o f t h e i r r a p i d r o t a t i o n 

and t h e r e f o r e p a r t i a l l y averaged d i p o l a r i n t e r a c t i o n s . The 
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c r o s s p o l a r i s a t i o n t i me c o n s t a n t i s u s u a l l y l a r g e r f o r C H 3 

t h a n f o r CH o r CH? carbons. 

1.2 

0.0 

-0.2 

C polarisation with effective Tip relaxation 
'^C polarisation in the absence of T,p" relaxation 
H polarisation decay due to Tjp relaxation 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Contact Time / ms 

3.5 4.0 4.5 

Fig. 2.4: C magnetisation as a function of cross polarisation contact time 

2.6 Relaxation 

The p r e c e d i n g s e c t i o n has shown t h a t r e l a x a t i o n 

c h a r a c t e r i s t i c s may p l a y an i m p o r t a n t p a r t i n MMR. The 

d i f f e r e n t k i n d s o f r e l a x a t i o n mechanism, which are o f 

c o n s i d e r a b l e importance, w i l l be b r i e f l y e x p l a i n e d . 
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F i r s t l y , a t t e n t i o n w i l l be drawn t o l o n g i t u d i n a l and 

t r a n s v e r s e r e l a x a t i o n , Ti and T2, r e s p e c t i v e l y . 

Q u a l i t a t i v e l y , Ti and T2 r e l a x a t i o n can be understood 

u s i n g t h e concept of a f l u c t u a t i n g magnetic f i e l d . When 

t h e f l u c t u a t i o n s are due t o random t h e r m a l motion i n a 

l i q u i d , t h e r e w i l l be almost c e r t a i n l y be some frequency 

components o f around t h e Larmor frequency. This g i v e s 

r i s e t o random t r a n s i t i o n s between v a r i o u s x,y components 

o f t h e m a g n e t i s a t i o n . 

For random motions i n l i q u i d s , a l l f r e q u e n c i e s up t o a 

c e r t a i n l i m i t a r e e q u a l l y p r o b a b l e . T h e r e f o r e t h e random 

f i e l d B 2 ( t ) can be c h a r a c t e r i s e d by an a u t o c o r r e l a t i o n 

f u n c t i o n Git) 

G ( t ) = ^ i i i 4 I ^ A ( £ ) (2.25) 

Git) d e s c r i b e s t h e memory of t h e molecule a t the t i m e t+x 

f o r i t s o r i e n t a t i o n or p o s i t i o n a t t i m e t . I n f a c t , G ( t ) 

i s always t a k e n as an ensemble average over a l a r g e number 

o f m o l e c u l e s . I t i s t h e r e f o r e s t a t i o n a r y and can be 

w r i t t e n as an e x p o n e n t i a l l y decaying f u n c t i o n . 

Git) = exp - — (2.26) 

The c o r r e l a t i o n t i m e i s a measure o f t h e time s c a l e i n 

w h i c h m o l e c u l e motions can occur i n t h e system under 

s t u d y . The s h o r t e r x̂ . i s , the f a s t e r t h e molecule moves. 

Solomon [28] d e r i v e d equations f o r Ti and T2 r e l a x a t i o n 

f o r d i p o l e - d i p o l e r e l a x a t i o n caused by m o l e c u l a r d i f f u s i v e 

r o t a t i o n : 
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1 + 

3 + + 1 + (uhl 1 + 4 0)^1^ 

(2.27) 

For s m a l l m o l e c u l e s (x^ v e r y s m a l l , o f the o r d e r of 10~"^^s) 

an i n c r e a s e i n s p i n - l a t t i c e r e l a x a t i o n (decrease i n ) 

w i t h tc i s observed u n t i l a minimum i s reached f o r 

= 1 . I f t h e molecules a r e l a r g e r and slower, i . e . 

systems w i t h h i g h v i s c o s i t y , t h e l a c k o f frequency 

components a t t h e Larmor f r e q u e n c y COQ e v e n t u a l l y leads t o 

an i n c r e a s e i n when i n c r e a s e s f u r t h e r . The 

f l u c t u a t i o n s t h a t cause s p i n - l a t t i c e r e l a x a t i o n a r e a l s o 

i n p a r t r e s p o n s i b l e f o r r e l a x a t i o n . However, fre q u e n c y 

components f a r below t h e Larmor frequency w i l l s t i l l cause 

dephasing o f t h e x , y - m a g n e t i s a t i o n and t h e r e f o r e cause 

r e l a x a t i o n , a l t h o u g h these l o w - f r e q u e n c y f l u c t u a t i o n s no 

l o n g e r c o n t r i b u t e t o r e l a x a t i o n . T his i s t h e reason why 

T2 keeps d e c r e a s i n g w i t h i n c r e a s i n g c o r r e l a t i o n t i m e 

w i t h o u t g o i n g t o a minimum. I t can be shown from a 

q u a n t i t a t i v e t r e a t m e n t of t h e s p i n - l a t t i c e r e l a x a t i o n , 

t h a t i n t h e case o f extreme-narrowing (cor^ << l ) , t h e 

r e l a x a t i o n r a t e s , T i and T2, are e q u a l . For homonuclear 
d i p o l a r r e l a x a t i o n o f 1 = 1/2 n u c l e i and (ox^ << 1 Eqn. 

(2.27) reduces t o 

1_ (2.28) 

I n s o l i d s , 

c o m p l i c a t e d . 

however. th e s i t u a t i o n i s much more 

The l a c k o f f a s t motions can l e a d t o Ti 



34 
v a l u e s of m i n u t e s , w h i l e can no l o n g e r be r e a d i l y 

r e l a t e d t o t h e shape of t h e r e s o n a n c e l i n e . 

The w i d t h of t h e p r o t o n r e s o n a n c e i s now a s u p e r p o s i t i o n 

of r e s o n a n c e s , broadened by i n t r a m o l e c u l a r as w e l l as 

i n t e r m o l e c u l a r d i p o l a r i n t e r a c t i o n s between p r o t o n s . The 

l i n e s h a p e may be G a u s s i a n r a t h e r than E x p o n e n t i a l [29] . 

The r e l a x a t i o n r a t e as a f u n c t i o n of i s shown i n F i g . 

2.5 f o r v a r i o u s p r o t o n Larmor f r e q u e n c i e s . 

A l s o , when a m o l e c u l e w i t h c h e m i c a l s h i f t a n i s o t r o p y i s 

s u b j e c t e d to random motions, the e f f e c t i v e magnetic f i e l d 

a t t h e n u c l e u s i s c h a n g i n g r a p i d l y , and t h i s may cause the 

s p i n s t o r e l a x . 

However, f o r '^H i n an i n s u l a t i n g o r g a n i c s o l i d a t room 

t e m p e r a t u r e , t h e dominant mechanism i s almost c e r t a i n t o 

be f l u c t u a t i o n s i n t h e homonuclear d i p o l e - d i p o l e 

i n t e r a c t i o n s due t o m o l e c u l a r motion. S i n c e the 

f l u c t u a t i o n s i n t h e d i p o l a r i n t e r a c t i o n which c o n s t i t u t e 

t h e r e l a x a t i o n mechanism a r e due to m o l e c u l a r motion, the 

r e l a x a t i o n b e h a v i o u r w i l l r e f l e c t t h e m o l e c u l a r motions 

p r e s e n t i n the system, p a r t i c u l a r l y ( f o r T;̂ ) those around 

t h e r e s o n a n t f r e q u e n c y of i n t e r e s t [ 3 0 , 3 1 ] . 

The s p i n - l a t t i c e r e l a x a t i o n may be monitored by the r a t e 

of r e - g r o w t h of m a g n e t i s a t i o n i n the +z d i r e c t i o n 

f o l l o w i n g p e r t u r b a t i o n . The r e - e s t a b l i s h m e n t of 

e q u i l i b r i u m p o p u l a t i o n d i s t r i b u t i o n by energy exchange 

between t h e s p i n ' s m a g n e t i c energy and o t h e r degrees of 

freedom o f t h e s y s t e m s u c h a s m o l e c u l a r r o t a t i o n s and 

t r a n s l a t i o n , i s e n t i r e l y dependent of the Larmor f r e q u e n c y 
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l o g T 
1 , 2 

w„ = 40 0 MHz 

w„ = 100 MHz 

= 100 MHz 

l o g t 

F i g . 2.5: R e l a x a t i o n times as a f u n c t i o n of the c o r r e l a t i o n time 

o f t h e nucleus i n t h e a p p l i e d magnetic f i e l d Bg ( f o r 

p r o t o n s t y p i c a l l y 60-600 MHz). However, o t h e r frequency 

ranges can be probed by measurements o f o t h e r 

m a n i f e s t a t i o n s . The o t h e r most i m p o r t a n t r e l a x a t i o n t i m e 

i s t h e decay o f m a g n e t i s a t i o n s p i n - l o c k e d i n t h e r o t a t i n g 

frame. I n t h i s case t h e m o t i o n a l f r e q u e n c i e s o f i n t e r e s t 

w i l l be o f t h e same o r d e r as t h e frequency o f t h e a p p l i e d 

r f r a d i a t i o n used f o r t h e s p i n - l o c k i n g , which i s t y p i c a l l y 

10^ - 1 0 ^ Hz. T h i s r e l a x a t i o n t i m e i s termed as spin-

lattice relaxation in the rotating frame. 

I t i s found t h a t , f o r a d i s c r e t e , homogeneous s p i n 

system, t h e r a t e o f r e l a x a t i o n f o l l o w s an e x p o n e n t i a l law: 

Mq - M{t) = Mr, - M{0) exp ^ _t^ (2.29) 
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Where MQ i s t h e e q u i l i b r i u m v a l u e o f t h e measured 

m a g n e t i s a t i o n 
M(0) i s t h e m a g n e t i s a t i o n v a l u e i n i t i a l l y a f t e r t h e 

r f p e r t u r b a t i o n 
M ( t ) i s t h e v a l u e o f t h e measured m a g n e t i s a t i o n a t 

some subsequent t i m e t 
i s t h e c h a r a c t e r i s t i c r e l a x a t i o n t i m e c o n s t a n t 

I n m a c r o s c o p i c a l l y heterogeneous systems, however, t h i s 

s i m p l e b e h a v i o u r o f r e l a x a t i o n i s not found. Rather, s p i n -

l a t t i c e r e l a x a t i o n can be r e p r e s e n t e d as a s u p e r p o s i t i o n 

o f e x p o n e n t i a l processes. A reasonable model f o r a 

heterogeneous system would be t o c o n s i d e r i t as a m i x t u r e 

o f s e v e r a l d i s c r e t e homogeneous subsystems, each f o l l o w i n g 

t h e r u l e s f o r e x p o n e n t i a l r e l a x a t i o n i n ( 2 . 2 9 ) . I t f o l l o w s 

t h a t t h e o v e r a l l r e l a x a t i o n b e h a v iour of t h e m i x t u r e can 

be d e c r i b e d by 

Mo - Mit) = Mo - MiO) X P ( i ) exp ' t ^ 

i = l V T i ( i ) 
(2.30: 

where P ( i ) i s t h e p r o p o r t i o n of component i 
T i ( i ) i s t h e t i m e c o n s t a n t o f component i 

I n p r i n c i p l e i t s h o u l d be p o s s i b l e t o e x t r a c t i n f o r m a t i o n 

about t h e c o n s t i t u e n t components i n such a system. 

However, n o n - e x p o n e n t i a l b e h a v i o u r i s o f t e n found i n 

systems where t h e h e t e r o g e n e i t y i s s t r u c t u r a l , o r chemical 

on a m i c r o s c o p i c l e v e l . Blbclc-copolymers, f o r i n s t a n c e , 

a r e o f t e n b u i l t f rom m i c r o s c o p i c domains, where n a i v e 

a n a l y s i s o f t h e r e l a x a t i o n d ata i n t e r m o f c o n s t i t u e n t 
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components can y i e l d t o m i s l e a d i n g r e s u l t s because o f the 

phenomenon o f spin-diffusion [29,32,33,34]. 

2.7 Spin D i f f u s i o n 

The n a t u r e o f t h e s p i n d i f f u s i o n can be e x p l a i n e d w i t h 

t h e homonuclear s e c u l a r d i p o l a r H a m i l t o n i a n . The B-term i n 

Eqn. (2.11) a l l o w s energy c o n s e r v i n g simultaneous 

r a d i a t i o n l e s s t r a n s i t i o n s f o r a p a i r o f a d j a c e n t n u c l e i . 

T h i s i s t h e mechanism by which s p i n d i f f u s i o n o c c u r s . Spin 

d i f f u s i o n a l l o w s t r a n s p o r t a t i o n o f p o l a r i s a t i o n from one 

p a r t o f t h e l a t t i c e t o another, t h e r e b y t e n d i n g t o even 

o u t t h e p o l a r i s a t i o n t h r o u g h o u t t h e l a t t i c e . O b v i o u s l y , 

f o r a t i g h t l y c o u p l e d l a t t i c e i n a heterogeneous system, 

where c h e m i c a l l y o r p h y s i c a l l y d i f f e r e n t domains i n t h a t 

system would y i e l d a non- u n i f o r m d i s t r i b u t i o n o f 

p o l a r i s a t i o n d u r i n g t h e process o f r e l a x a t i o n , s p i n 

d i f f u s i o n may g r e a t l y m o dify t h e o v e r a l l observed 

r e l a x a t i o n b e h a v i o u r from t h a t expected from t h e i n t r i n s i c 

r e l a x a t i o n p r o p e r t i e s o f t h e v a r i o u s s i t e s , and 

q u a n t i t a t i v e i n t e r p r e t a t i o n becomes d i f f i c u l t o r 

i m p o s s i b l e . I t can r e a d i l y be shown [29] t h a t t h i s 

t r a n s p o r t a t i o n t a k e s t h e form o f a d i f f u s i o n e q u a t i o n 

dM •)„7 

= Wa^V^M (2.31) 
d t 

where M i s t h e p o l a r i s a t i o n a t a g i v e n s i t e 

W i s t h e f l i p - f l o p t r a n s i t i o n p r o b a b i l i t y 
a i s t h e i n t e r - n u c l e a r d i s t a n c e t o t h e n e a r e s t 
n e i g h b o u r i n t h e l a t t i c e 
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The q u a n t i t y iVa^ i s g i v e n t h e symbol D, and r e f e r r e d t o as 

t h e spin diffusion coefficient. 

I n such cases, t h e observed r e l a x a t i o n behaviour w i l l 

now depend n o t o n l y on t h e i n t r i n s i c r e l a x a t i o n p r o p e r t i e s 

o f t h e v a r i o u s r e g i o n s , b u t a l s o on t h e i r s i z e s , t h e i r 

s p a t i a l d i s t r i b u t i o n and morphology and f i n a l l y o f t h e 

s p i n d i f f u s i o n w i t h i n t h e v a r i o u s domains. 

However, t h i s e q u a t i o n i n p r i n c i p l e enables one t o 

e x t r a c t domain s i z e s and morphology i n heterogeneous 

systems. A s t r a i g h t f o r w a r d experiment uses the well-)cnown 

Goldman-Shen [35] p u l s e sequence, t h a t measures 

p o l a r i s a t i o n t r a n s f e r from one r e g i o n t o another. A l l 

a t t e m p t s i n t h e p a s t t o e x t r a c t t h e domain s i z e and t h e 

morphology o f heterogeneous systems, e s p e c i a l l y polymers, 

f a i l e d due t o t h e n e g l e c t o f r e l a x a t i o n d u r i n g t h e 

p o l a r i s a t i o n t r a n s p o r t . Many a t t e m p t s have been made t o 

c a n c e l ( m i n i m i s e ) t h e so c a l l e d " T ^ - e f f e c t " [36,37,38]. I n 

f a c t Paclcer e t a l . [39,40] showed t h a t i t i s i n p r i n c i p l e 

i m p o s s i b l e t o c a n c e l t h i s e f f e c t 

I n o r d e r t o d e s c r i b e such a system, another model i s 

necessary. A g e n e r a l e q u a t i o n t h a t t a kes t h e i n t r i n s i c 

r e l a x a t i o n parameters and s p i n - d i f f u s i o n m o d u l a t i o n i n t o 

account c o u l d be w r i t t e n i n a form [41,42] 

= D ( f )V'M(t) + Rir){Mo - M ( t ) ) (2.32: 
dt 

where M ( t ) i s t h e magnetic p o l a r i s a t i o n a f t e r t i m e t 

D i s t h e s p i n - d i f f u s i o n c o e f f i c i e n t 

i s t h e s p i n - r e l a x a t i o n r a t e c o n s t a n t 

f i s t h e p o s i t i o n a l v e c t o r 



39 
D{r) and i ^ ( r ) are assumed t o be i s o t r o p i c and c o n s t a n t 
w i t h i n t h e g i v e n r e g i o n . An e q u a t i o n of t h i s t y pe i s 
r e p o r t e d i n a subsequent c h a p t e r as t h e b a s i s of a 
computer model t o i n v e s t i g a t e domain s i z e s , i n t r i n s i c 
r e l a x a t i o n p r o p e r t i e s and t h e morphology of heterogeneous 
systems. 
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C h a p t e r 3 

3.1 Introduction 

Nylon-6 b l o c k copolymers (NBC) are a r e l a t i v e l y new 

c l a s s o f E e a c t i o n I n j e c t i o n Moulding (RIM) systems, 

c o v e r i n g a b r o a d range of morphologies and p r o p e r t i e s . RIM 

i s a l o w - c o s t easy-to-handle process f o r p r e p a r i n g 

p o l y u r e t h a n e s , and was f i r s t mentioned i n 1941 [ 1 , 2 , 3 ] . I t 

i s now a l s o a v a i l a b l e f o r nylon-6 b l o c k copolymers, s i n c e 

Monsanto began t h e i r e x p l o r a t o r y r e s e a r c h i n base-

c a t a l y s e d p o l y m e r i s a t i o n o f lactams i n 1955 [4] and 

s u b s e q u e n t l y developed a RIM system f o r nylon-6 b l o c k 

copolymers as d e s c r i b e d by H e d r i c k and Gabbert [5] . Very 

r a p i d p o l y m e r i s a t i o n o c c u r r e d a t temperatures between 80 

oc and 180 oc, w e l l below t h e t e m p e r a t u r e r e q u i r e d f o r t h e 

t h e r m a l i n i t i a t i o n (=200 °C) . I n t h i s work, NBC have been 

produced by a n i o n i c p o l y m e r i s a t i o n o f c a p r o l a c t a m w i t h 

e n d - f u n c t i o n a l i s e d s o f t - b l o c k components i n v o l v i n g 

p o l y e t h e r f r a g m e n t s . T h i s g i v e s r i s e t o l i n e a r segmented 

b l o c k copolymers w i t h a l t e r n a t i n g polyamide (hard b l o c k ) 

and p o l y e t h e r - p o l y e s t e r a m i d e prepolymer ( s o f t b l o c k ) 

components, 

A p r o m i n e n t f a c t o r d i s t i n g u i s h i n g b l o c k copolymers from 

random copolymers i s t h e f r e q u e n t , though not i n v a r i a b l e , 

s e p a r a t i o n o f t h e m a t e r i a l s o f t h e i r c o n s t i t u e n t b l o c k s 

i n t o microphases o r domains, r e s u l t i n g i n a supramolecular 

t e x t u r e t h a t i s s p e c i f i c t o b l o c k copolymers and which has 

an i m p o r t a n t i n f l u e n c e upon t h e i r p r o p e r t i e s and uses. 

Nylon-6 on i t s own i s i n s u f f i c i e n t f o r most a p p l i c a t i o n s , 
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i n p a r t i c u l a r i n t h e automo t i v e i n d u s t r y because of i t s 

toughness. C o p o l y m e r i s a t i o n , e.g. w i t h a p o l y e t h e r , 

improves t h e f r a c t u r e r e s i s t a n c e s i g n i f i c a n t l y and the 

impact s t r e n g t h can be i n c r e a s e d s e v e r a l f o l d . This even 

compensates f o r t h e decrease i n f l e x u r a l modulus and t e n 

s i l e s t r e n g t h . 

3.2 Synthesis of Polyamide-6 (Nylon-6) 

Nylon-6 was p r e p a r e d by an a c y l l a c t a m - i n i t i a t e d a n i o n i c 

p o l y m e r i s a t i o n . A r e c i p e by Powell [6] has been used t o 

p r e p a r e n y l o n - 6 : 

250 mg c a p r o l a c t a m were w e i g h t e d i n t o an o v e n - d r i e d 

g l a s s v i a l . 3 \iL of N - a c e t y l c a p r o l a c t a m was added t o t h e 

c a p r o l a c t a m . The v i a l was p l a c e d i n an o i l b a t h a t 160 °C 

and purged w i t h a slow steam of d r y n i t r o g e n . Sodium 

h y d r i d e (10 mg o f a 60 % d i s p e r s i o n i n m i n e r a l o i l ) was 

added a l l a t once t o t h e m o l t e n s o l u t i o n . The 

p o l y m e r i s a t i o n was a l l o w e d f o r f i v e minutes. The v i a l was 

t h e n removed from t h e b a t h and a l l o w e d t o c o o l t o room 

t e m p e r a t u r e . The v i a l was crushed, and the produc t was 

powdered, e x t r a c t e d o v e r n i g h t w i t h hot methanol and 

f i n a l l y d r i e d a t 60 °C under vacuum. 
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3.3 Mode of Formation of Polyamide-6 (Nylon-6) 

Joyce and R i t t e r [1] o b t a i n e d i n 1941 a p a t e n t on the 

b a s e - c a t a l y s e d p o l y m e r i s a t i o n o f caprolactam. I t was a 

t h e r m a l l y i n i t i a t e d a n i o n i c p o l y m e r i s a t i o n . A s m a l l amount 

o f sodium o r o t h e r a l k a l i m e t a l i n c a p r o l a c t a m was r e a c t e d 

t o produce sodium c a p r o l a c t a m . The r a p i d , exothermic 

p o l y m e r i s a t i o n o f c a p r o l a c t a m t o n y l o n - 6 takes p l a c e a t 

200 °C. The n y l o n - 6 p r e p a r e d under t h i s c o n d i t i o n i s 

u s u a l l y o f h i g h m o l e c u l a r w e i g h t , w h i c h i s not a f u n c t i o n 

o f t h e sodium c a p r o l a c t a m c o n c e n t r a t i o n . I t was p o s t u l a t e d 

t h a t p o l y m e r i s a t i o n occurs not o n l y due t o r i n g - o p e n i n g 

b u t a l s o by c r o s s - l i n k i n g r e a c t i o n s w i t h i n the c h a i n s . 

F i g u r e s 3.1 and 3.2 show t h e r e a c t i o n s . 

H.K. H a l l [7] o f DuPont s u b s e q u e n t l y proposed an analogous 

mechanism w h i c h was p u b l i s h e d i n 1958. A pre-formed 

a c y l l a c t a m was added t o c a p r o l a c t a m c o n t a i n i n g sodium 

c a p r o l a c t a m a t 160 °C. Very r a p i d p o l y m e r i s a t i o n and a 

s o l i d n y l o n - 6 c a s t i n g r e s u l t e d i n f o u r t o f i v e minutes. 

I n t h e absence o f a c y l l a c t a m t h e p o l y m e r i s a t i o n d i d not 

o c c u r . The p o l y m e r i s a t i o n r e s u l t s a g a i n i n a v e r y h i g h 

m o l e c u l a r w e i g h t nylon-6, b u t t h i s t i m e w i t h a acylamino 

end group r a t h e r than t h e amino end group from t h e 

t h e r m a l l y i n i t i a t e d p o l y m e r i s a t i o n . The mechanism f o r t h e 

a c y l l a c t a m i n i t i a t e d c a p r o l a c t a m p o l y m e r i s a t i o n i s 

p r e s e n t e d i n F i g . 3.3. 
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I n i t i a t i o n 

N a N H N ( C H ^ ) C — N 

N a 

C a t a l y s t Regeneration 

H N ( C H ) C — N 
+ 2 5 

N a 

H ^ N ( C H ^ ) ^ N a N 

Propagation 

H ^ N ( C H ^ ) C — N H ^ N ( C H ^ ) — 

Polymer 

N ( C H ) - C - H N 
H 2 5 

N y l o n - 5 

Pig. 3.1 Proposed mechanlam for the thermally i n i t i a t e d anionic polysariaation of caprolactam 

I n t h i s case t h e i n i t i a t o r c o n c e n t r a t i o n c o n t r o l s t h e 

number o f chains s t a r t e d and th u s t he mo l e c u l a r w e i g h t , 

p r o v i d e d t h e temperature i s below o f t h a t f o r t h e r m a l l y 

i n i t i a t e d p o l y m e r i s a t i o n . The same k i n d o f b r a n c h i n g 

r e a c t i o n as p o i n t e d out i n F i g . 3.2 takes p l a c e because of 

t h e h i g h m o l e c u l a r w e i g h t o f t h e n y l o n - 6 . 
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O CH ^ / 3 C 

c = o 
+ I -

Na N 
backbone 

C = 0 

^̂  / 3 
c 

Na II 
c = o 
I 

-N 

c = o 

F i g . 3.2 A bremchlng r e a c t i o n I n a n i o n i c I n i t i a t e d lacteun p o l y m e r i s a t i o n 
R=H f o r t h e r m a l l y I n i t i a t e d p o l y m e r i s a t i o n 
R s a c e t y l f o r a c y l l a c t a m I n i t i a t e d p o l y m e r i s a t i o n 

3.4 Mode of Formation of Polyether-polyesteramide 
(Prepolymer) 

Very l i t t l e i s known about t h e p o l y e t h e r - p o l y e s t e r a m i d e 

p r e p o l y m e r used f o r t h e c o p o l y m e r i s a t i o n w i t h c a p r o l a c t a m . 

I t i s a t e c h n i c a l l y - p r o d u c e d low m o l e c u l a r w e i g h t polymer. 

I t appears as a brown, s t i c k y , h i g h l y - v i s c o u s l i q u i d as 

purchased f r o m DSM. T h i s s e c t i o n w i l l g i v e a summary o f 
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Na N CH C — N — (CH ) -
Na 

C — N 

A c l y l l a c t a m Sodium Caprolactam 

CH^C- N(CH ) -
H 2 5 

Nylon-6 

P i g . 3.3 A c y l l a c t a m I n i t i a t e d a n i o n i c p o l y m e r l B a t l o n of caprolactam 

t h e l i t e r a t u r e a v a i l a b l e d e a l i n g w i t h t h e s y n t h e s i s and 

s t r u c t u r e o f t h e p o l y e t h e r p o l y e s t e r a m i d e [ 4 , 5 , 8 , 9,10] . The 

p r e p o l y m e r f o r m a t i o n was done u s i n g a m u l t i - f u n c t i o n a l 

b i s - a c y l l a c t a m w h i c h n o r m a l l y a c t s as i n i t i a t o r f o r 

c a p r o l a c t a m p o l y m e r i s a t i o n . I n t h i s r e a c t i o n i t f u n c t i o n s 

t o combine w i t h t h e p o l y ( e t h y l e n e oxide) (PEO) end-

f u n c t i o n a l i s e d p o l y ( p r o p y l e n e oxide)(PPO) m o i e t i e s . The 

m o l e c u l a r w e i g h t o f t h e p o l y e t h e r i s about 2000 g/mol 

a c c o r d i n g t o t h e m a n u f a c t u r e r s . The t o t a l m o l e c u l a r weight 

i s a l s o unknown, but a c c o r d i n g t o [4] x i n f i g . 3.4 i s 

about 9, r e s u l t i n g i n a t o t a l m o l e c u l a r weight of about 

20000 g/mol. The r a t i o o f PPO t o PEO i s not quoted by t h e 

m a n u f a c t u r e r s b u t was determined b y ' s o l i d - s t a t e NMR t o = 

7:1 (see c h a p t e r 4 . 2 . 2 ) . An excess of a c y l l a c t a m was used 

t o ensure t h e prepolymer i s t e r m i n a t e d by a c y l l a c t a m . The 

r e a c t i o n i s completed w i t h i n seconds i n t h e presence o f an 
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a l k a l i n e c a t a l y s t . U n f o r t u n a t e l y no paper mentioned t h e 

c a t a l y s t used, n or what k i n d o f b i s - a c y l l a c t a m . An e a r l y 

work by H e d r i c k and Gabbert [4] used a p h e n y l - b i s -

a c y l l a c t a m . The r e a c t i o n i s as f o l l o w s : 

3.5 Synthesis of Polyether-polyesteramide Block 
Copolymer 

The n y l o n - 6 b l o c k copolymers were p r e p a r e d by a 

s i m u l a t e d r e a c t i o n i n j e c t i o n moulding (RIM) process. The 

b l o c k copolymer was made by Dr. S.W.-Tsui a t t h e 

U n i v e r s i t y o f B r a d f o r d . T h e r e f o r e t h e r e a c t i o n components 

were d i v i d e d i n t o two p a r t s i n a w e i g h t r a t i o o f about 

1:1. They were p l a c e d i n t o two beakers which were t h e n 

cove r e d w i t h c o t t o n wool which p r e v e n t e d t h e m o i s t u r e i n 

t h e a i r f r o m d e a c t i v a t i n g t h e c a t a l y s t . No n i t r o g e n 

atmosphere has been i n t r o d u c e d . 

X HO^OH + x+l 
c a t a l y s t 

P o l y e t h e r B i s - a c y l l a c t a m 

0 

NH (CH2 ) 5-C — C v v o — C ( C H ^ ) -NH — C \C^^ 

P o l y e t h e r 

p o l y e s t e r a m i d e prepolymer 

F i g . 3.4 Prepolymer formation 
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Beaker A, which c o n t a i n e d t h e prepolymer and a p a r t of the 

t o t a l amount of caprolactam, was heated t o a temperature 

o f 90 °C. T h i s t e m p e r a t u r e was m a i n t a i n e d u n t i l a l l the 

c a p r o l a c t a m was m e l t e d . The r e m a i n i n g caprolactam i n 

b eaker B was heated t o a temperature o f 110 °C. The 

c a t a l y s t ( c a p r o l a c t a m magnesium bromide) was then poured 

i n t o t h e beaker. The t e m p e r a t u r e was m a i n t a i n e d u n t i l t he 

c a t a l y s t was w e l l d i s s o l v e d i n t o t h e caprolactam. The 

t e m p e r a t u r e was t h e n lowered t o about 9 0 °C, and t h e 

c o n t e n t s o f beaker A and B were f i n a l l y mixed t o g e t h e r f o r 

c o p o l y m e r i s a t i o n i n t o a p r e h e a t e d (140 °C) mould. The 

p o l y m e r i s a t i o n was a l l o w e d t o proceed a t 140 °C f o r 5 min 

b e f o r e demoulding. I m p u r i t i e s , l i k e s t a r t i n g m a t e r i a l or 

o l i g o m e r s were removed w i t h h o t methanol f o l l o w e d by 

d r y i n g a t 60 °C under vacuum. 

3.6 Mode of Formation of Polyether-polyesteramide 
Block Copolymer 

P o l y m e r i s a t i o n o f t h e p o l y e t h e r p o l y e s t e r a m i d e w i t h 

c a p r o l a c t a m suggests t h a t e i t h e r an ABA or an a l t e r n a t i n g 

AB b l o c k s t r u c t u r e i s p o s s i b l e , where A i s t h e polyamide 

and B i s t h e p o l y e t h e r - p o l y e s t e r b l o c k . At f i r s t glance i t 

appears t h a t c a p r o l a c t a m p o l y m e r i s a t i o n from each end of 

t h e p r e p o l y m e r would l e a d t o an ABA s t r u c t u r e . However, i t 

i s known t h a t e s t e r and amide l i n k a g e s i n t h e prepolymer 

can f u n c t i o n as i n i t i a t i o n and t r a n s f e r s i t e s [ 4 , 1 1 , 1 2 ] . 

Polyamide chains can be formed and i n c o r p o r a t e d i n t o t h e 

p r e p o l y m e r u n i t a t these s i t e s , l e a d i n g t o an a l t e r n a t i n g 

s t r u c t u r e shown i n f i g u r e 3.5. Of course, the r e s u l t i n g 
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p o l y a m i d e b l o c k l e n g t h would decrease by a f a c t o r o f x, 

t h e number o f p o l y e t h e r u n i t s i n t h e prepolymer, p r o v i d e d 

t h e i n c o r p o r a t i o n o f polyamide w i l l be e q u a l l y d i s t r i b u t e d 

i n t h e b l o c k copolymer. The homogeneity o f t h e polyamide 

phase was i n v e s t i g a t e d and c o n f i r m e d by H e d r i c k and 

Gabbert [4] . Kurz [9] has shown t h a t t h e m o l e c u l a r w e i g h t 

o f p o l y amide u n i t s matches b e t t e r t o an a l t e r n a t i n g 

s t r u c t u r e t h a n t o t h e ABA s t r u c t u r e by s e l e c t i v e 

d e g e n e r a t i o n o f t h e s o f t b l o c k s . An example o f h i s work 

showed t h a t t h e number average m o l e c u l a r w e i g h t o f t h e 

pol y a m i d e b l o c k s i s 2400 g/mol which i s i n agreement t o 

t h e c a l c u l a t e d AB s t r u c t u r e , r a t h e r t h a n 17200 g/mol as 

ex p e c t e d f o r an ABA s t r u c t u r e . C o n s i d e r i n g t h e d e f i n i t i o n 

o f t h e number average m o l e c u l a r w e i g h t 

= (3.1) 

i 

where i s t h e mass of t h e i t h f r a c t i o n i n t h e specimen 

i s t h e number of moles o f t h e i t h f r a c t i o n i n t h e 

specimen 

t h e average number of polyamide u n i t s i s 21 and 152 

r e s p e c t i v e l y f o r t h e above mentioned m o l e c u l a r w e i g h t s . 

For t h e a l t e r n a t i n g s t r u c t u r e i n 3.5 t h i s means t h a t t h e 

i n d i c e s a, b, c and d are equal t o 21 l a c t a m u n i t s . 

T h i s s t r u c t u r e was a l s o proposed by t h e workers who have 

de v e l o p e d t h a t system [ 4 , 8 ] . However, t h e f i n a l s t r u c t u r e 

has a s i g n i f i c a n t e f f e c t on t h e domain s i z e s o f t h e 

po l y a m i d e b l o c k s and t h e r e f o r e t h e morphology o f t h e 

system. One w o u l d s t r o n g l y expect l a r g e r domain s i z e s o f 

po l y a m i d e i n an ABA than i n an AB b l o c k copolymer. I t 
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s h o u l d be p o i n t e d out t h a t t h e prepolymer has a g i v e n 

m o l e c u l a r w e i g h t and conseq u e n t l y c o u l d be co n s i d e r e d as a 

c o n s t a n t . For d i f f e r e n t m o l e c u l a r w e i g h t s o f the 

p o l y e t h e r , t h e domain s i z e s o f the polyamide are expected 

t o be s m a l l e r w i t h d e c r e a s i n g m o l e c u l a r w e i g h t o f t h e 

p o l y e t h e r because t h e number of a c t i v e end-groups i n t h e 

p r e p o l y m e r i s i n c r e a s i n g . I n a l a t e r c h a p t e r t h e s t r u c t u r e 

and morphology w i l l be s t u d i e d by o b t a i n i n g t h e domain 

s i z e s o f t h e d i f f e r e n t b l o c k s by means of p r o t o n s o l i d -

s t a t e NMR. C o n c l u s i o n s about t he morphology and chemical 

s t r u c t u r e o b t a i n e d by t h i s t e c h n i q u e w i l l be di s c u s s e d i n 

c h a p t e r 5. 

N - C — C - - N H ( C H 2 ) 5 - C - O A O — C — ( C 

P o l y e t h e r 
p o l y e s t e r a j n i d e p r epolymer 

a' o 

C ( C H ^ ) ^ N H N H ( C H 2 ) 5-C O A O •C ( C H ^ ) ^ N H 

p o l y a m i d e p o l y e t h e r 

F I 9 . 3.5 Copolymer formation 

u 6 

3.7 Spectrometer Systems 

Three s p e c t r o m e t e r systems, a Bruker CXP-200, a V a r i a n 

VXR-3 00 and a custom b u i l t WRAC, were used f o r t h e 

m a j o r i t y o f t h e work o u t l i n e d i n t h i s t h e s i s . The CXP-200 
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i s equipped w i t h a 4.7 T e s l a wide-bore (89.5 mm) magnet, 

w i t h a p r o t o n resonance frequency o f 200.13 MHz and 

50.322695 MHz f o r " c . Two broad-band, d u a l - c h a n n e l 

d o u b l e - b e a r i n g probes were u s u a l l y used on t h e CXP-200 

s p e c t r o m e t e r . The d o u b l e - b e a r i n g probes p r o v i d e d a v e r y 

s t a b l e s p i n n i n g system f o r magic-angle s p i n n i n g s t u d i e s . 

The s p i n n i n g speed o f t h e r o t o r c o u l d be up t o 5 kHz. 

The VXR-300 i s a spe c t r o m e t e r equipped w i t h a 7.1 Tesla 

n a r r o w - b o r e (89 mm) magnet w i t h a p r o t o n resonance 

f r e q u e n c y o f 2 99.95 MHz. The probe used f o r t h e CP/MAS 

exp e r i m e n t s was a d o u b l e - b e a r i n g Doty S c i e n t i f i c 7 mm. The 

r o t o r m a t e r i a l was z i r c o n i a , w i t h Kel-F end-caps. The 

b e a r i n g / s p i n gas f o r low-temperatures was n i t r o g e n , c o o l e d 

t h r o u g h a heat exchanger p l a c e d i n l i q u i d n i t r o g e n and 

t h e n h e a t e d t o t h e r e q u i r e d t e m p e r a t u r e by t h e probe 

h e a t e r , o r j u s t a i r f o r h i g h - t e m p e r a t u r e e x p e r i m e n t s . 

The r e l a x a t i o n t i m e measurements and t h e s p i n -

d i f f u s i o n measurements were performed on a c u s t o m - b u i l t 

s p e c t r o m e t e r , w h i c h has a p r o t o n resonance frequency o f 

60.00 MHz. I t was e s p e c i a l l y designed f o r s t a t i c p r o t o n 

r e l a x a t i o n measurements. I t i s c o n t r o l l e d by a BBC 8 b i t 

computer w i t h a c u s t o m - b u i l t p u l s e programmer. The 

r e l a x a t i o n d a t a a n a l y s i s was c a r r i e d out on an Archimedes 

mi c r o c o m p u t e r t o which t h e data were t r a n s f e r r e d a f t e r 

a c q u i s i t i o n . 
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Chapter 4 

4. High-resolution ^^C C r o s s - p o l a r i s a t i o n 
Magic-angle Spinning (CP/MAS) 
4.1 Intro d u c t i o n 

T h i s c h a p t e r w i l l i l l u s t r a t e t h e power o f h i g h -

r e s o l u t i o n CP/MAS i n examining t h e NYRIM system. The work 

c o n c e n t r a t e s on t h e s t r u c t u r a l elements o f t h e NYRIM, b u t 

q u a l i t a t i v e r e s u l t s o f l o c a l m o b i l i t i e s i n t h e p o l y m e r i c 

m a t e r i a l w i l l be d e a l t w i t h as w e l l . Another t o p i c i s t h e 

c r o s s - p o l a r i s a t i o n dynamics. Only l i t t l e a t t e n t i o n has 

been g i v e n t o p o l a r i s a t i o n - t r a n s f e r i n heterogeneous 

m a t e r i a l s , t h a t i s governed by s p i n - d i f f u s i o n . T his t h e s i s 

w i l l a t l e a s t t r y t o understand t h e b a s i c r u l e s i n v o l v e d 

i n t h i s m a t t e r . 

The i n t e r e s t i n g f a c t o f t h i s t h e s i s i s t h a t i t deals n o t 

w i t h " i d e a l " samples which s u i t a c e r t a i n s o l i d - s t a t e NMR 

t e c h n i q u e . NYRIM i s e n t i r e l y a commercial p r o d u c t . A l l t h e 

r e s u l t s o b t a i n e d i n t h i s t h e s i s w i l l be compared w i t h 

o t h e r s t a n d a r d a n a l y t i c a l methods and prove o r d i s p r o v e 

t h e c a p a b i l i t y o f s o l i d - s t a t e NMR f o r i n v e s t i g a t i n g 

commercial m a t e r i a l s . 

4.2 The S o l i d - s t a t e High-resolution CP/MAS Spectr\im 
of NYRIM and Nylon-6 

The CP/MAS s p e c t r a p r e s e n t e d were a l l a c q u i r e d on t h e 

Br u k e r CXP2 00 s p e c t r o m e t e r u n l e s s o t h e r w i s e s t a t e d , u s i n g 

a s p e c t r a l w i d t h o f 20 kHz. The o t h e r parameters, l i k e 
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number of t r a n s i e n t s , data points acquired, r e c y c l e delay 

and contact time, are s t a t e d on the s p e c t r a . The s p e c t r a l 

assignments are made by comparison with the s o l i d - s t a t e 

Nylon-6 spectrum which i s described i n the l i t e r a t u r e and 

w i t h s o l u t i o n - s t a t e work on poly(propylene oxide), which 

has been i n t e n s i v e l y studied by S c h i l l i n g and T o n e l l i [ 1 ] . 

Some examples of annealed and quenched samples w i l l be 

given. I n a c t u a l f a c t annealed i n t h i s t h e s i s means a 

sample that has been allowed to cool down to ambient 

temperature without applying any e x t e r n a l temperature. A 

quenched sample has been prepared as a t h i n f i l m and then 

r a p i d l y cooled i n l i q u i d nitrogen. 

The s t r u c t u r e of the Nylon-6 block copolymer was 

s t u d i e d by means of simple C-13 CP/MAS spectroscopy. 

Dynamical p r o p e r t i e s were studied i n d i r e c t l y and 

q u a l i t a t i v e l y by means of s e l e c t i v e T/|,-measurements and 

c r o s s - p o l a r i s a t i o n dynamics. 

F i r s t l y the v a r i a t i o n of "C_CP/MAS of NYRIM with 

d i f f e r e n t compositions w i l l be shown. Figures 4.1 to 4.4 

present s p e c t r a for Nylon-6 and a s e l e c t i o n of NYRIM 

m a t e r i a l s . Tables 4.1 and 4.2 give r e l e v a n t chemical s h i f t 

data both from the l i t e r a t u r e and from the present work. 

I t has to be mentioned that f i g u r e s 4.1 to 4.3a and t a b l e s 

4.1 and 4.2 were already presented for my German Diploma 

degree. Nylon-6 i s known to e x i s t i n two c r y s t a l l i n e 

forms. The thermodynamically more s t a b l e form i s c a l l e d 

the a-phase and c o n s i s t s of molecules i n an extended chain 

conformation, with hydrogen bonds between a n t i - p a r a l l e l 

c h a i ns [ 2 , 3 ] . A r e p r e s e n t a t i o n of the two c r y s t a l l i n e 

forms of nylon-6 i s given i n f i g u r e 4.5. I n f i g u r e 4.5, 
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t h e b l a c k f i l l e d c i r c l e s r e p r e s e n t carbon-atoms, the grey 

f i l l e d c i r c l e s r e p r e s e n t oxygen-atoms and the open c i r c l e s 

a r e n i t r o g e n - a t o m s . Very l i t t l e i s known about the 

s t r u c t u r e o f t h e amorphous phase. The n a t u r e o f the 

hydrogen bonding p l a y s a k e y - r o l e f o r t h e p h y s i c a l 

p r o p e r t i e s o f n y l o n - 6 . The hydrogen-bonding c r e a t e s 

d e l o c a l i s a t i o n i n e l e c t r o n d e n s i t y a t b o t h t h e c a r b o n y l 

and t h e amide s i t e s , r e s u l t i n g i n each nucleus becoming 

d e s h i e l d e d , and t h e C-13 c a r b o n y l and N-15 amide chemical 

s h i f t s a r e expected t o move t o h i g h e r frequency. 

Nylon-6 ( a) Nylon-6 ( y '> 

P i a u r a 4.5 Conformations of Nylon-6 
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H a t f i e l d e t a l . [4] found N-15 CP/MAS t o be a v e r y 

s e n s i t i v e t o o l f o r i n v e s t i g a t i n g t h e c o n f o r m a t i o n a l 

changes i n m o l e c u l e s . A c c o r d i n g t o t h e N-15 chemical s h i f t 

t h e y found, t h e y came t o t h e c o n c l u s i o n t h a t t h e hydrogen-

bond i s s t r o n g e s t i n t h e y-, f o l l o w e d by t h e amorphous-

and f i n a l l y t h e a-phase. T h i s c o n c l u s i o n was c o n f i r m e d by 

i n f r a - r e d and X-ray data [ 7 ] . T h i s i s a s u r p r i s i n g r e s u l t , 

because i t suggests t h a t t h e 7- and amorphous phases are 

more s t r o n g l y hydrogen-bonded t h a n t h e thermodynamically 

more s t a b l e a-phase. I t a l s o i m p l i e s t h a t t h e 

thermodynamical s t a b i l i t y o f t h e a-phase r e l a t i v e t o t h e 

Y - phase a r i s e s from i n t e r a c t i o n s o t h e r than, o r i n 

a d d i t i o n t o , hydrogen bonding. These c o u l d be e.g. 

i n t e r a c t i o n s l i k e Van der Waals and/or e l e c t r o s t a t i c 

i n t e r a c t i o n s . However, t h e resonances o f t h e c a r b o n y l 

carbons do n o t c o n f i r m these r e s u l t s . Table 4.1 shows t h e 

C-13 c h e m i c a l s h i f t s o f t h e polyamide-6 phase and f i g u r e 

4.6 shows t h e numbering o f t h e nylon-6 carbons' used f o r 

assignment. 

10 H 

N y l o n - 6 

F i g u r e 4.6 Numbering o£ the carbons i n nylon-6 

A c c o r d i n g t o t h e chemical s h i f t o f t h e c a r b o n y l carbon, 

t h e hydrogen bond i s e q u a l l y s t r o n g i n a l l t h r e e phases. 

U n t i l today t h e r e i s no c o n c l u s i v e e x p l a n a t i o n f o r t h e 
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i 3 c - c h e m i c a l s h i f t s i n t h e a- and 7-phases. One e x p l a n a t i o n 

t h a t accounts f o r t h e apparent d i s c r e p a n c y i n the a- and 

y-phase c a r b o n y l s h i f t s i s t h a t o t h e r f a c t o r s are 

compensating f o r t h e hydrogen bonding e f f e c t on the '^^C-

s h i f t s i n t h e c r y s t a l l i n e phases o f nyl o n - 6 . Several 

p o s s i b i l i t i e s e x i s t i n c l u d i n g , among o t h e r s , hyper-

c o n j u g a t i o n and c h a i n - p a c k i n g e f f e c t s . Note from t a b l e 4.1 

t h a t t h e ^ ^ c - g ^ i f t s f o r carbons C3, C5, and C6 a r e 

s u b s t a n t i a l l y d i f f e r e n t i n t h e a- and 7-phase. This 

u n d o u b t e d l y r e f l e c t s t h e s t r u c t u r a l d i f f e r e n c e s between 

t h e two phases. The d e s h i e l d i n g s f o r C3 and C5 i n the 7-

phase r e l a t i v e t o t h e a-phase were e x p l a i n e d by Okada [8] 

by h y p e r c o n j u g a t i v e e f f e c t s . I n t h e a-phase, t he methylene 

c h a i n i s f u l l y extended, w h i l e i n t h e 7-phase the amide-

group i s r o t a t e d o u t o f t h e p l a n e . The d i h e d r a l angles 6 

between t h e 7 t - o r b i t a l and the a(C2-C3) bond are about 30° 

i n t h e 7-phase, j u d g i n g from t h e X-ray study [8] . T h i s 

c o n f o r m a t i o n i s v e r y advantageous f o r h y p e r c o n j u g a t i o n o r 

a - 7t c o n j u g a t i o n . I t i s expected t h a t t h e C2-C3 a-bond 

can o v e r l a p w i t h t h e 7 i - o r b i t a l s o f t h e carbon y l - g r o u p , 

a l l o w i n g a t r a n s f e r o f e l e c t r o n d e n s i t y i n t o t h e c a r b o n y l -

group (see f i g u r e s 4.7 and 4.8). T h i s s h o u l d q u a l i t a t i v e l y 

d e s h i e l d C3 and C I . The s h i e l d i n g o f Cl might compensate 

f o r t h e d e s h i e l d i n g e f f e c t from t h e hydrogen-bonding. 

Okada [8] a p p l i e d t h e same argument t o e x p l a i n t h e 

d e s h i e l d i n g o f C5 t h r o u g h h y p e r c o n j u g a t i o n w i t h - t h e p-

o r b i t a l o f t h e amide n i t r o g e n as i l l u s t r a t e d i n f i g u r e 

4.8. H y p e r c o n j u g a t i o n would not seem t o a p p l y here s i n c e 

t h e n i t r o g e n p - o r b i t a l i s f i l l e d and one would n o t expect 

e f f e c t i v e e l e c t r o n t r a n s f e r t o occur from t h e C6-C5 a-bond 
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towards t h e amide group. F u r t h e r , h y p e r c o n j u g a t i o n would 

i n c r e a s e t h e charge d e n s i t y a t n i t r o g e n and would be 

e x p e c t e d t o cause a s h i e l d i n g e f f e c t on t h e ^̂ N chemical 

s h i f t . T h i s i s i n disagreement w i t h t h e r e s u l t found by 

H a t f i e l d [4] f o r t h e chemical s h i f t i n n y l o n - 6 . 

H a t f i e l d a l s o c l a i m s t h a t s i m p l e . e l e c t r o n i c e f f e c t s cannot 

account f o r t h e s e d i f f e r e n c e s , as s e m i e m p i r i c a l MNDO and 

ab i n i t i o c a l c u l a t i o n s on model a l k y l amides r e v e a l no 

t r e n d s t h a t c o r r e l a t e d i r e c t l y w i t h t h e observed 

d i f f e r e n c e s between t h e a- and 7-phase i n n y l o n - 6 . A 

p o s s i b l e e x p l a n a t i o n c o u l d be found from t h e 

i n t e r m o l e c u l a r c r y s t a l f o r c e s f o r t h e observed s h i f t s . An 

o b v i o u s b e n e f i t o f a c l e a r u n d e r s t a n d i n g o f t h e chemical 

s h i f t s o f polyamides i s t h e p o t e n t i a l f o r m o d e l l i n g 

amorphous phase s t r u c t u r e s . The knowledge o f how these two 

phases a r e packed i n t h e a- and 7-phase might suggest an 

answer. However, t h i s i s n o t an easy t a s k , s i n c e t h e 

amorphous s t r u c t u r e i s s t i l l n ^ s t e r i o u s . The amorphous 

phase shows a s u b s t a n t i a l l y l o w - f r e q u e n c y s h i f t f o r C4 

(-3.0 ppm) and C6 (-3.3 ppm) compared t o t h e a-phase 

and a l o w - f r e q u e n c y s h i f t f o r C2 (-0.9 ppm), C3 (-3.9 

ppm), C4 (-2.7 ppm) and C5 (-4.1 ppm) r e l a t i v e t o t h e 7-

phase [4] . T h i s suggests t h a t t h e amorphous chains p r e f e r 

an extended c o n f o r m a t i o n about t h e amide m o i e t y . Kubo e t 

a l . [9] a s s i g n s a 7-gauche e f f e c t f o r t h e s h i e l d i n g o f C6 

i n t h e amorphous phase, whic h happens t o be p r e s e n t i n 

v i n y l polymers [ 1 0 ] . But t h i s would a l s o i n c l u d e a 

s h i e l d i n g f o r C3, whic h i s not observed. I n s t e a d , t h i s 

s h i f t suggests a d e s h i e l d i n g e f f e c t , p o s s i b l y r e l a t e d t o 

p a c k i n g . More r e c e n t r e s e a r c h has been c a r r i e d out by 
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Sample Phase C-1 C-2 C-3 CA C-5 C-6 
Reference [5] 
Nylon-6 a-cry stall ine 173.4 36.8 26.5 30.1 30.1 42.8 

7-crystalline^ 173.4 33.9 26.7 30.0 30.0 39.9 
amorphous^ 173.4 36.3 26.2 27.9 29.8 40.1 

Reference [6] 
Nylon-6 a-cry stalline^ 173.4 36.7 26.5 30.4 30.4 43.6 

7-crystallinet' 173.0 37.8 30.1 30.1 34.1 39.9 
amorphous 174.5 36.9 26.2 27.4 30.0 40.3 
solution'' 177.8 37.2 26.4 27.1 29.5 40.7 

Reference [8] 
Nylon-6 a-cry stalline^ 171.1 34.4 24.3 28.1 28.1 41.1 

7-crystalline'^ 171.0 35.4 28.2 28.2 32.0 37.9 
solution^ 176.4 34.6 24.4 25.0 27.2 39.2 

a CP/MAS a t room tem p e r a t u r e 

B l o c h decay / MAS a t 100°C 

d i l u t e s o l u t i o n i n t r i f l u o r o e t h a n o l 

<̂  e x t e r n a l r e f e r e n c e : g l y c i n e c a r b o n y l s i g n a l (176.03 ppm) 

T a b l e 4.1a ^^C Chemical s h i f t assignment f o r nylon-6 / ppm 

( l i t e r a t u r e ) 

Sample Phase C-1 C-2 C-3 C-4 C-5 C-6 
Nylon 6 a-crystalline 173.1 36.6 26.5 30.4 30.4 43.3 
Nylon-6 amorphous^ 174.2 36.8 26.2 28.2 30.4 40.0 
NBC20 a-crystalline 173.2 36.4 26.1 30.1 30.1 43.0 
NBC20 
(quenched) a-crystalline 173.2 36.4 26.1 30.1 30.1 43.0 

7-crystalline na 35.0 na na 33.8 na 
amorphous 173.2 36.4 26.1 28.1 30.1 40.0 

na: c h e m i c a l s h i f t s o v e r l a p w i t h chemical s h i f t s o f a-

c r y s t a l l i n e nylon-6 

e Bloch/MAS decay a t room t e m p e r a t u r e 

T a b l e 4.1b ^^C Chemical s h i f t assignment f o r nylon-6 and the polyamide 

p a r t i n NYRIM / ppm 



67 

PPO PEO 
CH CH9 CH9 
75.8 73.9 18.2 71.2 

Table 4.2 ^•'c Chemical s h i f t assignment of the polyether pa r t i n NYRIM 

/ ppm 

.^000 
• °6"o 0 

F i g u r e 4.7 P o l a r i s a t i o n of amide of hydrogen-bonded nylon-6 

C5 a) 

; e 

F i g u r e 4.8 Hyperconjugative e f f e c t s i n nylon-6i 

a) a-form; b) y-form 
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P o w e l l and Mathias [ 1 1 ] . They used i ^ N - l a b e l l e d a-nylon-6 

t o i n v e s t i g a t e i^N s p i n - l a t t i c e r e l a x a t i o n t i m e s . For the 

c r y s t a l l i n e phase they found as expected a v e r y l o n g 

(416 s) . However, f o r t h e amorphous phase they found two 

d i f f e r e n t r e l a x a t i o n times (29 s and 1.9 s ) . They assigned 

t h e s h o r t r e l a x a t i o n t i m e t o a l i q u i d - l i k e m obile r e g i o n 

and t h e l o n g e r r e l a x a t i o n t i m e t o a n o n c r y s t a l l i n e 

i n t e r f a c e r e g i o n w i t h r e s t r i c t e d m o t i o n . U n f o r t u n a t e l y , 

t h e a u t h o r s d i d not g i v e t h e p r o p o r t i o n o f the two 

p o p u l a t i o n s , b u t from t h e g r a p h i c a l r e p r e s e n t a t i o n they 

p r e s e n t e d i n t h e i r p u b l i c a t i o n I found t h a t t h e 

" i n t e r f a c e " r e g i o n makes about 30% o f the t o t a l amorphous 

f r a c t i o n , w h i c h I c o n s i d e r i s t o o h i g h t o be an 

i n t e r f a c i a l r e g i o n . From my own measurements I c o u l d not 

d e t e c t an i n t e r f a c i a l r e g i o n o f t h a t e x t e n t between t h e 

amorphous and t h e c r y s t a l l i n e r e g i o n i n nylon-6 (see 

c h a p t e r 5) and t h e r e f o r e I cannot c o n f i r m t he r e s u l t s 

f o u nd by Powell and Mathias. 

However, t h e '^^C spectrum of t h e polyamide carbons o f 

t h e b l o c k - c o p o l y m e r shows i n p r i n c i p l e the same f e a t u r e s 

as t h e i^C spectrum o f n y l o n - 6 . A v e r y i n t e r e s t i n g 

o b s e r v a t i o n was made by comparing t h e carbon resonances o f 

t h e annealed and t h e quenched nylon-6 phase. Undoubtedly 

t h e annealed m a t e r i a l does not show t h e resonances a t 40 

ppm and 2 8 ppm t h a t t h e quenched m a t e r i a l r e v e a l s ( f i g u r e 

4.3a). The s i n g l e - p u l s e spectrum of annealed NBC50 ( f i g u r e 

4.41a), however, shows s t r o n g , i n t e n s e but m a i n l y 

u n r e s o l v e d s i g n a l s o f t h e amorphous n y l o n - r e g i o n . As DSC 

r e s u l t s r e v e a l (see c h a p t e r f i v e ) , t h e c r y s t a l l i n i t y o f 

t h e nylon-phase i s o n l y about 35% i n t h e annealed 



69 

m a t e r i a l , w h i c h e x p l a i n s t h e i n t e n s e resonances o f t h e 

amorphous r e g i o n i n t h e s i n g l e - p u l s e experiment. But i t 

remains a q u e s t i o n as t o why t h e CP e f f i c i e n c y o f t h e 

amorphous r e g i o n i s so s m a l l . I f t h e p r o t o n f r e e - i n d u c t i o n 

decay i s t a k e n as a measure o f t h e d i p o l a r s t r e n g t h , t h e n 

t h i s cannot be t h e reason f o r t h e low CP e f f i c i e n c y , 

because t h e t i m e c o n s t a n t o f t h e FID, , i s not 

d i s t i n g u i s h a b l e between t h e c r y s t a l l i n e and amorphous 

phases (see e.g. f i g u r e s 5.19 and 5.20 i n cha p t e r f i v e ) . 

A d d i t i o n a l l y , f o r quenched NBC20 the same c r o s s -

p o l a r i s a t i o n c h a r a c t e r i s t i c s were found f o r t h e amorphous 

phase as f o r t h e c r y s t a l l i n e phase (see f i g u r e 4.9). 

An o t h e r p o i n t w h i c h c o u l d be r e s p o n s i b l e f o r t h e low CP 
e f f i c i e n c y , i s T/|, r e l a x a t i o n . A v a r i a b l e c o n t a c t - t i m e 

e x p e r i m e n t t h e purpose o f which i t was t o check t h e T/|, 

v a l u e o f t h e amorphous r e g i o n i s d e p i c t e d i n f i g u r e 4.9. 

The resonances o f t h e amorphous and t h e c r y s t a l l i n e 

r e g i o n s a r e s t r o n g l y o v e r l a p p i n g , t h e r e f o r e o n l y C6 f o r 

t h e amorphous r e g i o n can be used t o compare the r e l a x a t i o n 

c h a r a c t e r i s t i c s . The c r o s s - p o l a r i s a t i o n dynamics show t h a t 

t h e s i g n a l maximum o f t h e amorphous phase agrees w i t h t h a t 

o f t h e c r y s t a l l i n e phase, i n d i c a t i n g t h e i r same CP-

c h a r a c t e r i s t i c s . The s i g n a l decay, which i s r e s p o n s i b l e 

f o r t h e Tip r e l a x a t i o n , o n l y shows a s l i g h t l y f a s t e r 

r e l a x a t i o n f o r t h e amorphous r e g i o n compared t o t h e 

c r y s t a l l i n e r e g i o n , as seen i n f i g u r e 4.9. However, as 

d i s c u s s e d i n a l a t e r s e c t i o n , t h e v a r i a b l e c o n t a c t - t i m e 

e x p e r i m e n t o n l y d e t e c t s l o n g - t i m e component r e l a x a t i o n . 

Whether t h e amorphous r e g i o n i s dominated by a s h o r t - t i m e 
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component r e l a x a t i o n cannot be s a i d f o r c e r t a i n , b u t the 
r e s u l t s s t r o n g l y suggest t h i s . 
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Figure 4.9 Hme-depeDdence for the intensity of C-13 signals in a powder sample (nylon-6 carbons) 
of DyloD-6 + 20% prepolymer in the variable contact-time cross-poiarisatlon experiment 
(D0=2 s, AQ=25.6 ms, TD=512, NT=2048, SW= 10000 Hz, rotor spinning frequency: 4000 Hz) 
am: amorphous region 

4.3 C r o s s - p o l a r i s a t i o n Dynamics 

4.3.1 I n t r o d u c t i o n 

C r o s s - p o l a r i s a t i o n i n c o n n e c t i o n w i t h magic-angle 

s p i n n i n g and high-power d e c o u p l i n g (CP/MAS) i s now w e l l -

e s t a b l i s h e d as a r o u t i n e t e c h n i q u e f o r t h e s p e c t r o s c o p i c 

i n v e s t i g a t i o n o f s o l i d s [ 1 2 ] . The u n d e r s t a n d i n g o f t h e 

time-dependence o f m a g n e t i s a t i o n t r a n s f e r between two 

u n l i k e n u c l e i i s , however, n o t a f u l l y understood problem. 

T h i s s e c t i o n t r i e s t o summarise t h e d i f f e r e n t t h e o r i e s and 

a p p l i e s them t o t h e NYRlM-system, 
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4.3.2 Theory 

Suppose we have a system o f abundant I - and r a r e S-

s p i n s . Each s p i n - s y s t e m i s coupled t o t h e l a t t i c e and 

approaches t h e l a t t i c e t e m p e r a t u r e ( i n terms of s p i n -

t e m p e r a t u r e (3) w i t h t h e s p i n - l a t t i c e r e l a x a t i o n t i me T^j 

and r e s p e c t i v e l y , as i s shown i n f i g u r e 4.10. I f the 

d i p o l a r i n t e r a c t i o n s among t h e p r o t o n s a r e s t r o n g , then 

s p i n - d i f f u s i o n , s y m b o l i s e d by t h e i s o t r o p i c s p i n - d i f f u s i o n 

o p e r a t o r F, i s e f f e c t i v e . I n g e n e r a l s p i n - d i f f u s i o n i s 

n e g l i g i b l y s m a l l among t h e carbons because of t h e i r low 

abundance. The I and S s p i n s may be coupled by some 

i n t e r a c t i o n s r e p r e s e n t e d by t h e c r o s s - r e l a x a t i o n t i m e T j ^ . 

T h i s i s t h e case i f t h e Hartmann-Hahn (eqn. 4.1) c o n d i t i o n 

i s f u l f i l l e d . 

I spins 
P I = ^ / kT 

-7^ 

I I 

S I 

I S 

s spins 
p. 

I S 

L a t t i c e Pj = ^ /kT^ 

Figure 4.10 Schematic representation of an abundant I spin 
reservoir, which i s coupled to the l a t t i c e by t h e i r spin-
l a t t i c e relaxation times T and T and spin-diffusion F 

I I IS 

among the abundeint I spins. The coupling between the two 
reservoirs i s represented by the cross-relaxation T and T 

SI I S 

that can be varied i n dire c t i o n by suitable application of 
r f - f i e l d s (depolarisation and polarisation of S spins) 
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«ii = Y i S i i = JsBis = " i s (4.1) 

Where and B^^ are t h e r f - f i e l d s i n t h e r o t a t i n g frame 

of t h e I and S s p i n s r e s p e c t i v e l y and 0 ) ^ , co^s are the 

p r e c e s s i o n f r e q u e n c i e s o f the I and S s p i n s i n t h e i r 

r e s p e c t i v e r o t a t i n g frames of r e f e r e n c e on resonance. 

Since t h e I s p i n s are c o l d and t h e S s p i n s are h o t , t h e r e 

w i l l be a c a l o r i m e t r i c e f f e c t [13] and energy exchange may 

proceed w i t h a t i m e c o n s t a n t T j ^ . I t should be noted t h a t 

o n l y i f << T i i , T i p j i s t h i s energy exchange c o n s i d e r a b l e 

and can be u t i l i s e d f o r a double resonance e f f e c t . 

To d e s c r i b e t h e v a r i a t i o n o f the i n v e r s e s p i n 

t e m p e r a t u r e Pj and P̂  o f the I and S spin s r e s p e c t i v e l y 

w h i l e t h e s e two spin-systems are i n c o n t a c t , i t i s assumed 

t h a t t h e i n i t i a l i n v e r s e S-spin temperature i s zero 

(Ps = O)- I f t h e Hartmann-Hahn match i s f u l f i l l e d then: 

p j = PL — ^ s p i n - l o c k i n g >> B^j (4.2) 

where B j ^ i s t h e f i e l d o f t h e l a t t i c e . I n v o k i n g energy 

c o n s e r v a t i o n i n the r o t a t i n g frame i t can be w r i t t e n 

- ^ p , + e'-^p5 = 0 (4.3) 

where e' = ea^ = MlljLlll and a = (Hartmann-Hahn 
Njl{l + 1)) 7i-Bii 

mismatch p a r a m e t e r ) . 

The S-spin t e m p e r a t u r e P^ i s r e l a x e d w i t h t he time 

c o n s t a n t T j ^ towards t h e i n s t a n t a n e o u s I - s p i n temperature 

w h i c h r e s u l t s i n t h e f o l l o w i n g c o u p l e d d i f f e r e n t i a l 

e q u a t i o n s : 
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^is hp 

The l a s t terms on t h e r i g h t hand s i d e have been added t o 

account f o r r e l a x a t i o n i n the r o t a t i n g frame which may 
occ u r i f Tip = T j ^ . Mehring [14] gave some s o l u t i o n s f o r 

s p e c i a l cases. From those one, w i l l be p o i n t e d o u t : I f 
e = 0 ( v a n i s h i n g heat c a p a c i t y o f t h e S s p i n s ) and 
^ i s / ^ i p 0, t h e s o l u t i o n o f t h e coupled d i f f e r e n t i a l 

e q u a t i o n i s : 

1 - ^ (4.5) 

0 

where X = T,s/T^'p + T̂ /̂T̂ p 

T h i s e q u a t i o n i s p a r t i c u l a r u s e f u l f o r a q u a n t i t a t i v e 

a n a l y t i c a l d e s c r i p t i o n o f a time-dependent c r o s s -

p o l a r i s a t i o n experiment w i t h o u t dominant heterogeneous 

d i p o l a r i n t e r a c t i o n , a case t h a t w i l l be d i s c u s s e d n e x t . 

Note t h a t t h i s e q u a t i o n i s o n l y v a l i d under exact 

Hartmann-Hahn c o n d i t i o n ( a = 1 ) . 

As was d e s c r i b e d by McArthur e t a l . [15] t h e 

resonance o f CaF2 shows t r a n s i e n t o s c i l l a t i o n s i n t h e 

r o t a t i n g frame i n t h e double-resonance experiment. These 

o s c i l l a t i o n s were c o n f i r m e d by E r n s t and co-workers [16] 

f o r a f e r r o c e n e s i n g l e - c r y s t a l . They used a s i m p l e 

thermodynamic p i c t u r e based on t h e s p i n - t e m p e r a t u r e 

concept [ 1 7 - 2 0 ] . As Hartmann and Hahn showed p r e v i o u s l y 

[21] , t r a n s i e n t o s c i l l a t i o n can be observed f o r c r o s s -
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p o l a r i s a t i o n experiments i n l i q u i d s . I t i s caused by 

c o h e r e n t o f f - d i a g o n a l elements of the d e n s i t y o p e r a t o r 

w h i c h a r e produced by t h e s c a l a r s p i n - s p i n i n t e r a c t i o n 

between t h e I and S s p i n s . An o s c i l l a t o r y p o l a r i s a t i o n 

t r a n s f e r can a l s o be observed f o r s o l i d s i f t h e r e i s a 

dominant d i p o l a r i n t e r a c t i o n which causes a non-Gaussian 

l i n e o r even a l i n e w i t h f i n e s t r u c t u r e . E rnst and co

w o r k e r s developed a t h e o r y based on the f o l l o w i n g 

a s s umptions: 

1, The d i p o l a r i n t e r a c t i o n s o f t h e i s o l a t e d S spins w i t h I 

s p i n s a r e o n l y i m p o r t a n t f o r c o u p l i n g t o the d i r e c t l y -

bonded I s p i n s 

2. The i n t e r a c t i o n o f a p a r t i c u l a r I s p i n w i t h t h e 

r e m a i n i n g I s p i n s i s taken i n t o account i n a 

pheno m e n o l o g i c a l manner and i s d e s c r i b e d by an 

i s o t r o p i c s p i n - d i f f u s i o n process w i t h r a t e R 

3 . S p i n - l a t t i c e r e l a x a t i o n i s n e g l e c t e d 

4. The c o n c e n t r a t i o n o f t h e r a r e S spi n s i s s u f f i c i e n t low 

t o c o n s i d e r t h e I - s p i n system as an i n f i n i t e energy 

r e s e r v o i r 

T h i s model l e a d s t o a two-stage m a g n e t i s a t i o n t r a n s f e r i n 

c r o s s - p o l a r i s a t i o n experiments as shown i n f i g u r e 4 . 1 2 . 

The d e n s i t y o p e r a t o r e q u a t i o n i n a d o u b l y - r o t a t i n g frame, 

r o t a t i n g w i t h t h e f r e q u e n c i e s o f the a p p l i e d r f f i e l d s B^-

and B^^ 

a = -(i/S)[H, a] - r ( c - Go) ( 4 . 6 ) 

can be s o l v e d w i t h t h e f o l l o w i n g assumptions: 
AcOj = Aco^ = 0, |A.JBIJ + '^s^isl > > 1 ^ 1 > > ̂  
where AcOj = COQI - oOj and Aco^ = COQ^ - co^ are t h e resonance 

o f f s e t s o f t h e r f - f i e l d s . 
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b = — (A-JA-̂  V^C-W)^(3 COS^ 0 - l ) , t h e d i p o l a r c o u p l i n g , 

0 i s t h e a n g l e between t h e a x i s o f t h e f r e e m o l e c u l a r 

r o t a t i o n and t h e s t a t i c magnetic f i e l d , 

r ( a ) i s t h e i s o t r o p i c s p i n - d i f f u s i o n o p e r a t o r , 

H i s t h e d i p o l a r H a m i l t o n i a n : 

H/n = Acojl^ - JiB^^Ix + Aco^Sz - ys^is^x + bizSz. 

1 3 ^ ( ^ ITT 
r 

C \ ) H H - R e s e r v o i r 
( L a t t i c e ) 

B. I I 

F i g u r e 4.11 Schematic r e p r e s e n t a t i o n of the two-stage magnetisation 
t r a n s f e r p r o c e s s i n CP-experiments w i t h the d i p o l a r coupling b and 
the s p i n - d i f f u s i o n operator T 

E r n s t e t a l . gave an e x p r e s s i o n f o r t h e t i m e e v o l u t i o n o f 

t h e d e n s i t y o p e r a t o r under t h e exact Hartmann-Hahn 

c o n d i t i o n f o r a s t a t i c powder sample: 

1 ( \ -
Msxi-C) = T r [ a ( T ) S x ] = -P^CDoi 1 - - e 

4 V ^ 
Rt 1 _ 

— e 
2 

(4.7) 

The o s c i l l a t i n g f r e q u e n c y o f t h e m a g n e t i s a t i o n i s g i v e n by 

CO osc = b / 2. I f we c o n s i d e r a r a p i d l y r o t a t i n g s o l i d 

powder (MAS) i n s t e a d o f a s i n g l e c r y s t a l , we have t o sum 

o v e r a l l o r i e n t a t i o n s o f t h e c r y s t a l l i t e s . The d i p o l a r 

m o d u l a t i o n o f each carbon-13 s p i n by t h e l o c a l p r o t o n s can 

be e x p e c t e d t o f o l l o w a cos cox dependence. T h e r e f o r e i n 
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t h e s h o r t time l i m i t t h e h i g h e r - o r d e r terms i n the 

e x p a n s i o n v a n i s h , and M shows a q u a d r a t i c dependence on 

t i m e . 
M = ^ MQJ^ COS CO^ 

— -I- — 4-. 
2 ! 4 ! 

(4.8; 
i 

= ^ 0 - X 
i 

When t h e carbons a r e v e r y s t r o n g coupled t o the p r o t o n s , 

t h e s i g n a l decay f r e q u e n t l y i s modulated by t h e s t r o n g 

^^C-^H d i p o l a r c o u p l i n g . The o v e r a l l decay of t h e s i g n a l i n 

t h e s h o r t - t i m e l i m i t i s d e s c r i b e d by a Gaussian f u n c t i o n : 

M = Moe~^'/2T| 

= Mn 1 -
2Tf 2^2 ! - +... (4.9) 

= Wo - 2T,' 

I n s u c h a s h o r t - t i m e l i m i t , T2 i s r e l a t e d t o a)_̂  [22] : 

Afn ,-0)1 (4.10) 

I/T2 c a n be c o n s i d e r e d t o be a root-mean-square average of 

C0|, w e i g h t e d by t h e f r a c t i o n MQ^/MQ of m o l e c u l e s w i t h a 

g i v e n o r i e n t a t i o n h a v i n g t h e d i p o l a r m o d u l a t i o n f r e q u e n c y 

0)^. Summing o v e r a l l o r i e n t a t i o n s y i e l d s d e s t r u c t i v e 

i n t e r f e r e n c e between c r y s t a l l i t e s t h a t r a p i d l y a t t e n u a t e s 

t h e s i g n a l . W ith eqn. 4.9 and eqn. 4.10 i t f o l l o w s f o r t h e 

p o l a r i s a t i o n of a CH ca r b o n [ 2 3 ] : 

(4.11; 
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Hahn e t a l . [24] p o i n t e d out t h a t , f o r a dynamical energy-
t r a n s f e r process between two d i s s i m i l a r n u c l e i , i n 
p r i n c i p l e t h r e e s i t u a t i o n s are i m p o r t a n t : 

1. The system under i n v e s t i g a t i o n shows n e g l i g i b l e s p i n -

d i f f u s i o n e f f e c t s and r a p i d m o d u l a t i o n of t h e d i p o l a r ' 

c o u p l i n g between r a r e and abundant n u c l e a r s p i n s . The 

A-B n u c l e a r c o u p l i n g i s weak, i . e . , T^s >> . Such a 

p r ocess e x h i b i t s a s i m p l e e x p o n e n t i a l r a t e b e h a v i o u r 

2. I f t h e r a r e s p i n s have a c o n s i d e r a b l y g r e a t e r n u c l e a r 
moment t h a n t h e abundant s p i n s , g i v i n g (^2)^3^2^^ > 1' 
where {^2)^^ i s t h e Van V l e c k [25] second moment o f t h e 

magnetic r e s o n a n c e - l i n e , t h e n t h i s s i m p l e r a t e -

b e h a v i o u r w i l l o n l y occur i f cOggTj^ >> 1 . At lower 

f r e q u e n c i e s , cOgg, t h e o s c i l l a t i n g b e h a v i o u r w i l l merge 

w i t h t h e c r o s s - r e l a x a t i o n p r o c e s s . 

3. T h i s p i c t u r e w i l l be f u r t h e r c o m p l i c a t e d by s p i n -

d i f f u s i o n l i m i t a t i o n s , which w i l l become severe i n a 

case where T̂ ^ < T2^ 

4.3.3 The C P -Depolarisation Experiment 

B a s i c a l l y two d i f f e r e n t types o f experiment have been 

c a r r i e d o u t t o i n v e s t i g a t e t h e c r o s s - p o l a r i s a t i o n 

dynamics. 

1. The d e p o l a r i s a t i o n experiment 

2 . The p o l a r i s a t i o n experiment w i t h v a r i a b l e c o n t a c t - t i m e 

The d e p o l a r i s a t i o n experiment t h a t has been a p p l i e d t o 

m o n i t o r t h e c r o s s - p o l a r i s a t i o n dynamics i s i l l u s t r a t e d i n 

f i g u r e 4.12. I t i s a s i m p l e m o d i f i c a t i o n o f t h e s t a n d a r d 
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CP p u l s e sequence. Two a d d i t i o n a l t i m e - i n t e r v a l s and 
tcp^ a r e i n s e r t e d between the usual p o l a r i s a t i o n time t^p^ 
and t h e a c q u i s i t i o n t i m e . As u s u a l , d u r i n g t^p^ ^H-
m a g n e t i s a t i o n i s l o c k e d a l o n g B^^, w h i l e a p o l a r i s e d ^de
m a g n e t i s a t i o n i s c r e a t e d a l o n g B^^. D u r i n g t h e t i m e t^^ the 
i r r a d i a t i o n o f t h e -^H-channel i s s w i t c h e d o f f , w h i l e the 
"^^C-magnetisation remains s p i n - l o c k e d . Now t h e ^H-
m a g n e t i s a t i o n i s g r a d u a l l y d e s t r o y e d by s p i n - s p i n 

r e l a x a t i o n , b u t t h e p o l a r i s a t i o n o f t h e •̂̂C i s h a r d l y 

e f f e c t e d because T^»TCH ( f o r e x p e r i m e n t a l p r o o f see 

l a t e r s e c t i o n ) . D u r i n g ^cp^' VN'hen the • ^ H - i r r a d i a t i o n i s 

t u r n e d on a g a i n , t h e p o l a r i s a t i o n t r a n s f e r happens a g a i n 

b u t i n t h e r e v e r s e d i r e c t i o n w i t h r e s p e c t t o t h a t d u r i n g 
tcp^ . A l l d e p o l a r i s a t i o n measurements were c a r r i e d out a t 

room t e m p e r a t u r e . The samples were d r i e d over n i g h t a t 70 

°C under vacuum i n o r d e r t o accomplish t h e same th e r m a l 

h i s t o r y f o r a l l samples. 

90 
X 

CP^ CP^ DD 

1 A - : 

^CP 
1 2 

a c q u i s i t i o n 
(AQ) 

r e c y c l e d e l a y 
(DO) 

Figure 4.12 Pulse setjuence for a C-13 CP/HAS depolarisation experiment, 

where t I s the p o l a r i s a t i o n time for the S spins, t i s the dephasing 
CP d 

1 
time f o r the I spins, and t i s the depolarisation time for the S spins 

CP 2 
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The s p e c t r a l - w i d t h of a l l measurements was 10 kHz and the 
t r a n s m i t t e r - o f f s e t 5 kHz. The other important a c q u i s i t i o n 
parameters are on the spectra. (NT: number of t r a n s i e n t s ; 
TD: number of recorded data-points; SF: spinning-frequency 
of the r o t o r ; f o r f u r t h e r symbol d e f i n i t i o n s see f i g u r e 
4.13)). For the sake of resolution-enhancement, before 
f o u r i e r - t r a n s f ormation the FID was m u l t i p l i e d w i t h an 
exponential term exp{LB • AQ), where LB i s the l i n e -
broadening f a c t o r . I n a l l d e p o l a r i s a t i o n experiments a 
line-broadening of 25 Hz has been appli e d . Each i n d i v i d u a l 
f o u r i e r - t r a n s f o r m e d spectrum has been baseline-corrected 
i n order t o accomplish the best reproducible r e s u l t s 
p o s s i b l e . The Hartmann-Hahn match was c a r e f u l l y set w i t h 
adamantane as an e x t e r n a l reference sample by f i n d i n g the 
optimum s i g n a l . The only exceptions are the experiments 
NBC70(3) and NBC70(4) where the match was set t o the f i r s t 
maximum s i g n a l of the polyether carbon resonances i n the 
NYRIM sample. 

4.3.4 R e s u l t s and D i s c u s s i o n 

The time-dependence of the •̂ Ĉ magnetisation as a 
f u n c t i o n of d e p o l a r i s a t i o n time was simulated by using 

the model suggested by Muller et a l . Therefore the 
experimental data were simulated by a non-linear l e a s t -
squares f i t using equation 4.11 as the basic model. I t i s 
easy t o o b t a i n an expression f o r depolarised •̂ Ĉ 
magnetisation under o t h e r w i s e - i d e n t i c a l c o n d i t i o n s . 

V 2 2 '1 (4.12) 
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This expression describes the d e p o l a r i s a t i o n of "̂ Ĉ i n a 
CH-group. Assuming t h a t the "c-H d i p o l a r i n t e r a c t i o n s i n 
CH2 are twice as strong as i n CH, depolarised 
magnetisation f o r CH2 can be described as: 

M,ix) = w ^ J i e - ^ +ie-^^/V^'/''^0 (4.13) V3 3 J 

The optimised parameters from the analysis of the nylon-6 
carbons using equation 4.13 are l i s t e d i n tables 4.4a and 
4.4b. The experimental and the simulated data are 
i l l u s t r a t e d i n f i g u r e s 4.13a t o 4.21. Figure 4.13a 
i l l u s t r a t e s the d e p o l a r i s a t i o n of the methylene carbons of 
nylon-6. Note t h a t C2 i s not p l o t t e d , because i t 
d e p o l a r i s a t i o n curve i n t e r f e r e s w i t h the one of C3. For 
t h i s reason and because i t s d e p o l a r i s a t i o n curve shows the 
same c h a r a c t e r i s t i c s as the ones f o r the other carbons, i t 
w i l l not be p l o t t e d i n the other graphs. The 
d e p o l a r i s a t i o n of the carbonyl carbon has been depicted i n 
a separate f i g u r e ( f i g . 4.13b). The features of t h i s curve 
are not changing by v a r y i n g the polyether concentration, 
thus i t w i l l not be p l o t t e d f o r the other experiments. A 
numerical analysis of the d e p o l a r i s a t i o n dynamics 
according t o the above-mentioned model could only be done 
f o r the nylon carbons. The d e p o l a r i s a t i o n behaviour of the 
methylene carbons w i l l be discussed f i r s t . The two-stage 
behaviour of the Hartmann-Hahn cross r e l a x a t i o n i s 
depicted i n f i g u r e s 4.13 t o 4.21. The short-time behaviour 
i s mediated by the d i p o l a r i n t e r a c t i o n s between an 
i n d i v i d u a l •̂"̂C and i t s directly-bonded protons. The "^^C/fj-

group can be considered as a subsystem i n the whole 

l a t t i c e because of the low n a t u r a l abundance of '̂̂C 
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(0.11%). These,dipolar i n t e r a c t i o n s are caused by coherent 
o f f - d i a g o n a l elements of the density operator which are 
produced by scalar spin-spin i n t e r a c t i o n between the 'H 

and ^̂C spins [21] . The coherent p o l a r i s a t i o n t r a n s f e r may 
be, as mentioned before, o s c i l l a t o r y i n nature. The long
time behaviour can be described by an exponential 
expression. I t i s determined by s p i n - d i f f u s i o n , which i s 
mediated by i n t e r a c t i o n s of a •^"^CHj-subsystem w i t h the 

remote H-spins i n the l a t t i c e . Both p o l a r i s a t i o n t r a n s f e r 
mechanisms depend on d i p o l a r i n t e r a c t i o n s , 
i>het = — ^ ^ J ' ^ ^ - (3 cos^ 0 - 1 ) f o r the heterogeneous case, 

471 fc-H 2^ 
and i>homo = — '^"^ — (3 cos^ Q - l ) f o r the homonuclear case, 47t f^.;^ 2 

which are p r o p o r t i o n a l t o the gyromagnetic r a t i o s of the 
two n u c l e i and i n v e r s e l y p r o p o r t i o n a l t o the cube of t h e i r 
i n t e r n u c l e a r distance. The •̂'̂C-̂H bond-distance i s smaller 
than the nearest-neighbour distance between two protons. 
For t h i s reason, and because YH - ^ I c the p o l a r i s a t i o n 
t r a n s f e r r a t e of the second stage i s much lower than the 
coherent p o l a r i s a t i o n t r a n s f e r . I n the f o l l o w i n g , the 
cross r e l a x a t i o n of the polyamide methylene carbons shown 
i n the f i g u r e s w i l l be i n v e s t i g a t e d . The experiments i n 
f i g u r e s 4.13 t o 4.15 show the expected and p r e v i o u s l y -
observed two-feature behaviour [22, 23, 26, 27]. The two-
stage f e a t u r e s i g n i f i e s t h a t the cross r e l a x a t i o n between 
protonated "̂"̂C and protons belongs t o the d i f f u s i o n 
b o t t l e n e c k l i m i t [ 2 1 ] , so t h a t the proton spin system i s 
not always describable by a s i n g l e - s p i n temperature. An 
i n t e r e s t i n g observation i s the o s c i l l a t o r y behaviour seen 
i n f i g u r e s 4.16a, 4.17, 4.19a, 4.19b and 4.21. This 
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behaviour cannot be explained by any simple theory. The 
ana l y s i s of the c r o s s - r e l a x a t i o n data does not show any 
s i g n i f i c a n t change i n the coherent magnetisation t r a n s f e r 
time, T2. The s p i n - d i f f u s i o n rates are between 2.91 ms"l 
and 4.2 ms""l f o r the d i f f e r e n t composites. I t must be 
mentioned t h a t data-analysis w i t h equation 4.13 was not 
always p o s s i b l e f o r the d e p o l a r i s a t i o n curves w i t h 
o s c i l l a t i o n s . The presented t h e o r e t i c a l l i n e i n the 
app r o p r i a t e f i g u r e s was than obtained by f i t t i n g the f i r s t 
p a r t of the curve using only the datapoints u n t i l the 
o s c i l l a t i o n s s t a r t using a Gaussian f u n c t i o n , 
M(x) = MQ exp{-Z^/T2), and using an exponential expression, 

M(x) = MQ exp(-i?x), f o r the second stage of the 

d e p o l a r i s a t i o n . 

0.1 0.2 0.3 0.4 0.5 
Depolarisation Time / ms 

0.6 0.7 

Figure 4.13a Time-dependence of tlie intensity orC-13 signais in a powder sample of 
nylQn-6 in the depolarisation experiment 
(tcp =800 tts, ti=m fis, D0=5 s, AQ=2S.6 ms, TD=S12, rotor spinning frequency: 4000 Hz) 
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Figure 4.13b Hme-dependence of the intensity of C-13 signals in a powder sample of 
nyion-6 In the depolarisatlon experiment 
(only the carbonyl carbon of the nylon block is presented) 
(tcp =800 us, td=100 fia, DO=S s, AQ=25.6 ms, TD=S12, rotor spinning frequency: 4000 Hz) 
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Figure 4.14 Time-dependence of the intensity of C-13 signals in a powder sample of 
nylon-6 -t- 20% prepdymer (NBC20(1)) in the depolarisatlon experiment 
(only the methylene carbons of the nylon block are presented) 
(tcp =1000 /IS, trt=1000 lis, D0=3 s, AQ=51.2 ms, TD=1024, NT=770, rotor spinning frequency: 4000 Hz) 
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Figure 4.15 Time-dependence of the intensity of C-13 signals in a powder sample of 
nylon-6 + 20% prepolymer ( R I M , quenched, NBC20(2)) in the depoiarisation experiment 
(only the methylene carbons of the nylon block are presented) 
(tcp =1000 ps, td=1000 /js, D0=3 s, AQ=25.6 ms, TD=512, NT=1024, rotor spinning frequency: 4000 Hz) 

0.1 0.2 0.3 0.4 0.5 
Spin Depolarisation Time / ms 

0.6 0.7 

Figure 4.16a Time-dependence of the intensity of C-13 signals in a powder sample of 
nylon-6 -f 30% prepolymer (NBC30) in the depoiarisation experiment 
(only the methylene carbons of the nylon b\ock are presented) 
(tcp =1000 ̂ ^s, td=1000 /iS, D0=3 s, AQ=51.2 ms, TD=1024, NT=1024, rotor spinning frequency: 3000 Hz) 
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Figure 4.16b Time-dependence of the intensity of C-13 signals In a powder sample of 
nylon-6 +30% prepolymer (NBC30) in the depolarisation experiment 
(only the poiyether carbons are presented) 
(tcp =1000 /iS, td=1000 lis, D0=3 s, AQ=51.2 ms, TD=1024, NT=1024, rotor spinning frequency: 3000 Hz) 
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Figure 4.17 Time-dependence of the intensity of C-13 signals in a powder sample of 
nylon-6 +40% prepolymer (NBC40(2)) in the depolarisation experiment 
(only the methylene carbons of the nylon block are presented) 
(tcp =1000 /js, tj=2000 /IS, D0=3 s, AQ=S1.2 ms, TD=1024, NT=1024, rotor spinning frequency: 3000 Hz) 
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Figure 4.18 Time-dependence of the intensity of C-13 signals in a powder sample of 
nylon-6 + 70% prepolymer (NBC70(1)) In the depoiarisation experiment 
(only the methylene carbons of the nylon block are presented) 
(tcp =1000 us, ta=2000 fts, D0=2 s, AQ=S1.2 ms, TD=1024, NT=1024, rotor spinning frequency: 4000 Hz) 
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Figure 4.19a Time-dependence of the intensity of C-13 signals in a powder sample of 
nylon-6 + 70% prepolymer (NBC70(2)) in the dq>olarisation experiment 
(only the methylene carbons of the nylon block are presented) 
(tcp =1000 /iS, td=2000 fis, D0=2 s, AQ=51.2 ms, TD=1024, NT=1024, rotor spinning frequency: 3000 Hz) 
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Figure 4.19b Time-dependence of the intensity of C-13 signals in a powder sample of 
nylon-6 + 70% prepolymer (NBC70(2)) In the depolarisation experiment 
(only the polyether carbons are presented) 
(tcp =1000 \is, tj=2000 /js, D0=2 s, AQ=51.2 ms, TD=1024, NT=1024, rotor spinning frequency: 3000 Hz) 

0.2 0.3 0.4 0.5 
Spin Depolarisation Time / ms 

Figure 4.20a Time-dependence of the intensity of C-13 signals in a powder sample of 
nylon-6 + 70% prepolymer (NBC70(3)) in the depolarisation experiment (offHartmann-Habn match) 
(only the methylene carbons of the nylon block are presented) 
(tcp =1000 /is, trt=2000 /IS, D0=2 s, AQ=51.2 ms, TD=1024, NT=1024, rotor spinning frequency: 4000 Hz) 
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Figure 4.20b Time-dependence of the intensity of C-13 signals in a powder sample of 
nylon-6 + 70% prepolymer (NBC70(3)) in the depolarisation experiment (off Hartmann-Hahn match) 
(only the poiyether carbons presented) 
(tcp =1000 /is, td=2000 lis, D0=2 s, AQ=51.2 ms, TD=1024, NT=1024, rotor spinning frequency: 4000 Hz) 
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Figure 4.21 Time-dependence of the Intensity of C-13 signals In a powder sample of 
nylon-6 + 70% prepolymer (NBC70(5)) In the depolarisation experiment 
(only the methylene carbons of the nylon block are presented) 
(tcp =1000 ijs, td=2000 liS, D0=2 s, AQ=51.2 ms, TD=1024, NT=1024, rotor spinning frequency: 2500 Hz) 
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The parameters obtained were set i n t o equation 4.13 and 
p l o t t e d against the experimental data. I t should be noted 
t h a t the values MQ are r e l a t e d to the s i g n a l height, where 

the s i g n a l height of carbons 4 and 5 of nylon-6 was set to 
1 and the other s i g n a l i n t e n s i t i e s were r e l a t e d to t h a t . 
The area of the s i g n a l could not be taken because the 
s i g n a l s were overlapping, making the i n t e g r a t i o n of the 
s i g n a l s impossible. The question a r i s e s as to why some 
samples show t r a n s i e n t o s c i l l a t i o n s and some not. An exact 
s o l u t i o n f o r t h i s problem would r e q u i r e c o r r e l a t i o n 
f u n c t i o n s of the dynamical v a r i a b l e s . This i s i n general 
not p o s s i b l e f o r strongly-coupled many-body systems 
because such c a l c u l a t i o n s r a i s e conceptual and 
mathematical problems i n which the " s e l f - e n e r g y " - e f f e c t s 
due t o the i n t e r a c t i o n s are l a r g e compared to the 
"unperturbed" s i n g l e - p a r t i c l e energies. Although i t was 
not subject of t h i s t h e s i s t o apply or develop such a 
theory, i t should be mentioned, without deeper 
expla n a t i o n , t h a t two main approaches have been 
elaborated. One involves an a t t a c k on the microscopic 
problem from f i r s t p r i n c i p l e s , making appropriate 
mathematical approximations [28-31] . The other procedure 
i s t o adopt what amounts to a f i t t i n g scheme [32-38] i n 
which one p o s t u l a t e s a c e r t a i n p l a u s i b l e and perhaps 
d e f e n s i b l e shape (e.g. Gaussian) f o r some s u i t a b l e 
f u n c t i o n (a spin c o r r e l a t i o n f u n c t i o n , a memory function) 
and a d j u s t s parameters to f i t c e r t a i n r i g o r o u s l y 
c a l c u l a b l e q u a n t i t i e s such as moments. Demco et a l . [39] 
showed t h a t exact knowledge of a few moments, together 
w i t h a Gaussian memory f u n c t i o n , reproduces a wide v a r i e t y 
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of unexplained experimental r e s u l t s . However, to explain 
c r o s s - r e l a x a t i o n dynamics q u a l i t a t i v e l y , one has to know 
the important parameters, the homonuclear and 
heteronuclear d i p o l a r i n t e r a c t i o n parameters. The 
observable parameters are the t r a n s i e n t o s c i l l a t i o n s and 
the s p i n d i f f u s i o n r a t e i n the d e p o l a r i s a t i o n experiment. 
The d i p o l a r i n t e r a c t i o n parameter b can be estimated from 
the o s c i l l a t i o n frequency. I t i s r e l a t e d to the 
o s c i l l a t i o n frequency by b = 2 0 ) 0 5 ^ . The time i n t e r v a l from 
maximum to maximum i s about 100 |iy which corresponds to a 
d i p o l a r i n t e r a c t i o n parameter of 20 kHz or 20 ms~^. The 
d i p o l a r i n t e r a c t i o n parameter i s about f i v e times l a r g e r 
than the s p i n - d i f f u s i o n r a t e , as i l l u s t r a t e d i n table 4.4a 
and 4.4b, which would lead one to expect strong t r a n s i e n t 
o s c i l l a t i o n as depicted i n f i g u r e 4.22, i n which simulated 
d e p o l a r i s a t i o n s w i t h d i f f e r e n t r a t i o s of spin d i f f u s i o n 
r a t e s and heterogeneous d i p o l a r i n t e r a c t i o n parameters are 
shown. This f i g u r e explains by example tha t t r a n s i e n t 
o s c i l l a t i o n s only occur i f the heterogeneous d i p o l a r 
i n t e r a c t i o n i s l a r g e r than the homonuclear d i p o l a r 
i n t e r a c t i o n . But i t does not e v i d e n t l y explain why the 
same sample (e.g NBC70) shows o s c i l l a t i o n s i n some 
experiments ( f i g u r e 4.19a and 4.21) and not i n others 
( f i g u r e 4.18 and 4.20a). At t h i s p o i n t the influence of 
MAS on c r o s s - r e l a x a t i o n must be discussed. Let us assume a 
r o t o r spinning frequency of 4000 Hz. This would correspond 
t o 250 \is f o r one f u l l r o t a t i o n . The r o t o r spinning 
frequency i s one quarter of the heterogeneous d i p o l a r 
i n t e r a c t i o n parameter; consequently MAS w i l l i n fluence the 
heterogeneous d i p o l a r i n t e r a c t i o n . This influence i s 
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Nylon-6 
Carbon CI C2 C3 C4,5 C6 
Mn 0.309 ± 0.002 0.61 ±0.01 0.7010.01 1.0810.02 0.318+0.007 
R/ms-l 3.06 + 0.06 3.3 ± 0.2 3.210.2 3.510.2 3.910.3 
T2/ms - 0.0169± 0.0006 0.017310.0006 0.016510.0005 0.016410.0007 

NBCIO 
Mn 0.382±0.003 0.63±0.01 0.6610.02 1.1010.03 0.28310.008 
R/ms'^ 3.01±0.09 3.2* 3.2* 3.4* 3.2* 
T2/ms - 0.0154±0.0007 0.017110.0009 0.015610.0007 0.015410.0008 

NBC20 
Mn 0.355±0.003 0.61±0.01 0.65+fl.Ol 1.0910.02 0.28910.005 
R/ms"^ 2.86±0.09 3.3±0.2 3.3* 3.710.2 3.710.3 
T2/ms - 0.0154±0.0005 0.017110.0006 0.015510.0005 0.013610.0005 

NBC20(2) (RIM) (quenched) 
Mn 0.408±0.002 0.78±0.02 0.84+0.03 1.2810.04 0.3510.01 
R/ms"^ 3.12Hb0.06 3.3+0.3 3.110.4 3.510.4 3.410.4 
T2/ms - 0.014810.0007 0.01710.001 0.015510.0009 0.013610.0007 
Carbon Cl(am) C2(am) C3(am) C4,5(am) C6(am) 
Mn - - - 0.29210.009 
R / m s ' l - - - 3.310.3 
T2/ms - - - 0.015610.0008 

NBC20(3) (RIM) (quenched) 
Mn 0.396±0.004 0.62±0.01 0.6510.01 1.0410.02 -

2.53±0.07 3.3* 2.8* 3.5* -
T2/ms - 0.017910.0007 0.020910.0008 0.019510.0008 -
Carbon C I (am) C2(ani) C3(am) C4,5(ain) C6(ani) 
Mn - - - - 0.33O+O.007 
R/ms"^ - - - - 2.8* 
T2/ms - - - - 0.019110.0009 

NBC25 
Mn 0.34QH).002 0.6010.01 0.6310.01 1.0810.02 0.28210.004 
R/ms"l 2.91±0.06 3.410.2 3.110.3 3.510.2 3.510.2 
T2/ms - 0.014710.0005 0.019610.0007 0.015710.0005 0.014710.0004 

NBC30 
Mn 0.347±0.002 0.6210.01* 0.67+fl.Ol* 1.09+0.02* 0.32310.005* 
R/ms-1 3.57±0.09 4.210.3* 4.210.3* 4.210.2* 4.210.4* 
T2/ms - 0.014710.0005* 0.015610.006* 0.015610.0006* 0.0159+0.0006* 

Table 4.4a Optimised parameter f o r the s p i n - d e p o l a r i s a t i o n experiment 

from a n o n - l i n e a r l e a s t - s q u a r e s a n a l y s i s u s i n g equation 4.11 f o r 

nylon-6 and v a r i o u s NYRIM-materials. Only the methylene carbons from 

nylon-6 b l o c k a r e considered 

* These v a l u e s were f i t t e d s e p a r a t e l y by us i n g a Gaussian or 

Ex p o n e n t i a l f u n c t i o n ( f o r more d e t a i l s , see t e x t ) 
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NBC40(1) 
Carbon C I C2 C3 C4,5 C6 
Mo 0.37±0.03* 0.64±0.01* 0.6810.01* 1.0810.02* 0.30+0.01* 
R/ms-1 1.9±0.2* 3.3±0.3* 3.310.2* 3.110.2* 3.110.3* 
T2/ms 0.066±0.007* 0.0141±0.0008* 0.013610.0007* 0.013910.0008* 0.014210.007* 

NBC40(2) 
Mn 0.386+0.002 0.63±0.02 0.6610.02 l.lQ+0.03 0.3451.009 
R/ms"l 3.52±0.06 3.7±0.5* 4.010.2* 3.9+0.4* 3.810.3* 
T2/ms - 0.015810.0008 0.01710.001 0.0159+0.0009 0.015310.0008 

NBC70(1) 
Mn 0.392±0.001 0.595±0.009 0.6510.01 1.0910.01 0.359+0.005 
R/ms"l 3.02±0.06 3.2t0.2 3..310.2 3.510.2 3.410.2 
T2/nis - 0.015110.0005 0.0153+0.0005 0.015010.0004 0.014710.004 

NBC70(2) 
Mn 0.33±0.03* 0.57±0.01* 0.6410.02* 1.0810.02* 0.3310.01* 

3.3±0.2* 3.5±0.3* 3.910.4* 3.8+0.3* 3.510.4* 
T2/ms - 0.015 ldbO.0005* 0.015310.0007* 0.014810.0007* 0.015210.0009* 

NBC70(3) 
Mn 0.418±0.002 0.59±0.01* 0.6410.01* 1.0910.02* 0.37110.006* 
R/ms"l 3.56±0.06 3.610.5* 3.610.4* 4.110.3* 4.110.4* 
T2/ms - 0.015010.0005* 0.014810.0005* 0.015110.0005* 0.013810.0004* 

NBC70(4) 
Mn 0.345±0.001 0.5710.02* 0.6010.02* 1.0710.03* 0.3310.01* 
R/ms-1 3.8±0.2 4.41* 4.41* 4.41* 4.41* 
72/ms - 0.015210.0009 0.01610.001 0.015010.0007 0.01510.001 

NBC70(5) 
Mn 0.296±0.003 0.5810.01* 0.6310.02* 1.1110.03* 0.32310.007 
R/ms"l 4.1±0.1 4.310.3* 4.310.2* 4.310.3* 4.310.4 
T2/ms - 0.014910.0006* 0.015210.0007* 0.014910.0007* 0.015110.0006 

Table 4.4b Optimised parameter f o r the s p l n - d e p o l a r l s a t l o n 

experiment from a no n - l i n e a r l e a s t - s q u a r e s a n a l y s i s using aquation 

4.11 f o r v a r i o u s NYRIM-materlals. Only the methylene carbons from 

nylon-6 b l o c k s are considered 

* These v a l u e s were f i t t e d s e p a r a t e l y by using a Gaussian or 

Ex p o n e n t i a l f u n c t i o n ( f o r more d e t a i l s , see t e x t ) 

i l l u s t r a t e d i n the d i f f e r e n t "amounts" of t r a n s i e n t 
o s c i l l a t i o n i n the d e p o l a r i s a t i o n curves of the various 
NYRIM samples. There are no observable o s c i l l a t i o n s i f the 
spinn i n g frequency i s 4000 Hz, but damped o s c i l l a t i o n i f 
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Figure 4.22 Simulated depolarisation behaviour of a CH2-carbon using equation 4.12. 
The magnetisation intensity is plotted as a function of contact time. Different ratios of 
spin-dlfhision rates and heterogeneous dipolar interaction parameters are illustrated 

the spinning frequency i s 3000 Hz and les s . Wu et a l . have 
found t h a t o s c i l l a t i o n s which occur i n s t a t i c powder 
samples of ferrocene and glyc i n e [26] completely vanish i f 
r a p i d MAS i s app l i e d . (Note t h a t the authors d i d not make 
any comments on how f a s t they spun the r o t o r . I t i s 
assumed t h a t they used "standard" spinning frequencies of 
about 3000 t o 5000 Hz) . I n the case of the methylene 
carbons i n NYRIM, the heterogeneous d i p o l a r i n t e r a c t i o n s 
are twice as strong as the d i p o l a r i n t e r a c t i o n s i n g l y c i n e 
or ferrocene i n v e s t i g a t e d by Wu. This may explain why at 
moderate spinning frequencies the methylene carbons show 
t r a n s i e n t o s c i l l a t i o n s i n nylon-6. A l l d e p o l a r i s a t i o n 
experiments showing no t r a n s i e n t o s c i l l a t i o n s were spun at 
4000 Hz. I n a l l the other d e p o l a r i s a t i o n experiments, the 
r o t o r was spun at 3000 Hz or less, and the d e p o l a r i s a t i o n 
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NBC30 
Carbon CH (PPO) CH, (PPO) CH,(PPO) CH, (PEO) 
Mo 0.134±0.003 0.164±0.002 0.12110.003 0.05510.002 
R/ms-1 0.14±0.04 0.2+0.1 0.210.1 0.210.1 

NBC40(2) 
Mo 0.146±0.003 0.165±0.007 0.15010.005 0.06510.002 
R/ms-1 0.98±0.06 0.9±0.1 0.910.1 0.910.2 

NBC70(1) 
Mo 0.135±0.002 0.154±0.002 0.11710.001 0.03610.001 
R/ms-1 0.32±0.06 0.3610.05 0.2910.09 0.810.2 

NBC70(2) 
Mo 0.299±0.004 0.35910.006 0.21910.002 0.15810.002 
R/ms-1 0.84±0.05 0.7710.06 0.7510.05 0.8510.05 

NBC70(3) 
Mo 0.1691fl.003 0.18210.003 0.15110.004 0.09710.002 
R/ms-1 0.49±0.07 0.5410.05 0.5610.09 0.5610.09 

NBC70(4) 
Mo 0.279±0.004 0.32610.005 0.25310.002 0.140+0.002 
R/ms-1 1.2+0.1 1.410.1 1.210.1 1.210.1 

NBC70(5) 
Mo 0.413±0.007 0.53210.005 0.39810.006 0.19510.004 
R/ms-1 0.13±0.05 0.1410.03 0.1910.06 0.2310.06 

Table 4.5 Optimised parameter f o r the s p i n - d e p o l a r i s a t i o n experiment 

from a n o n - l i n e a r l e a s t - s q u a r e s a n a l y s i s u s i n g an exponential model 

f o r v a r i o u s NYRIM-materials. Only the poly e t h e r prepolymer carbons 

from nylon-6 block copolymer are considered 

e x h i b i t s damped o s c i l l a t i o n s . Spinning at 2500 Hz ( f i g u r e 

4.21) reveals the most pronounced t r a n s i e n t o s c i l l a t i o n s , 

which supports the assumption of the MAS influence on 

c r o s s - r e l a x a t i o n . 

Tekely et a l . [40] have i n v e s t i g a t e d t r a n s i e n t 

o s c i l l a t i o n s of powdered ferrocene samples at low (248 Hz) 

r o t o r spinning frequency. At that spinning frequency they 

could not detect any, i n contrast t o the case of the 
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s t a t i c sample. However, as d i s c u s s e d e a r l i e r i n t h i s 

s e c t i o n , no d i p o l a r o s c i l l a t i o n s s h o u l d be observed i n 

r a p i d l y r o t a t i n g samples as a r e s u l t o f t h e d e s t r u c t i v e 

i n t e r f e r e n c e o f o s c i l l a t i o n s from c r y s t a l l i t e s w i t h 

d i f f e r e n t o r i e n t a t i o n s . I n s t e a d o f damped o s c i l l a t i o n a 

t w o - s t a g e decay o f carbon m a g n e t i s a t i o n may be observed as 

d e r i v e d i n eqn. 4.11. As shown by t h e experiments these 

r e s u l t s must be handled w i t h g r e a t care, because MAS i s 

n o t e n t i r e l y removing the t r a n s i e n t o s c i l l a t i o n s , and 

q u a n t i t a t i v e d e s c r i p t i o n o f t h e coherent and s p i n -

d i f f u s i o n m a g n e t i s a t i o n t r a n s f e r i s not e a s i l y a c c e s s i b l e . 

Secondly, t h e c r o s s - r e l a x a t i o n b e h a v i o u r o f the c a r b o n y l 

carbon w i l l be d i s c u s s e d . I n a l l samples t h e c a r b o n y l 

carbon e x h i b i t s an e x p o n e n t i a l c r o s s - r e l a x a t i o n b e h a v i o u r . 

T h i s i s r e a d i l y u n d e r s t a n d a b l e , b e a r i n g i n mind t h a t t h e 

c a r b o n y l carbon has no hydrogen a t t a c h e d . The o n l y way a 

c a r b o n y l carbon may c r o s s - r e l a x i s v i a s p a t i a l 

m a g n e t i s a t i o n t r a n s f e r t o t h e n e i g h b o u r i n g p r o t o n s . A 

c o h e r e n t m a g n e t i s a t i o n t r a n s f e r i s not p o s s i b l e . The time 

c o n s t a n t f o r t h e t r a n s f e r i s i n e x c e l l e n t agreement w i t h 

t h e s p i n - d i f f u s i o n t i m e c o n s t a n t o f t h e methylene carbons, 

w h i c h can be c o n s i d e r e d as evidence t h a t we are d e a l i n g 

w i t h t h e same t r a n s f e r mechanism (see t a b l e s 4.4a and 

4.4b). The f a c t t h a t t h e c r o s s - r e l a x a t i o n t i m e o f t h e 

c a r b o n y l carbon i s a l i t t l e b i t s m a l l e r t h a n t h a t o f t h e 

m e thylene carbons cannot be e x p l a i n e d e a s i l y . A p o s s i b l e 

reason i s t h a t i n t h e case o f c a r b o n y l groups we are 

d e a l i n g o n l y w i t h s p i n - d i f f u s i o n mechanism f o r 

m a g n e t i s a t i o n , t r a n s p o r t . Methylene carbons a d d i t i o n a l l y 

a r e a b l e t o undergo a coherent m a g n e t i s a t i o n t r a n s f e r 
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w h i c h may "pump" m a g n e t i s a t i o n w i t h a l a r g e r v e l o c i t y from 

t h e a t t a c h e d p r o t o n s t o t h e remote p r o t o n s . Of course, the 

s p i n d i f f u s i o n process i s t h e r a t e - l i m i t i n g step and 

c o n s e q u e n t l y t h e "pumping" e f f e c t i s s m a l l . 

At t h i s p o i n t i t must be mentioned t h a t t h e '̂̂C-

resonances o f t h e a - c r y s t a l l i n e m o d i f i c a t i o n o f nylon-6 

o v e r l a p w i t h t h e C-resonances o f t h e amorphous form 

except f o r carbon-6. Any d e v i a t i o n s of t h e amorphous phase 

w i t h r e s p e c t t o t h e c r y s t a l l i n e phase should be d e t e c t a b l e 

i n carbon-6. As i l l u s t r a t e d i n t a b l e 4.4a, n e i t h e r 

c o h e r e n t nor s p i n - d i f f u s i o n m a g n e t i s a t i o n t r a n s f e r values 

o f carbon-6 d i f f e r from the o t h e r carbons. This r e s u l t i s 

a l s o s u p p o r t e d by an i n v e s t i g a t i o n o f quenched nylon-6 

b l o c k copolymer (NBC20(2) and NBC20(3) i n t a b l e 4.4a), 

where t h e d e p o l a r i s a t i o n b e h a v iour o f carbon-6 i s i n 

a c c o r d f o r b o t h m o d i f i c a t i o n s . This r e s u l t becomes r e a d i l y 

u n d e r s t a n d a b l e , b e a r i n g i n mind t h a t a l l measurements were 

t a k e n a t room te m p e r a t u r e , which i s much below the g l a s s 

t r a n s i t i o n t e m p e r a t u r e o f nylon-6 (Tg = 67 °C ) . The g l a s s 

t r a n s i t i o n i s d e a l t w i t h i n t h e n e x t c h a p t e r i n more 

d e t a i l . So f a r i t i s o n l y r e l e v a n t t o know t h a t below the 

g l a s s - t r a n s i t i o n t e m p e r a t u r e , t h e amorphous phase of a 

polymer i s i n a g l a s s y , r i g i d form, s i m i l a r t o t h e 

c r y s t a l l i n e s t a t e . This i s i m p o r t a n t t o know because t h e 

d i p o l a r i n t e r a c t i o n s are s t r o n g l y dependent on 

i n t r a m o l e c u l a r m o b i l i t y . 

T h i s l e a d s t o t h e f i n a l p a r t o f t h e d i s c u s s i o n , the 

c r o s s - r e l a x a t i o n b e h a v i o u r o f t h e prepolymer carbons. I n 

n e a r l y a l l measurements i n which t h e Hartmann-Hahn match 

was s e t c o r r e c t l y on adamantane, no o s c i l l a t i o n of 
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coherent p o l a r i s a t i o n t r a n s f e r i s observable. One 

exception i s depicted i n f i g u r e 4.19b. This experiment 

d e f i n i t l y e x h i b i t s t r a n s i e n t o s c i l l a t i o n s i n the f i r s t 100 

|is. I t was not p o s s i b l e to e x p l a i n why j u s t o s c i l l a t i o n s 

occur i n t h i s one experiment. 

The s p i n - d i f f u s i o n r a t e i s about a f a c t o r of 10-15 

s m a l l e r w ith resp e c t to the s p i n d i f f u s i o n r a t e for the 

methylene carbons i n the nylon-6 phase. The i n t e n s i t y 

r a t i o prepolymer carbons/nylon-6 carbons a l s o i n d i c a t e s 

the s m a l l e r c r o s s - p o l a r i s a t i o n e f f i c i e n c y of the 

prepolymer carbons. This has i t s o r i g i n i n the higher 

m o b i l i t y of the prepolymer. The homonuclear d i p o l a r 

i n t e r a c t i o n s s t r o n g l y depend on the c o r r e l a t i o n time Xc-

Roughly speaking, the more mobile a m a t e r i a l i s , the 

s m a l l e r the d i p o l a r i n t e r a c t i o n and the smaller i s the 

c r o s s - r e l a x a t i o n r a t e . Another point i s the s o - c a l l e d 

match width. This i s the h a l f width of the magnetisation 

i n t e n s i t y expressed i n kHz i n which the magnetisation 

i n t e n s i t y i s p l o t t e d as a function of mismatch parameter 
A = (cOjj - coj^) / 2n [41] . I n r i g i d s o l i d s the match width 

has a gaussian shape and can be as wide as 50 kHz. For 

mobile m a t e r i a l s or l i q u i d s the width i s u s u a l l y smaller 

than 1 kHz. Achieving an exact Hartmann-Hahn match 

deserves an a c c u r a t e f u l f i l m e n t of the match s e t t i n g which 

i s o ften not p o s s i b l e . E v i d e n t l y the s p i n - d i f f u s i o n r a t e s 

of the prepolymer show how s e n s i t i v e the measurements are 

w i t h r e s p e c t to the Hartmann-Hahn mismatch. The values for 

the s p i n d i f f u s i o n - r a t e vary between 0.14 and 0.98 ms-i 

f o r the d i f f e r e n t compositions without following any 

t r e n d . An expected modulation of d i p o l a r i n t e r a c t i o n 
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between t h e p r o t o n s by macroscopic r o t a t i o n c o u l d not be 

d e t e c t e d . One would expect t he f a s t e r t h e r o t a t i o n , t h e 

s m a l l e r t h e e f f e c t i v e d i p o l a r i n t e r a c t i o n , because o f 

p a r t i a l a v e r a g i n g o f t h e i n t e r a c t i o n s . A d i r e c t comparison 

o f s p i n d i f f u s i o n - r a t e s o f the NBC70 sample r o t a t i n g a t 

2500 Hz, 3000 Hz and 4000 Hz y i e l d s t h a t , c o n t r a r y t o 

e x p e c t a t i o n t h e experiment i n which t h e sample i s r o t a t i n g 

a t 2500 Hz has t h e s m a l l e s t r a t e r a t h e r than t he one 

r o t a t i n g a t 4000 Hz. The s p i n - d i f f u s i o n r a t e o f t h e sample 

r o t a t i n g a t 3000 Hz i s i n between t h e o t h e r two v a l u e s . A 

reason f o r t h i s c o u l d be a Hartmann-Hahn mismatch o f t h e 

exp e r i m e n t , t h a t would change t h e p o l a r i s a t i o n t r a n s f e r 

r a t e . Now t h e q u e s t i o n a r i s e s , how such mismatch can be 

p o s s i b l e p r o v i d i n g t h e match was c a r e f u l l y set on 

adamantane. I n p r i n c i p l e t h e r e a re t h r e e answers: 

1. The match w i d t h o f the prepolymer carbons i s s m a l l e r 

t h a n t h e match w i d t h o f adamantane, which would make an 

a c c u r a t e s e t t i n g o f the match i m p o s s i b l e . A simple 

experiment t o prove t h i s would be t o compare t h e match 

w i d t h o f adamantane w i t h t h e prepolymer carbons. 

2. The Hartmann-Hahn match was not s t a b l e on t h e 

i n s t r u m e n t . T h i s problem o c c u r r e d o c c a s i o n a l l y on t h e 

CXP200 t o such an e x t e n t t h a t q u a n t i t a t i v e CP/MAS 

measurements were n o t p o s s i b l e . 

3. P o l a r i s a t i o n t r a n s f e r w i t h MAS does not n e c c e s s a r i l y 

work o p t i m a l l y on t h e matched c o n d i t i o n as Wu et a l . 

d i s c u s s e d i n t h e i r work [41] . When t h e MAS speed i s 

l a r g e r t h a n o r comparable t o the Ĥ-̂ H d i p o l a r 

c o u p l i n g s , t h e Hartmann-Hahn spectrum breaks up i n t o a 

s e r i e s o f sidebands. Maximal p o l a r i s a t i o n t r a n s f e r 
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o c c u r s when t h e mismatch parameter A i s a m u l t i p l e o f 

th e MAS r a t e . The optimum t r a n s f e r - r a t e i s not 

n e c c e s s a r i l y a t matched c o n d i t i o n but o f t e n happens a t 

the f i r s t maximum A=(Dii-a)is. F i g u r e s 4.25b and 4.26b 

i l l u s t r a t e t h e r e s u l t o f p o l a r i s a t i o n t r a n s f e r of t h e 

pr e p o l y m e r carbons a t t h e i r f i r s t maximum. Two t h i n g s 

a r e i m p o r t a n t t o no t e here. F i r s t l y , t h e m a g n e t i s a t i o n 

t r a n s f e r r e d i n t h e non-matched c o n d i t i o n i s l a r g e r than 

i n t h e matched experiment. Secondly, t h e d e p o l a r i s a t i o n 

o c c u r s w i t h a two f e a t u r e - b e h a v i o u r . This i l l u s t r a t e s 

t h a t , e s p e c i a l l y f o r mo b i l e samples w i t h r e l a t i v e l y 

s t r o n g heterogeneous d i p o l a r i n t e r a c t i o n s , t h e optimum 

p o l a r i s a t i o n t r a n s f e r i s n ot happening a t t h e Hartmann-

Hahn c o n d i t i o n b u t when t h e mismatch parameter i s s e t 

t o a m u l t i p l e o f t h e MAS frequency.-

4.3.5 The C r o s s - P o l a r i s a t i o n Experiment 

The second t y p e o f experiment i s known as t h e variable 

contact time e x p e r i m e n t . I t i s t h e s i m p l e s t amongst t h e 

CP-experiments and c o n s i s t s b a s i c a l l y o f 3 pu l s e s as 

d e p i c t e d i n f i g u r e 4.23. A f t e r t h e 90° p u l s e on t h e 

p r o t o n s t h e i H - m a g n e t i s a t i o n i s l o c k e d a l o n g BIH d u r i n g 

tcp. The carbons a r e now p o l a r i s e d a l o n g Bic. By v a r y i n g 

tcp t h e dynamics o f t h e p o l a r i s a t i o n t r a n s f e r i s 

m o n i t o r e d . The t h e o r y b e h i n d t h i s experiment i s b a s i c a l l y 

t h e same as i n t h e d e p o l a r i s a t i o n experiment. The o n l y 

i m p o r t a n t parameter t h a t has a d d i t i o n a l l y t o be c o n s i d e r e d 

i s t h e p r o t o n s p i n - l a t t i c e r e l a x a t i o n t i m e i n t h e r o t a t i n g 
frame, T̂ .̂ I n c o n t r a s t t o t h e d e p o l a r i s a t i o n experiment, 
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where d u r i n g t h e d e p o l a r i s a t i o n time t h e carbon spins 
r e l a x w i t h T^p (which i s u s u a l l y much l o n g e r than T(-.̂^ and 
t h e s p i n - d i f f u s i o n r a t e ) , T-̂, may be of t h e same l e n g t h as 

t h e s p i n - d i f f u s i o n t i m e c o n s t a n t . T h e r e f o r e an a d d i t i o n a l 

t e r m c o n s i d e r i n g t h e r o t a t i n g - f r a m e s p i n r e l a x a t i o n has t o 

be i n c l u d e d i n t h e e x p r e s s i o n t h a t d e s c r i b e s the c r o s s -

p o l a r i s a t i o n dynamics. I n s e c t i o n 4.3.2 an e x p r e s s i o n f o r 

CP-dynamics has been g i v e n f o r a system w i t h a s i n g l e 

s p i n - t e m p e r a t u r e i n which t h e p r o t o n s p i n - l a t t i c e 

r e l a x a t i o n t i m e i s i n v o l v e d (eqn. 4.5). 

90 
X 

H 

1 3 . 

CP DD 

A : 

'CP a c q u i s i t i o n r e c y c l e delay 
(AQ) (DO) 

F i g u r e 4.23 Pulse sequence f o r a v a r i a b l e contact-time experiment, 

where t I s the time f o r the S spins to be p o l a r i s e d 
CP 

T h i s e x p r e s s i o n , a l t h o u g h s t i l l f r e q u e n t l y used f o r 

o r g a n i c s o l i d s [ 4 2 ] , does n o t a d e q u a t e l y d e s c r i b e t he 

c r o s s - p o l a r i s a t i o n dynamics w i t h s t r o n g h e t e r o n u c l e a r 

d i p o l a r i n t e r a c t i o n s , as d i s c u s s e d i n t h e l a s t s e c t i o n . 

For a n a l y t i c a l purposes, I have b a s i c a l l y used the model 

develop e d by M u l l e r e t a l . [ 1 6 ] . However, t o account f o r 
t h e p r o t o n r o t a t i n g - f rame s p i n r e l a x a t i o n T/̂ , an e f f e c t i v e 
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s i n g l e Tip b e h a v i o u r was assumed. A l t h o u g h t h i s i s a 

r e s t r i c t i v e assumption and does not s a t i s f y t h e r e a l i t y , 
as w i l l be seen i n c h a p t e r 5 by d i r e c t measurement o f T^p, 

t h e c r o s s - p o l a r i s a t i o n data a re d e s c r i b e d q u i t e w e l l . 

O r i g i n a l l y e x p r e s s i o n 4.13 was used w i t h a r e l a x a t i o n term 

added, so i t becomes: 

1 e e ' e ' ' 
3 3 

^ ' • exp (4.14) 

B e f o r e t h e d i s c u s s i o n o f the c r o s s - p o l a r i s a t i o n dynamics 

r e s u l t s s t a r t s , an a l t e r n a t i v e CP/MAS experiment w i l l be 

i n t r o d u c e d , namely the i n v e r s i o n - r e c o v e r y c r o s s -

p o l a r i s a t i o n experiment (IRCP). 

4.3.6 The In v e r s i o n - r e c o v e r y C r o s s - p o l a r i s a t i o n Experiment 

Wu and co-workers [43] developed a c r o s s - p o l a r i s a t i o n 

t e c h n i q u e w h i c h enhances t h e s e n s i t i v i t y o f t h e o r d i n a r y 

CP/MAS ex p e r i m e n t by a p p l y i n g an a d d i t i o n a l p u l s e d u r i n g 

t h e c o n t a c t t i m e . The pulse-sequence i s o u t l i n e d i n f i g u r e 

4.24. The d i f f e r e n c e from t h e normal CP-pulse sequence i s 

a 180° p u l s e on t h e carbon channel a f t e r an ample c o n t a c t 

t i m e X-i, w h i c h r e s u l t s i n an i n v e r s i o n o f the s p i n -

p o p u l a t i o n s o f t h e carbons, p r o d u c i n g a s i t u a t i o n i n which 

t h e s p i n s o f t h e carbons are a n t i p a r a l l e l t o th e r o t a t i n g -

frame magnetic f i e l d . The upper energy l e v e l i s now more 

p o p u l a t e d t h a n t h e lower l e v e l . Because t h e -^^C-system i s 

now a t a n e g a t i v e s p i n - t e m p e r a t u r e , t h e r m a l e q u i l i b r i u m 

between t h e '^H and t h e •̂ Ĉ i s broken, and energy t r a n s f e r 

w i l l o c c u r a g a i n u n t i l a new common s p i n - t e m p e r a t u r e i s 

reached. T h i s process, however, proceeds a t q u i t e 
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d i f f e r e n t r a t e s f o r d i f f e r e n t components of d̂e

m a g n e t i s a t i o n , depending on t h e i r a s s o c i a t e d p o l a r i s a t i o n 

t r a n s f e r r a t e s . T h i s m a g n e t i s a t i o n t r a n s f e r i s mo n i t o r e d 

as a f u n c t i o n o f t h e c o n t a c t time . 

90 

1 3 . 

a c q u i s i t i o n r e c y c l e delay 
(AQ) (DO) 

F l g u r a 4.24 Pulse sequence f o r the Inversion-Recovery 

C r o s s - P o l a r l s a t l o n experiment 

The main advantage of t h i s experiment i s t h a t t he 

e f f e c t i v e s i g n a l i n t e n s i t y i s doubled by t h e s p i n 

i n v e r s i o n , because t h e m a g n e t i s a t i o n goes from MQ = -M„ 

( f o r X2 = 0' ^° s p i n r e l a x a t i o n ) t o +M«. The p h y s i c a l 

p r o p e r t i e s o f t h e p o l a r i s a t i o n t r a n s f e r a re t h e same as i n 

t h e d e p o l a r i s a t i o n o r p o l a r i s a t i o n experiment. I t i s easy 

t o m o d i f y e x p r e s s i o n 4.14 of the v a r i a b l e c o n t a c t - t i m e 

e x p e r i m e n t t o s a t i s f y t h e purposes of t h e i n v e r s i o n -

r e c o v e r y c r o s s - p o l a r i s a t i o n experiment. 

Ms(T) = -Mso + 2Mso 1 - j e - ^ 1 g-3i?r/2g-TV2T2 2 ̂ ^ 
exp 

(4.15) 
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4.3.7 R e s u l t s and d i s c u s s i o n 

E x p r e s s i o n 4.14 has been used t o analyse t h e 

p o l a r i s a t i o n dynamics o f the methylene carbons from t h e 

v a r i a b l e c o n t a c t - t i m e c r o s s - p o l a r i s a t i o n experiment. The 

p o l a r i s a t i o n dynamics o f t h e c a r b o n y l carbon was 

d e t e r m i n e d by u s i n g the Mehring e q u a t i o n 4.5. This i s a 

s e n s i b l e model f o r t h e c a r b o n y l carbon because the p r o t o n 

system can be d e s c r i b e d by a s i n g l e s p i n - t e m p e r a t u r e . The 

n u m e r i c a l r e s u l t s are summarised i n t a b l e 4.6 f o r v a r i o u s 

NYRIM m a t e r i a l s . 

The s i m u l a t e d and e x p e r i m e n t a l data are d e p i c t e d i n 

f i g u r e s 4.25 t o 4.27. The a n a l y t i c a l f i t u s i n g 4.14 was 

o n l y p o s s i b l e f o r t h e nylon-6 carbons because t h e 

p r e p o l y m e r carbons e x h i b i t a t o o l o n g c r o s s - r e l a x a t i o n 

t i m e t o be m e a n i n g f u l l y a n a l y s e d . T h i s i s s i m p l y because 

t h e p o l y e t h e r phase i s so m o b i l e t h a t p o l a r i s a t i o n 

t r a n s f e r f r o m t h e p r o t o n s t o t h e carbons becomes v e r y 

i n e f f i c i e n t . The c r o s s - p o l a r i s a t i o p n dynamics o f t h e 

p o l y e t h e r carbons a r e g r a p h i c a l l y r e p r e s e n t e d i n f i g u r e 

4.28. The l o w e r e f f i c i e n c y of c r o s s - p o l a r i s a t i o n f o r t h e 

p o l y e t h e r carbons i s o b v i o u s . A f t e r a r e l a t i v e l y f a s t 

s i g n a l i n c r e a s e i n t h e f i r s t two m i l l i s e c o n d s , which i s 

due t o t h e h e t e r o n u c l e a r d i p o l a r i n t e r a c t i o n s , t h e s i g n a l 

l e v e l s o f f . At t h i s stage s p i n - d i f f u s i o n i s l e s s i m p o r t a n t 
and o n l y l o n g - t i m e T^p r e l a x a t i o n i s e f f e c t i v e . The r e s u l t s 

o f t h e n u m e r i c a l a n a l y s i s f o r t h e i n v e r s i o n - r e c o v e r y 

c r o s s - p o l a r i s a t i o n experiment are summarised i n t a b l e 4.7 

and a r e g r a p h i c a l l y i l l u s t r a t e d i n f i g u r e s 4.29 t o 4.32. 

The c l a s s i c a l v a r i a b l e c o n t a c t t i m e CP/MAS experiment 

shows t h a t t h e c r o s s - p o l a r i s a t i o n dynamics ar e 
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NyIon-6(l) 

Carbon C I C2 C3 C4.5 C6 

Mn 0.369±0.007 0.62±0.02 0.7010.02 1.0910.03 0.29310.009 

2.94±0.08 4+1 411 411 411 

T 2 / m s - 0.025±0.002 0.026+0.002 0.02510.002 0.023+0.002 

T"p/ms 7.1±0.3 8.110.5 8.310.5 8.410.6 7.2+0.4 

Nylon-6 (2) 

Mn 0.370±0.008 0.62±0.02 ^ 0.7110.02 1.0810.03 0.29110.009 

R / m s ' ^ 2.9±0.2 4±1 511 511 411 

T 2 / n i s - 0.02510.002 0.02610.002 0.025+0.002 0.02310.002 

i f p / m s 7.1±0.4 8.1+0.6 8.410.6 8.510.7 7.510.6 

NBC20 

Mn 0.313±0.009 0.6110.01 0.6910.01 1.0510.02 0.27510.005 

R / m s " l 4.0±03 1112 1113 1012 1414 

T 2 / m s - 0.01910.002 0.02210.004 0.02010.002 0.02210.006 

Tip/ms 5.7±0.4 6.510.3 6.210.3 6.910.3 7.010.4 

NBC20 (quenched) 

Mo 0.35±0.01 0.65+0.03 0.6710.04 1.0710.05 0.3810.02 

R/ms"^ 3.4±0.3 613 614 513 814 

T 2 / m s - 0.020+0.003 0.02310.004 0.02010.003 0.01710.003 

5.3+0.5 5.210.5 4.710.5 5.810.6 4.610.4 

NBC40 (1) 

Mn 0.310±0.006 0.6110.01 0.6710.02 1.0610.04 0.28810.006 

R/ms"^ 3.4±0.2 511 511 512 511 

1 2 / m s - 0.009710.0005 0.010210.0005 0.009910.0008 0.006810.0008 

6.0±0.2 6.810.4 6.610.4 7.510.7 6.710.3 

NBC40 (2) 

Mn 0.331±0.005 0.62+0.07 0.6610.02 1.0910.02 0.33210.005 
R / m s - 1 3.1±0.1 4.810.5 411 4.210.6 6+1 
T 2 / m s - 0.02010.001 0.02710.002 0.02310.001 0.0410.01 

Tip/ms 7.7±0.3 7.610.2 7.510.4 8.210.3 7.710.3 

T a b l e 4.6 Parameters of the v a r i a b l e contact-time c r o s s - p o l a r i s a t i o n 

experiment f o r v a r i o u s NYRIM m a t e r i a l s , obtained from eqn. 4.14 (only 

the nylon-6 carbons are presented) 

governed by two g e n e r a l processes. 

The f i r s t one i s t h e p o l a r i s a t i o n t r a n s f e r from t h e 

p r o t o n s t o t h e carbons, which i s r e s p o n s i b l e f o r t h e 

s i g n a l i n c r e a s e . The second one i s t h e l o s s o f 

m a g n e t i s a t i o n by s p i n - r e l a x a t i o n t o t h e l a t t i c e . T h e r e f o r e 
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CP/MAS expe r i m e n t s i n r i g i d o r g a n i c s o l i d s g e n e r a l l y have 

an optimum c o n t a c t t i m e where t h e s i g n a l o f t h e carbons i s 

maximised. W h i l e t h e methylene carbons e x h i b i t a f a s t 

s i g n a l g r o w t h i n t h e f i r s t 500 \is, t h e c a r b o n y l carbon 

reaches i t s maximum a t 1000 j i s . The reason was a l r e a d y 

g i v e n i n s e c t i o n 4.3.3. I t i s s i m p l y because m a g n e t i s a t i o n 

t r a n s f e r f o r c a r b o n y l carbons o n l y works by t r a n s p o r t o f 

p o l a r i s a t i o n from t h e p r o t o n s t o t h e r e l a t i v e l y - d i s t a n t 

c arbons. Methylene carbons may be p o l a r i s e d a d d i t i o n a l l y 

by c o h e r e n t p o l a r i s a t i o n t r a n s f e r w h i c h i s g e n e r a l l y a 

magnitude f a s t e r . T h e r e f o r e methylene carbons reach 2/3 o f 

t h e i r m a g n e t i s a t i o n i n a f r a c t i o n o f 100 \is, a t i m e s c a l e 

where c o h e r e n t p o l a r i s a t i o n i s a c t i v e . A measure o f t h e 

q u a l i t y o f t h e n u m e r i c a l a n a l y s i s may be o b t a i n e d by 

comparison o f t h e t h r e e d i f f e r e n t t e c h n i q u e s . S t a r t i n g 

w i t h t h e two parameters r e s p o n s i b l e f o r t h e p o l a r i s a t i o n 

t r a n s f e r , R and T2, p r o b a b l y n o t enough e x p e r i m e n t a l data 

have been r e c o r d e d i n the IRCP experiment f o r a c o m p l e t e l y 

s t a b l e n u m e r i c a l f i t . E s p e c i a l l y f o r Nylon-6 and NBC40(1) 

(see t a b l e 4.7) t h e c r o s s - p o l a r i s a t i o n t i m e was so s h o r t 
t h a t c o n s i d e r a b l e T / ^ - r e l a x a t i o n c o u l d t a k e p l a c e . I n t h e 

second e x p e r i m e n t on NBC40, t h e c r o s s - p o l a r i s a t i o n t i m e 
was 4 ms, c o n s e q u e n t l y o n l y t h e s h o r t - t i m e Tip-value was 

d e t e c t e d . However, t h e -values a r e between 0.009 and 

0.027 ms, w h i c h i s i n good agreement w i t h those o b t a i n e d 

f r o m t h e d e p o l a r i s a t i o n measurements. Al s o t h e s p i n -

d i f f u s i o n r a t e s are i n good agreement w i t h those o b t a i n e d 

by d e p o l a r i s a t i o n measurements. The o n l y e x c e p t i o n 

concerns annealed NBC20, where t h e s p i n - d i f f u s i o n r a t e s 

a r e c a l c u l a t e d t o be between 10 and 14 ms~^ f o r t h e 
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d i f f e r e n t methylene carbons. F i g u r e 4.27 r e p r e s e n t s t h e 

p o l a r i s a t i o n c u r v e o f annealed NBC40. I t shows n o i s y data 

e s p e c i a l l y i n t h e f i r s t m i l l i s e c o n d o f c o n t a c t . The reason 

f o r t h e l a r g e s p i n - d i f f u s i o n r a t e s i s not t o be found i n 

c e r t a i n p r o p e r t i e s o f t h e m a t e r i a l but i n t h e low data 

q u a l i t y w h i c h r e s u l t s i n a r e l a t i v e l y poor f i t . 

A n o t h e r reason f o r t h e d i f f i c u l t y o f t h e n u m e r i c a l 
a n a l y s i s o f t h e v a r i a b l e c o n t a c t - t i m e experiment i s T̂ , 

r e l a x a t i o n . The da t a p o i n t s now have t o be d e s c r i b e d by 

f o u r i n s t e a d t h r e e parameters, which demands a more data 

p o i n t s t o a c h i e v e t h e same accuracy as i n t h e 

d e p o l a r i s a t i o n e x p e riment. Here t i m e - l i m i t i n g boundaries 

a r e s e t by s o l i d - s t a t e NMR, because each s i n g l e data p o i n t 

r e q u i r e s up t o one hour i n a c q u i s i t i o n t i m e . The 

a l t e r n a t i v e way t o o b t a i n t h e p o l a r i s a t i o n parameter i s 

• CI 
• C2 
A 03 
• C4,5 
A C6 

4 6 
contact time / ms 

10 

Figure 4.25 Time-dependence for the intensity of C-13 signals in a powder sampie 
of Dylon-6 (1) in the variable<ontact time cross-polarisation experiment 
(D0=2 s, AQ=51.2 ms, TD=2048, NT=2048, rotor spinning frequency: 4000 Hz) 
markers represent experimental data, solid lines represent data from eqn. 4.14 (CHj) and eqn. 4.5 (carbonyl) 
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Figure 4.26 Time-dependence for the intensity of C-13 signals in a quenched powder sample 
of nylon-6 + 20% prepolymer In the variable contact-time cross-polarisation experiment 
(D0=4 s, AQ=51.2 ms, TD=2048, NT=1000, rotor spinning frequency: 3000 Hz) 
markers represent experimental data, solid lines represent data from eqn. 4.14 (CHj) and 4.5 (carbonyl) 

3 4 5 
contact time / ms 

Figure 4.27 Time-dependence for the Intensity of C-13 signals In a powder sample 
of nylon-6 + 40% prepolymer (1) in the variable contact-time cross-polarisation experiment 
(D0=4 s, AQ=51.2 ms, TD=2048, NT=1000, rotor spinning frequency: 3000 Hz) 
mariners represent experimental data, solid lines represent data from eqn. 4.14 (CH2) and eqn. 4.5 (carbonyl) 
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Figure 4.28 Time-dependence for the intensity of C-13 signals in a powder sample 
of nylon-6 + 40% prepolymer in the variable contact-time cross-polarisation experiment 
(D0=1 s, AQ=51.2 ms, TD=2048, NT=2048, rotor spinning frequency: 4000 Hz) 

the IRCP-experiment. The i n v e r s i o n of the spin-temperature 

gives emphasis to the s e n s i v i t y of the p o l a r i s a t i o n p a r t . 
I f the contact time i s chosen small enough such that T^p 

r e l a x a t i o n i s n e g l i g i b l e small, the T2-value and spin-

d i f f u s i o n r a t e can be measured with a reasonable accuracy. 

The T2-value and s p i n - d i f f u s i o n r a t e s are i n very good 

agreement w i t h those obtained from the d e p o l a r i s a t i o n 

measurements. 

However, f o r the experiments NBC40(2) and NBC70 (see 

a l s o f i g u r e s 4.31 and 4.32) the numerical a n a l y s i s of the 

s p i n - d i f f u s i o n r a t e y i e l d s values which are smaller than 

those obtained from the d e p o l a r i s a t i o n measurements. The 

numerical f i t i s , however, i n good agreement with the 

experimental data points as i l l u s t r a t e d i n f i g u r e s 4.31 

and 4.32. Two points have to be made to understand the 

problem. The f i r s t point i s that, i n c o n t r a d i c t i o n to the 
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d e p o l a r i s a t i o n experiment, t h e IRCP shows damped 

o s c i l l a t i o n s , a l t h o u g h the sample was spun a t 4000 Hz. 

T h i s o b s e r v a t i o n c o u l d not be e x p l a i n e d . The r e s u l t i n g 

d i s t o r t e d c u r v e might g i v e an i n a c c u r a t e f i t by u s i n g 

e q u a t i o n 4.15. The c u r i o u s t h i n g i s t h a t nylon-6 and 

NBC40(1) ( s e e f i g u r e 4.29 and 4.30) y i e l d a s p i n - d i f f u s i o n 

r a t e v e r y s i m i l a r to t h o s e measured by the d e p o l a r i s a t i o n 

t e c h n i q u e . F o r t h i s r e a s o n i t i s d o u b t f u l t h a t t h e 

o s c i l l a t o r y b e h a v i o u r i s r e s p o n s i b l e f o r the s m a l l v a l u e s . 

I t must be noted t h a t i n t h e s e two e x p e r i m e n t s o n l y 

c o n t a c t t i m e s up to 0.3 ms have been used, and T^p 

r e l a x a t i o n p r o b a b l y c o u l d be n e g l e c t e d . 

Nylon-6 

Carbon C I C2 C3 C4,5 C6 

Mn 0.29710.002 0.3110.01 0.5210.03 0.9910.05 0.6010.02 

R / m s ' ^ 3.4610.04 4.3+7 4.210.4 4.410.8 4.310.8 

T 2 / m s - 0.017410.0008 0.02510.002 0.01910.001 0.019+0.001 

Tip - - - - -

NBC40(1) 

Mn 0.30610.004 0.287+0.01 0.5610.02 1.0210.04 0.621.002 

R / m s ' ^ 3.7310.05 4.3+0.6 4.7106 4.910.7 4.710.6 

T 2 / m s - 0.0180+0.0008 0.018610.0007 0.0188+0.0008 0.019510.0009 

Tip - - - - -

NBC40(2) 

Mn 0.48810.004 0.27310.008 0.5610.02 0.9810.03 0.591.002 

R / m s " l 2.4010.04 2.310.3 2.210.4 2.510.4 2.310.4 

T 2 / m s - 0.020310.0007 0.018410.0003 0.019510.0008 0.021310.0004 

Tip 2.310.1 2.510.3 3.310.5 3.610.5 3.510.5 

NBC70 

Mn 0.326+0.003 0.268+0.005 0.5010.01 1.0310.02 0.621.001 

R / m s - l 2.5810.05 2.710.3 2.610.3 2.810.3 2.610.3 

7 2 / m s - 0.017210.004 0.018210.0003 0.0179+0.0005 0.018910.0005 

Tip 6.810.3 7.710.4 8.410.5 8.910.5 8.610.5 

T a b l e 4.7 Parameters of the I n v e r s i o n - r e c o v e r y c r o s s - p o l a r i s a t i o n 

experiment f o r v a r i o u s NYRIM m a t e r i a l s , obtained from eqn. 4.15 f o r 

mathylana carbons of the nylon-6 and ex p o n e n t i a l f u n c t i o n f o r carbonyl 

carbon 



110 
An i n d i r e c t e x p e r i m e n t a l p r o o f g i v e s the d i r e c t 
measurement o f T^p (see chapter 5 ) , which y i e l d s T/|,-values 

t h a t w ould n o t a f f e c t the p o l a r i s a t i o n curve i n such a 

s h o r t t i m e - i n t e r v a l . 

The model used t o f i t t h e p o l a r i s a t i o n dynamics assumes 
a s i n g l e T^p b e h a v i o u r . The d i r e c t measurement, however, 
y i e l d s multi-component T^p behaviour. The time c o n s t a n t s o f 

th o s e components a r e i n the range o f t h e s p i n - d i f f u s i o n 
r a t e and t h e r e f o r e not n e c e s s a r i l y n e g l i g i b l e . These T"p 

components a r e d i f f i c u l t t o d e t e c t i n d i r e c t l y by u s i n g 

carbon-13 CP/MAS, because they r e l a x d u r i n g the CP-period, 

w i t h t h e r e s u l t t h a t o n l y t h e l o n g - t i m e components are 

d e t e c t a b l e . A schematic r e p r e s e n t a t i o n ( f i g u r e 4.33) o f 
t h e p u l s e sequence f o r i n d i r e c t T^p measurement makes the 

0.1 0.15 0.2 
contact time / ms 

Figure 4.29 Time-dependence for the intensity of C-13 signals in a powder sample of 
nylon-6 In the inversion-recovery cross-polarisation experiment 
(D0=1 s, Ti=l ms, AQ=51.2 ms, TD=2048, NT=2048, rotor spinning frequency: 4000 Hz) 
markers represent experimental data, solid lines represent data from eqn. 4.15 (CH2) 
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Figure 4.30 Time-dependence for the Intensity of C-13 signals in a powder sample of 
nylon-6 + 40% prepolymer in the inversion-recovery cross-poiarisation experiment 
(D0=1 s, Ti=l ms, AQ=S1 J ms, TD=2048, NT=2048, rotor spinning frequency: 4000 Hz) 
marliers represent experimental data, solid lines represent data from eqn. 4.15 (CH2) 
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Figure 4.31 Time-dependence for the Intensity of C-13 signals in a powder sample of 
nylon-6 + 40% prepolymer (NBC40(2)) in the inverslon-recovo-y cross-polarisation experiment 
(D0=2 s, Ti=l ms, AQ=25.6 ms, TD=512, NT=2048, rotor spinning frequency: 4000 Hz) 
markers represent experimental data, solid lines represent data from eqn. 4.15 (CH2) 
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Figure 4.32 Hme-dependence for the intensity of C-13 signals in a powder sampie of 
nyion-6 +70% prepolymer in tlie inversion-recovery cross-poiarisation experiment 
(D0=2 s n=l n>s, AQ=S1.2 ms, TD=1024, NT=1024, rotor spinning Irequency: 4000 Hz) 
markers represent experimental data, solid lines represent data from eqn. 4.15 (CHj) 

10 

problem c l e a r . The minimum spin-lock time i n t h i s 
experiment i s the c r o s s - p o l a r i s a t i o n time t^p, which allows 

magnetisation t r a n s f e r from the protons t o the carbons. 
This time i s t y p i c a l l y 1 ms f o r the polymer under 
i n v e s t i g a t i o n i n order t o achieve a reasonable s i g n a l - t o -
noise r a t i o . Consequently, Tip values of the order of one 

m i l l i s e c o n d or less are not measurable by t h i s technique. 
A Tip value of the order of 1 ms would a f f e c t the value of 

the spin d i f f u s i o n r a t e i n the IRCP (and normal CP) i n the 
way i t was determined. The consequence therefore i s that 
the numerical value i s smaller than the r e a l value. 

I n order t o check i f a multi-component T̂ , i s present, a 
s e l e c t i v e measurement of T̂ , has been c a r r i e d out using the 

pulse sequence depicted i n f i g u r e 4 . 3 3 . The r e s u l t s are 
summarised i n t a b l e 4 . 8 . A grap h i c a l representation i s 
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given i n f i g u r e s 4.34 f o r nylon-6 and 4.35 f o r NBC40(1). 
The experimental data i n f i g u r e 4.34 and 4.35 do not show 
any sign of a multi-component T/̂  r e l a x a t i o n behaviour. 
However, an i n d i c a t i o n t h a t NBC40 has not a single T/̂ , 
y i e l d s two separate measurements w i t h two d i f f e r e n t t^p 
values. The t^p values of 0.2 ms gives emphasis to short 
Tip values, while the l a r g e r tcp (8 ms) gives emphasis t o 
longer T/̂  values because the short components have already 

r e l a x e d i n t h a t time before the a c q u i s i t i o n s t a r t s . 

13, 

90 

'CP a c q u i s i t i o n r e c y c l e delay 
(AQ) (DO) 

F i g u r e 4.33 Pulse sequence of a CP/MAS v a r i a b l e - d e l a y experiment f o r a 

s e l e c t i v e measurement v i a the carbons. 

C l C2 1 C3 C4,5 C6 
Nylon-6 

10.6±0.4 11.3±0.4 10.8±0.4 11.8±0.4 11.7+0.3 

NBC40(I) 

Tip/ms 3.9±0.6 4.1±0.3 3.5±0.2 5.1±0.3 5.0+0.9 

NBC40(2) 

Tfp/ms 9.4±0.8 8.910.4 8.3±0.4 8.3±0.3 7.4±0.4 

T a b l e 4.8 S e l e c t i v e T-̂ p measurement f o r nylon-6 carbons and methylene 

carbons of NBC40. For experiments NBC40{1) and NBC40(2) a t^p of 200 

\18 and 8 ms has been used r e s p e c t i v e l y 
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The Tip values obtained by using these two t^p-values are 

d i f f e r e n t by a f a c t o r of about two, where the short-time 
value (about 4 ms) would indeed i n t e r f e r e w i t h the spin 
d i f f u s i o n r a t e . This point makes i t clear, although i t has 
not been proved f o r every sample, th a t the assumption of a 
s i n g l e T^p could d i s t u r b the numerical analysis of CP-
dynamics. Using short contact times i s c e r t a i n l y not an 
insurance t o j u s t i f y neglecting r e l a x a t i o n phenomena, but 
i t could be the only way t o overcome the r e l a x a t i o n 
problem i f one uses t h i s r e l a t i v e l y simple model t o 
analyse the c r o s s - p o l a r i s a t i o n dynamics. For a n a l y t i c a l 
purposes concerning the cp-dynamics the d e p o l a r i s a t i o n 

technique i s c e r t a i n l y p r e f e r a b l e because of the generally 
longer Tip. However, techniques l i k e IRCP were not designed 

t o i n v e s t i g a t e cp-dynamics but f o r a p p l i c a t i o n s , e.g., i n 
s p e c t r a l e d i t i n g (using the d i f f e r e n t p o l a r i s a t i o n 

4 6 
contact time / ms 

Figure 4.34 Selective l ^ i ^ for nylon-6 using the pulse sequence of figure 4.33 
(D0=2 s, AQ=25.6 ms, CT=0.8 ms, TD=1024, NT=2048 
mariners represent experimental data, solid lines represent fitted data 
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0.0 0.2 0.4 0.6 
contact time / ms 

0.8 1.0 

Figure 4.3S Selective T jn for nylon-6 + 40% prepolymer using the pulse sequence of figure 4.33 
(D0=2 s, AQ=25.« ms, CT: 0.2 ms, TD=1024, NT=2048) 
markers represent experimental data, solid lines represent fitted data 

p r o p e r t i e s of the d i f f e r e n t carbons i n a molecule or 
moiety t o assign s o l i d - s t a t e s p e c t r a l . 

A l a s t example w i l l p o i n t out that the advanced model of 
d e s c r i b i n g cp-dynamics i n organic s o l i d s i s , however, an 
improvement w i t h respect to the c l a s s i c a l Mehring 
technique. As a model m a t e r i a l , nylon-6 + 40% prepolymer 
has been chosen. The r e s u l t s of the numerical f i t using 
eqn. 4.5 are summarised i n t a b l e 4.9 and g r a p h i c a l l y 
i l l u s t r a t e d i n f i g u r e 4.36. 
The d e v i a t i o n of the numerical f i t and the experimental 
data make i t obvious t h a t t h i s model using a si n g l e spin-
temperature does not hold w i t h the r e a l i t y . I t does not 
account f o r the two mechanisms responsible f o r 
p o l a r i s a t i o n t r a n s f e r , r e s u l t i n g i n a bad d e s c r i p t i o n of 
the s i g n a l increase. However, some authors s t i l l use the 
model by Mehring using a parameter set of two d i f f e r e n t 
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NBC40 
C2 C3 C4,5 C6 

Mn 0.268±0.005 0.50±0.01 1.0310.02 0.62+ 001 
2.7±0.3 2.610.3 2.810.3 2.610.3 

Tip 7.7±0.4 8.410.5 8.9+fl.5 8.610.5 

T a b l e 4.9 Parzuneters of the v a r i a b l e contact-time c r o s s - p o l a r i s a t i o n 

experiment f o r II6C40, obtained from eqn. 4.5 (only the carbons of the 

nylon-6 a re presented) 

p o l a r i s a t i o n time constants and assigning these t o two 
d i s t i n c t moieties i n the polymer [44, 4 5 ] , which i s 
d e f i n i t e l y wrong. 

0.0 0.5 1.0 1.5 10 
Contact Time / ms 

Figure 4.36 Time-dependence for the intensity of C-13 signals in a powder sample of 
nylon-6 + 40% prepolymer (2) in the variable contact-time cross-polarisation experiment 
(D0=1 s, AQ=51.2 ms TD=2048, NT=2048, rotor spinning frequency: 4000 Hz) 
markers represent experimental data, solid lines represent data from eqn. 4.5 
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4.4 S p i n - l a t t i c e Relaxation T_f and So l i d - s t a t e 
High-resolution Single-pulse MAS spectra of NYRIM 
and the Prepolymer 

I n some cases CP/MAS i s less p r e f e r a b l e than a si n g l e 
pulse experiment. Especially i f the m a t e r i a l under 
i n v e s t i g a t i o n i s very mobile, c r o s s - p o l a r i s a t i o n becomes 
very i n e f f i c i e n t . The a d d i t i o n a l e f f e c t which gives the 
si n g l e - p u l s e experiment an advantage f o r mobile m a t e r i a l s 
w i t h respect to r i g i d m a t e r i a l s , i s the r e l a t i v e l y short 
s p i n - l a t t i c e r e l a x a t i o n time of the rare nucleus. 
Q u a n t i f i c a t i o n of the resonances i s possible and y i e l d s 
f u r t h e r i n f o r m a t i o n of the d i f f e r e n t s i t e s i n the 
molecules, a technique u s u a l l y used i n l i q u i d - s t a t e NMR. 
For determination of the Ti values i n the polyether, the 

inversion-recovery technique has been applied, which i s 
shown i n f i g u r e 4.37. 

^̂ C 

X a c q u i s i t i o n r e c y c l e delay 
(AQ) (DO) 

F i g u r e 4.37 I n v e r s i o n - r e c o v e r y p u l s e sequence f o r measurement of 
the carbon-13 s p i n - l a t t i c e r e l a x a t i o n time 

4.4.1 Measurement of : R e s u l t s and D i s c u s s i o n 

Measurements of Ti have been c a r r i e d out f o r the 

prepolymer, quenched nylon-6 -i- 20% prepolymer and nylon-6 

-I- 40% prepolymer. These r e s u l t s have already been 
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presented by the author f o r h i s German Diploma degree 
However, they are summarised i n tab l e 4.10. 

PPO, Tf / s PEO, < / s 
Sample CH CH, CH^ CH, 
Prepolymer 0.16 0.11 0.36 0.17 
quenched NBC20 0.17 0.10 0.37 -
annealed NBC40 0.17 0.11 0.37 0.17 

T a b l e 4.10 / s va l u e s obtained by the inversion-recovery 

technique ( s i n g l e - p u l s e MAS ) 

The a c q u i s i t i o n conditions were: 1 s recycle delay, 4 fis 
90° p u l s e - d u r a t i o n , a c q u i s i t i o n time 102 ms, number of 
t r a n s i e n t s 512, x values between 1 ms and 2 s have been 
used. 

Relaxation i n s o l i d s and h i g h l y viscous l i q u i d s i s 
normally dominated by the d i p o l a r r e l a x a t i o n mechanism. 
The r e l a x a t i o n depends on the number of d i r e c t l y bonded 
hydrogens and the m o b i l i t y of the carbon under 
i n v e s t i g a t i o n . The r e l a x a t i o n time of the methine carbon 
i s n e a r l y twice as long as tha t from the methylene carbon 
because the methylene carbon has two hydrogens attached 
r a t h e r than one. The f a c t t h a t the methylene carbon i s 
a c t u a l l y not r e l a x i n g twice as f a s t , i n d i c a t e s that the 
r e l a x a t i o n mechanism i s not e n t i r e l y d i p o l a r . The methyl 
carbon relaxes r e l a t i v e l y slowly i n view of the number of 
hydrogens attached t o i t . This r e l a x a t i o n i s c o n t r o l l e d by 
i t s f a s t r o t a t i o n . The d i p o l a r i n t e r a c t i o n i s also a 
f u n c t i o n of the c o r r e l a t i o n time . Generally speaking, 

the more mobile the carbon, the shorter i t s c o r r e l a t i o n 
time and the longer the r e l a x a t i o n time assuming we are 
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l o o k i n g at the short side of minimum. The r e l a t i o n of 
the r e l a x a t i o n r a t e , the c o r r e l a t i o n time and the d i p o l a r 
i n t e r a c t i o n i s shown f o r a simple process i n equation 
4.16: 

2 7(\l.V.-, X ' l 4 r (4.16: 

where Ti^^ i s the d i p o l a r r e l a x a t i o n time 
i s the distance between the carbon and the 

hydrogen 
the other symbols have t h e i r usual meaning. By knowing the 
r e l a x a t i o n time, i t i s possible to study the composition 
of the prepolymer q u a n t i t a t i v e l y as w i l l be described i n 
the next s e c t i o n . 

4.4.2 Q u a n t i t a t i v e S o l i d - s t a t e NMR of the Prepolymer 

I t was of p a r t i c u l a r i n t e r e s t t o know the p r o p o r t i o n of 
PPO and PEG i n the prepolymer. The prepolymer i s a 
commercial product f o r which only a l i t t l e i n f o r m a t i o n was 
a v a i l a b l e . The knowledge of i t s composition allows 
conclusions t o be made of the molecular weight of the 
p o l y e t h e r because PEO i s used to e n d - f u n c t i o n a l i s e PPO, as 
mentioned i n chapter 3. The ^̂ C-MAS single-pulse spectrum 
of the prepolymer i s shown i n f i g u r e 4.39. A recycle delay 
of 2 s was found t o be s u f f i c i e n t long. The methyl-carbon, 
as the carbon w i t h the longest Ti , d i d not gain any s i g n a l 

i n t e n s i t y by applying a longer r e c y c l e delay. The 
i n t e g r a t i o n f a c i l i t y of the CXP 200 spectrometer has been 
used t o q u a n t i f y the areas of the carbon resonances. The 
r e s u l t i s an average of three independent measurements. 
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The r a t i o PEO: PPO was determined to be 1 : 6.910.4. As 
mentioned i n chapter 3 the high amount of PEO i s necessary 
t o increase the r e a c t i v i t y f o r the preparation of the 
prepolymer. With t h i s value, the molar mass of the 
p o l y e t h e r can be estimated. Assuming a p o l y e t h e r - s t r u c t u r e 
as i l l u s t r a t e d i n f i g u r e 4.38, f o r a PEO:PPO-ratio 1:7, i t 
f o l l o w s t h a t n = 14 and the molecular weight i s concluded 
t o be 936 g/mol. This i s about h a l f of the molecular 
weight according the i n f o r m a t i o n of the manufacturers, 
but, however, a molecular weight, th a t i s commercially 
used [46] . 

HO 
o 

o 
OH 

polyether 

F i g u r e 4.38 Assumed s t r u c t u r e of PEO e n d - f u n c t i o n a l i s e d PPO 

4.5 V a r i a b l e Temperature Measurements of NYRIM 

4.5.1 I n t r o d u c t i o n 

S o l i d - s t a t e h i g h - r e s o l u t i o n NMR spectroscopy i s a very 
i n t e r e s t i n g t o p i c f o r studying the Icinetics of a polymer 
[47-53] . NYRIM has been i n v e s t i g a t e d on a temperature 
scale from -100 °C t o +100 °C. The h i g h - r e s o l u t i o n spectra 
were compared w i t h d i r e c t t" and T̂ p̂ using the WRAC 

spectrometer. The h i g h - r e s o l u t i o n spectra were acquired on 
the VXR 3 00 using a variable-temperature probe head. 
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4.5.2 Measurements from Room Temperature up to 100 ^C. 

I n t h i s s e c t i o n the temperature-dependence of the high-
r e s o l u t i o n carbon-13 CP/MAS spectrum and the single-pulse 
MAS spectrum of nylon-6 + 50% prepolymer w i l l be 
i n v e s t i g a t e d . The CP/MAS spectrum detects the c r y s t a l l i n e 
and amorphous phase of nylon-6 at the same time. The 
sin g l e - p u l s e experiment gives emphasis to the amorphous 
p a r t of nylon-6 i f the recycle delay i s set to an 
app r o p r i a t e time, which i s no problem because, as seen i n 
an e a r l i e r s e c t i o n , the amorphous carbons have a shorter 
s p i n - l a t t i c e r e l a x a t i o n time than the carbons of the 
c r y s t a l l i n e phase. 

4.5.3 R e s u l t s and D i s c u s s i o n 

The temperature-dependence of the CP/MAS spectrum i s 
i n v e s t i g a t e d f i r s t . For t h i s purpose, two spectra of NBC50 
have been acquired, at room temperature and at 80 °C, 
r e s p e c t i v e l y . Figure 4.40 presents the two spectra p l o t t e d 
on the same graph. The two spectra are almost i d e n t i c a l . 
The d i f f e r e n t chemical s h i f t s of the spinning sidebands 
( i n d i c a t e d as SSB) are simply because the sample was 
spin n i n g at two d i f f e r e n t frequencies i n the two 
experiments. I n the spectrum acquired at 80 °C, the nylon 
carbon resonances are s l i g h t l y narrower than i n the room 
temperature spectrum. The reason f o r t h i s i s tha t thermal 
energy i s put i n t o the polymer by heating i t up to 80 °C. 
This induces, thermal motion, which i s responsible f o r the 
li n e - n a r r o w i n g . I t i s i n t e r e s t i n g t o note t h a t the glass 
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t r a n s i t i o n t e m p e r a t u r e of nylon-6 i s 50 °C. The spectrum 

was r e c o r d e d a t 80 °C. One would e x p e c t t h a t the amorphous 

p a r t of t h e nylon-6 would appear s u b s t a n t i a l l y narrowed, 

w h i c h i t i s n o t . T h i s i s b e c a u s e Tg appears to be a t 

h i g h e r t e m p e r a t u r e s w i t h h i g h e r f r e q u e n c y measurements i n 

NMR. 

The e x p e r i m e n t was r e p e a t e d w i t h the same sample by 

u s i n g t h e s i n g l e - p u l s e t e c h n i q u e . A s e r i e s of s p e c t r a 

w i t h s u c c e s s i v e l y i n c r e a s i n g t e m p e r a t u r e s have been 

a c q u i r e d , w h i c h a r e shown i n f i g u r e s 4.41a to 4.41d. These 

e x p e r i m e n t s r e v e a l two new p r o p e r t i e s of NYRIM and n y l o n -

6. Now t h e t e m p e r a t u r e dependence of the s i n g l e - p u l s e 

s p e c t r u m w i l l be i n v e s t i g a t e d . Only t h e nylon-6 r e s o n a n c e s 

w i l l be d i s c u s s e d , b e c a u s e t h e p o l y e t h e r r e s o n a n c e s do not 

change s i g n i f i c a n t l y a t h i g h e r t e m p e r a t u r e s . The spectrum 

a t 303 K ( f i g . 4.41a) shows v e r y b r o a d s i g n a l s , i n d i c a t i n g 

t h e u n o r d e r e d s t r u c t u r e of t h e amorphous r e g i o n . The 

r e s o n a n c e a t 43 ppm (C6 of t h e c r y s t a l l i n e r e g i o n ) i s o n l y 

v e r y weak, t e s t i f y i n g t h a t t h e s p e c t r u m of the c r y s t a l l i n e 

r e g i o n i s q u a s i - s a t u r a t e d , so t h a t v i s i b l e r e s o n a n c e s 

a r i s e m a i n l y from the amorphous r e g i o n . At 323 K t h e 

s p e c t r u m i s a l r e a d y s t a r t i n g to narrow. The resonance of 

C4 (28.3 ppm) i s now c l e a r l y r e s o l v e d ( s e e f i g u r e 4.41b). 

At 343 K t h e r e s o n a n c e s become a p p r e c i a b l y narrower. An 

i n t e r e s t i n g f a c t i s t h a t t h e r e s o n a n c e a t 2 8 ppm seems t o 

d e c r e a s e i n i n t e n s i t y and a t t h e same time the s i g n a l a t 

26.3 ppm (03) i s s p l i t t i n g up ( s e e f i g u r e 4 . 4 1 c ) . T h i s 

t r e n d c o n t i n u e s , when t h e t e m p e r a t u r e i s i n c r e a s e d f u r t h e r 

t o 373 K ( s e e f i g u r e 4.50d). Now t h e r e s o n a n c e a t 26.3 i s 

w e l l - r e s o l v e d i n t o two s i g n a l s (26.0 ppm and 27 ppm). The 
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AQ: 49.5 ms 
DO: 2 s 
TD:1980 
D l : 4 
NT:512 
T: 303 K 

I I I H I I I I I I I n I I H I I I • • ' I I " ' I " " I " " 
l a o 160 140 120 

0 PPM 

Figure 4.41a 75.43 MHz carbon-13 single-pulse spectriim of HBC50 at 303 K 

AQ: 4 9.5 ms 
DO: 2 3 
TD: 1980 
D l : 4 us 
NT : 5 12 
T:323 K 
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Figure 4.41b 75.43 MHz carbon-13 single-pulse spectrum of HBC50 at 323 K 
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AQ: 4 9.5 ms 
DO: 2 s 
TD:1980 
D l : 4 
NT:512 
T:343 K 

I I 11 1 1 1 1 [ 111 I I M ' I I ' ' 1 1 1 1 I n I 11 I ' 11 n 11 1111111111 11 111 1 1 1 1 [ n 1 1 1 1 1 1 1 [ I I I n 1 1 1 n 1 1 I I 1 1 1 1 1 [ I I I 1 1 1 I I I I I 11 I I 
lao 160 UO 120 100 SO EO 40 20 0 PPM 

Figure 4.41c 75.43 lIHz carbon-13 single-pulse spectrum of IIBC50 at 343 K 

AQ: 4 9.5 ms 
DO: 2 s 
TD: 1980 
D l : 4 ^ 3 
NT: 512 
T: 373 K 
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Figure 4.41tl 75.43 MHz carbon-13 single-pulse spectrum of HBC50 at 373 K 
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s i g n a l of C4 at 28.3 ppm i s s t i l l there but with reduced 

i n t e n s i t y . Unfortunately the temperature could not be 

i n c r e a s e d f u r t h e r , because of instrumental l i m i t i n g 

f a c t o r s . An explanation for the chemical s h i f t s , i n 

p a r t i c u l a r the decreasing s i g n a l of C4 and the " s p l i t t i n g " 

of the s i g n a l at 2 6.3 ppm i s not s t r a i g h t f o r w a r d . 

Comparing the chemical s h i f t s obtained at 373 K with those 

from s o l u t i o n - s t a t e NMR (see t a b l e 4.1a), a remarkable 

agreement i s found. S o l u t i o n - s t a t e ^̂ C-NMR u n v e i l s an 

almost exact agreement for the carbons C3 (26.0 ppm, 

s o l i d - s t a t e ; 26.4 ppm, s o l u t i o n ) and C4 (27,0 ppm, s o l i d -

s t a t e ; 27.1 ppm, s o l u t i o n ) , suggesting the amorphous phase 

forms an extended chain. These resonances could lead to 

the c o n c l u s i o n that r a i s i n g the temperature would cause 

entanglement of the polymer chain and form a conformation 

s i m i l a r to that i n s o l u t i o n . However, i t remains unsolved 

why the two s i g n a l s at 26.0 ppm and 27.0 ppm have the same 

i n t e n s i t y . I f one of those resonances i s coming from C4, 

than i t would be expected that as the s i g n a l at 28.3 ppm 

decreases the other s i g n a l would i n c r e a s e . Another 

p o s s i b i l i t y to e x p l a i n the chemical s h i f t s i s the presence 

of two d i f f e r e n t n o n - c r y s t a l l i n e phases. Measurements of 

the specific-volume by I l l e r s and Haberkorn [54] i n d i c a t e d 

that there were two types of amorphous regions i n nylon-6, 

which depended upon the c r y s t a l l i n e polymorph present i n 

g r e a t e s t abundance. An i n d i c a t i o n that the s p l i t t i n g i s 

due to a s t r u c t u r a l regime and not due to a change i n the 

arrangement of the carbons by i n c r e a s i n g the temperature 

i s the r e l a t i v e l y broad s i g n a l at 26.3 ppm. The s p l i t t i n g 

of t hat s i g n a l i s b e l i e v e d to emanate from two d i f f e r e n t 
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amorphous s t r u c t u r e s . High-temperature NMR enables one to 
observe the two s i g n a l s a r i s i n g from those regions because 
of line-narrowing. Other explanations, such as the 7-
gauche e f f e c t , f a i l because these would include a chemical 
s h i f t change on other carbons as w e l l , which could not be 
observed. However, the lac k of information about the 
amorphous region does not allow an absolutely sure 
c o n c l u s i o n about i t . 

4.5.4 Measurements from Room Temperature down to -10 0 °C 

I n t h i s s e c t i o n the temperature dependence of the •̂ '̂ C-

CP/MAS s p e c t r a of NBC50 at low temperatures w i l l be 

i n v e s t i g a t e d . As for nylon-6 at high-temperature, the 

pol y e t h e r runs through i t s g l a s s - t r a n s i t i o n temperature 

(-50 °C; see f i g u r e 5.4 i n chapter 5) where i n t e r e s t i n g 

s t r u c t u r a l and mob i l i t y changes take p l a c e . 

4.5.5 R e s u l t s and D i s c u s s i o n 

The h i g h - r e s o l u t i o n s p e c t r a were acquired on a VXR 300 

using a v a r i a b l e temperature probehead and l i q u i d nitrogen 

to cool down the bearing gas stream. Temperatures down to 

173 K (-100 °C) were p o s s i b l e over the period which the 

experiments l a s t , without f r e e z i n g the rotor i n t o the 

probe. Rotor spinning frequencies between 3000 and 4000 Hz 

were achieved without problems. 

The temperature dependence of the -"-̂C CP/MAS spectra f o r 

NBC50 a t var i o u s temperatures i s g r a p h i c a l l y i l l u s t r a t e d 

i n f i g u r e s 4.42a to 4.42i. The d i s c u s s i o n t h i s time i s 
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l i m i t e d to the polyether part of the block copolymer 

because the spectrum of the nylon f r a c t i o n i s independent 

of the temperatures used i n t h i s part of the study. The 

""••̂ C-CP/MAS spectrum of NBC50 ( f i g u r e 4.42a) shows n i c e l y 

r e s o l v e d sharp s i g n a l s of the polyether carbons. I f the 

temperature i s lowered to 263 K the i n t e n s i t i e s of the 

resonances s t a r t to decrease ( f i g u r e 4.42b). This trend 

continues with decreasing temperature ( f i g u r e s 4.42c to 

4.42e). At 223 K (-50 ^C) the methylene resonances of PPO 

have apparently vanished ( f i g u r e 4.42f). The resonance of 

the methyl group i s s t i l l v i s i b l e but with reduced 

i n t e n s i t y . F u r t h e r lowering of the temperature to 213 K (-

60 °C) l e t s the s i g n a l s of the polyether reappear as seen 

i n f i g u r e 4.42g. The resonances of the methylene and 

methine carbons are now completely unresolved. I f the 

temperature i s reduced down to 193 K (f i g u r e 4.42h) the 

po l y e t h e r s i g n a l s gain i n i n t e n s i t y . The methyl carbon i s 

now f u r t h e r broadened than at higher temperatures. At 173 

K ( f i g u r e 4.42i) the methyl carbon i s again l o s i n g 

i n t e n s i t y but without broadening. The top of i t s s i g n a l 

appears to be f l a t t e n e d . 

The polyether s i g n a l s at room temperature are very 

sharp, from the s o l i d - s t a t e point of view, because they 

are h i g h l y mobile. This i s because the g l a s s - t r a n s i t i o n 

temperature, Tg, i s -50 °C and the polyether t h e r e f o r e 

e x i s t s i n a h i g h l y mobile amorphous form. By decreasing 

the temperature the m o b i l i t y i s reduced and the resonance 

l i n e i s broadened. The answer why the s i g n a l vanishes at 

223 K i s not t r i v i a l . I n p r i n c i p l e s e v e r a l mechanisms 

could be r e s p o n s i b l e f o r the s i g n a l l o s s : 
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1. T^ has a maximum at that temperature therefore the 

r e c y c l e delay i n i n s u f f i c i e n t long and the s i g n a l i s 

s a t u r a t e d 

2. The c r o s s - p o l a r i s a t i o n time constant has a maximum, and 

so the magnetisation t r a n s f e r from the protons to the 

carbons i s reduced such that no carbon s i g n a l i s 

observable 
3. The r o t a t i n g frame spin r e l a x a t i o n T^p has a minimum, so 

tha t the proton magnetisation i s r e l a x i n g f a s t e r than i t 

can be t r a n s f e r r e d to the carbons 

A l l three points have been checked by varying the 

appropriate parameters. The f i r s t two points are not the 

reason f o r the s i g n a l l o s s , so there w i l l be no deeper 

d i s c u s s i o n f o r those. I n order to check the influence of 

the r o t a t i n g frame s p i n - r e l a x a t i o n a d i r e c t measurement of 
at v a r i a b l e temperature has been c a r r i e d out using the 

WRAC instrument. The temperature has been c a l i b r a t e d by 

p l a c i n g a thermocouple int o the probe and taking the 

a c t u a l temperature before each s i n g l e measurement. The 

r e s u l t s of such measurements are summarised i n table 4.11. 

The r e l a x a t i o n time behaviour of s o l i d s w i l l be dis c u s s e d 

i n more d e t a i l i n chapter 6 ( s p i n - l a t t i c e r e l a x a t i o n and 

s p i n - d i f f u s i o n ) . The only important information about 

s p i n - r e l a x a t i o n i n heterogeneous systems influenced by 

s p i n - d i f f u s i o n which needs to be known here i s that s p i n -

d i f f u s i o n may g r e a t l y modify the o v e r a l l observed 

r e l a x a t i o n behaviour from that expected from the i n t r i n s i c 

r e l a x a t i o n p r o p e r t i e s of the va r i o u s s i t e s . This i s the 
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case f o r nylon block copolymers and the reason why only a 

s i n g l e s p i n - l a t t i c e r e l a x a t i o n i s found although NYRIM i s 

b u i l t up from at l e a s t three components, the polyether, 

the amorphous and the c r y s t a l l i n e nylon, with three 
d i s t i n c t i n t r i n s i c r e l a x a t i o n times. The T/̂  r e l a x a t i o n i s 

d i s t o r t e d i n proportion and values, so the- three 

r e l a x a t i o n components found are not n e c e s s a r i l y i n 

q u a n t i t a t i v e r e l a t i o n to the r e a l components as 

demonstrated i n t a b l e 4.11 (see also chapter 5). Figure 

4.43 i l l u s t r a t e s the weighted-averaged r e l a x a t i o n r a t e 

v e r s u s the i n v e r s e temperature. The reason why the 

weighted-average r e l a x a t i o n rate has been used to 
v i s u a l i s e the T/^-minimum needs some more d i s c u s s i o n . 

The r e s u l t s of a T/̂  measurement of the prepolymer at 

room temperature obtained from the WRAC instrument are 

summarised i n t a b l e 4.12. 

AQ: 4 9.6 ms 
DO: 
CT: 
Dl: 
NT: 

3 s 
3 ms 
4 fis 

250 
298 K 

1 ^ I I I I ! I - I I I I . I I M I I I I ] | . 1 . ^ 1 I I . . | i M . ' i i n . | l 1 1 I I I l | I I I I I I I . I . ' I 

100 80 60 40 20 PPm 0 

F i g u r e 4.42a Carbon-13 CP/lfAS spectrum of 1TBC50 
at 298 K 
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T / K 
*10-3 

/ s Tî p / s 

298.2 3.35 25 0.185 5.41 0.0204 (47.3%) 
0.0076 (37.9%) 165.4 
0.0016(14.8%) 

273.1 3.60 -0.1 0.255 3.94 0.0114(30.9%) 
0.0029 (41.8%) 584.9 
0.0007 (27.3%) 

261.6 3.82 -11.6 0.347 2.88 0.0118(27.2%) 
0.0024 (29.0%) 1075.8 
0.0005 (43.8%) 

250.1 4.00 -23.1 0.437 2.29 0.0102 (34.8%) 
0.0018(28.9%) 1263.3 
0.0003 (36.3%) 

235.7 4.24 -37.5 0.463 2.16 0.0140 (29.2%) 
0.0036 (48.8%) 429.3 
0.0009 (25.1%) 

224.7 4.45 -48.5 0.471 2.12 0.0123 (41.6%) 
0.0034 (47.6%) 344.5 
0.0006 (10.8%) 

Table 4.11 S t a t i c 60 MHz proton s p i n - r e l a x a t i o n times {T^ , T^p) at 

v a r i a b l e temperatures f o r nylon-6 -i- 50% polyether prepolymer. Column 5 

p r e s e n t s the T^p'a and t h e i r proportion ( i n b r a c k e t s ) . Column 6 shows 

the weighted-average r e l a x a t i o n r a t e s 

Time / s % 1 
0.044 73.9 1 
0 . 017 26.1 

Table 4.12 T^p data of the prepolymer a t room temperature 

Kenwright [55] has proved that i n a heterogeneous system 

which i s s p i n - d i f f u s i o n influenced, the observed 

r e l a x a t i o n times are not the same as the i n t r i n s i c 

r e l a x a t i o n times of the components. However, he showed 

that the f a s t e s t r e l a x a t i o n component may be c l o s e l y 

a s s o c i a t e d w ith the i n t r i n s i c r e l a x a t i o n process of the 

f a s t e r r e l a x i n g region. 
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T: 273 K 

\ J > \ J 
11^ 1 1 1 1 I I 1 1 I : I I I I 1111! J I M 1 1 1 1 1 1 1 1 1 1 1 1 I I I m i | i I H i l l ' 

100 80 60 40 20 PPm 0 

F i g u r e 4.42b Carbon-13 CP/MAS spectrum of HBC50 
at 273 K 

T: 2 63 K 

n—I—I I I I 11 11 111 r r j I < { 11 M n I 11 1 11 11 11 I 1 1 J I I I 
100 30 60 40 20 PPm 0 

F i g u r e 4.42 c Carboii-13 CP/MAS spectrimi of HBC50 
at 263 K 
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T: 253 K 

i i i i l i i i l l ' 11J • J I • 1 1 J I > ' l " I ' I ' "'• I ' 11 ' I • I ' 11 " 11 I ' I I I I I I I 
100 80 60 40 20 P P a 0 

F i g u r e 4.42cl Carbon-13 CP/MAS spectrum of HBC50 
at 253 K 

T: 243 K 

V 

• »7 r r 11 n I ] r i M 1 1 r 111111111 M 1111 1111 r 11 1 1 ' T • 11111 r I ' M ' I 11 
100 30 60 40 ZO PPi» 0 

F i g u r e 4.42e Carbon-13 CP/MAS spectrum of imC50 
at 243 K 
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T: 223 K 

I 1 1 111 1 1 J I 1 1 1 1 J 1 1 J I ] u u I u 1111 11111 11 1. 11 11111 11 1 1 1 1 M 1 1 1 1 
100 80 60 40 20 P P a 0 

F i g u r e 4.42f Carbon-13 CP/MAS spectrum of mC50 
at 223 K 

T: 213 K 

I I I I I M I I I I I I I J I J I I I I J I I I I I I I I I I I 1 I M I I I I I I I I 1 I I J I f .- I . — 

100 30 60 40 20 Ppm o 

F i g u r e 4.42g Carbon-13 CP/MAS spectrion of HBC50 
at 213 K 
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- r m — I—11 1 1 11 1 1 11 1 1 I ' 
100 80 

" I ' • " 1" " I " " I " " I ' 11 ' I " ' I 
60 40 20 ppm 0 

F i g u r e 4.42h Carbon-13 CP/MAS spectrum of HBC50 
at 193 K 

" " | i M i | . i M M n i | I . . i : 

100 30 60 40 20 ppm 0 

F i g u r e 4.42i Carbon-13 CP/MAS spectrum of HBC50 
at 173 K 
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The next f a s t e s t r e l a x a t i o n component may be as s o c i a t e d 

w i t h the r a t e of establishment of a d i f f u s i o n p r o f i l e . The 

slowest r e l a x a t i o n component may be a s s o c i a t e d with the 

r a t e of r e l a x a t i o n of the magnetisation followed by the 

establishment of a steady s t a t e d i f f u s i o n p r o f i l e across 

the e n t i r e sample. Since, by t h i s stage i n the r e l a x a t i o n 

process, only a very small amount of magnetisation remains 

i n the f a s t e r r e l a x i n g region, i t i s reasonable to 

a s s o c i a t e the slowest r e l a x a t i o n time to the slower 

r e l a x i n g region. The rotating-frame r e l a x a t i o n time of the 

prepolymer i s reasonable long, hence i t s r e l a x a t i o n r a t e 

i s s m all, c o n t r i b u t i n g only a l i t t l e to the weighted-
average r e l a x a t i o n r a t e i n f i g u r e 4.43. The observed T/^-

minimum at 250.1 K the r e f o r e i s most l i k e l y not the reason 

of the s i g n a l l o s s i n the C-13 CP/MAS hi g h - r e s o l u t i o n 

s p e c t r a . A d d i t i o n a l l y one has to bear i n mind, providing 
the i n t r i n s i c T̂ ^ of the polyether would have such a 

minimum that the prepolymer resonances completely 

disappears, then one would a l s o expect that the 

magnetisation i n the polyamide region d i f f u s e s to the 

pol y e t h e r region r e s u l t i n g i n smaller i n t e n s i t i e s of the 

polyamide resonances. 
Another point i s that the temperature of the T/^p-minimum 

obtained from the WRAC instrument does not match with the 

s i g n a l minimum obtained by the hi g h - r e s o l u t i o n 

measurement. However, i t has to be borne i n mind that the 

rotating-frame r e l a x a t i o n times obtained by the WRAC-

spectrometer were measured at a spi n - l o c k f i e l d of 40 kHz 

wh i l e the VXR300-spectrometer has a sp i n - l o c k f i e l d of 60 
kHz. Tip depends on the d i p o l a r i n t e r a c t i o n and i s 
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t h e r e f o r e -dependent. The rotating-frame r e l a x a t i o n can 
be d e s c r i b e d by a s i m i l a r function to the s p i n - l a t t i c e 
r e l a x a t i o n i n equation 2.27. The r e l a x a t i o n rate has the 
fol l o w i n g r e l a t i o n (4.17) to the c o r r e l a t i o n time (see 

a l s o eqn. 4.16) : 
— « (4.17) 
Tip 1 + (alxl 

T h i s p r o p o r t i o n a l i t y p r e d i c t s a r e l a x a t i o n r a t e maximum 
i . e . a r e l a x a t i o n time minimum. The T̂ p minimum occurs when 

dTipjdZc = 0. This means when = (O^^. The c o r r e l a t i o n 

time i s a fun c t i o n of temperature and defined as the time 

which a molecule needs to ro t a t e through one radian. A 
q u a l i t a t i v e c o n s i d e r a t i o n would l e a d one to expect the T-̂p 

minimum at 60 kHz spin-lock f i e l d to occur at higher 

temperature i n comparison to a 40 kHz spin-lock f i e l d 

because at the minimum r e l a x a t i o n time i s smaller at 

6 / ° C 
20.0 10.0 0.0 -10.0 -20.0 -30.0 ^ . 0 -50.0 

250.1 K (-23.1 C) 

3.8 4.0 

1000 - r ^ K " ' 
4.2 4.4 

Figure 4.43 Temperature dependence of the weighted-average rotating-ft-ame 
proton reiaxation rate of nyion.<i + 50% prepolymer 
DO: 4 s, pulse duration: 2 / i S , echo-delay: 10 /iS, 40 points with time spadng 70 / i S 
40 points with time spacing 0.7 ms, 40 points with time spacing 3 ms 
The iine has no significance other than Joining the points 
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l a r g e r s p i n - l o c k frequency. This i s j u s t the opposite 

d r i f t as found i n the experiment, l e a v i n g the attempt to 
make a T̂ p minimum respo n s i b l e for the s i g n a l l o s s i n the 

CP/MAS h i g h - r e s o l u t i o n CP/MAS spectrum at 223 K doubtful. 

A d d i t i o n a l parameters can be re s p o n s i b l e for the l o s s of 

the p o l y e t h e r resonances at 223 K. The contact time has 

been changed to check i t s i n f l u e n c e . Contact times of 0.2 

ms and 1.5 ms have been chosen and the spectra were 

ac q u i r e d at 223 K, with otherwise the same parameters as 

used i n the v a r i a b l e temperature experiment. The r e s u l t s 

are shown i n f i g u r e 4.44. The spectrum using 0.2 ms 

contact-time r e v e a l s a s i g n i f i c a n t s i g n a l on the polyether 

s i t e , w h i l e w i t h 1.5 ms contact time hardly any of the 

po l y e t h e r resonances are v i s i b l e . Although t h i s experiment 

does not prove the e f f e c t of the c r o s s - p o l a r i s a t i o n time 

q u a n t i t a t i v e l y , i t gives a q u a l i t a t i v e impression of i t s 

temperature dependence. T h e o r e t i c a l l y two reasons are 

p o s s i b l e for the f a c t that a short contact time i s 
p r e f e r a b l e to a longer one. F i r s t l y , the T/̂  time i s i n the 

range of the c r o s s - p o l a r i s a t i o n time constant, i . e . for 

longer contact times most of the magnetisation has already 

r e l a x e d to the l a t t i c e . Secondly, the c r o s s - p o l a r i s a t i o n 

time constant e x h i b i t s a temperature dependence. However, 

i n the case here, the c r o s s - p o l a r i s a t i o n time constant 

cannot be made re s p o n s i b l e for the observed behaviour. For 
a given contact time and a temperature independent T/|,, the 

c r o s s - p o l a r i s a t i o n time constant must have a maximum at 

223 K. I t has to be long compared to the 3 ms contact time 

so t h a t no s i g n i f i c a n t magnetisation t r a n s f e r could have 
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s p e c t r a l width: 20000 Hz 
a c q u i s i t i o n time: 14.4 ms 
r e l a x a t i o n delay: 3 s 
No. of r e p e t i t i o n : 12 

c o n t a c t time: 0.2 ms contact time: 1.5 ms 

I. 

i i i n M n | r i i f | i f f r | m i | i u i j n n p : n [ i i ' i i n i f f ] 
s o 60 40 20 ppm 0 

F i g u r e 4.44: C-13 CP/MAS spectrum at 75.4 MHz and 223 K for HBC50 at 
two d i f f e r e n t contact times 

taken p l a c e . However, the r e s u l t above shows that t h i s i s 
not the case. This i n d i c a t e s that T/̂  has a minimum at that 

temperature. Figure 4.44 e x h i b i t s a polyether s i g n a l , 

which i s p o s s i b l y only the consequence of the short 

c o n t a c t times used, i . e . wi t h i n 0.2 ms contact-time, the 

c r o s s r e l a x a t i o n i s more e f f i c i e n t than the rotating-frame 

r e l a x a t i o n . However, i t cannot be excluded that the c r o s s -

p o l a r i s a t i o n time i s changing with temperature. A 

q u a n t i t a t i v e measurement of the c r o s s - r e l a x a t i o n time 

c o u l d not be c a r r i e d out for experimental reasons (time 
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consuming and t h e r e f o r e the p o s s i b i l i t y of i c i n g t h e 

p r o b e ) . The d i s c u s s i o n showed t h a t t h e d i m i n i s h i n g s i g n a l 

of t h e p o l y e t h e r a t 223 K c o u l d not be e x p l a i n e d f o r s u r e 
but i s more l i k e l y due to a T^p-minimum. 

Now t h e q u e s t i o n a r i s e s what mechanism i s c a u s i n g t h e 

l i n e - b r o a d e n i n g of t he s p e c t r a when the te m p e r a t u r e i s 

r e d u c e d . I n p r i n c i p l e t h e r e a r e two d i f f e r e n t k i n d s of 

mechanism w h i c h c o u l d c a u s e l i n e - b r o a d e n i n g i n s o l i d - s t a t e 

s p e c t r o s c o p y : 

1. a r e l a x a t i o n mechanism, i . e . m o t i o n a l modulation of t he 

d i p o l a r c a r b o n - p r o t o n c o u p l i n g [ 5 6 ] , m o t i o n a l 

m o d u l a t i o n o f t h e s h i e l d i n g a n i s o t r o p y [ 5 7 ] . 

2. a s t a t i c mechanism, i . e . b u l k s u s c e p t i b i l i t y of the 

sample, " f r e e z i n g i n " c h e m i c a l s h i f t d i s p e r s i o n s due t o 

p a c k i n g e f f e c t s , bond d i s t o r t i o n s , c o n f o r m a t i o n a l 

i n e q u i v a l e n c e 

The f i r s t mechanism i s more i m p o r t a n t . F o r carbons h a v i n g 

s h i e l d i n g a n i s o t r o p y the m o t i o n a l m o d u l a t i o n i n d u c e s a 

l i n e b r o a d e n i n g denoted (TTTJ^J ) ^, t h a t i s a maximum when 

t h e r a t e of m o l e c u l a r motion i s e q u a l to t he . sample 

s p i n n i n g f r e q u e n c y . The main c a u s e of m o t i o n a l l i n e 

b r o a d e n i n g i s found when a carbon has s t r o n g c a r b o n - p r o t o n 

c o u p l i n g under s u i t a b l e c o n d i t i o n s of d e c o u p l i n g . T h i s 

mechanism g i v e s maximum l i n e b r o adening, 1/KT2^, when the 

r a t e o f m o l e c u l a r motion i s e q u a l t o p r o t o n d e c o u p l i n g 

r a d i o - f r e q u e n c y f i e l d s t r e n g t h e x p r e s s e d i n a n g u l a r 

f r e q u e n c y u n i t s , b e c a u s e t h e s u p p r e s s i o n of d i p o l a r 

c o u p l i n g becomes i n e f f i c i e n t . 

The s e c o n d one i s e x p e c t e d to i n d u c e o n l y a v e r y s m a l l 

e f f e c t , (JtTj ) , g e n e r a l l y on t h e o r d e r of 2-6 ppm. 
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However, the o v e r a l l line-broadening i s the sum over a l l 

mechanisms and may be w r i t t e n as: 

^ + + — - — ( 4 . 1 8 ; 
71T2 TZT2^ 7tT2o JtT, 

res 

l / T t T j i s t h e o b s e r v e d f u l l l i n e w i d t h a t h a l f - h e i g h t . I t i s 

d i f f i c u l t t o p r o v e t h e i n f l u e n c e of t h e s t a t i c mechanism 

i n a polymer s y s t e m l i k e t h i s , b e c a u s e of t he range of 

p o s s i b i l i t i e s w h i c h c o u l d c a u s e l i n e - b r o a d e n i n g . The 

r e l a x a t i o n mechanisms a r e e a s i e r to determi n e . D i f f e r e n t 

c o n f o r m a t i o n s i n s o l i d s can r e s u l t i n d i f f e r i n g i s o t r o p i c 

c h e m i c a l s h i f t s f o r a g i v e n carbon p o s i t i o n . At h i g h e r 

t e m p e r a t u r e s o r i n l i q u i d s , t h i s k i n d of i n e q u i v a l e n c e 

r e s u l t i n g from f r o z e n c o n f o r m a t i o n s i s not o f t e n seen i n 

t h e m o t i o n a l l y a v e r a g e d NMR s p e c t r a . From 213 K ( f i g u r e 

4.42g) t h e l i n e w i d t h of t h e me t h y l - c a r b o n r e s o n a n c e b e g i n s 

t o b r o a den d r a m a t i c a l l y . The f u l l l i n e w i d t h a t h a l f - h e i g h t 

i n c r e a s e s from 245 Hz a t 2 1 3 K to 425 Hz a t 173 K f i g u r e 

4 . 4 2 i ) , w i t h b a s i c a l l y no d i f f e r e n c e between 193 K and 173 

K. T h i s l i n e - b r o a d e n i n g mechanism i s not b e l i e v e d to be 

due t o c h e m i c a l s h i f t d i s p e r s i o n a l o n e but i s a l s o c a u s e d 

by m o t i o n a l m o d u l a t i o n of t he d i p o l a r CH-coupling. 

M o l e c u l a r motion must be a t t h e frequency, 0 )ny , 

c o r r e s p o n d i n g t o t he d e c o u p l i n g f i e l d s t r e n g t h , B^^, where 

C0i„ = 2TV^^^ = JH^IH w h i c h e q u a l s Yc-^ic under t h e Hartmann-

Hahn c o n d i t i o n . T^^ r e l a x a t i o n r e s u l t s from t h e modulation 

of i n t e r n u c l e a r d i p o l a r i n t e r a c t i o n s a t t h e p r e c e s s i o n 

r a t e round and t h u s r e l a t e s to t h e same motions whic h 

c a u s e t h e m o t i o n a l " c l i n e b r o a d e n i n g . I t i s maximum when 

t h e r a t e of m o l e c u l a r motion i s e q u a l t o t he carbon s p i n -

l o c k i n g f i e l d s t r e n g t h (Oi<-. e x p r e s s e d i n a n g u l a r f r e q u e n c y 



by d i p o l a r modulation would be a T^^p-minimum at t h a t 
temperature. T^p has not been measured at v a r i a b l e 
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u n i t s . Under the Hartmann-Hahn matching c o n d i t i o n T̂ p̂ i s 
equal t o T2 [58] . A T^^p-minimum would consequently r e s u l t 

i n a maximum line-broadening. A d i r e c t proof that the 
line-broadening at temperatures less than 213 K i s caused 

p' 

p 

temperature, because of the p r o h i b i t i v e l y time consuming 
reason. Another proof whether motions i n the m i d - k i l o h e r t z 
are present, which may i n t e r f e r e w i t h the d i p o l a r 
decoupling frequency and thus re-introduce line-broadening 
i s t o i n v e s t i g a t e the C-13 CP/MAS spectrum as a f u n c t i o n 
of the decoupling power. 

A simple experiment which changes the decoupler power 
(frequency) has been c a r r i e d out. S t a r t i n g from 60 kHz, 
using a contact time of 0.2 ms and a temperature of 223 K, 
the decoupling frequency has been changed t o a lower 
value. I t i s expressed i n decoupling u n i t s , where 60 kHz 
i s equivalent t o 21 u n i t s . Figures 4.45a t o 4.45d 
i l l u s t r a t e the e f f e c t of changing the decoupling f i e l d . 
The spectra show no s i g n i f i c a n t e f f e c t . For the very low 
decoupling frequency (15 decoupling u n i t s , f i g u r e 4.45d), 
the nylon-6 resonances s t a r t to broaden, because the 
decoupling f i e l d i s not strong enough f o r s u f f i c i e n t 
decoupling of the carbons from the protons. 

F i n a l l y the i n t e r p l a y of motion and MAS-rates has been 
s t u d i e d . The r e s u l t s are depicted i n f i g u r e s 4.46a and 
4.46b, where the spinning speed of the r o t o r was v a r i e d 
from 3100 Hz t o 1700 Hz. The two spectra do not i n d i c a t e 
any s u b s t a n t i a l d i f f e r e n c e i n line-broadening (seen v i a 
the methyl carbon of PPO). These two experiments show t h a t 
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s p e c t r a l w i d t h : 20000 Hz 
a c q u i s i t i o n t i m e : 14.4 ms 
r e l a x a t i o n d e l a y : 3 s 
c o n t a c t t i m e : 0.2 ms 
No. o f r e p e t i t i o n : 12 

d e c o u p l e r u n i t : 21 d e c o u p l e r u n i t : 19 

80 60 40 20 ppm 0 

F i g u r e 4.45 a+b: C-13 CP/MAS spectrum at 75.4 MHz of HBC50 at two 
d i f f e r e n t decoupling f r e g u e n c l e s 

s p e c t r a l w i d t h : 20000 Hz 
a c q u i s i t i o n t i m e : 14.4 ms 
r e l a x a t i o n d e l a y : 3 s 
c o n t a c t t i m e : 0.2 ms 
Mo. o f r e p e t i t i o n : 12 

d e c o u p l e r u n i t : 1 7 d e c o u p l e r u n i t : 15 

i ' f j r ' i j r | r n r | j i i j | j i i i | i i ] i j n i > | n n | i j i i j u i i j 
80 60 40 20 ppm 0 

Figur e 4.45c+d: C-13 CP/MAS spectrum at 75.4 MHz of HBC50 at two 
d i f f e r e n t decoupling frequencies 
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s p e c t r a l w i d t h : 20000 Hz 
a c q u i s i t i o n t i m e : 14.4 msj 
r e l a x a t i o n d e l a y : 3 s 
Mc. o f r e p e t i t i o n : 12 
c o n t a c t t i m e : 3 ms 

I I A S - r a t e : 3100 Hz HA S - r a t e : 1700 Hz 

i)H'jmr | > i i i | j i i j | j i i i | i i j i j M j > | t f i f [ u i i } i i i f ] 
90 60 40 20 ppm 0 

F i g u r e 4.46: C-13 CP/MAS spectrum at 75.4 MHz of IIBCSO at two d i f f e r e n t 

MAS-rates 

the line-broadening i s presumably not caused by motions 
i n the k i l o h e r t z - and mid - k i l o h e r t z region. 

The l a s t p o i n t which needs to be considered i s the glass 
t r a n s i t i o n temperature, Tg. For the polyether i n NBC50 

t h i s has been determined to be -50 °C (see fi g u r e 5.4 i n 
chapter 5) . I t i s believed t h a t there i s a d i r e c t 
connection between the line-broadening i n the C-13 CP/MAS 
spectrum and the Tg of the polyether. Below the glass 

t r a n s i t i o n temperature, the very mobile amorphous 
p o l y e t h e r becomes immobile. A l l possible conformations of 
the polymer chain are now "frozen i n " and no s u b s t a n t i a l 
m o t i o n a l averaging occurs. Hence, these d i f f e r e n t 
conformations w i t h t h e i r various magnetic shieldings cause 
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the broadening i n the h i g h - r e s o l u t i o n C-13 CP/MAS 
spectrum. 

The Tg may also account f o r the T/̂  minimum at 250 K. 
Spiess [ 5 9 ] showed t h a t the Tg obtained from mechanical 
r e l a x a t i o n measurement i s d i f f e r e n t from that determined 
by IMR. T^p i s i n f l u e n c e d by r a p i d f l u c t u a t i o n s of the C-H 

bond d i r e c t i o n s around the mean o r i e n t a t i o n . Therefore 
t h e i r c o r r e l a t i o n times, x^, are smaller than the ones 
which are due to chain motions. Consequently the Tg 

measured by s p i n - l a t t i c e r e l a x a t i o n i s at a s u b s t a n t i a l l y 
higher temperature compared t o the one determined by 
mechanical measurements. However, t h i s does not expl a i n 
the d i m i n i s h i n g resonances at 223 K i n the C-13 CP/MAS 
spectrum. 

The discussion shows tha t the main cause of the l i n e -
broadening of the polyether resonances below 223 K arises 
from the passage through the relevant Tg. I t has been 

shown t h a t there i s probably no r e - i n t r o d u c t i o n of l i n e 
broadening caused by i n t e r f e r e n c e of d i p o l a r coupling and 
motion or s h i e l d i n g anisotropy and motion. 
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Chapter 5 

5 Morphological I n v e s t i g a t i o n s of NYRIM 2000 

5.1 Dynamic Mechanical Thermal Analysis (DMTA) 

5.1.1 Introduct ion 

Dynamic mechanical thermal analysis has proved to be a 
s e n s i t i v e technique to i n v e s t i g a t e slow motions i n 
macroscopic m a t e r i a l s , t y p i c a l l y of 1 Hz [ 1 ] . Therefore i t 
i s p redestined t o detect t r a n s i t i o n s such as the glass-
rubber t r a n s i t i o n i n amorphous or s e m i c r y s t a l l i n e 
polymers. The g l a s s - t r a n s i t i o n emphasises the onset of the 
associated molecular motions. I n f a c t , upon polymer 
synthesis, the g l a s s - t r a n s i t i o n temperature i s among the 
f i r s t parameters measured and i s perhaps the most 
important s i n g l e parameter which one needs to know before 
one can decide on the a p p l i c a t i o n s of the n o n - c r y s t a l l i n e 
polymers. 

5.1.2 Theory 

I n DTMA a small s i n u s o i d i a l stress i s imparted to the 
sample i n the form of a torque, push-pull, or a f l e x i n g 
mode, of angular frequency O). I f the polymer i s t r e a t e d as 
a c l a s s i c a l damped harmonic o s c i l l a t o r , both the e l a s t i c 
modulus and the damping constant can be obtained. I f a 
s i n u s o i d a l s t r a i n i s app l i e d to a v i s c o e l a s t i c m a t e r i a l , 
the r e s u l t i n g s t r e s s w i l l also be s i n u s o i d a l , but w i l l be 
out of phase when there i s energy d i s s i p a t i o n or damping 



152 

i n the polymer. The r e s u l t i n g s t r a i n can be described i n 
terms of i t s angular frequency co and the maximum amplitude 
Eg using complex n o t a t i o n , by 

e* = EQ exp(icot) ( 5 . 1 ) 

where co = 2 7cv, the frequency i s v and i = -1^^'^. The 

r e l a t i o n between the a l t e r n a t i n g stress and s t r a i n i s 

w r i t t e n as 

a* = e*E*(co) (5.2) 

where S*(o)) i s the frequency-dependent complex dynamic, 

modulus defined by 
E*i(0) = E'((D) + iE"i(a) (5.3) 

Expression 5.3 shows t h a t £*(CJ)) i s composed of two 
frequency-dependant components. E'{(a) i s the r e a l part i n 
phase w i t h the s t r a i n c a l l e d the storage modulus, and 
E"(CO) i s the loss modulus defined as the r a t i o of the 
components out of phase w i t h the s t r a i n amplitude. Hence 
E ' (o)) measures the amount of stored energy and B"(co), 

sometimes c a l l e d the imaginary p a r t , i s a c t u a l l y a r e a l 
q u a n t i t y measuring the amount of energy d i s s i p a t e d by the 
m a t e r i a l . Figure 5.1 i l l u s t r a t e s the parameter discussed 
f o r the Maxwell model. The damping of the system or the 
energy loss per cycle can be measured from the loss 
tangent tan 5. This i s a measure of the i n t e r n a l f r i c t i o n 
and i s r e l a t e d t o the complex moduli by 

tan 5 = (OK)-^ = £"(0)) / £'(0)) (5.4) 

Below the glass t r a n s i t i o n temperature, Tg, of the 

m a t e r i a l , the amorphous polymer-chain conformations are 
frozen i n t o a r i g i d network, y i e l d i n g a high value f o r the 
e l a s t i c modulus, E', and a low value f o r the loss tangent, 
tan 5. The onset of molecular motion i n a polymer sample 
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F i g u r e 5.1 Harmonic ogci 11 a t i o n of a MaxweU. model w i t h the s o l i d 
l i n e r e p r e s e n t i n g the s t r e s s and the broken l i n e the s t r a i n curve 

i s r e f l e c t e d i n the behaviour of the complex moduli. I t 
has been shown t h a t the v a r i a t i o n of £'(0)) and ^"(co) has a 
maximum at the loss angle where (O = 1/T. This u s u a l l y 
represents a t r a n s i t i o n p o i n t such as Tg, T^ or some other 

r e g i o n where s i g n i f i c a n t molecular motion occurs i n the 

polymer sample 

5.1.3 Experimental 

The temperature-dependent v i s c o e l a s t i c p r o p e r t i e s of the 
NBC-system were st u d i e d using a PL Thermal Sciences 
Dynamic Mechanical Thermal Analyser. The DMTA measurements 
were c a r r i e d out by Dr. S.W.-Tsui at the U n i v e r s i t y of 
Bradford. Samples were prepared approximately 8 mm wide, 
3 0 mm long and 3 mm t h i c k . The sample t e s t i n g was c a r r i e d 
out by using the d u a l - c a n t i l e v e r bending mode. The 
o p e r a t i n g temperature range was from over -90°C to 100 °C 

w i t h a heating r a t e of 2 °Cmin~'^, and operating frequency 
of 1 Hz. The storage modulus, loss modulus and mechanical 
damping f a c t o r f o r the sample were recorded i n t o a 
computer throughout the t e s t . 
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Two sets of samples have been i n v e s t i g a t e d : F i r s t l y the 
block copolymers as they were prepared and secondly 
annealed samples. The l a t t e r were heated to 190 °C f o r 3 0 

minutes i n a n i t r o g e n atmosphere, and then quenched i n 
l i q u i d n i t r o g e n . F i n a l l y they were annealed at 135 °C f o r 
17 hours i n a n i t r o g e n atmosphere. This temperature was 
adopted because nylon - 6 homopolymer e x h i b i t s the maximum 
r a t e of c r y s t a l l i s a t i o n at 135 °C [ 2 , 3 ] . 

5.1.4 Results and Discussion 

The r e s u l t s f o r the e l a s t i c modulus as a f u n c t i o n of 
temperature are summarised i n f i g u r e s 5.2 and 5 . 3 . These 
data i l l u s t r a t e t h a t there are two t r a n s i t i o n s i n the 10% 

t o 50% m a t e r i a l s . The ones at lower temperatures (-58 t o 
-50 °C) are assigned t o the Tĝ 's of the polyether s o f t 

blocks, w h i l s t the ones w i t h higher temperatures (13 t o 32 

°C) correspond t o the Tg's of the polyamide -6 hard blocks. 

Two t r a n s i t i o n temperatures are very common i n block 
copolymers, i n d i c a t i n g the i n c o m p a t i b i l i t y of the 
polyamide and polyether components and t h e i r two-phase 
behaviour. The t r a n s i t i o n of the polyether s o f t block i n 
the 5 % m a t e r i a l i s not obvious, probably because of the 
low c o n c e n t r a t i o n of the polyether i n the composition. 
Therefore the 5 % m a t e r i a l w i l l not be considered i n the 
f o l l o w i n g . More i n t e r e s t i n g are the tan 5 values as a 
f u n c t i o n of temperature. Figures 5 .4 and 5.5 i l l u s t r a t e 
t h a t the tan 5 f o r the s o f t block i s much more pronounced 
f o r the 40 % and 50 % materials than f o r the 10 to 30 % 

m a t e r i a l s . The r e s u l t s are c l o s e l y s i m i l a r f o r the 
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o r i g i n a l and the annealed samples, suggesting t h a t the 
p o l y e t h e r phase becomes the continuous phase i n the 
systems. The net r e s u l t would be t h a t less nylon can 
c o n t r i b u t e t o the dynamic e l a s t i c modulus. This would 
r e s u l t i n a sharp drop i n the modulus as seen i n f i g u r e 
5.2 and 5 . 3 . Another i n t e r e s t i n g observation i s t h a t the 
glass t r a n s i t i o n temperatures i n the o r i g i n a l sample 
continuously approach each other as the polyether 
c o n c e n t r a t i o n increases, i n d i c a t i n g a consecutive mixing 
of the domains. However, the two c l e a r l y - d i s t i n c t Tg's 
i l l u s t r a t e t h a t although there i s p a r t i a l domain mixing, 
the two phases are mainly separated. I f we look at the 
t a n 5 traces f o r the annealed samples ( f i g . 5 .5) three 
main d i f f e r e n t features can be observed. The Tg's f o r the 
s o f t block are very s i m i l a r t o those of the corresponding 
o r i g i n a l m a t e r i a l s , but those f o r the nylon - 6 blocks have 
broadened and s h i f t e d t o higher temperatures, showing th a t 
t here i s a change i n morphology a f t e r annealing. The most 
i n t e r e s t i n g f e a t u r e i s t h a t now the Tg's f o r the 10 and 20 

% m a t e r i a l s are the same. Although f o r the annealed 
m a t e r i a l s the same tren d of decreasing Tg's i s v a l i d as 
f o r the o r i g i n a l m a t e r i a l s , the Tg's of the 40 and 50 % 

m a t e r i a l s only d i f f e r by 6 K, w h i l s t the Tg's f o r the 20 % 

and 30 % m a t e r i a l s d i f f e r by 10 K and f o r the 30 % and 40% 

m a t e r i a l s by 12 K. This r e s u l t i n d i c a t e s a morphological 
change between 2 0 % and 40 % polyether concentration and 
i s i n d i r e c t l y supporting the continuous/disperse phase 
i n v e r s i o n proposed by Hedrick and Gabbert [ 4 ] . The 
p r i n c i p l e of the continuous/disperse phase i n v e r s i o n 
should be understood to be t h a t i n a two-phase system the 
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component w i t h . t h e higher concentration forms a continuous 
phase w i t h the other component dispersed i n i t . 
By i n c r e a s i n g the concentration of the less concentrated 
component the s i t u a t i o n may i n v e r t , so t h a t now t h i s 
component forms the continuous phase. The concept of the 
morphological t r a n s i t i o n w i l l be f u r t h e r i n v e s t i g a t e d by 
means of D i f f e r e n t i a l Scanning Calorimetry, small-angle X-
ray s c a t t e r i n g and iH-spin d i f f u s i o n measurements. 

5.2 D i f f e r e n t i a l Scanning Calorimetry (DSC) 

5.2.1 I n t r o d u c t i o n 

Whenever a m a t e r i a l reacts chemically, or undergoes a 
change i n p h y s i c a l s t a t e such as e.g. melting, heat i s 
e i t h e r absorbed or evolved. The DSC technique maintains a 
constant mean heat input during a change. Therefore a 
servo-system immediately increases the energy input t o 
e i t h e r sample or reference t o maintain both at the same 
temperature. The thermogram obtained represents the amount 
of e l e c t r i c a l energy supplied t o the system, and so the 
areas under the peaks w i l l be p r o p o r t i o n a l t o the change 
i n enthalpy, AH, which occurred. An actual reference 
sample can be dispensed w i t h i n p r a c t i c e and an empty 
sample pan used instead. C a l i b r a t i o n of the instrument 
w i l l a l l ow the heat capacity of a sample to be cal c u l a t e d 
i n a q u a n t i t a t i v e manner. This i n f o r m a t i o n i s a d d i t i o n a l 
t o t h a t gained on c r y s t a l l i s a t i o n , melting, glass 
t r a n s i t i o n s , and decompositions. The most important 
parameters which can be obtained from DSC-traces are 



161 
i l l u s t r a t e d i n f i g u r e 5.6. One i s the glass t r a n s i t i o n 
temperature, denoted by ACp. Another i s the 

c r y s t a l l i s a t i o n peak, A//̂ , which i l l u s t r a t e s the 

exothermic process of c r y s t a l l i s a t i o n i n the system. 
F i n a l l y there i s the fusion peak, ^Hf , which shows the 

endothermic m e l t i n g process. 

Heat flowl 
r a t e 

Fusion 
Peak 

Endotherm 

Class 
T r a n s i t i o n 

S t a r t i n g 
T r a n s i e n t 

Isothermal 

Ending 
Transient 

Isothermal 
C r y s t a l l i s a t i o n 
Peak 

Exotherm 

Temperature 

F i g . 3.6 T y p i c a l DSC thermogram 

5.2.2 Experimental 

The morphologies of the NBC samples were examined by 
means of a Perkin-Elmer DSC-7 d i f f e r e n t i a l scanning 
c a l o r i m e t e r i n Bradford. The machine was c a l i b r a t e d using 
an indium standard. Each sample was cut i n t o small pieces 
and sealed i n a metal f o i l packet and then weighed. A 
s i m i l a r empty packet was used as the reference. These 
metal f o i l packets were then heated i n the sample and 
reference pans i n the calorimeter r e s p e c t i v e l y , i n 
accordance w i t h the preset heating programme. Power 
changes due t o the change i n s t a t e of the sample during 
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heating were recorded i n t o a computer. Each as prepared 
sample was heated from 0 °C to 237 °C at a rate of 20 
° C min"-^. The sample was then kept at 237 °C f o r 5 min 
before quenching to 0 °C at a nominal r a t e of 200 ° C min"-^. 
The sample was then kept at 0 °C f o r 5 min. F i n a l l y the 
sample was reheated to 237 "C at a r a t e of 20 °C min"'. The 
c o o l i n g - r e h e a t i n g processes were el i m i n a t e d f o r the 
annealed samples. They were heated from 0 °C to 237 °C 

d i r e c t l y . 
A second set of DSC measurements was c a r r i e d out i n Durham 
on a Perkin-Elmer DSC-7 d i f f e r e n t i a l scanning calorimeter. 
The experiments were performed on the same samples which 
were used f o r the NMR and SAXS-experiments f o r b e t t e r 
comparison of the r e s u l t s . The samples were d r i e d under 
vacuum at 7 0 °C overnight and f i n a l l y powdered i n l i q u i d 
n i t r o g e n . They were heated from -80 °C to 240 °C at a r a t e 
of 10 "Cmin"^, then cooled down to -80 °C and f i n a l l y 
reheated t o 240 °C at a r a t e of 10 °C min~\ 

5.2.3 R e s u l t s and D i s c u s s i o n 

When analysing a thermoplastic polymer by DSC, the 
thermal h i s t o r y e f f e c t makes i t extremely d i f f i c u l t t o 
come to any d e f i n i t e conclusion about the m a t e r i a l from a 
s i n g l e thermogram. This becomes even more d i f f i c u l t when 
comparing d i f f e r e n t m a t e r i a l s . When a polymer-melt i s 
allowed t o cool slowly, the polymer chains may have enough 
time t o o r i e n t a t e themselves and form c r y s t a l s . However, 
i n r e a l i t y , they almost always b u i l d p a r t i a l amorphous 
domains. The r a t i o of amorphous and c r y s t a l l i n e domains 
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depends on the c o o l i n g c o n d i t i o n s , i . e . the thermal 
h i s t o r y of the polymer. I n t h i s section of the thesis the 
c r y s t a l l i n i t i e s of the various NYRIM compositions have 
been measured by DSC. The r e s u l t s of the two experiments 
w i t h an a p p l i e d a r t i f i c i a l thermal h i s t o r y are compared 
w i t h the DSC-results obtained i n Durham, which had 
c o n d i t i o n s c l o s e r t o the ones i n the NMR and SAXS-
experiments. A value of Aif^o = 167.2 Jg~' [5] has been 
used as a reference f o r 100 % nylon-6 c r y s t a l l i n i t y . The 
r e s u l t s are summarised i n tables 5.1a-c and i l l u s t r a t e d i n 
f i g u r e s 5.7 t o 5.11 f o r the NMR/SAXS samples, f o r the as 
prepared samples ( f i g . 5.12) and f o r the annealed samples 
( f i g . 5.13). I t can be seen t h a t the melting points of the 
block copolymers are a l l i n the range of about 207 to 218 
°C. The l a r g e exothermic peaks seen i n f i g u r e 5.12 f o r the 
30%, 40% and 50% m a t e r i a l s at temperatures of about 69 t o 
86 °C are due t o c o l d - c r y s t a l l i s a t i o n of the nylon-6. 
These peaks are not observable f o r lower pol y e t h e r 
c o n c e n t r a t i o n s . The absence of these peaks suggests high 
r a t e s of c r y s t a l l i s a t i o n from the melt f o r the hard 
blocks. The annealed samples do not show any exothermic 
peaks i n t h e i r thermograms, as seen i n f i g u r e 5.13, 
demonstrating t h a t the c r y s t a l l i s a t i o n has been completed 
by annealing. The DSC thermograms (f i g u r e s 5.7 t o 5.11) 
obtained i n Durham also do not reveal any exothermic peak, 
i n d i c a t i n g t h a t c r y s t a l l i s a t i o n i s i n an advanced s t a t e by 
l e a v i n g the polymers under vacuum at 70 °C. The 
c r y s t a l l i n i t i e s of the samples are higher than the ones 
w i t h the h e a t i n g - c o o l i n g and reheating procedure, but less 
than the c r y s t a l l i n i t y of the annealed samples. Note t h a t 
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the extent of c r y s t a l l i n i t y r e l a t e d to nylon-6 i s 
i n c r e a s i n g from 10% to 25% polyether concentration. 

prepolymer / % AHf / Jg"" c r y s t a l . 
t o t a l / % 

c r y s t a l . 
nylon / % 

0 66.03 39 .5 39.5 
10 63 .34 37 .9 42 .1 
25 60 .45 36.2 48.3 
30 38.70 23 .1 33 .0 
40 36.17 21.6 36.0 

T a b l a 5. l a Haat of f u s i o n f o r v a r i o u s compositions of NYRIM from DSC 

maasuramsnts of t h a HMR/SAXS samples d r i a d at 70 °C 

prepolymer / % AHf / Jg ^ AH^ / Jg~- c r y s t a l . 
t o t a l / % 

c r y s t a l . 
nylon / % 

10 50 .56 0 30 .2 33 .6 
20 52 .32 0 31.3 39.0 
30 46. 93 -19 .24 16 .6 23 .7 
40 33 .40 -14 .99 11.0 18 .3 
50 34.63 -14.4 12 .1 24.2 

T a b l a 5.1b Haat of f u s i o n f o r v a r i o u s compositions of NYRIM from DSC 

maasuramants f o r tha as prepared samples with p r e s e t heating procedure 

prepolymer / % AHf / Jg - c r y s t a l . 
t o t a l / % 

c r y s t a l . 
nylon / % 

10 80 .38 48.1 53 .4 
20 69 .77 41.7 52 .1 
30 60 .20 36.0 51.4 
40 48.13 28.8 48.0 
50 32 .47 19.4 38.8 

T a b l e 5.1c Heat of f u s i o n f o r v a r i o u s compositions of NYRIM from DSC 

maasuramants of tha annealed samples 
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A f u r t h e r a d d i t i o n of polyether r e s u l t s i n a drop of 
c r y s t a l l i n i t y . 

Another i n t e r e s t i n g aspect i s that the 3C3 trace of the 
second run of the nylon-6 block copolymer MMR/SAXS samples 
which have d r i e d at 7 0 "̂C and the annealed 40 and 50% 
m a t e r i a l s have two heat fusi o n peaks, one at about 20€ ''C 
and the other at about 212 to 213 "̂C. Mylcn-o only shows 
one heat f u s i o n peak a t 213 ̂ C, boch i n "he f i r s t and i n 
the second run. Note the small maximum ac 50 ''Z i n the 
f i r s c run of the NMR/SAXS sam.ples which i s due to ^he 
glass t r a n s i c i o n cemperature, I I , of E^Iylcn-o. I t does not 

appear i n che second run but inscead a second fusion peak 
i s present, i n d i c a c i n g the importance of thermal h i s t o r y 
i n these experiments. A l l the observations suggesc chat 
there must be more than one c r y s t a l type and d i f f e r e n t 
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c r y s t a l l i s a t i o n k i n e t i c s f o r the 10 t o 20% materials and 
the ones w i t h 30 to 50% polyether concentration. As f a r as 
the r e l a t i o n s h i p between the two peaks i n the DSC 
thermograms and c r y s t a l s forms i s concerned, one would 
expect d i s t i n c t c r y s t a l forms t o have d i s t i n c t melting 
p o i n t s . However, i t i s not possible uniquely make such a 
deduction from the DSC thermograms because i t i s also 
p o s s i b l e t h a t the same c r y s t a l form might show two peaks 
i f the degree of p e r f e c t i o n of the c r y s t a l i s not uniform. 
The higher m e l t i n g p o i n t i s r e l a t e d t o the more ordered 
domain w i t h a greater thermal s t a b i l i t y . 

A subsequent discussion w i l l be presented a f t e r the 
r e s u l t s from SAXS and s o l i d - s t a t e NMR have been given. 

5.3 Small-angle X-ray S c a t t e r i n g , SAXS 

5.3.1 Theory 

Small-angle X-ray s c a t t e r i n g i s a powerful t o o l f o r the 
deter m i n a t i o n of s t r u c t u r a l parameters of s e m i - c r y s t a l l i n e 
polymers. As i n any s c a t t e r i n g process, an inverse 
r e l a t i o n s h i p between p a r t i c l e size and s c a t t e r i n g angle i s 
present. The c r y s t a l l i t e s present i n a powdered polymer 
sample d i f f r a c t X-ray beams from p a r a l l e l planes f o r 
i n c i d e n t angles 0 which are determined by the Bragg 
equation: 

nl = 2 d s i n 0 (5.5) 
Where X i s the wavelength of the r a d i a t i o n , d i s the 
distance between the p a r a l l e l planes i n the c r y s t a l l i t e s . 
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c a l l e d the Bragg spacing, and n i s an integ e r . Small-angle 
X-ray s c a t t e r i n g has provided useful information on 
macromolecules w i t h dimensions i n the range 1 to 100 nm. 
For the work presented i n t h i s chapter, the r e s u l t s from 
the X-ray measurements were used as reference values t o 
the ones obtained by the s p i n - d i f f u s i o n technique. The 
dimensions i n the block copolymer were accomplished by 
using a technique presented by Zachmann et a l . [ 6 ] . They 
employed the 1-dimensional c o r r e l a t i o n f u n c t i o n t o 
determine the s t r u c t u r a l parameters. Figure 5.14 displays 
a t y p i c a l 1-dimensional c o r r e l a t i o n f u n c t i o n and the 
parameters t h a t can be extracted from t h i s f u n c t i o n . The 
p o s i t i o n of the f i r s t maximum, , indicates the most 
probable distance between the centres of two adjacent 
c r y s t a l s or l a m e l l a r stacks. The p o s i t i o n of the f i r s t 
minimum, 1/̂ /2, represents h a l f the most probable distance 

between the centres of adjacent amorphous regions. I f the 
lamellae form a one-dimensional i d e a l l a t t i c e , both values 
c o i n c i d e . However, i f t h i s s u p e r l a t t i c e i s not i d e a l , the 
p o s i t i o n of the maximum, , and the minimum, L" / 2, i n 
the c o r r e l a t i o n f u n c t i o n may be s l i g h t l y s h i f t e d . Another 
important parameter i s the degree of c r y s t a l l i n i t y w i t h i n 
the l a m e l l a r stacks, the so-called l i n e a r c r y s t a l l i n i t y , 
X(-.L. The c o r r e l a t i o n f u n c t i o n cannot d i s t i n g u i s h between 
the amorphous f r a c t i o n 1 - and the c r y s t a l l i n e f r a c t i o n 
x^i^. The assignment th a t the polyether phase i s e n t i r e l y 
amorphous i s i n t u i t i v e . Nylon-6 i s known to e x i s t w i t h 
both amorphous and c r y s t a l l i n e domains, as has been 
discussed i n chapter 4. However, the composition of the 
block copolymer i s known and conclusions about the 
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s t r u c t u r a l parameters of the amorphous and c r y s t a l l i n e 
nylon phase and the polyether phase can be accomplished. 
I n the f o l l o w i n g the l a r g e r f r a c t i o n w i l l be denoted by X i 

and the smaller one by X j . Two methods are given t o 
determine x^, x° and X j [6] 

1. 1 - X 1 _ 
= cy (5.6) 

where y i s the value of the c o r r e l a t i o n f u n c t i o n at i t s 
f i r s t maximum and c i s a f a c t o r determined i n such a way 
t h a t cTfiiO) = 1, depending on the normalisation used f o r 

the c o r r e l a t i o n f u n c t i o n . I n t h i s work the c o r r e l a t i o n 
f u n c t i o n i s normalized i n such a way t h a t 7^(0) = 1, so 

t h a t the constant c = 1 
2 . x ? ( l - x?)L^ = A (5.7) 

where A i s the i n t e r c e p t of the c o r r e l a t i o n f u n c t i o n w i t h 
the abscissa. The values determined i n t h i s way w i l l be 

L /2 

(} B i V 20 30 40 50 60 70 
Correlation Length r / nm 

100 

Figure 5.14 T y p i c a l ID-correlatlon function showing the main parameters 

to be used 
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denoted as x° . With L = (L^ + L ^ ) / 2 the thickness ' of the 
c r y s t a l s , 1^, and tha t of the amorphous region, i g , may be 
determined using equations ( 5 . 8) and ( 5 . 9 ) . As a 
consequence of the f a c t that t h i s technique cannot assign 

and 1 - to a c e r t a i n phase, and cannot be 

assigned t o the amorphous and c r y s t a l l i n e region, hence 
the l a r g e r thickness i s designated and the smaller . 

11 = XiL (5.8) 

12 = ( l - X I ) L (5.9) 

Furthermore, can also be derived by means of the 

equation (5.10) [ 7 ] 

I2 = B (5.10) 

where B i s defined i n f i g u r e 5.9. I f i s determined by 

equation 5.10, there arises a new p o s s i b i l i t y to obtain 
1 - Xi by using eq. 5.9 [ 8 ] . The value determined i n t h i s 
way w i l l be designated x^^ . 

5.3.2 Apparatus 

Small angle x-ray s c a t t e r i n g experiments were c a r r i e d 
out using a Kratky Compact Small Angle System (Anton Paar 
K.G.A-8054 GRAZ Austria) . The camera i s held i n a cast 
brass housing and the whole system can be evacuated to 0.5 
mbar using the i n t e g r a t e d vacuum system connected to a 
vacuum pump. An XRG 3 000 Generator (INEL, Z.A. de 
Courtaboeuf Av.de.Scandinavie - 91953 LES ULIS) run at 20 
mA/20 kv generated electrons which are f i r e d o f f a copper 
t a r g e t c r e a t i n g a source of x-rays of wavelength 1.54 A. 
The l i n e a r , gas t i g h t (argon/methane 90/10 %) detector i s 
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a LPS50 model as supplied by INEL, w i t h a b e r y l l i u m 
window. A f a s t a n a l o g - t o - d i g i t a l converter (model 8077, 
Canberra I n d u s t r i e s , Inc., One State Street,. Meriden CT 
06450) converts the detected s i g n a l and displays the 
s c a t t e r i n g p r o f i l e on the screen of an i n t e r f a c e d PC. A 
temperature c o n t r o l l a b l e sample holder (Anton Paar) 
enables samples t o be heated from room temperature up to 
523 K. To o b t a i n s u f f i c i e n t s c a t t e r i n g i n t e n s i t y , the 
Kratky camera i s f i t t e d w i t h a s l i t c o l l i m a t i o n system. 
The r e s u l t a n t desmeared i n t e n s i t y was corrected t o 
e l i m i n a t e such c o l l i m a t i o n e f f e c t s during the analysis 
procedure. A moving s l i t device d r i v e n by a synchronous 
motor attached t o the s l i t holder f a c i l i t y , supplied by 
Anton Paar, allowed the measurement of both the absolute 
s c a t t e r i n g i n t e n s i t y and the sample absorption. Figure 
5.15 i l l u s t r a t e s a cross s e c t i o n of the geometrical set-up 
f o r the c o l l i m a t e d system. 
The bridge and the middle s l i t are p r e c i s e l y coplanar, 
thus minimising the l e v e l of p a r a s i t i c s c a t t e r i n g [ 9 ] . For 
the SAXS runs decribed i n t h i s work, the middle s l i t was 
placed i n p o s i t i o n b and the system o r i e n t a t e d w i t h a 
p r o j e c t i o n angle of 6°. This p o s i t i o n of the middle s l i t 
o ptimises the set-up i n terms of the medium to high 
r e s o l u t i o n , medium i n c i d e n t x-ray i n t e n s i t y and an 
accesssible set-up alignment. The wi d t h and i n t e n s i t y of 
the primary beam are determined by the p o s i t i o n of the 
entrance s l i t . 
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Figure 5.15 Geometrical Set-up of the Colllmated Kratky Camera 

X-ray-
source 

5.3.3 Experimental 

The s a m p l e s were moulded i n a r e t a n g u l a r 26 mm x 15 mm 

X 1 mm b r a s s h o l d e r . A polymer sample s l i c e was p l a c e d i n 

a r e c t a n g u l a r h o l e (approx. 5x6 mm) which was c u t i n the 

b r a s s h o l d e r and wrapped i n aluminium f o i l . The polymer 

s a m p l e s were d r i e d a t 60 °C under vacuum b e f o r e the SAXS 

r u n s . A number of SAXS runs were performed a t room 

t e m p e r a t u r e w i t h d i f f e r e n t amounts of p o l y e t h e r and pure 

n y l o n - 6 . The raw d a t a need a m a t h e m a t i c a l massage b e f o r e 

t h e y c a n be u s e d i n an advantageous manner. T h e r e f o r e the 

i n t e n s i t y of t h e p a r a s i t i c i n s t r u m e n t a l background needs 

to be s u b s t r a c t e d from the sample d a t a . The sample 

background, sometimes c a l l e d l i q u i d s c a t t e r i n g , was a l s o 

s u b s t r a c t e d from the sample d a t a . The r e s u l t i n g smeared 

b a c k g r o u n d - c o r r e c t e d d a t a were desmeared a c c o r d i n g to Vonk 
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[10] . The one-dimensional c o r r e l a t i o n f u n c t i o n was 
c a l c u l a t e d by means of a Fourier transformation [11] . The 
s t r u c t u r a l parameters were determined by Zachman's method 
using the one-dimensional c o r r e l a t i o n f u n c t i o n . 

5.3.4 R e s u l t s and D i s c u s s i o n 

The a n a l y s i s of the SAXS experiments are based upon a 
l a m e l l a r two-phase model w i t h sharp interphase boundaries. 
The normalised, corrected raw data r e s u l t i n a desmeared 
x-ray s c a t t e r i n g i n t e n s i t y d i s t r i b u t i o n as a f u n c t i o n of 
s, where s = 27t / X sin(6 / 2). Figure 5.16 displays the 

desmeared i n t e n s i t y d i s t r i b u t i o n f o r NBC40. The shape of 
the i n t e n s i t y p r o f i l e was found to be very t y p i c a l f o r a l l 
SAXS runs. The sharp peak at s=0.00125 A-i i s due t o the 
c o n t r i b u t i o n from the main beam s p i l l i n g over the beam 
stop, whereas the pealcs of lower i n t e n s i t y at l a r g e r s are 
due t o sample s c a t t e r i n g . To f a c i l i t a t e i n the evalu a t i o n 
of the s c a t t e r i n g peaJc p o s i t i o n , l o g a r i t h m i c i n t e n s i t y vs. 
s was used as shown i n f i g u r e 5.17. No Bragg pealo are 
observable. This i n d i c a t e s t h a t the standard d e v i a t i o n of 
the domain r a d i i i s large. The imperfect s t r u c t u r e i s also 
manifested i n the c o r r e l a t i o n f u n c t i o n s . I n the case of an 
i d e a l ordered s t r u c t u r e , must be twice as large as 
Lc / 2 . The experimental r a t i o s of L^-.l"^ 12 are between 
2.4 and 2.6 instead (see t a b l e 5.2). The s t r u c t u r a l 
parameters were obtained from the i D - c o r r e l a t i o n f unctions 
by Zachmann's method. The c o r r e l a t i o n functions are 
presented i n f i g u r e s 5.18 to 5.23. 
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Figure 5.17 log I ( s ) as a function of s for HBC40 
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The I D - c o r r e l a t i o n f u n c t i o n s r e v e a l some v e r y i n t e r e s t i n g 
s t r u c t u r a l c h a r a c t e r i s t i c s o f t he b l o c k copolymers w i t h 
v a r y i n g p o l y e t h e r c o n c e n t r a t i o n . 

A B=l9 Y L 1] 1? h i 

nylon-6 14 19 0.42 30 70 70 0.70 49 21 0.77 54 16 0.73 51 

NBC15 20 22 0.37 40 100 90 0.73 66 24 0.72 65 25 0.76 68 

NBC20 21 29 0.37 42 105 95 0.73 69 26 0.72 68 27 0.69 66 

NBC30 22 31 0.35 50 135 118 0.74 87 31 0.80 94 24 0.74 87 

NBC40 22 32 0.37 51 130 116 0.73 85 31 0.78 90 26 0.72 84 

NBC50 25 36 0.44 55 130 120 0.69 83 37 0.74 89 31 0.70 84 

Table 5.2 S t r u c t u r a l parameters of v a r i o u s nylon-6 block copolymers 

obtained from SAXS. Y, and x^" are dimensionless. A, B, I j ^ , , 

Lj;M and L are i n A u n i t s . L i s the average of L^," and L^** 

I f we d i s r e g a r d n y l o n - 6 , because o f i t s d i f f e r e n t 

p r e p a r a t i o n mode, t h e most p r o b a b l e d i s t a n c e between t h e 

c e n t r e o f two a d j a c e n t c r y s t a l r e g i o n s ev inces a 

t r a n s i t i o n be tween 20% and 30% p o l y e t h e r c o n c e n t r a t i o n . 

Tha t means a s t r u c t u r a l change i n t h e b l o c k copolymer may 

o c c u r be tween 2 0% and 30% p o l y e t h e r c o n c e n t r a t i o n . A 

r e a s o n a b l e a s s u m p t i o n f o r the parameters and i s t h a t 

li can be d e n o t e d as t he amorphous phase, whereas 

d e s c r i b e s t h e c r y s t a l l i n e r e g i o n . T h i s a ssumpt ion has been 

made because o f t h e f a c t t h a t the amorphous r e g i o n , i . e . 

t h e amorphous n y l o n - 6 phase and t h e p o l y e t h e r phase, must 

be l a r g e r t h a n t h e c r y s t a l l i n e n y l o n phase . A c l o s e r l o o k 

a t t h e amorphous and t h e c r y s t a l l i n e r e g i o n i l l u s t r a t e s 

t h a t t h e s t r u c t u r a l change i s e n t i r e l y a s s o c i a t e d w i t h an 

i n c r e a s e o f t h e amorphous r e g i o n , 1^, as seen i n t a b l e 5.2 

and f i g u r e 5 . 2 4 , whereas remains c o n s t a n t . However, 
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from the SAXS experiment alone i t cannot be d i s t i n g u i s e d 
whether the s t r u c t u r a l change occurs i n the polyether 
region, i n the amorphous nylon - 6 region, or i n both 
regions. The f a c t t h a t i s approximately 0.73 f o r a l l 
concentrations of polyether i s s u r p r i s i n g and makes the 
a p p l i c a b i l i t y of t h i s technique d o u b t f u l . The 1-D 
c o r r e l a t i o n f u n c t i o n s show damped o s c i l l a t i o n s f o r the 15 

and 20% m a t e r i a l s , whereas the o s c i l l a t i o n s of the 
c o r r e l a t i o n f u n c t i o n s of the 30, 40 and 50% materials are 
more pronounced, i n d i c a t i n g a higher ordered s t r u c t u r e f o r 
the 30 , 40 and 50% m a t e r i a l s . This i s at the f i r s t glance 
a c o n t r a d i c t o r y r e s u l t , bearing i n mind t h a t DSC 
measurements (see section 5 . 2 , 3 , t a b l e 5.1a-c) i n d i c a t e 
t h a t the c r y s t a l l i n i t y i s lower f o r the 30% t o 50% 

m a t e r i a l s than f o r the 10% and 20% samples. The 
c r y s t a l l i s a t i o n dynamics t o b u i l d up the c r y s t a l l i t e s are 
d e f i n i t e l y f a s t e r f o r the low-concentration polyether 
block copolymers. Nevertheless, although the DSC r e s u l t s 
i n d i c a t e lower c r y s t a l l i n i t y f o r the more h i g h l y 
concentrated m a t e r i a l s , '^^C h i g h - r e s o l u t i o n s o l i d - s t a t e 
NMR shows no i n d i c a t i o n of a l a r g e r amorphous polyamide 
p r o p o r t i o n and a d i f f e r e n t order of c r y s t a l l i n i t y (see 
s e c t i o n 4 . 2 , f i g u r e s 4 . 1 to 4 . 4 ) . 

At the end of t h i s chapter i n v e s t i g a t i o n s of the 
morphology by means of s p i n - d i f f u s i o n w i l l be discussed. 
F i n a l l y a l l r e s u l t s w i l l be c o l l a t e d and a model of the 
s t r u c t u r a l and morphological p r o p e r t i e s w i l l be 
presented. 
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Figure 5.24 Dimensions of tlie amorphous and crystalline domains in powder samples 
of oylon-6 blocit copolymers from SAXS experiment 

5.4 Computer Simulations of the Goldman-Shen 
Experiment 

5.4.1 I n t r o d u c t ion 

This chapter w i l l e x p lain the usefulness of proton spin-
d i f f u s i o n measurements i n terms of the determination of 
domain sizes i n heterogeneous systems. 

A computer program.has been developed and implemented on 
a Sun 4 and HP 700 series Workstation to allow the 
modelling of s p i n - d i f f u s i o n data obtained by a Goldman-
Shen-type experiment (see l i s t i n g i n appendix I I ) . The 
c e n t r a l computer program i s based on a program o r i g i n a l l y 
w r i t t e n by Pope [12] to simulate s p i n - l a t t i c e r e l a x a t i o n 
i n the r o t a t i n g frame f o r a one-dimensional lamella r 
model. This chapter b a s i c a l l y deals w i t h two p o i n t s : 
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1. The q u a l i t y of d i f f e r e n t a n a l y t i c a l techniques, 

i n v o l v i n g the T^^-effect m i nimisation i n the Goldman-Shen 
experiment, w i l l be judged. 

2. A new advanced a n a l y t i c a l technique w i l l be presented to 
o b t a i n domain sizes i n heterogeneous systems using 
computer modelling of the Goldman-Shen experiment. 

I n the f o l l o w i n g s e c t i o n the computer model being used i s 
explained. 

5.4.2 The Model 

The model has been developed by Kenwright et a l . [13] ' 
f o r r e g u l a r i n t r u s i o n s of one type of m a t e r i a l , jacketed 
by an i n t e r f a c i a l l a y e r , i n a m a t r i x of another type of 
m a t e r i a l . The i n t r u s i o n s may be lam e l l a r , c y l i n d r i c a l 
(each c y l i n d e r having s i x e q u i d i s t a n t neighbours), or 
s p h e r i c a l (the spheres t a k i n g up hexagonal close-packed 
l a t t i c e s i t e s i n the m a t r i x ) . 

The program has been developed now t o model experimental 
data of the Goldman-Shen experiment w i t h the i n t r i n s i c 
s p i n - l a t t i c e r e l a x a t i o n times and the domain sizes of the 
d i f f e r e n t regions as the c r u c i a l parameters. The program 
i s w r i t t e n i n FORTRAN 77 and c a l l s , as i t s core, the 
Numerical Algorithms Group (NAG) r o u t i n e D03PBF. B a s i c a l l y 
a two-region model has been used, i . e . an i n t r u s i o n i n a 
m a t r i x . This i s a j u s t i f i e d s i m p l i f i c a t i o n because f i r s t l y 
the i n t e r f a c e can o f t e n be considered as n e g l i g i b l y small 
(narrow i n t e r f a c e approximation: dmterface I ̂ region'^'^ ̂ ' where d 
i s the l e n g t h of the i n t e r f a c e or region) and secondly i n 
terms of proton s o l i d - s t a t e NMR only two d i s t i n g u i s h a b l e 
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regions could be detected. However, a three-region model, 
i n v o l v i n g r e g u l a r i n t r u s i o n s of one type of m a t e r i a l , 
j a c k e t e d by another type of m a t e r i a l , i n a matrix of a 
t h i r d type i s also a v a i l a b l e which may be converted to a 
two-region model by considering two regions to be 
i d e n t i c a l . I n the c y l i n d r i c a l and spherical models there 
i s a small degree of approximation because of the problem 
of d e s c r i b i n g a t o t a l l y s p a c e - f i l l i n g matrix i n the model. 
A schematic r e p r e s e n t a t i o n of the models used i s given i n 
f i g u r e 5 . 2 5 . I n the case of lamellar morphology the 
distance AB i s simply h a l f the distance between the 
centres of neighbouring i n t r u s i o n s AA. The models i n the 
case of c y l i n d r i c a l and sphe r i c a l morphologies face the 
problem of having "empty spaces" (see the gray shadowd 
areas i n f i g u r e 5 . 2 5 ) . I n order f o r region 2 to be a 
continuous m a t r i x , i t i s necessary to model a hexagonal 
u n i t - c e l l as i l l u s t r a t e d i n f i g u r e 5 . 2 5 . This cannot be 
done simply using the model described. However, the 
thickness of region 2 may be increased such th a t the 
volume considered i n the model i s the same as tha t i n the 
hexagonal u n i t c e l l . This has the e f f e c t of smearing the 
missing volume evenly around the outside of the c y l i n d e r . 
The approximation involved i n t h i s i s believed t o be 
n e g l i g i b l e i f region 2 i s the major component. I t can be 
shown by simple trigonometry t h a t the " a d d i t i o n a l 
distance" i n the s p a c e - f i l l i n g model i s r e l a t e d to r 

by: 
16 tan = r X jZ-i^ILJ^ = r X 1.05008 

S i m i l a r l y , f o r the sphe r i c a l case: 
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= r X = r X 1.10534 
n 

Note t h a t the change i n dimension i s taken up e n t i r e l y i n 
reg i o n 2. The inherent symmetry of the model allows the 
c a l c u l a t i o n of the behaviour of the system along a l i n e 
from the centre of one i n t r u s i o n to a p o i n t i n the matrix 
halfway between the f i r s t i n t r u s i o n and a neighbour. A 
f u l l c h a r a c t e r i s a t i o n i n NMR terms i s given through the 
s p i n - d i f f u s i o n c o e f f i c i e n t s , the region sizes and the 
i n t r i n s i c s p i n - l a t t i c e r e l a x a t i o n times. S p i n - d i f f u s i o n i s 
s p a t i a l t r a n s p o r t of magnetisation, normally without 
m a t e r i a l t r a n s p o r t . I t i s mediated by homonuclear d i p o l a r 
couplings [14] . Their strength i s p r o p o r t i o n a l to the 
square of the gyromagnetic r a t i o and i n v e r s e l y 
p r o p o r t i o n a l t o the cube of the relevant i n t e r n u c l e a r 
d i s t a n c e . Consequently, i n organic materials s p i n -
d i f f u s i o n i s most e f f i c i e n t among protons. They possess a 

A 

— 

A 

a 

B 

a a 

B 

a 

a) lamellar morphology 
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b) c y l i n d r i c a l morphology-

F i g . 5.25 Morphology models used i n the computer si m u l a t i o n (two-

r e g i o n model only) 

l a r g e gyromagnetic r a t i o and small average separations 
because of t h e i r high abundance. These features allow the 
d e s c r i p t i o n of proton s p i n - d i f f u s i o n by a quasi-continuous 
theory of d i f f u s i o n [ 1 5 ] . 

The general behaviour of magnetisation M(x,t), at point 
x, at time t i s described by equation 5.11: 

P i 
dM(x, t : 

dt =x dx dx 

[M^ - Mix, t)) 
+ pi P i 

-'1,1 
5.11) 

Where p| i s the r e l a t i v e proton density i n region i 
Dj^ i s the e f f e c t i v e s p i n - d i f f u s i o n c o e f f i c i e n t 

i s the e q u i l i b r i u m value of the magnetisation 
T]̂ _̂  i s the r e l a x a t i o n time i n region i 

m determines the morphology of the model (m=0: 
l a m e l l a r , m=l: hexagonally packed c y l i n d e r s , m=2: 
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spheres on a hexagonally packed l a t t i c e ) 

T h i s equation must be solved f o r each x and for the 

r e q u i r e d values of t, s u b j e c t to s u i t a b l e boundary 

c o n d i t i o n s , which may be defined as follows: The space 

coordinate x runs from the cent r e A of the i n t r u s i o n 1 to 

a point B i n the matrix halfway between the i n t r u s i o n 1 

and the next i n t r u s i o n thereby passing the boundary a . The 

boundary conditions may be expressed as: 

1. at x=A and x=B, by symmetry there i s no net d i f f u s i o n 

a c r o s s the ce n t r e s of region 1 and 2 

dMjx, t) 
dx 

= 0 (for a l l t) 
x=A,B 

2. at the boundary, a 

a) M^{a, t) = W 2 ( « ' 

i . e . the magnetisation must be continuous across the 

boundary 

dx dx 

i . e . the magnetisation cannot accumulate at the 

boundary 

A homogeneous proton d e n s i t y for the two regions has been 

assumed. The magnetisation of each region i s defined by 3 0 

mesh-points plus one mesh-point at the contact of two 

r e g i o n s . I n t e g r a t i o n over these mesh-points gives the 

observed magnetisation. 

The data-modelling has been c a r r i e d out by the w e l l -

known SiiTiplex-algorithm [16] . The Simplex algorithm has 
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been u s e d b e c a u s e t h e r e s p o n s e - s u r f a c e [ 1 7 ] , d e f i n e d as 

t h e sum o f t h e s q u a r e d r e s i d u a l s 

X ( y i - y i ' ) ' (5.12) 
i 

where i s t h e i t h v a l u e of the experiment 

' i s t h e i t h v a l u e of t he c a l c u l a t i o n 

i s found t o be v e r y f l a t and to c o n s i s t of many l o c a l 

minima. The l e a s t - s q u a r e s c r i t e r i o n i s to m i n i m i s e the sum 

of t h e s q u a r e d r e s i d u a l s . The advantage of the Si m p l e x -

a l g o r i t h m i s t h a t i t does not need any d e r i v a t i o n of t he 

f u n c t i o n a s , e.g., the M a r q u a r d t - a l g o r i t h m does, w h i c h 

would p r e s e n t a problem f o r t h i s s p e c i a l c a s e . How the 

d a t a - m o d e l l i n g was c a r r i e d out w i l l be d i s c u s s e d i n more 

d e t a i l i n s e c t i o n 5 . 5 . 

5.4.3 The Goldman-Shen Experiment and the Ti-Problem 

Goldman and Shen developed a n e a t experiment which 

y i e l d s i n f o r m a t i o n about domain s i z e s i n heterogeneous 

s y s t e m s by means of s p i n - d i f f u s i o n [ 1 8 ]. The experiment 

c o n s i s t s b a s i c a l l y of t h r e e p u l s e s as demonstrated i n 

f i g u r e 5 . 2 6 : 

90 +x 90 -X 

m 
A c q u i s i t i o n 

F i g . 5.26 Goldman-Shen pulse sequence 
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The main i d e a of t h i s experiment i s t h a t i t makes use of 

t h e f a c t t h a t d i f f e r e n t t y p e s of domains, i n terms of 

m o b i l e and r i g i d , have d i f f e r e n t s p i n - s p i n r e l a x a t i o n 

t i m e s T2 ( ^ 2 ,rigid << '^2,mobile^ [19^ • M a g n e t i s a t i o n i n a 

r i g i d t y p e of domain can be s e l e c t i v e l y removed by 

a p p l y i n g NMR p u l s e s w h i l e t h e r e i s s t i l l s u f f i c i e n t 

m a g n e t i s a t i o n r e m a i n i n g i n t h e m o b i l e domain system. The 

f i r s t 90 degree p u l s e f l i p s t h e m a g n e t i s a t i o n i n t o the xy-

p l a n e . D u r i n g an adequate time , 

rigid '̂ '̂  '̂ d '^2,mobile' ^he m a g n e t i s a t i o n of the r i g i d 

r e g i o n w i l l be dephased, w h i l e t h e m a g n e t i s a t i o n i n t h e 

m o b i l e r e g i o n i s h a r d l y a f f e c t e d . A second 90 degree p u l s e 

i s a p p l i e d a f t e r time i ^ j , b r i n g i n g the r e m a i n i n g 

m a g n e t i s a t i o n of the mobile r e g i o n back to the +z-

d i r e c t i o n , f o l l o w e d by a m i x i n g time x^, where t h e 

m a g n e t i s a t i o n i s a l l o w e d to d i f f u s e back i n t o t h e r i g i d 

r e g i o n . The f i n a l 90 degree p u l s e f l i p s t h e m a g n e t i s a t i o n 

from t h e z - d i r e c t i o n back to the x y - p l a n e f o r a c q u i s i t i o n . 

However, t h e t e c h n i q u e o n l y works e x a c t l y i f d u r i n g t h e 

m i x i n g t i m e s p i n - l a t t i c e r e l a x a t i o n has o n l y a n e g l i g i b l e 

e f f e c t , i n o t h e r words, t h e m i x i n g time must be much 

s m a l l e r t h a n t h e s p i n - l a t t i c e r e l a x a t i o n time (x^ << ) . 

T h i s s p e c i a l c a s e was d e a l t w i t h by Cheung and G e r s t e i n 

[30 ] . They d i s c u s s e d an a n a l y t i c a l s o l u t i o n of the s p i n -

d i f f u s i o n e q u a t i o n where was s i g n i f i c a n t l y l a r g e r t h a n 

t h e t i m e regime t h e y examined. I n p r a c t i c e t h i s c a s e f i n d s 

r e l e v a n c e o n l y i n v e r y s p e c i a l examples. The normal c a s e 

i s where = Ti and t h e r e f o r e the Goldman-Shen experiment 

i s f l a w e d by t h e f a c t t h a t i t i s not p o s s i b l e to be s u r e 

t h a t t h e e f f e c t s o b s e r v e d a r e due s o l e l y t o s p i n - d i f f u s i o n 
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w i t h o u t any c o n t r i b u t i o n due t o r e l a x a t i o n d u r i n g t he 
e v o l u t i o n p e r i o d . Hence, i n p r i n c i p l e i t should be 

p o s s i b l e t o a p p l y t he a n a l y t i c a l f u n c t i o n by Cheung and 

G e r s t e i n when one can remove t h e T;^-influence from t h e 

s p i n - d i f f u s i o n . 

I t has been suggested t h a t t h e e f f e c t s due t o s p i n -

l a t t i c e r e l a x a t i o n c o u l d be reduced by a l t e r n a t i n g t h e 

phases o f t h e second 90° p u l s e i n t h e sequence [ 1 2 , 2 0 ] . 

T h i s experiment w i l l be named t h e modified Goldman-Shen 

experiment. The e f f e c t s o f t h i s experiment are v i s u a l i s e d 

i n F i g u r e 5.27. The main ide a o f t h e phase a l t e r n a t i o n i s 

t h a t t h e s p i n - l a t t i c e r e l a x a t i o n a f f e c t s b o t h response-

curves i n t h e Goldman-Shen experiment i n the same 

d i r e c t i o n , i . e . t h e m a g n e t i s a t i o n i s r e l a x i n g p a r a l l e l t o 

t h e a p p l i e d B Q - f i e l d towards i t s t h e r m a l e q u i l i b r i u m . But 

s p i n - d i f f u s i o n a f f e c t s t h e m a g n e t i s a t i o n i n o p p o s i t e 

d i r e c t i o n s by a l t e r n a t i n g t h e phases d u r i n g t he 

p r e p a r a t i o n p e r i o d (see f i g u r e s 5.27 A+B). By adding b o t h 

v a l u e s o f t h e m a g n e t i s a t i o n and d i v i d i n g by two, 
(in(xn,) - /n'(T^)) / 2, t h e - e f f e c t w i l l t h e r e f o r e be 

reduced i n s i z e , though not c a n c e l l e d . T h i s i s due t o the 

- p r o f i l e , w h i c h i s shown i n F i g u r e 5.28. I n an 

i n v e r s i o n - r e c o v e r y experiment, t h e d i f f e r e n c e o f the 

m a g n e t i s a t i o n f o r a g i v e n t i m e - i n t e r v a l At i s decreasing 

w i t h i n c r e a s i n g t , i . e . i n a c e r t a i n t i m e i n t e r v a l a 

l a r g e r amount o f m a g n e t i s a t i o n r e l a x e s i n the n e g a t i v e o f 

t h e phase o f t h e m o d i f i e d Goldman-Shen experiment than i n 

t h e normal experiment because i t s i n i t i a l m a g n e t i s a t i o n 

a f t e r t h e p r e p a r a t i o n t i m e i s f u r t h e r away from i t s 

e q u i l i b r i u m v a l u e . The m a g n e t i s a t i o n v a l u e o b t a i n e d by 
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a l t e r n a t i n g t h e phases i s consequently s m a l l e r than t h e 

m a g n e t i s a t i o n would be due o n l y t o s p i n - d i f f u s i o n . T h i s 

i n a c c u r a c y w i l l occur i n a l l - m i n i m i s a t i o n t e c h n i q u e s 

u s i n g t h e p h a s e - a l t e r n a t i o n . An e x p e r i m e n t a l l y more 

advanced t e c h n i q u e was c a r r i e d o u t by Kenwright and Packer 

[21] . I t i n t r o d u c e d an a d d i t i o n a l 180°-pulse i n t o t h e 

e v o l u t i o n p e r i o d . The t i m e spacings were chosen t o make 

t h e - e f f e c t s i n t h e two p e r i o d s ( b e f o r e and a f t e r t h e 

180°-pulse) a b s o l u t e l y equal but o p p o s i t e i n s i g n , t h e r e b y 
c a n c e l l i n g o u t t h e - e f f e c t from t h e f i n a l l y observed 

spectrum. A l t h o u g h t h e c a n c e l l a t i o n works p e r f e c t l y f o r a 

system where t h e d i f f e r e n t r e g i o n s have t h e same i n t r i n s i c 

- v a l u e , i t f a i l s f o r a system w i t h n o n - u n i f o r m i n t r i n s i c 

Ti, w h i c h i s g e n e r a l l y t h e case. Two o t h e r t e c h n i q u e s w i l l 

be e x p l a i n e d i n more d e t a i l , because t h e y a r e t h e b a s i s 

f o r t h e n e x t s e c t i o n . 

-1.0 At At At t 

Figure 5.28 TVpicai T,-profile 

The f i r s t t e c h n i q u e i s i n t u i t i v e . I f t h e Goldman-Shen 

exp e r i m e n t i s governed by s p i n - l a t t i c e r e l a x a t i o n , one i s 
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m o b i l e r i g i d m o b i l e r i g i d 

long s h o r t 
T 

long shore 

long s h o r t 
T 

long s h o r t 
T 

Fig. 5.27 The figure shows schematically the development of the magnetisation during the mixing 

time, starting after the second 90°-pulse. The two figures at the top with the pulse sequences 90̂ -̂

90.̂ -90^^ for A and 90̂ .̂ -90̂ .̂ -90̂ .̂  for B represent spin-diffusion without T|-reiaxation. The two 

figures at the bottom (C+D) using the same pulse-sequences as A+B respectively represent spin-

diffusion with efficient T^-relaxation. 
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tempted t o c o r r e c t t h i s p e r t u r b a t i o n by b a c k - m u l t i p l y i n g 
t h e d a t a w i t h a f a c t o r exp(x„/Ti). T h i s i s b a s i c a l l y an 

e x p r e s s i o n used t o d e s c r i b e s p i n - l a t t i c e r e l a x a t i o n , but 

w i t h an o p p o s i t e s i g n i n t h e e x p o n e n t i a l . I t i s expected 

t h a t t h i s b a c k - m u l t i p l i c a t i o n s h o u l d cancel out a l l t he 

c o n t r i b u t i o n o f t h e s p i n - l a t t i c e r e l a x a t i o n . I n t h e next 

s e c t i o n , s i m u l a t i o n o f t h e Goldman-Shen experiment w i l l 

p r o v e when t h i s t e c h n i q u e i s wo r k i n g c o r r e c t l y . 

The second t e c h n i q u e was suggested by Newman [22] . The 

e x p e r i m e n t a l t e c h n i q u e i s t h e same as discussed above and 

suggested o r i g i n a l l y by Packer e t a l . [ 1 2 ] . The o n l y 

d i f f e r e n c e l i e s i n t h e p r e s e n t a t i o n o f the d a t a - p o i n t s . 

I n s t e a d o f p l o t t i n g {m{z^) - m'(z^)) / 2, Newman uses a 

p r e s e n t a t i o n o f t h e d a t a - p o i n t s t h a t places more emphasis 
on s p i n - d i f f u s i o n . The d i f f e r e n c e m{x^)-m'{x^) i s d i v i d e d 

by a f u n c t i o n t h a t i s dominated by s p i n - l a t t i c e r e l a x a t i o n 

mioo) + m'(oo) - m{x^) - m'{x^). I n t h e absence o f s p i n -

d i f f u s i o n t h e v a l u e o f a f f e c t s t h e two f u n c t i o n s t o 

p r e c i s e l y t h e same e x t e n t . T h e r e f o r e t h e r a t i o o f the two 

f u n c t i o n s becomes independent of x̂ ,. A p r o o f o f t h e 

independence o f x„ has been c a r r i e d o u t : 

The m a g n e t i s a t i o n i n t h e mobile., phase, e.g., c a l c u l a t e d by 
Newman's t e c h n i q u e i s : 

M{XJ = m { x j - m ' { x , ) 
mioo) + m'ioo) - m{xj - m ' { x j 

(5.13) 

w i t h 
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m 

m(oo) = /n ' (oo) = c 

^'{'^m) = c - 2c exp 1̂ ; 

m 

c - c -f- 2 c exp ^ X ^ 

c + c - c - c-f-2c exp 
^ ^1 J 

exp 
= 1 

exp 

(5.14) 

The independence o f i n t h e r a t i o o f these two 

e q u a t i o n s has been proved. This t e c h n i q u e w i l l a l s o be 

examined i n terms o f accuracy by s i m u l a t i n g the 

m a g n e t i s a t i o n b e h a v i o u r i n the Goldman-Shen experiment. 

5.4.4 Comparison of the D i f f e r e n t A n a l y t i c a l Techniques 

used i n the Goldman-Shen Experiment 

S e v e r a l s i m u l a t i o n s o f the Goldman-Shen experiment have 

been c a r r i e d o u t t o prove the accuracy of the d i f f e r e n t 

a n a l y t i c a l t e c h n i q u e s d e s c r i b e d i n t h e l a s t s e c t i o n . A 

heterogeneous t w o - r e g i o n system w i t h c y l i n d r i c a l mor

p h o l o g y , i . e . c y l i n d e r s of a mobile phase i n c o r p o r a t e d 

i n t o a r i g i d m a t r i x , has been chosen. The composition o f 

t h e heterogeneous system c o n s i s t s of 8 0 % r i g i d m a t e r i a l 

and 2 0 % o f m o b i l e m a t e r i a l . The i n t e r f a c e between the two 
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r e g i o n i s c o n s i d e r e d as n e g l i g i b l y s m a l l f o r s i m p l i c i t y 

( n a r r o u ' - i n t e r f a c e a p p r o x i m a t i o n ) . The t r a n s v e r s e 

r e l a x a t i o n t i m e f o r t h e m o b i l e and t h e r i g i d r e g i o n s were 

se t t o 367 |iy and 12 \is r e s p e c t i v e l y . A dephasing time of 

50 [Ls has been chosen t o s e l e c t t h e •^H-magnetisation of 

t h e m o b i l e r e g i o n s u f f i c i e n t l y . The m a g n e t i s a t i o n 

b e h a v i o u r d u r i n g t h e m i x i n g t i m e i s r e p r e s e n t e d by 60 

d a t a - p o i n t s r a n g i n g from 0 s t o 0.5 s. The parameters used 

f o r t h e s i m u l a t i o n s a r e summarised i n t a b l e s 5.3 t o 5.6. 

I n a d d i t i o n s i m u l a t i o n s have been c a r r i e d out w i t h t he 

same parameter s e t s as d e s c r i b e d above, but where the 

s p i n - l a t t i c e r e l a x a t i o n t i m e i s s e t t o 10^ s, which can be 

c o n s i d e r e d as i n f i n i t e l y l o n g . The response curve from 

t h i s e x p e r i m e n t i s used as a r e f e r e n c e f o r a l l t h e t h r e e 

- m i n i m i s a t i o n t e c h n i q u e s because i t has no c o n t r i b u t i o n 

due t o s p i n - l a t t i c e r e l a x a t i o n . Comparison of the response 

curves f r o m t h e 3 \ - m i n i m i s a t i o n techniques and the 

r e f e r e n c e c u r v e g i v e s i n f o r m a t i o n about t h e q u a l i t y o f the 

a n a l y t i c a l t e c h n i q u e . The r e m a i n i n g s p i n - l a t t i c e 

r e l a x a t i o n c o n t r i b u t i o n i n t h e Goldman-Shen experiment i s 

ta k e n as a measure o f how a c c u r a t e l y t h e m i n i m i s a t i o n 

t e c h n i q u e s a r e w o r k i n g . 

G r a p h i c a l p r e s e n t a t i o n s o f the s i m u l a t i o n s c a r r i e d out 

f o r t h e s i m p l e Goldman-Shen experiment ( i . e . w i t h o u t 

m i n i m i s a t i o n t e c h n i q u e s ) a r e shown i n f i g u r e s 5.29a t o 

5.2 9d. The graphs show the time-dependence of the 

m a g n e t i s a t i o n i n t h e Goldman-Shen experiment of the mobile 

(bottom) and r i g i d ( t o p ) r e g i o n s as a f u n c t i o n o f t h e 

m i x i n g t i m e . The graphs show two d i f f e r e n t s i m u l a t i o n s f o r 

t h e c o r r e s p o n d i n g parameters. The f i l l e d c i r c l e s r e p r e s e n t 
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Region 1 Region 2 
thickness of region / m 5.0000-10~^ 5.6472-10"^ 

spin-diffusion coeff. / m^s~^ 6.1000-10"'"' 4.1000-10"'^ 
intrinsic 7, / s 0.3000 0.3000 
intrinsic / s 3.6700-10~* 1.2000-10"^ 
T2 -relaxation type exponential gaussian 

proportion of the components (vol%) 20 80 

dimension in repeat unit / m 2.5000-10"^ 3.0902-10"' 
periodicity / m 1.0647-10"^ 

1.37 0.26 

Table 5 .3 Goldman-Shen Experiment f o r c y l i n d r i c a l morphology with 

uniform . ( F o r the d e f i n i t i o n of the parameters see t e x t . ) 

Region 1 
1 

Region 2 
thickness of region / m 5.0000-1Q-' 5.6472-10"' 
spin-diffusion coeff. / rri^s'^ 6.1000-10" '̂' 4.1000 10"'̂  
intrinsic 7, / s 0.5000 5.0000 
intrinsic 7-, / s 3.6700-10~* 1.2000-10"^ 
T2 -relaxation type exponential gaussian 

proportion of the components (vol%) 20 80 

dimension in repeat unit / m 2.5000-10"^ 3.0902-10"' 
periodicity/m 1.0647-10"^ 

0.82 0.02 

Table 5.4 Goldman-Shen Experiment for c y l i n d r i c a l morphology with 

non-uniform 
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Region 1 Region 2 
thickness of region / m 5.0000-10"' 5.6472-10"' 
spin-diffusion coeff / m^j"' 6.1000-10"^^ 4.1000-10"'^ 
intrinsic Tj / s 0.0500 0.3000 
intrinsic 72 / s 3.6700-10"^ 1.2000-10"^ 
T2 -relaxation type exponential gaussian 

proportion of the components (vol%) 20 80 

dimension in repeat imit / m 2.5000-10"' 3.0902-10"' 
periodicity / m 1.0647-10"^ 

8.20 0.26 

Table 5 .5 Goldman-Shen Experiment f o r c y l i n d r i c a l morphology with 

non-uniform 

j Region 1 Region 2 

thickness of region / m 5.0000-10"' 5.6472-10"' 

spin-diffusion coeff. / ni^s'^ 2.1000-10"'"' 4.1000-10"'^ 
intrinsic 7̂  / s 0.0500 0.3000 
intrinsic Tj / s 3.6700-10"^ 1.2000-10"^ 

j 72-relaxation type exponential gaussian 

proportion of the components (vol%) 20 80 

dimension in repeat unit / m 2.5000-10"' 3.0902-10"' 

periodicity/m 1.0647-10"^ 

23.81 0.26 

Table 5 .6 Goldman-Shen Experiment f o r c y l i n d r i c a l morphology with 

non-uniform 

t h e n o r m a l Goldman-Shen experiment and t h e f i l l e d squares 

r e p r e s e n t t h e s i m u l a t i o n o f the phase a l t e r n a t e d Goldman 

Shen m o d i f i c a t i o n . I n t h e mobile r e g i o n , t h e m a g n e t i s a t i o n 

s t a r t s w i t h a p p r o x i m a t e l y 18% of t h e whole m a g n e t i s a t i o n . 
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r a t h e r t h a n 20% as i t s i n i t i a l amount o f m a t e r i a l would 

suggest. T h i s i s s i m p l y due t o T 2 - r e l a x a t i o n i n the 

p r e p a r a t i o n p e r i o d . I f we assume no s p i n - l a t t i c e 

r e l a x a t i o n , i . e . m a g n e t i s a t i o n o n l y t r a n s p o r t e d from t h e 

m o b i l e t o t h e r i g i d r e g i o n v i a s p i n - d i f f u s i o n , the 

e q u i l i b r i u m v a l u e i s expected t o be = 3 . 5 % o f the t o t a l 

m a g n e t i s a t i o n . The s i m u l a t i o n w i t h an i n f i n i t y long s p i n -

l a t t i c e r e l a x a t i o n t i m e g i v e s t h i s v a l u e c o r r e c t l y as seen 

i n f i g u r e s 5.29a t o 5.29d ( b o t t o m ) . However, i f the i s 

se t t o a f i n i t e v a l u e , t h e m a g n e t i s a t i o n r e l a x e s back t o 

i t s t h e r m a l e q u i l i b r i u m v a l u e o f 20% i n t h e case of the 

m o b i l e r e g i o n and 8 0 % i n the case of t h e r i g i d r e g i o n . The 

i n i t i a l l o s s o f s i g n a l i n t h e r i g i d r e g i o n (see e.g. 

f i g u r e 5.29b ( t o p ) , m a g n e t i s a t i o n s t o r e d i n the -z-

d i r e c t i o n ) , g i v e s d i r e c t evidence t h a t s p i n - d i f f u s i o n i s 

e f f e c t i v e , i . e . m a g n e t i s a t i o n d i f f u s e s f r o m the mobile t o 

t h e r i g i d r e g i o n . The s t r o n g p o l a r i s a t i o n - g r a d i e n t i s the 

d r i v i n g f o r c e o f t h e d i f f u s i o n p r ocess. But a t about 40 ms 

a t u r n i n g p o i n t i s reached and t h e s i g n a l subsequently 

i n c r e a s e s , due t o s p i n - l a t t i c e r e l a x a t i o n , t o i t s thermal 

e q u i l i b r i u m v a l u e o f 20% o f t h e t o t a l m a g n e t i s a t i o n . A 

s i m i l a r s i t u a t i o n i s found f o r ^ t h e r i g i d r e g i o n . I f the 

m a g n e t i s a t i o n i s s t o r e d i n t h e - z - d i r e c t i o n i n the 

p r e p a r a t i o n p e r i o d , t h e r i g i d r e g i o n loses f u r t h e r 

m a g n e t i s a t i o n i n t h e m i x i n g p e r i o d , so i t s i n i t i a l l y zero 

s i g n a l becomes n e g a t i v e b e f o r e s p i n - l a t t i c e r e l a x a t i o n 

b r i n g s t h e m a g n e t i s a t i o n back t o i t s t h e r m a l e q u i l i b r i u m 

v a l u e o f 8 0 % o f t h e t o t a l m a g n e t i s a t i o n (see e.g. f i g u r e 

5.29c ( t o p ) ) . T h i s v i s u a l i s e s t h a t t h e g r a d i e n t of 

d i f f u s i o n i n t h e m o d i f i e d Goldman-Shen experiment has an 
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o p p o s i t e s i g n . I n o r d e r t o minimise t h e c o n t r i b u t i o n o f 

t h e s p i n - r e l a x a t i o n , t h r e e d i f f e r e n t t e c h n i q u e s have been 

a p p l i e d , as e x p l a i n e d i n t h e l a s t s e c t i o n . The q u a l i t y o f 

th e s e t e c h n i q u e s w i l l be d i s c u s s e d i n t h e f o l l o w i n g . 

I n o r d e r t o address t h i s q u e s t i o n , one needs t o 

u n d e r s t a n d s p i n - l a t t i c e r e l a x a t i o n i n t h e presence o f 

s p i n - d i f f u s i o n . A more d e t a i l e d d i s c u s s i o n on t h i s m a t t e r 

w i l l be g i v e n i n c h a p t e r 6. At t h i s stage i t w i l l be 

p o i n t e d out t h a t t h e t i m e taken f o r m a g n e t i s a t i o n t o 

d i f f u s e o u t o f a r e g i o n i s d i r e c t l y p r o p o r t i o n a l t o I\ID^ 

[ 2 3 , 2 4 ] , where i s h a l f t h e t h i c k n e s s o f r e g i o n i and 

i s t h e s p i n - d i f f u s i o n c o e f f i c i e n t i n r e g i o n i . I f t h a t 

r e g i o n i i s coupled t o an e x t e r n a l r e l a x a t i o n s i n k , t h e 

q u e s t i o n whether t h e observed r e l a x a t i o n i n r e g i o n i w i l l 

be dominated by t h e i n t r i n s i c r e l a x a t i o n t i m e i n t h e 

r e g i o n , T̂ ^̂ , o r by d i f f u s i o n t o t h e e x t e r n a l r e l a x a t i o n 

s i n k must depend on t h e r a t i o I\ID^ w i t h t h e i n t r i n s i c 

r e l a x a t i o n d o m i n a t i n g when ij/Oj^T^ j^ > > 1 . I f we c o n s i d e r a 

t w o - r e g i o n system 1,2, as used f o r the Goldman-Shen 

experiment s i m u l a t i o n above, i t i s i m p o r t a n t t o know how 

II/D-^ T^J^ and 11/^2 r e l a t e d t o each o t h e r . Tables 

5 . 3 - 5 . 6 show t h e r a t i o s o f 1]ID.T^ .. The systems s i m u l a t e d 

w i t h t h e parameter s e t s g i v e n i n t a b l e s 5.3 and 5.5 t o 5.6 
a r e i n a regime IHD-^ i >> 1 > -̂ 2/̂ 2 ̂1,2 (which means t h a t 

s p i n - d i f f u s i o n does n o t e f f e c t i v e l y couple t h e two 
r e g i o n s , because J^/Di T^^i >> 1 ) , but i t i s a l s o not 

dominated by i t s i n t r i n s i c s p i n - l a t t i c e r e l a x a t i o n 
b e h a v i o u r because -i|/i?2 ^1,2 < D. The system s i m u l a t e d w i t h 

t h e parameter s e t g i v e n i n t a b l e 5.4,. however i s i n a 
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Fig. 5.29a Spin-diffusion simulation of a heterogeneous system (20% mobile, 80% rigid) 
intrinsic T,'s: T,(niobile): 0.3 s, T,(rigid): 0.3 s, D(mobile): 6.1 -10 m s' 
top: rigid region, bottom: nwbile region 
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top: rigid region, bottom: mobile region 



205 

regime where ^1/^2 ̂ 1,2 - ^ 1 / ^ 1 ^ 1 , 1 < 1' which suggests that 
the two regions are e f f e c t i v e l y coupled by s p i n - d i f f u s i o n . 

As discussed i n the l a s t section, the simple phase-
a l t e r n a t i o n cannot work because of the exponential (or i n 
general n o n - l i n e a r ) nature of the s p i n - l a t t i c e r e l a x a t i o n 
process. The grap h i c a l representation of the -
mi n i m i s a t i o n i n f i g u r e 5.30a and 5.30c+d shows that a f t e r 
20 ms mixing time the phase-alternation technique 
considerably deviates from the reference-curve without any 
s p i n - l a t t i c e r e l a x a t i o n c o n t r i b u t i o n (even i n the case of 
uniform ) . Figure 5,30b i l l u s t r a t e s t h a t t h i s e f f e c t 
becomes more dramatic w i t h decreasing s p i n - l a t t i c e 
r e l a x a t i o n times. Here the population-weighted average 
s p i n - l a t t i c e r e l a x a t i o n has to be considered, because each 
i n t r i n s i c r e l a x a t i o n time i s inf l u e n c e d by the spin-
d i f f u s i o n process. With a shorter s p i n - l a t t i c e r e l a x a t i o n 
time, the - p r o f i l e becomes steeper and consequently 
there i s more magnetisation r e l a x i n g i n a given time 
i n t e r v a l i f i t i s stored i n the - z - d i r e c t i o n a f t e r the 
second 90°-pulse than i f i t i s stored i n the + 2 - d i r e c t i o n . 
This explains the increasing d e v i a t i o n of the data from 
the reference curve w i t h a decreasing . 

The s i t u a t i o n becomes less obvious f o r the other two 
mi n i m i s a t i o n techniques. I n order t o understand why these 
techniques cancel out the s p i n - l a t t i c e c o n t r i b u t i o n i n the 
case of a unif o r m - r e l a x a t i o n time i n the heterogeneous 
system ( f i g u r e 5 .30a) , but only reduce i t i f the d i f f e r e n t 
regions have d i f f e r e n t i n t r i n s i c - r e l a x a t i o n times 
( f i g u r e s 5.30b t o 5.30d) one has to consider the traces of 
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Fig. 5.30b Spin-diffusion simulation of a heterogeneous system (20% mobile, 80% rigid) 
intrinsic T,'s: T,(mobile): 0.5 s, T,(rigid): 5.0 s, D(mobUe): 6.1 -10 m s 
top: mobile region, bottom: rigid region 
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t h e Goldman-Shen experiment w i t h and w i t h o u t s p i n - l a t t i c e 

i n f l u e n c e ( f i g u r e s 5.29a t o 5.296) and the e q u a t i o n which 

d e s c r i b e s t h e m a g n e t i s a t i o n time-dependence. I n f i g u r e s 

5.29a and 5.29c+d t h e systems are i n t h e regime 

II/D^ 1 > 1 > i | / 0 2 ^1,2' which means t h a t t h e s p i n - d i f f u s i o n 

p r o p e r t i e s a r e i n f l u e n c e d by s p i n - r e l a x a t i o n . The data 

w h i c h r e p r e s e n t s t h e time dependence of these systems 

d e v i a t e a f t e r a c o u p l e of m i l l i s e c o n d s from t h e r e f e r e n c e 

c u r v e , l o n g b e f o r e they reach t h e s p i n - d i f f u s i o n a l 

e q u i l i b r i u m . The s p i n - r e l a x a t i o n - i n f l u e n c e d d ata i n t h e 

system r e p r e s e n t e d i n f i g u r e 5.29b, however, r e v e a l a good 

agreement w i t h t h e r e f e r e n c e curve i n t h e t i m e regime 

u n t i l t h e s p i n - d i f f u s i o n a l e q u i l i b r i u m i s e s t a b l i s h e d . As 

t h e e x p e r i m e n t proceeds, s p i n - l a t t i c e r e l a x a t i o n b r i n g s 

t h e heterogeneous system t o i t s thermodynamical 

e q u i l i b r i u m . Note t h a t t h i s system i s i n a regime 

J ^ / D j Tj 2 < < li/^i^ii < 1, which means t h a t Tj i s l o n g e r than 

i t t a k e s t o r e a c h t h e s p i n - d i f f u s i o n a l e q u i l i b r i u m . 

E x a c t l y f o r t h i s system t h e c o r r e c t i o n s work q u i t e 

a c c u r a t e l y as f i g u r e 5.30b v i s u a l i s e s , whereas t h e y f a i l 

f o r t h e o t h e r two systems w i t h a non-uniform i n t h e two 

r e g i o n s . 

The s i m u l a t i o n s o f t h e Goldman-Shen experiment 

d e m o n s t r a t e t h a t d a t a c o r r e c t i o n , based on an e x p o n e n t i a l 

m u l t i p l i c a t i o n f o r a heterogeneous system w i t h a non

u n i f o r m Ti i n t h e two r e g i o n s , o n l y c o r r e c t s t h e s p i n -

l a t t i c e r e l a x a t i o n i n f l u e n c e when the system i s i n a 

regime i2/^2 1̂,2 - -^1/^1^1,1 < 1' i- ^ - when t h e two i n t r i n s i c 

s p i n - l a t t i c e r e l a x a t i o n times are l o n g e r t h a n t h e t i m e 

needed t o r e a c h t h e s p i n - d i f f u s i o n a l e q u i l i b r i u m . T h i s 
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s i g n i f i e s t h a t d ata c o r r e c t i o n of t h i s type cannot 

s e p a r a t e s p i n - d i f f u s i o n and s p i n - l a t t i c e r e l a x a t i o n i f the 

system i s i n a regime 12/^2^1,2 ^ ^ "̂ ^ - ^ f M ^ i , i ' i-®- these 

two processes a r e c o u p l e d . 

The case o f a u n i f o r m 2] w i t h i n the two-region system i s 

o n l y i n t e r e s t i n g f o r academic reasons. However, as f i g u r e 

5.30a demonstrates, a n o t h e r c r u c i a l p o i n t where the 

c o r r e c t i o n s f a i l i s f o r t h e presence of two d i f f e r e n t 

i n t r i n s i c s p i n - l a t t i c e r e l a x a t i o n times i n the two 

r e g i o n s . I t i s i n t e r e s t i n g t o note t h a t a l t h o u g h the 

system d e p i c t e d i n f i g u r e 5.30a i s i n a regime 

I2/D2 Ti^2 < 1 -^1/^1 ^1,1' t h e c o r r e c t i o n modes work 

a b s o l u t e l y p e r f e c t l y , i . e . Tj and s p i n - d i f f u s i o n are non-

c o u p l e d processes i f t h e two r e g i o n s c o n s i s t of a u n i f o r m 

s p i n - l a t t i c e r e l a x a t i o n . This p o i n t i s r e a d i l y 

u n d e r s t a n d a b l e c o n s i d e r i n g e q u a t i o n 5.11 which d e s c r i b e s 

t h e t i m e b e h a v i o u r of t h e m a g n e t i s a t i o n i n t h e two 

r e g i o n s . For t h e case o f a u n i f o r m Tj the d i f f u s i o n a l term 

and t h e r e l a x a t i o n t e r m remain as a sum of t h e two 

p r o c e s s e s . Hence, t h e r e a r e two separate processes which 

may be t r e a t e d as such. 

T h i s c o n s i d e r a t i o n s e t s â  m i l e s t o n e f o r any 

m i n i m i s a t i o n t e c h n i q u e s , because i t demonstrates t h a t when 

s p i n - l a t t i c e r e l a x a t i o n i s i n a time-regime where the 

s p i n - d i f f u s i o n a l e q u i l i b r i u m has not been reached, t h e 

c o r r e c t i o n cannot s e p a r a t e t h e two processes, l e a v i n g 

always a p o i n t o f u n c e r t a i n t y i n the data. 

However, when t h e i n t r i n s i c s p i n - l a t t i c e r e l a x a t i o n i s 

l o n g e r t h a n i t t a k e s t o r e a c h t h e s p i n - d i f f u s i o n a l 

e q u i l i b r i u m , d a t a c o r r e c t i o n i s n o n e s s e n t i a l , because the 
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e x p e r i m e n t a l "raw-data" from t he Goldman-Shen experiment 

may be used t o examine t h e domain-sizes as o r i g i n a l l y 

d e s c r i b e d by Cheung and G e r s t e i n [30] . 

I n t h e next s e c t i o n a sim p l e s o l i d - s t a t e NMR te c h n i q u e 

w i l l be p r e s e n t e d w h i c h overcomes t h e s p i n - l a t t i c e 

r e l a x a t i o n p r o b l e m i n t h e Goldman-Shen experiment. I t w i l l 

d e t e r m i n e t h e i n t r i n s i c Tj and t h e domain s i z e s o f a 

heterogeneous system d i r e c t l y from the e x p e r i m e n t a l data 

o b t a i n e d by t h e Goldman-Shen experiment. 

5.5 Determination of the I n t r i n s i c S p i n - L a t t i c e 
Relaxation Times, the Domain-Sizes and the 
Morphology of the NYRIM System 

5.5.1 I n t r o d u c t i o n 

The domain s i z e i n polymer-blends and block-copolymers 

i s an i m p o r t a n t parameter i n polymer s c i e n c e . The i n t i m a c y 

o f m i x i n g and t h e phase s t r u c t u r e are i m p o r t a n t f a c t o r s 

w h i c h may d e t e r m i n e many mechanical p r o p e r t i e s o f polymers 

[ 2 5 , 2 6 ] . E l e c t r o n microscopy i n i t s v a r i o u s forms i s w e l l 

s u i t e d f o r t h e i n v e s t i g a t i o n o f m o r p h o l o g i c a l s t r u c t u r e s 

i n polymer b l e n d s and block-copolymers w i t h domain s i z e s 

above 20 nm, b u t cannot r e l i a b l y r e s o l v e s t r u c t u r e s 

s m a l l e r t h a t 10 nm [27] . x - r a y s c a t t e r i n g demands o r d e r e d 

s t r u c t u r e s i n o r d e r t o o b t a i n w e l l - r e s o l v e d p a t t e r n s . I n 

s o l i d s NMR y i e l d s i n f o r m a t i o n on c o m p o s i t i o n , m o l e c u l a r 

m o b i l i t y and m o l e c u l a r o r d e r [ 2 8 , 2 9 ] . I n a d d i t i o n , 

d i f f u s i o n o f p r o t o n m a g n e t i s a t i o n t h r o u g h t he network o f 

homonuclear d i p o l a r c o u p l i n g s can be e x p l o i t e d t o 
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i n v e s t i g a t e s t r u c t u r e s i n the range of tens of nanometers 

[12,14,18,30-34]. 

I n s e c t i o n 5.4 t h e problem of s p i n - l a t t i c e r e l a x a t i o n 

d u r i n g s p i n - d i f f u s i o n measurements was e x p l a i n e d . I n the 

f o l l o w i n g s e c t i o n s a s o l u t i o n w i l l be p r e s e n t e d t o 

overcome t h e s p i n - l a t t i c e r e l a x a t i o n problem. The o r i g i n a l 

Goldman-Shen ex p e r i m e n t has been c a r r i e d out u s i n g a 

c u s t o m - b u i l d s t a t i c 60 MHz s i n g l e - c h a n n e l p r o t o n -

s p e c t r o m e t e r (WRAC). The domain parameters d e r i v e d from 

t h i s t e c h n i q u e w i l l be compared w i t h those o b t a i n e d by 

s m a l l - a n g l e X-ray s c a t t e r i n g (SAXS). 

5.5.2 Theory of the Morphology i n S e m i c r y s t a l l i n e Polymers 

A number o f d i s t i n c t m o r p h o l o g i c a l u n i t s have been 

i d e n t i f i e d d u r i n g t h e c r y s t a l l i s a t i o n o f polymers from the 

m e l t . 

C r y s t a l l i t e s : I n an X-ray p a t t e r n produced by a 

s e m i c r y s t a l l i n e polymer, the d i s c r e t e maxima a r i s e from 

s c a t t e r i n g by s m a l l r e g i o n s o f t h r e e - d i m e n s i o n a l o r d e r , 

w h i c h a r e c a l l e d c r y s t a l l i t e s . They are formed i n t h e melt 

by d i f f u s i o n o f m o l e c u l e s , o r s e c t i o n s of molecules, i n t o 

packed o r d e r e d a r r a y s w h i c h then c r y s t a l l i s e . The s i z e s of 

t h e c r y s t a l l i t e s a r e s m a l l compared t o t h e s i z e o f a 

f u l l y - e x t e n d e d polymer c h a i n , but they a r e a l s o found t o 

be independent o f t h e molar mass and r a r e l y exceed 1 t o 

100 nm. As a r e s u l t , v a r i o u s p o r t i o n s o f one c h a i n may 

become i n c o r p o r a t e d i n more than one c r y s t a l l i t e d u r i n g 

g r o w t h , t h e r e b y i m p o s i n g a s t r a i n on t h e polymer which 

r e t a r d s t h e p r o c e s s o f c r y s t a l l i t e f o r m a t i o n . This w i l l 
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i n t r o d u c e i m p e r f e c t i o n s i n t h e c r y s t a l l i t e s , w h i c h 

c o n t i n u e g r o w i n g u n t i l t h e s t r a i n s imposed by s u r r o u n d i n g 

c r y s t a l l i t e s e v e n t u a l l y s t o p f u r t h e r enlargement. Thus a 

m a t r i x o f o r d e r e d r e g i o n s w i t h d i s o r d e r e d i n t e r f a c i a l 

areas i s formed. The c r y s t a l l i s a t i o n from the m e l t i s 

d e s c r i b e d r e a s o n a b l y w e l l by the solidification model 

proposed by Dettenmaier, F i s c h e r and Stamm [ 3 5 ] . The 

c r y s t a l l i s a t i o n i s b e l i e v e d t o take p l a c e by t h e 

s t r a i g h t e n i n g o f s e c t i o n s o f the polymer c o i l s f o l l o w e d by 

a l i g n m e n t o f these sequences i n r e g u l a r a r r a y s t o form t h e 

l a m e l l a r s t r u c t u r e . T h i s p r e c l u d e s the need f o r t h e 

e x t e n s i v e , l o n g - r a n g e , d i f f u s i o n of the c h a i n t h r o u g h a 

h i g h l y v i s c o u s medium t h a t would be necessary i f a r e g u l a r 

c h a i n - f o l d e d s t r u c t u r e was t o be c o n s t r u c t e d . The 

s o l i d i f i c a t i o n model shows t h a t the chains can be 

i n c o r p o r a t e d i n t o t h e b a s i c l a m e l l a r form w i t h t h e minimum 

amount o f movement and t h a t t h e r e w i l l be e x t e n s i v e 

meandering o f chains between the l a m e l l a e , thus f o r m i n g 

t h e i n t e r f a c i a l amorphous r e g i o n s . Examination o f t h i n 

s e c t i o n s o f s e m i c r y s t a l l i n e polymers r e v e a l s t h a t t h e 

c r y s t a l l i t e s themselves a r e not arranged randomly, but 

f o r m r e g u l a r b i r e f r i n g e n t s t r u c t u r e s w i t h c i r c u l a r 

symmetry. These s t r u c t u r e s , which e x h i b i t a c h a r a c t e r i s t i c 

M a l t e s e - c r o s s o p t i c a l e x t i n c t i o n p a t t e r n , are c a l l e d 

spherulites. A s t u d y o f t h e f i n e s t r u c t u r e of a s p h e r u l i t e 

shows t h a t i t i s b u i l t up o f f i b r o u s s u b - u n i t s . Growth 

t a k e s p l a c e by f o r m a t i o n o f f i b r i l s which spread outwards 

f r o m t h e n u c l e u s i n bundles, i n t o the s u r r o u n d i n g 

amorphous phase. A l t h o u g h t h e f i b r i l s a re a r r a n g e d 

r a d i a l l y , t h e m o l e c u l a r c h a i n l i e s a t r i g h t angles t o t h e 
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f i b r i l a x i s . This l e d t o the suggestion t h a t the f i n e 

s t r u c t u r e i s c r e a t e d from a s e r i e s o f l a m e l l a r c r y s t a l s 

w i n d i n g h e l i c a l l y a l o n g t h e s p h e r u l i t e r a d i u s . I n between 

t h e branches o f t h e f i b r i l s a re amorphous areas and these, 

a l o n g w i t h t h e amorphous i n t e r f a c i a l r e g i o n s between t h e 

la m i e l l a e , make up t h e d i s o r d e r e d c o n t e n t o f the 

s e m i c r y s t a l l i n e polymer. This model i s i l l u s t r a t e d i n 

f i g u r e 5.31. 

Spherulite 

Crystalline polymer 

Spherulite 
surface 

Amorphous polymer 

Figure 5.31 Model of a spherulite grown from the melt 

5.5.3 Experimental NMR-Technique to Determine the Domain 
S i z e s i n NYRIM 

I n g e n e r a l , s p i n - d i f f u s i o n experiments r e q u i r e t h e 

s e l e c t i o n o f m a g n e t i s a t i o n i n one o f the c o n s t i t u e n t s o f 

th e system under i n v e s t i g a t i o n . The d i f f e r e n c e s o f t h e 

t r a n s v e r s a l r e l a x a t i o n times (Tj) [19,20,23] were 

t h e r e f o r e used f o r t h i s purpose. Since these are due t o 

d i f f e r e n c e s i n m o b i l i t y o f t h e components, they can be 

s m a l l f o r blends mixed on a mo l e c u l a r s c a l e . This s p e c i a l 

case was d e a l t w i t h by Schmidt-Rohr [36] u s i n g a chemical 



216 

s h i f t f i l t e r . T h i s t e c h n i q u e needs, however, a t l e a s t one 

s e p a r a t e d l i n e o f one of the components f o r the s e l e c t i o n 

o f t h e m a g n e t i s a t i o n and one se p a r a t e d l i n e o f the o t h e r 

component f o r t h e e v a l u a t i o n o f i n t e r - d o m a i n s p i n -

d i f f u s i o n . However, NYRIM f o r t u n a t e l y c o n s i s t s o f two 

r e g i o n s , i n terms o f r i g i d and mo b i l e , w i t h a s i g n i f i c a n t 

d i f f e r e n c e i n s p i n - s p i n r e l a x a t i o n t i m e s . 

A n o t h e r p r o b l e m i s the choice o f how t o r e c o r d the d a t a -

p o i n t s . I n p r i n c i p l e t h e r e are two p o s s i b i l i t i e s : 

1. d i r e c t o b s e r v a t i o n o f the p r o t o n m a g n e t i s a t i o n 

2. i n d i r e c t o b s e r v a t i o n by p e r f o r m i n g a CP/MAS experiment 

i n w h i c h t h e p r o t o n m a g n e t i s a t i o n i s t r a n s f e r r e d t o "̂'̂C-

s p i n s and t h e i r s i g n a l i s recorded 

B o th methods have t h e i r advantages and disadvantages. A 

d i r e c t d e t e c t i o n o f t h e p r o t o n s i g n a l i s o f t e n d i f f i c u l t 

because o f t h e homonuclear d i p o l a r broadening o f the 

spectrum. On t h e o t h e r hand, t he p r o t o n spectrum i s v e r y 

q u i c k l y a v a i l a b l e , so t h a t time-consuming CP/MAS 

t e c h n i q u e s a r e avoided. However, u s i n g i^C-spins as a 

probe f o r t h e p r o t o n m a g n e t i s a t i o n i n a CP/MAS-variant 

t a k e s advantage o f t h e l a r g e r s c a l e o f the '^^C- w i t h 

r e s p e c t t o t h e ̂ H-chemical s h i f t d i f f e r e n c e s . This s t u d y 

w i l l be r e s t r i c t e d t o t h e f i r s t t e c h n i q u e , the d i r e c t 

d e t e c t i o n o f t h e p r o t o n m a g n e t i s a t i o n . 

I n s t e a d o f o b t a i n i n g the time-dependence o f the p r o t o n 

m a g n e t i s a t i o n f r o m t h e spectrum, t h e f r e e - i n d u c t i o n decay 

(FID) i s used f o r t h a t purpose. NYRIM has two 

c o n s t i t u e n t s , t h e r i g i d polyamide, b u i l t from amorphous 
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and c r y s t a l l i n e p olyamide which have the same , and the 
m o b i l e p o l y e t h e r . Van V l e c k [37] f i r s t mentioned t h a t the 
FID o f c r y s t a l l i n e m a t e r i a l can be d e s c r i b e d by a k i n d of 
Gaussian f u n c t i o n . Abragam [19] discussed t h i s m a t t e r i n 
more d e t a i l and found t h a t the FID of a mobile m a t e r i a l i s 
b e t t e r d e s c r i b e d by a E x p o n e n t i a l f u n c t i o n . For polymers 
e s p e c i a l l y , m o b i l e means t h a t the g l a s s - t r a n s i t i o n 
t e m p e r a t u r e Tg must be much s m a l l e r than the temperature T 

a t w h i c h t h e measurement i s c a r r i e d o u t . To prove i f these 

models a p p l y t o t h e NYRIM system a simple 60 MHz ^H-FID 

has been r e c o r d e d and analysed f o r the block-copolymers 

w i t h known c o m p o s i t i o n . The data a c q u i s i t i o n has been 

c a r r i e d out on t h e WRAC. The a c q u i s i t i o n time was 0.512 ws 

and c o n t a i n e d 512 d a t a - p o i n t s w i t h a d w e l l time o f 1 | i s . 

The r e c y c l e d e l a y i s r e l a t e d t o the a p p r o p r i a t e of the 

m a t e r i a l under i n v e s t i g a t i o n . The r e s u l t s of these 

e x p e r i m e n t s a r e summarised i n f i g u r e s 5.32 t o 5.37 and 

t a b l e 5.7. The a n a l y t i c a l f u n c t i o n s used t o f i t t h e FID 

were 

M{t) = a exp s i n bt 
bt 

(5.15) 

( r e f e r r e d t o as an Abragamian Function) 
and 

M(t) = a exp (5.16) 

( r e f e r r e d t o as a E x p o n e n t i a l Function) 

were a : p o p u l a t i o n a t t i m e t=0 

M ( t ) : m a g n e t i s a t i o n a t t i m e t 

T2 : t i m e - c o n s t a n t o f the f r e e - i n d u c t i o n decay 

b : parameter i n frequency u n i t s 
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0.25 
time / ms 

F i g u r e 5.32 ^H-FID of nylon-6 ( s t a t i c , 60 MHz) 

0.5 

0.5 0 0.25 
time / ms 

F i g u r e 5.3 3 ^H-FID of i\ylon-6 + 10% prepolymer ( s t a t i c , 60 MHz) 

0.25 
time / ma 

0.5 

F i g u r e 5.34 ^H-FID of iiylon-6 + 20% prGpolymer ( s t a t i c , 60 MHz) 
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0-25 0.5 
time / ms 

F i g u r e 5.3 5 ^H-FID of nylon-6 + 30% prepolymer ( s t a t i c , 60 MHz) 

0.25 
time / ms 

0 . 5 

F i g u r e 5.36 ^H-FID of nylon-6 + 40% prepolymer ( s t a t i c , 60 MHz) 

0.25 
time / nis 

0 . 5 

F i g u r e 5.37 H-FID of nylon-6 + 50% prepolymer ( s t a t i c , 60 MHz) 
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Composition Function POP / % T2 /\is b/s- i 
Nylon-6 Abragamian 95.0 18.0 21000 

Exponential 5.0 66.0 

NBCIO Abragamian 90.8 18.2 20000 

Exponential 9.2 246.9 

NBC15 Abragamian 84.6 17.4 18300 

Exponential 15.4 217.0 

NBC20 Abragamian 78.4 18.1 19600 

Exponential 21.6 358.0 

NBC25 Abragamian 73.6 18.0 19600 

Exponential 26.4 340.8 

NBC30 Abragamian 62.7 19.3 21000 

Exponential 37.3 356.0 

NBC40 Abragamian 55.8 14.3 19600 

Exponential 44.2 310.9 

NBC50 Abragamian 46.5 19.4 21400 

Exponential 53.5 349.6 

Table 5.9 DetGnnination of the composition by line-shape a n a l y s i s of 

the 1h - f r e e - i n d u c t i o n decay 

A l t h o u g h t h e p h y s i c a l meaning o f b (and consequently t h e 

Abragamian f u n c t i o n ) i s n ot f u l l y u n derstood, i t d e s c r i b e s 

t h e l i n e - s h a p e o f a s t r o n g l y d i p o l a r - c o u p l e d system much 

b e t t e r t h e n a pure g a u s s i a n f u n c t i o n . The l i t t l e bump seen 

i n t h e n y l o n - 6 FID most l i k e l y a r i s e s from s t r o n g d i p o l a r 

c o u p l i n g e f f e c t s w h i c h a re more pronounced i n h i g h l y 

o r d e r e d systems b u t s t i l l v i s i b l e i n l e s s o r d e r e d ones. 

Such k i n d o f o b s e r v a t i o n s were a l r e a d y mentioned by 

Abragam [ 1 9 ] . The r e s u l t s i n t a b l e 5 . 9 are i n a remarkably 

good agreement w i t h t h e c o m p o s i t i o n o f the b l o c k -

copolymer. The d e v i a t i o n s a re b e l i e v e d t o be due t o 
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i n c o m p l e t e r e a c t i o n and e r r o r s i n b a l a n c i n g t he adducts 

f o r t h e p o l y m e r i s a t i o n . The time c o n s t a n t s of the 

a n a l y t i c a l f i t show a f a i r l y c o nstant behaviour throughout 

t h e c o m p o s i t i o n range. T h i s i n d i c a t e s t h e s t a b i l i t y o f the 

t e c h n i q u e , b u t i t a l s o c o n f i r m s t h a t w i t h i n the range o f 

c o m p o s i t i o n under i n v e s t i g a t i o n , t h e system i s 

heterogeneous and phase-separated. 

Two o t h e r experiments were c a r r i e d out t o check i f the 

assignment o f t h e l i n e - s h a p e t o the d i f f e r e n t phases i s 

c o r r e c t . F i r s t l y a s o - c a l l e d CP/MAS del a y e d - c o n t a c t 

e x p e r i m e n t was implemented on t h e Bruker CXP200 

s p e c t r o m e t e r . I t c o n t a i n s t h e normal CP pu l s e sequence, 

b u t a f t e r t h e 90°-pulse on the p r o t o n channel a v a r i a b l e 

d e l a y t i m e x̂ ^ was i n t r o d u c e d i n o r d e r t o dephase the 

p r o t o n m a g n e t i s a t i o n w i t h t h e s h o r t e r r e l a x a t i o n t i m e 

c o n s t a n t (see f i g u r e 5 . 3 8 ) . The de l a y times were v a r i e d 

f r o m 1 |j.s t o 20 | i s . A f t e r t h e d e l a y - t i m e t he re m a i n i n g 

p r o t o n m a g n e t i s a t i o n i s c r o s s - p o l a r i s e d t o the carbon-

s p i n s and t h e ̂ ^^-spectrum was recorded. The r e s u l t i n g ^̂ C-

spectrum ( f i g u r e 5.3 9 and 5.40) d i r e c t l y shows t h a t the 

p o l y e t h e r p a r t o f t h e block-ccpolymer i s h a r d l y a f f e c t e d 

by t h e d e l a y t i m e and t h e r e f o r e has the l o n g e r r e l a x a t i o n 

t i m e . 

Hence, t h e assignment t h a t was made b e f o r e i s c o n s i d e r e d 

t o be c o r r e c t . I t a l s o shows t h a t t h e r e l a x a t i o n behaviour 

i s t h e same f o r b o t h t h e c r y s t a l l i n e and the amorphous 

p a r t o f polyamide-6, because the s i g n a l s o f b o t h p a r t s are 

v a n i s h i n g a t t h e same r a t e . (Note t h a t f i g u r e s 5.3 9 and 

5.40 have been p r e s e n t e d by the aut h o r f o r h i s diploma 

d e g r e e ) . 
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90 X 

^d 
CP DD 

13, A c q u i s i t i o n 

P i g . 5.38 CP/MAS v a r i a b l e - d e l a y p u l s e sequence 

A n o t h e r , more-advanced t e c h n i q u e uses a 2D-CP/MAS 

ex p e r i m e n t t o a s s i g n t h e p r o t o n l i n e - s h a p e t o the 

d i f f e r e n t c o n s t i t u e n t s i n NYRIM. The experiment i s c a l l e d 

WISE ( W I d e l i n e SEparation) and was i n t r o d u c e d by Schmidt-

Rohr and Spiess [38] . I t a l l o w s t h e c o r r e l a t i o n o f 

m o b i l i t y and s t r u c t u r e i n o r g a n i c s o l i d s . D i f f e r e n c e s o f 

m o l e c u l a r dynamics a r e probed by w i d e l i n e shapes, which 

a r e s e p a r a t e d i n t h e second dimension by '̂̂C chemical 

s h i f t s . The p u l s e sequence and p r i n c i p l e o f the WISE 

ex p e r i m e n t i s d i s p l a y e d i n f i g u r e 5.41. I t s t a r t s w i t h a 

90° p u l s e on t h e p r o t o n s , f o l l o w e d by an incremented 

p r o t o n e v o l u t i o n p e r i o d . The r e m a i n i n g m a g n e t i s a t i o n o f 

t h e p r o t o n s a f t e r t h e e v o l u t i o n p e r i o d i s the n t r a n s f e r r e d 
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I 1 
i 

1 

F i g u r e 5.39 13C-CP/MAS v a r i a b l e - d e l a y spectrum of quenched nylon-6 • 

2 0% prepolymer 



224 

I 

I 

1̂. 
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14 

13 

F i g u r e 5.40 13C-CP/MAS v a r i a b l e delay spectr-um of nylon-6 + 40% 

prepolymer 
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t o t h e carbon s p i n s by means of Hartmann-Hahn cro s s -

p o l a r i s a t i o n , and i s f i n a l l y probed i n the £3 domain of 

t h e e x p e r i m e n t . 

For each o f t h e r e s o l v e d s i g n a l s , corresponding t o 

c e r t a i n m o l e c u l a r m o i e t i e s , t h e m o l e c u l a r m o b i l i t y i s 

c h a r a c t e r i s e d by t h e l i n e - s h a p e p a r a l l e l t o the ^H-axis. 

The narrow l i n e s i n d i c a t e h i g h segmental m o b i l i t y , whereas 

t h e b r o a d l i n e s p o i n t t o low segmental m o b i l i t y . To 

i l l u s t r a t e t h e t e c h n i q u e , f i g u r e 5.42 d i s p l a y s a WISE 

spectrum f o r NBC50. At room temperature, pure nylon-6 i s 

below i t s g l a s s - t r a n s i t i o n temperature Tg. This i s 

r e f l e c t e d i n t h e wide l i n e s i n t h e dimension, 

c o r r e s p o n d i n g t o a f a s t decay of t h e amp l i t u d e -

m o d u l a t i o n o f t h e c o r r e s p o n d i n g •̂'C l i n e s . I n c o n t r a s t , 

PPO i s about 80 K above i t s Tg and t h e r e f o r e h i g h l y 

m o b i l e . T h i s i s r e f l e c t e d i n the s m a l l l i n e w i d t h o f 

t h e PPO resonances ( f o r t h e chemical s h i f t assignment, 

r e f e r t o c h a p t e r 4 ) , which i s e q u i v a l e n t t o a slow decay 

of t h e s e signal-components w i t h i n c r e a s i n g t j ^ . To probe 

t h e r e l a t i v e s p a t i a l p o s i t i o n o f components w i t h d i f f e r e n t 

m o b i l i t i e s , s p i n - d i f f u s i o n can be i n t r o d u c e d i n t o t h e 

e x p e r i m e n t . For t h i s purpose, t h e m a g n e t i s a t i o n 

r e m a i n i n g a f t e r t h e e v o l u t i o n p e r i o d i s f l i p p e d t o the z-

a x i s f o r t h e subsequent m i x i n g p e r i o d o f d u r a t i o n t -

( f i g u r e 5.43). I f r e g i o n s w i t h d i f f e r e n t m o b i l i t i e s are 

s u f f i c i e n t l y c l o s e i n space they exchange ^//-magnetisation 

by s p i n - d i f f u s i o n d u r i n g the m i x i n g p e r i o d . This r e s u l t s 

i n a t r a n s f e r o f m o d u l a t i o n between slow and f a s t 

d e c a y i n g components, e q u i v a l e n t t o a t r a n s f e r o f 
l i n e - s h a p e i n t h e frequency domain. This i s best 
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b) 
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Pisrure 5.41 WISB pulse-se<iuence 

a) without s p i n - d i f f u s i o n 

b) w i t h s p i n - d i f f u s i o n 

u n d e r s t o o d i n t h e l i m i t o f complete s p a t i a l e q u i l i b r i u m o f 

m a g n e t i s a t i o n d u r i n g very l o n g m i x i n g t i m e s . Then a l l 
13 C s i g n a l s are modulated by the same "H decay. 



227 

Hence, t h e y e x h i b i t t h e same 'H l i n e - s h a p e along (o. . Thus, 
t h e b r o a d s i g n a l s o f t h e r i g i d nylon-6 i n the absence o f 
s p i n - d i f f u s i o n (see f i g u r e 5.42) a c q u i r e , through t h e 
s p i n - d i f f u s i o n , narrow ^ff peak c o n t r i b u t i o n s of the mobile 
PPO segments as seen i n f i g u r e 5.43. Figures 5.42 and 5.43 
c o n f i r m t h e p r e v i o u s r e s u l t t h a t t h e br o a d - s i g n a l ( s h o r t 
r e l a x a t i o n t i m e ) c o r r e l a t e s w i t h t h e polyamide carbons, 
whereas t h e narrow s i g n a l s c o r r e l a t e t o the p o l y e t h e r 
s i g n a l s . 

22 ms 
4.5 
1 s 
3 ms 
20000 Hz 
500000 Hz 

no mixing time 
NT: 64 0 
SF: 4790 

AQ: 
Dl : 
DO: 
D5: 
SWl 
SW2 

0 / PP= 
H 

1667 

1667 

n j . i i i h i M i i i i i | , , . M w i i | . i i U i i i i | i i i i j u i i | i i i i i i i n { n n ! J i i { i i ; i i i i i : i ; ; : i ; ; 7 

130 leO 140 120 100 80 60 40 eO 

F i g u r e 5.42 WISE-experiinent of Nylon-6 + 50\ Prepolyaer with no 

mixing tima ( p u l s e s e q u e n c e f i g u r e 5.41a) 



22 ms 
4 . 5 s 
1 s 
3 ms 
20000 Hz 
500000 Hz 

mixing time: 20 ms 
NT: 64 0 
SE: 4790 

AQ: 
Dl : 
DO: 
D5: 
SWl 
SW2 

1667 

1667 

180 160 l i o 120 100 ab 50 40 20 

? l g u r o 5.43 WISZ-axperlment of Nylon-6 + 50% Prepolyaer with 20 ma 

mixing tima (pulso aaquanca figure 5.41b) 

The advantage o f t h i s technique i s t h a t i t dees not need 

any model t o q u a l i t a t i v e l y e.xplain the r e s u l t s but i n s t e a d 

a d i r e c t i n t e r p r e t a t i o n of t h e spectr'om i s p o s s i b l e . 

A d d i t i o n a l l y f i g u r e 5.43 shows t h a t s c i n - i i f f u s i o n i s 

e f f e c t i v e between the polyamide and the p o l y e t h e r s i t e s . 
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5.5.4 Data-modelling of the Goldman-Shen Experiment 

A Goldman-Shen experiment has been c a r r i e d out t o o b t a i n 

t h e time-dependence o f t h e m a g n e t i s a t i o n d u r i n g the m i x i n g 

t i m e . The a p p r o p r i a t e dephasing time, which s e l e c t s the 

m a g n e t i s a t i o n o f t h e p o l y e t h e r - a t t a c h e d p r o t o n s , was 

o b t a i n e d f r o m a s e p a r a t e experiment, i n which a f t e r t h e 

90°-pulse a dephasing t i m e was i n t r o d u c e d b e f o r e r e c o r d i n g 

t h e FID. T h i s experiment showed t h a t a 50 [is dephasing 

t i m e i s s u f f i c i e n t t o dephase a l l the m a g n e t i s a t i o n of the 

p o l y a m i d e p r o t o n s . For t h e Goldman-Shen experiment, m i x i n g 

t i m e s between 0 s and 0.5 s were used, i n the f i r s t 100 [is 

more d a t a - p o i n t s were recorded because i n t h a t t i m e -

i n t e r v a l t h e experiment i s governed by t h e s p i n - d i f f u s i o n 

p r o c e s s , w h i l e a t l o n g e r m i x i n g times s p i n - r e l a x a t i o n 

d e t e r m i n e s t h e time-dependence of the m a g n e t i s a t i o n . The 

a c q u i s i t i o n t i m e was chosen t o be 0.512 ms, represented by 

512 p o i n t s w i t h a d w e l l time of 1 | i s . The s p i n - d i f f u s i o n 

c o e f f i c i e n t s were e s t i m a t e d by a technique i n t r o d u c e d by 

G e r s t e i n and co-workers [3 0 , 3 9 ] . I t uses the f a c t t h a t i n 

a r e g u l a r l a t t i c e , w i t h l a t t i c e constant a, t h e s p i n -

d i f f u s i o n due t o d i p o l a r s p i n - f l i p s i s g i v e n by: 

D = Q.Ua'-^ (5.7) 

where M. i s t h e second moment of the NMR l i n e - s h a p e . For 

b o t h Gaussian and E x p o n e n t i a l decay (̂ '•̂ 2)''''' = • The 

d o m a i n - s i z e s o b t a i n e d from t h e Goldman-Shen experiment 

w i l l be compared w i t h those d e r i v e d from s m a l l - a n c l e X-ray 

s c a t t e r i n g . The experiment has been c a r r i e d out f o r the 

15%, 20%, 25%, 30%, 40% and 50% m a t e r i a l . To compare t h e 

domain s i z e s o b t a i n e d from SAXS and s p i n - d i f f u s i o n a l 
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measurements, i t i s i m p o r t a n t t o a p p l y a model f o r b o t h 

t e c h n i q u e s w h i c h a l l o w s a comparison o f t h e r e s u l t s . At 

t h i s p o i n t some assumptions concerning t h e morphology have 

t o be made. The NBC systems form r e g u l a r b i r e f r i n g e n t 

s t r u c t u r e s w i t h c i r c u l a r symmetry, so c a l l e d s p h e r u l i t e s , 

w h i c h grow r a d i a l l y from the nucle u s , t h e r e f o r e they 

comprise o f c h a i n f o l d e d l a m e l l a e [40] (see a l s o f i g u r e 

5.31 m a g n i f i e d s e c t i o n ) . However, NBC c o n s i s t s of t h r e e 

d i f f e r e n t domains. For thermodynamical reasons i t i s 

s e n s i b l e t o assume t h a t amorphous nylon-6 i s a d j o i n i n g t h e 

amorphous PPO. For t h e reasons disc u s s e d above a l a m e l l a r 

morphology has been used t o model t h e e x p e r i m e n t a l data. 

The m o r p h o l o g i c a l model i s sketched i n f i g u r e 5.44. I t 

ta k e s i n t o account t h a t nylon-6 e x i s t s i n a c r y s t a l l i n e 

and amorphous f o r m and t h a t amorphous PPO i s n e i g h b o u r i n g 

t h e amorphous n y l o n - 6 . The d i s t a n c e w h i c h SAXS measures i s 

t h e most p r o b a b l e d i s t a n c e between t h e c e n t r e s o f two 

a d j a c e n t c r y s t a l s . Note t h a t f o r t h i s model t h e d i s t a n c e 

measured by SAXS counts r e g i o n two t w i c e . T h i s has t o be 

bor n i n mind when comparing w i t h t h e d i s t a n c e o b t a i n e d by 

s p i n - d i f f u s i o n measurements. The model i n v o l v e s a l t o g e t h e r 

6 parameters t o f i t , 3 f o r the s p i n - l a t t i c e r e l a x a t i o n 

t i m e s and 3 f o r t h e domain s i z e s . However, t he s p i n 

l a t t i c e r e l a x a t i o n t i m e s o f amorphous and c r y s t a l l i n e 

n y l o n - 6 were c o n s i d e r e d t o be the same. T h i s c o u l d be done 

because t h e i r i n t r i n s i c r e l a x a t i o n t i m e i s c o n s i d e r a b l y 

l o n g e r t h a n t h e one o f PPO, hence t h e i n f l u e n c e o f t h e i r 

s p i n - l a t t i c e r e l a x a t i o n i s n e g l i g i b l y s m a l l i n the 



231 

r e g i o n 1+2 : nylon-6 
r e g i o n 3 : PPO 

cr am am am cr am 

the most probable d i s t a n c e between 
the c e n t r e s of two adjacent c r y s t a l s 

Figure 5.44 NBC three-region lamellar morphology 

i n v e s t i g a t e d t i m e - i n t e r v a l . Another s i m p l i f i c a t i o n i s 

p o s s i b l e by u s i n g t h e c r y s t a l l i n i t y data o b t a i n e d by DSC 

measurements (see s e c t i o n 5.2.3). By knowing t h e 

c r y s t a l l i n i t y o f NBC and i t s c o m p o s i t i o n t h e domain s i z e 

o f amorphous nyl o n - 6 can r e a d i l y be c a l c u l a t e d from the 

one o f c r y s t a l l i n e nylon-6 and v i c e v e r s a . Another 

s i m p l i f i c a t i o n w ould be p o s s i b l e by c a l c u l a t i n g the 

l a m e l l a r w i d t h o f t h e p o l y e t h e r phase w i t h a g i v e n one o f 

t h e n y l o n - 6 phase. T h i s i s p o s s i b l e i n t h e o r y because of 

t h e known c o m p o s i t i o n o f t h e b l o c k copolymer. However, i t 

has p r o v e d t o be v e r y d i f f i c u l t t o model t h e e x p e r i m e n t a l 

d a t a by t h i s s i m p l i f i c a t i o n , because t h e l e a s t - s q u a r e s 

c o mputing r o u t i n e a b o r t e d i n p h y s i c a l l y meaningless 

r e s u l t s . The s p i n - d i f f u s i o n a l behaviour may now be 

d e s c r i b e d by 4 parameters (assuming the s p i n - d i f f u s i o n 

c o e f f i c i e n t i s c o n s t a n t ) . 
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The a c t u a l d a t a - m o d e l l i n g i s sketched i n a flow-diagram 

( F i g . 5.45). A f t e r t h e program has read i n the parameters, 

i t m i n i m i s e s t h e squared r e s i d u a l s between t h e 

e x p e r i m e n t a l d a t a - p o i n t s and the m o d e l l e d data by v a r y i n g 

t h e r e l a x a t i o n t i mes and t h e domain-sizes. The 

e x p e r i m e n t a l and t h e modelled d a t a - p o i n t s f o r v a r i o u s NBC 

c o m p o s i t i o n s a r e d e p i c t e d i n f i g u r e s 5.46 t o 5.51. The 

p l o t s r e p r e s e n t t h e m a g n e t i s a t i o n time-dependence i n a 

s i m p l e Goldman-Shen experiment w i t h o u t phase a l t e r n a t i o n 

o f t h e p o l y e t h e r p r o t o n s as a f u n c t i o n o f m i x i n g - t i m e . I n 

t a b l e 5.8 t h e r e s u l t s from t h e d a t a m o d e l l i n g are 

summarised. For m i x i n g times up t o 0,3 s t h e modelled and 

e x p e r i m e n t a l d a t a a r e i n good agreement, b u t w i t h l o n g e r 

m i x i n g t i m e s t h e m o d e l l e d m a g n e t i s a t i o n i s r e l a x i n g f a s t e r 

t h a n t h e e x p e r i m e n t a l . 

1 prepolymer 
/% 

L(PPO) 
Ik 

L(nylon{am)) 
Ik 

L(nylon{cr)) 
Ik 

Ti(PPO) 
/s 1\ (nylon) 

/s 
15 21 31 51 0.05 2.6 
20 26 32 52 0.07 3.6 
25 29 22 40 0.09 1.2 
30 29 21 21 0.11 4.3 
40 31 17 19 0.09 2.0 
50 37 15 17 0.12 2.1 

T a b l a 5.8 Domain-sizaa and i n t r i n s i c T l ' s obtained from the Goldman-

Shen experiment f o r v a r i o u s compositions 
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data i n p u t 

( r i g i d ) 
( m o b i l e ) 

L ( m o b i l e ) 
number o f daca p o i n t s 

e x p e r i m e n t a l d a t a 

s p i n - d i f f u s i o n s i m u l a t i o n 

s e t t i n g up v e r t i c e s f o r parameter 

^ ( V. ( j ) - y . ( ] ) 

r e s u l t 

SIMPLEX l e a s t - s q u a r e s f i t 

s p i n - d i f f u s i o n s i m u l a t i o n 

^ (V. ( ] ) - y . ( j ) ) ^ 

o p t i m i s e s parameter 

F i g u r e 5.4 5 Plow diagreun of the Goldman-Shen data-modelling program 

GOLD.P 

T h i s i s p a r t i c u l a r l y seen i n f i g u r e s 5.50 and 5.51 which 

r e p r e s e n t t h e m a g n e t i s a t i o n o f NBC40 and NBC50. 

An o t h e r i n t e r e s t i n g o b s e r v a t i o n should be p o i n t e d o u t . 

The measured s p i n - l a t t i c e r e l a x a t i o n r a t e of t h e p r o t o n s 

i s t h e sum of t h e weighted-average i n t r i n s i c r e l a x a t i o n 

r a t e s f o r each domain [ 4 1 ] : 
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Fig. 5.46 Spln-dlffusJoo data modelling for NBC 15 (three-region model) 
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Fig. 5.47 Spin-diffusion data moddling for NBC20 (three-region model) 
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Fig. 5.48 Spin-dirruslon data modelling for NBC25 (three-region model) 
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Figure 5.49 Spin-dimisJon data modelling for NBC30 (three-region model) 
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Figure 5.50 Spln-dlfflidon data modelling for NBC40 (three-region model) 
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Figure 5.51 Spin-diffusion data modelling for NBC50 (Ihree-reglon model) 
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(observed) 
(5.8) 

where /̂̂  i s t h e f r a c t i o n o f domain i 

T^^^ i s t h e i n t r i n s i c r e l a x a t i o n r a t e i n domain i 

An i n v e r s i o n - r e c o v e r y experiment (see ch a p t e r 6) has been 

c a r r i e d o u t t o check i f t h e weighted-average i n t r i n s i c 

r e l a x a t i o n t i m e s o b t a i n e d from t h e Goldman-Shen experiment 

a r e e q u a l t o those measured by t h e i n v e r s i o n - r e c o v e r y 

method. Table 5.9 r e p r e s e n t s t he e x p e r i m e n t a l w e i g h t e d -

average TL"-^-values and t h e weighted-average Tf'^ c a l c u l a t e d 

f r o m t h e i n t r i n s i c T̂"-̂  o b t a i n e d from t h e s p i n - d i f f u s i o n 

measurement. 

prepolymer 
/% / s"' (experimental) /s"' (Goldman-Shen) 
15 3.52 3.33 
20 3.76 3.08 
25 3.94 3.40 
30 4.29 2.89 
40 4.93 4.74 
50 5.41 4.40 

Tabl« 5 . 9 W«ight«d-av«rag« •xperimental and i n t r i n s i c proton T̂ "̂  data, 

th« l a t t a r from th« s p i n - d i f f u s i o n measurement (three-region l a m e l l a r 

model) 

The a n a l y s i s o f t h e s p i n - d i f f u s i o n experiment g i v e s v a l u e s 

d i f f e r e n t f r o m t h e -measurement. A p p a r e n t l y t he modelled 

w e i g h t e d - a v e r a g e d r e l a x a t i o n r a t e s a r e s m a l l e r t h a n t h e 

e x p e r i m e n t a l ones a l t h o u g h t h e p l o t s r e v e a l a d i f f e r e n t 

p i c t u r e . As i l l u s t r a t e d i n t a b l e 5.8 the i n t r i n s i c 
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r e l a x a t i o n t i m e o f PPO i s about 2 magnitudes s m a l l e r than 

t h e one o f n y l o n - 6 . As a r e s u l t , t h e r e l a x a t i o n time 

b e h a v i o u r o f t h e b l o c k copolymer i s almost e n t i r e l y 

d ominated by t h e r e l a x a t i o n p r o p e r t i e s o f t h e PPO p r o t o n s . 

However, b e f o r e g o i n g i n t o a d e t a i l e d d i s c u s s i o n the o t h e r 

p arameter, t h e l a m e l l a r w i d t h , needs t o be discussed. 

5.5.5 Comparison of NMR and SAXS-Results 

The most p r o b a b l e d i s t a n c e between t h e c e n t r e s o f two 

a d j a c e n t c r y s t a l s , , o b t a i n e d by SAXS and t h e sum o f t h e 

d i s t a n c e between t h e mobile ( p o l y e t h e r ) and the r i g i d 

(amorphous and c r y s t a l l i n e polyamide) domains from s o l i d -

s t a t e NMR s h o u l d r o u g h l y g i v e the same answer. Note t h a t 

r e g i o n 2 (amorphous nylon-6) has t o be counted t w i c e 

because o f t h e u t i l i s e d model. I n t a b l e s 5.11a and 5.11b 

t h e r e s u l t s o f t h e NMR- and the X-ray d a t a are summarised: 

NMR SAXS 
prepolymer 

/ % 

L(PPO) 

Ik 
L(nylon{am}) 

Ik 
L(nyIon{cr}) 

Ik 
amorphous 

Ik 
crystalline 

Ik 
15 21 31 51 66 24 
20 26 32 . 52 69 26 
25 29 22 40 _ 

30 29 21 21 87 31 
40 31 17 19 85 31 
50 37 15 17 83 37 

T a b l a 5.11a L a m e l l a r width from SAXS and s o l i d - s t a t e NMR for va r i o u s 

compositions of NYRIM ( r e s u l t s for each region) 
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NMR SAXS 
Prepolymer/% Distance / A L/A 

15 134 80 100 90 
20 142 84 105 95 
25 113 . _ 

30 92 100 135 118 
40 84 112 130 116 
50 84 110 130 120 

Table 5.11b L a m e l l a r width from SAXS and s o l i d - s t a t e NMR f o r v a r i o u s 

compositions of NYRIM ( r e s u l t s represent the f u l l width repeat 

d i s t a n c e (NMR) and the most probable d i s t a n c e between the c e n t r e s of 

two a d j a c e n t c r y s t a l s (SAXS) 

The NMR and X-ray d a t a a r e g e n e r a l l y comparable i n t h a t 

t h e y a r e o f t h e same o r d e r of magnitude. However, t h e 

l a m e l l a r w i d t h s o b t a i n e d by SAXS show a d i s c r e t e i n c r e a s e 

between 20% and 30% p o l y e t h e r c o n c e n t r a t i o n , whereas t h e 

w i d t h s o b t a i n e d by s p i n - d i f f u s i o n a l measurements r e v e a l a 

d i s c r e t e decrease. Now the c r u c i a l q u e s t i o n a r i s e s as t o 

why t h e two t e c h n i q u e s experiences an o p p o s i t e t r e n d i n 

the l a m e l l a r w i d t h by v a r y i n g t he c o m p o s i t i o n . 

F i r s t l y , i t i s i m p o r t a n t t o note t h a t b o t h t e c h n i q u e s 

i d e n t i f y a s t r u c t u r a l change between 20% and 30% p o l y e t h e r 

c o n c e n t r a t i o n . C o n s i d e r i n g t h e c r y s t a l l i n i t y drop o b t a i n e d 

by DSC measurements i t i s reasonable t o assume t h a t t h e 

change i n l a m e l l a r w i d t h has i t s o r i g i n i n the d i f f e r e n t 

s t r u c t u r a l forms, i . e . a - c r y s t a l l i n e and amorphous n y l o n -

6. SAXS and DSC measurements suggest t h a t amorphous n y l o n -

6 i s l e s s e f f i c i e n t l y packed i n c o n t r a s t t o t h e a-

c r y s t a l l i n e f o r m because o f the i n c r e a s e d and t h e 

l a r g e r amorphous phase. Hence amorphous nylon-6 r e q u i r e s 
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more space i n i t s domain than c r y s t a l l i n e . However, s p i n -

d i f f u s i o n a l measurements impart a d i s a g r e e i n g r e s u l t . As 

has been d i s c u s s e d i n chapter 4, o n l y a l i t t l e i s known 

about t h e amorphous phase i n nylon-6, so no a b s o l u t e 

c o n c l u s i o n can be drawn about space requirements of t h e 

two phases. 

However, a c l o s e r l o o k a t the e x p e r i m e n t a l and the 

s i m u l a t e d d a t a g i v e s r i s e t o some doubt about the accuracy 

of t h e p a r ameters o b t a i n e d by m o d e l l i n g the e x p e r i m e n t a l 

Goldman-Shen d a t a . The shape o f t h e modelled curve does 

not match t h e e x p e r i m e n t a l f u l l y . The shape of the curve 

w i t h a g i v e n morphology i s i n f l u e n c e d by t h e r e g i o n w i d t h , 

t h e s p i n - d i f f u s i o n c o e f f i c i e n t and t h e s p i n - l a t t i c e 

r e l a x a t i o n t i m e . Assuming t h a t t h e s p i n - d i f f u s i o n 

c o e f f i c i e n t i s i s o t r o p i c throughout t h e r e g i o n , the 

d i f f u s i o n o f t h e m a g n e t i s a t i o n i s o n l y i n f l u e n c e d by the 

domain s i z e , t h e r e l a x a t i o n p r o p e r t i e s and t h e morphology 

of t h e domains. Note t h a t the domain s i z e and the 

p o p u l a t i o n - w e i g h t e d average r e l a x a t i o n r a t e are i n f l u e n c e d 

by t h e r e l a t i o n I ^ / D ^ T ^ ^ . The shape of t h e time-dependent 

m a g n e t i s a t i o n c u r v e i s a l s o c o n t r o l l e d by these 

p a r a m e t e r s . E s p e c i a l l y f o r the 40 and 50% m a t e r i a l s t h e 

d e v i a t i o n s o f t h e f i t t e d and the e x p e r i m e n t a l curves are 

s i g n i f i c a n t i n t h e r e l a x a t i o n - d o m i n a t e d p a r t o f t h e 

Goldman-Shen experiment. Thus, a d e v i a t i o n of the modelled 

p a r a m e t e r f r o m t h e r e a l data i s l i k e l y . Bearing i n mind 

t h a t SAXS, DSC, DMTA and s o l i d - s t a t e NMR d e t e c t a 

s t r u c t u r a l and m o r p h o l o g i c a l t r a n s i t i o n between 20 and 30% 

p o l y e t h e r c o n c e n t r a t i o n , one can r e a d i l y understand t h a t 

t h e b l o c k copolymer i s most l i k e l y not b u i l t up by p e r f e c t 
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l a m e l l a e b u t w i t h a much more c o m p l i c a t e d morphology which 

i s n o t n e c e s s a r i l y p u r e l y l a m e l l a r , c y l i n d r i c a l o r 

s p h e r i c a l . U n f o r t u n a t e l y o n l y v e r y l i t t l e i s known about 

th e morphology i n NBC systems. The morphology and 

s t r u c t u r e o f t h e amorphous nylon-6 i s s t i l l r r r / sterious 

[44-46] . The reason i s t h e s m a l l domain s i z e o f t h e 

components. E l e c t r o n microscopy faces i t s l i m i t s w i t h such 

s m a l l domain s i z e s . A t o m i c - f o r c e microscopy i s l i m i t e d t o 

a n a l y s i s o f t h e s u r f a c e , which experiences o t h e r 

c r y s t a l l i s a t i o n p r o p e r t i e s , hence b u i l d i n g most l i k e l y 

a n o t h e r morphology f r o m t h e b u l k polymer. 

5.6 Conclusion 

The a n a l y s i s o f t h e dynamic mechanical and the t h e r m a l 

p r o p e r t i e s i n c o r r e l a t i o n w i t h t h e domain s i z e s and 

m i c r o s t r u c t u r e o f t h e p o l y e t h e r p o l y e s t e r a m i d e b l o c k 

copolymer g i v e s some i n t e r e s t i n g p r o s p e c t s o f t h e 

r e l a t i o n s h i p between s t r u c t u r e , morphology and mechanical 

p r o p e r t i e s i n t h i s b l o c k copolymer. 

Summarising t h e r e s u l t s from s o l i d - s t a t e h i g h r e s o l u t i o n 

•̂̂C NMR s p e c t r o s c o p y t h e b l o c k copolymer appears i n the a-

c r y s t a l l i n e f o r m i n a l l c o m p o s i t i o n s . Only d r a s t i c c o o l i n g 

p r o cesses such as quenching i n l i q u i d n i t r o g e n b u i l t an 

amorphous n y l o n - 6 s t r u c t u r e which can be d e t e c t e d as such 

as r e l a t i v e l y sharp resonances w i t h h i g h - r e s o l u t i o n "̂̂C 

s o l i d - s t a t e NMR. However, i n t e r p r e t a t i o n o f t h e amorphous 

n y l o n - 6 spectrum i s s t i l l u n s a t i s f a c t o r y [ 4 3 - 4 6 ] . A v e r y 

i n t e r e s t i n g p o i n t i s t h e f a c t t h a t nylon-6 i s a 

s e m i c r y s t a l l i n e polymer w i t h low c r y s t a l l i n i t y even when 
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annealed. T h i s p r o p e r t y i s r e a d i l y s p o t t e d by DSC and 

SAXS. The c r y s t a l l i n i t y was o b t a i n e d t o be 20 t o 50% 

depending on t h e c o m p o s i t i o n of the copolymer. CP/MAS ̂ '̂C 

s o l i d - s t a t e NMR shows h a r d l y any resonance of the carbons 

o f t h e amorphous domains, w h i l s t t h e quenched sample 

r e v e a l s r e l a t i v e l y sharp peaks as seen i n f i g u r e 4.3a i n 

c h a p t e r 4. However, g i v e n the knowledge t h a t t h e ^̂ C s p i n -

l a t t i c e r e l a x a t i o n t i m e s o f c r y s t a l l i n e nylon-6 are about 

30 t o 138 s [ 4 7 , 4 8 ] , a MAS s i n g l e - p u l s e s o l i d - s t a t e ^̂ C 

spectrum w i t h a 2 s r e c y c l e d e l a y s h o u l d f i l t e r out a l l 

resonances w h i c h a r i s e s from the c r y s t a l l i n e domain. 

However, as f i g u r e 4.41a i n chapter 4 shows, a l a r g e 

p r o p o r t i o n o f n y l o n - 6 resonances remain. The p a r t o f the 

ny l o n - 6 i n t h e s i n g l e - p u l s e spectrum i s now s o l e l y 

r e s o l v e d a t room t e m p e r a t u r e i n d i c a t i n g t h e r i g i d i t y o f 

t h e phase. However, as has been i l l u s t r a t e d i n s e c t i o n 

4.5.2 t h e carbon resonances o f nylon-6 i n a s i n g l e - p u l s e 

e x p e r i m e n t become narrow by i n c r e a s i n g t h e temperature t o 

100 °C and t h e y a r e n e a r l y i d e n t i c a l t o the ones of the 

amorphous phase i n t h e ̂ Ĉ CP/MAS experiment. This i s a 

v e r y i n t e r e s t i n g o b s e r v a t i o n because i t suggests two 

d i f f e r e n t k i n d s o f "amorphous" domains, a r i g i d and mobile 

one. A t h i r d phase b e s i d e t h e c r y s t a l l i n e and amorphous 

was a l r e a d y m e n t i o n e d by Powell and Mathias [ 4 9 ] . T h e i r 

i n t e r p r e t a t i o n o f t h e second amorphous phase as an 

i n t e r p h a s e i s d o u b t f u l because o f i t s l a r g e q u a n t i t y i n 

r e l a t i o n t o t h e o t h e r two phases. However, t he ^̂ C s o l i d -

s t a t e CP/MAS and s i n g l e - p u l s e s p e c t r a s t r o n g l y suggest t h e 

presence o f two n o n - c r y s t a l l i n e phases o f which one i s 

l i q u i d - l i k e m o b i l e and t h e o t h e r r i g i d . 
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The a n a l y s i s o f t h e domain-sizes by SAXS i l l u s t r a t e s 
some i n t e r e s t i n g a s p e c t s about the morphology o f t h e NYRIM 
system. 

The c r y s t a l - d o m a i n s i z e s remain c o n s t a n t w i t h i n the 

c o m p o s i t i o n range under i n v e s t i g a t i o n . A p a r t from t he 

d i s c o n t i n u i t y between t h e 20% and 30% m a t e r i a l , t h e s i z e 

of t h e amorphous domain remains c o n s t a n t f o r t h e 3 0%, 40% 

and 50% m a t e r i a l . The f i r s t maximum, L'̂ , i n t e r p r e t e d as 

th e most p r o b a b l e d i s t a n c e between two a d j a c e n t c r y s t a l s , 

c o n f i r m s t h i s d i s c o n t i n u i t y i n the domain s i z e . I t s v a l u e 

i s l a r g e r t h a n t h e L^-value. According t o Zachmann [30] 

t h i s i m p l i e s t h a t t h e r e i s a broad d i s t r i b u t i o n i n 

l a m e l l a r t h i c k n e s s e s . T h i s r e s u l t i s a l s o s u p p o r t e d by the 

s e m i - l o g a r i t h m i c p l o t o f t h e i n t e n s i t y v s. t h e d i s t a n c e o f 

c o r r e l a t i o n f u n c t i o n . Hardly any r e g u l a r l a m e l l a r 

s t r u c t u r e c o u l d be found from t h i s p l o t . T h i s i s not a 

v e r y s u r p r i s i n g r e s u l t because the r e a c t i o n temperature 

was 140 °C, much below t h e m e l t i n g p o i n t o f the b l o c k -

copolymer, w h i c h r e s u l t s i n r a p i d unordered 

c r y s t a l l i s a t i o n o f t h e l a m e l l a e . 

The DSC r e s u l t s i l l u s t r a t e t h a t c r y s t a l l i n i t y drops 

between 25% and 30% prepolymer w e i g h t - f r a c t i o n , which 

i n d i c a t e s t h a t t h e amorphous f r a c t i o n i n t h e b l o c k 

copolymer i s p r e f e r a b l y b u i l t . These o b s e r v a t i o n s m i r r o r 

t h e m e c h a n i c a l p r o p e r t i e s o f the b l o c k copolymer. The 

f l e x u r a l modulus and t e n s i l e s t r e n g t h decrease q u i c k l y i f 

t h e c o m p o s i t i o n goes beyond 20% prepolymer. T h i s i s a v e r y 

i l l u s t r a t i v e example o f how t h e micro s t r u c t u r e i s r e l a t e d 

t o t h e m e c h a n i c a l p r o p e r t i e s of a m a t e r i a l . The drop i n 

f l e x u r a l modulus and t e n s i l e s t r e n g t h c l e a r l y s u p p o r t s t h e 
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s u g g e s t i o n t h a t t h e mobile p o l y e t h e r i s j a c k e t i n g t h e 
s t i f f e r s p h e r u l i t e s , making t h e b l o c k copolymer more 
f l e x i b l e . 

The complex morphology of NYRIM i s l i k e l y t o be 

r e s p o n s i b l e f o r t h e f a c t t h a t t h e s p i n - d i f f u s i o n a n a l y s i s 

d i s p r o v e s t h e r e s u l t s f o r the domain-sizes concerning t he 

t r e n d w i t h v a r y i n g p r o p o r t i o n s o f p o l y e t h e r . The m o d e l l i n g 

program assumes r e g u l a r l a m e l l a e o f polyamide and 

p o l y e t h e r , b u t i t does not c o n s i d e r i r r e g u l a r i t i e s . 

However, t h e d a t a - m o d e l l i n g program proves i t s c a p a b i l i t y 

o f m e asuring t h e domain-sizes f o r such complex b l o c k -

copolymers w i t h a discrepancy o f a f a c t o r two i n 

comparison t o t h e SAXS r e s u l t s . T h i s i s the f i r s t time 

t h a t such i n t e n s i v e i n v e s t i g a t i o n s have been made t o 

compare t h e s e two t e c h n i q u e s . 

The main sources o f e r r o r are t h e n o n - p e r f e c t l a m e l l a e , 

t h e unknown s t r u c t u r e and morphology o f c r y s t a l l i n e and 

amorphous n y l o n . Another p o i n t i s approximate s p i n -

d i f f u s i o n c o e f f i c i e n t , e s p e c i a l l y f o r the mobile 

p o l y e t h e r , i n which a d d i t i o n a l l y t o the d i p o l a r 

i n t e r a c t i o n c o n t r i b u t i o n m o t i o n a l e f f e c t s c o u l d i n f l u e n c e 

t h e v a l u e . F i n a l l y t h e p r o t o n s p i n - l a t t i c e r e l a x a t i o n s o f 

t h e c r y s t a l l i n e and amorphous r e g i o n i n nylon-6 are a 

source o f e r r o r . The mobile f r a c t i o n o f amorphous n y l o n , 

has a s p i n - l a t t i c e r e l a x a t i o n t i m e which i s 2 orders o f 

magnitude s m a l l e r than t h e one of t h e c r y s t a l l i n e r e g i o n . 

I t i s t e m p t i n g t o assume t h a t t h e "mobile" amorphous 

n y l o n - 6 domain has a l s o a s m a l l e r s p i n - l a t t i c e 

r e l a x a t i o n t i m e . However, i t i s n o t p o s s i b l e t o determine 

t h e i n t r i n s i c s p i n - l a t t i c e r e l a x a t i o n times o f the nylon-6 
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domains because t h e y are c o m p l e t e l y averaged by s p i n -

d i f f u s i o n a l p r ocesses. The o b s e r v a t i o n o f o n l y one T2 i n 

t h e p r o t o n f r e e - i n d u c t i o n decay i n nylon-6 makes a 

c o n c l u s i o n even more p r o b l e m a t i c . 

An i n t e r e s t i n g work f o r the f u t u r e would be t o 

i n v e s t i g a t e m o r p h o l o g i c a l l y w e l l - d e f i n e d polymers. SAXS 

and NMR d a t a c o u l d be compared w i t h o u t assumptions. I f 

m o r p h o l o g i c a l l y d i f f e r e n t specimens c o u l d be a v a i l a b l e , i t 

c o u l d be s t u d i e d whether the d a t a - m o d e l l i n g o f s p i n -

d i f f u s i o n measurements can d i s t i n g u i s h between those 

m i c r o - s t r u c t u r e s . 

5.7 Summary of Chapter 5 

I n t h i s c h a p t e r i t has been shown t h a t i t i s p o s s i b l e t o 

s i m u l a t e t h e b e h a v i o u r o f m a g n e t i s a t i o n i n a Goldman-Shen 

e x p e r i m e n t w i t h s p i n - l a t t i c e r e l a x a t i o n c o n t r i b u t i o n s 

( f i g u r e s 5.5 t o 5.7). The time-dependence o f t h e 

m a g n e t i s a t i o n can be r e p r e s e n t e d i n a d i s t i n c t manner f o r 

each r e g i o n . A c a r e f u l judgement o f e x i s t i n g s p i n - l a t t i c e 

r e l a x a t i o n t i m e m i n i m i s a t i o n techniques has been c a r r i e d 

o u t . Three e x i s t i n g t e c h n i q u e s have been a p p l i e d f o r t h i s 

p urpose. 

1. phase a l t e r n a t i o n 

2. b a c k - m u l t i p l i c a t i o n w i t h an e x p o n e n t i a l f a c t o r which 

d e s c r i b e s T j - r e l a x a t i o n 

3. a new d a t a - r e p r e s e n t a t i o n t h a t g i v e s emphasis t o t h e 

s p i n - d i f f u s i o n 
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I t has been shown t h a t , except f o r the s p e c i a l cases o f 

u n i f o r m - b e h a v i o u r and m i x i n g times much s h o r t e r than 

t h e s h o r t e s t T̂ , a l l t e c h n i q u e s f a i l t o do t h e i r j o b . The 

c r u c i a l f a c t o r i s a m u l t i - e x p o n e n t i a l s p i n - l a t t i c e 

r e l a x a t i o n b e h a v i o u r o f the heterogeneous system, which 

f o r b i d s a s e p a r a t i o n o f s p i n - l a t t i c e r e l a x a t i o n and s p i n -

d i f f u s i o n . The e x p e r i m e n t a l d a t a - p o i n t s of the Goldman-

Shen ex p e r i m e n t were modelled w i t h the i n t r i n s i c ^ - v a l u e s 

and domain-sizes as parameters and known s p i n - d i f f u s i o n 

c o e f f i c i e n t s . The complex copolymer w i t h i n c o m p l e t e l y 

known morphology i s t h e main reason as t o why t h e NMR 

r e s u l t s f o r t h e domain s i z e s do not agree e x a c t l y w i t h t h e 

SAXS r e s u l t s . B o th t e c h n i q u e s i l l u s t r a t e the change i n 

morphology between 20% and 30% prepolymer w e i g h t - f r a c t i o n . 

I t has i t s o r i g i n most l i k e l y i n a d i f f e r e n t 

c r y s t a l l i s a t i o n dynamic. The q u a l i t a t i v e r e l a t i o n s h i p s 

between t h e m e c h a n i c a l p r o p e r t i e s and t h e micro s t r u c t u r e 

were i l l u s t r a t e d by t h e dependence of the f l e x u r a l modulus 

and t e n s i l e s t r e n g t h w i t h the c r y s t a l l i n i t y and domain 

s i z e s . 

T h i s c h a p t e r e x p l a i n s by example t h a t one t e c h n i q u e 

a l o n e i s not a b l e t o d e s c r i b e a complex polymer-system 

such as NYRIM. However, u s i n g a v a r i e t y o f techniques 

enables one t o c l a s s i f y even such complex polymers. 
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C h a p t e r 6 

6. iH R e l a x a t i o n 

6.1 Intr o d u c t i o n 

P r o t o n r e l a x a t i o n parameters are v e r y i m p o r t a n t f o r t h e 

u n d e r s t a n d i n g o f s o l i d - s t a t e NMR. I t has been shown i n t h e 

p r e v i o u s c h a p t e r s t h a t p r o t o n r e l a x a t i o n i n f l u e n c e s h i g h -

r e s o l u t i o n ^̂ C CP/MAS s p e c t r a and s p i n - d i f f u s i o n 

measurements i n heterogeneous systems. 'H r e l a x a t i o n 

measurements c o n t a i n i n f o r m a t i o n about the m o l e c u l a r 

m o b i l i t y . 

I n t h i s c o n t e x t s o l i d - s t a t e NMR s t u d i e s have been 

c a r r i e d o u t i n t h e p a s t u s i n g r e l a x a t i o n measurements, 

b r e a d l i n e s p e c t r a [ 1 , 2 ] and "C CP/MAS s p e c t r a [3,4] i n an 

a t t e m p t t o c h a r a c t e r i s e v a r i o u s m a t e r i a l s . 

However, i n t h i s c h a p t e r o n l y the main i m p o r t a n t 

p a r a meters w i l l be dis c u s s e d by examples t o g a i n 

u n d e r s t a n d i n g o f t h e p r e v i o u s c h a p t e r s . 

I t i s n o t t h e purpose o f t h i s chapter t o p r e s e n t new 

te c h n i q u e s o r a t h e o r y o f s p i n - r e l a x a t i o n i n s o l i d s , but 

i t w i l l d e a l w i t h t h e most c o m p l i c a t e d case o f s p i n -

r e l a x a t i o n : s p i n - d i f f u s i o n - c o u p l e d n u c l e a r magnetic s p i n -

l a t t i c e r e l a x a t i o n i n a heterogeneous system. Some aspects 

w i l l s u p p o r t t h e concept o f p o p u l a t i o n - weighted-average 

s p i n - r e l a x a t i o n r a t e . 

A l l measurements where c a r r i e d out on t h e NYRIM system 

w i t h v a r i o u s p o l y e t h e r c o n c e n t r a t i o n s . 
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6 . 1 . 1 T h e o r y 

I n t h i s s e c t i o n a few d e f i n i t i o n s o f r e l a x a t i o n 

p a rameters w i l l be g i v e n . As mentioned i n chapter 5, the 

m a g n e t i s a t i o n govered by the dynamics o f the n u c l e a r s p i n s 

under t h e i n f l u e n c e o f r e l a x a t i o n i n a heterogeneous 

system t a k e s t h e form 

M ( r , t ) = v { D ( r ) V M ( r , t ) + i?̂ . ( r ) AM ( r , t ) } (6.1) 

D(r) : i s o t r o p i c s p i n - d i f f u s i o n c o e f f i c i e n t as a f u n c t i o n 

o f t h e s p a t i a l v a r i a b l e r 

Rjir): s p a t i a l l y dependent i s o t r o p i c r e l a x a t i o n r a t e ( j = l , 

I p , e t c . ) 

AM : AM = M^' - M ( r , t ) , i s t h e in s t a n t a n e o u s d e v i a t i o n 

o f t h e n u c l e a r m a g n e t i s a t i o n from i t s e q u i l i b r i u m 

v a l u e M̂ '̂  

Booth and Packer [ 5 ] s o l v e d e q u a t i o n 6.1 e x a c t l y f o r a 

one - d i m e n s i o n a l t w o - r e g i o n model of l a m e l l a r morphology. 

They came t o t h e c o n c l u s i o n t h a t t h e r e l a x a t i o n behaviour 

i n a system as such i s d e s c r i b e d by an i n f i n i t e sum of 

e x p o n e n t i a l s . T h i s gave r i s e t o the i n t r o d u c t i o n of the 

e x p r e s s i o n popuJation-iv'eighted average s p i n - l a t t i c e 

r e i a x a t i o j i r a t e . I t i s d e f i n e d by 

jir) = 5^"^^ w^Rj^ir) {6.2] R 

( r ) : s p a t i a l l y dependent i s o t r o p i c r e l a x a t i o n r a t e ( j = l , 

•Ip, e t c . ) o f p o p u l a t i o n i 

w^: f r a c t i o n o f p o p u l a t i o n i 

For t h e a n a l y t i c a l p r o s p e c t t h i s means t h a t , i n such a 

case, where t h e f i t i s a t r u l y adequate r e p r e s e n t a t i o n o f 
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t h e d a t a , t h e sum o f t h e f i t t e d p o p u l a t i o n s must equal the 
i n i t i a l p o p u l a t i o n o f t h e m a g n e t i s a t i o n . Subsequently, t h e 
p o p u l a t i o n - w e i g h t e d r e l a x a t i o n r a t e average of the f i t t e d 
components must e q u a l t h e i n i t i a l r a t e o f decay o f the 
m a g n e t i s a t i o n . I n a s p i n - l a t t i c e r e l a x a t i o n experiment, 
a l l r e g i o n s have t h e same d e v i a t i o n from e q u i l i b r i u m a f t e r 
t h e p e r t u r b a t i o n o f t h e i n i t i a l p u l s e . At t h i s p o i n t t h e r e 
i s no i n f l u e n c e o f s p i n - d i f f u s i o n between t h e r e g i o n , 
s i n c e t h e r e i s no p o p u l a t i o n d i f f e r e n c e t o d r i v e i t . From 
eqn. 6 . 1 i t f o l l o w s t h a t , f o r a r e l a x a t i o n s t a r t i n g f rom a 
s p a t i a l l y u n i f o r m n o n - e q u i - l i b r i u m m a g n e t i s a t i o n p r o f i l e a t 
t = 0 , V M ( r , t ) = 0, i . e . the term c o n t a i n i n g t h e d i f f u s i o n 
c o e f f i c i e n t drops o u t , and the i n i t i a l m a g n e t i s a t i o n decay 
( i m m e d i a t e l y f o l l o w i n g the p e r t u r b a t i o n ) i s due s o l e l y t o 
t h e i n t r i n s i c r e l a x a t i o n p r o p e r t i e s o f t h e d i f f e r e n t 
r e g i o n s . Thus, t h e i n i t i a l r a t e of decay i s g i v e n by the 
p o p u l a t i o n - w e i g h t e d r a t e average o f the i n t r i n s i c 
r e l a x a t i o n p r o c e s s e s . Hence, i n a multi-component 
r e l a x a t i o n i n a heterogeneous system, t h e p o p u l a t i o n -
w e i g h t e d r e l a x a t i o n r a t e average of t h e f i t t e d components 
must e q u a l t h e p o p u l a t i o n - w e i g h t e d r a t e average o f t h e 
i n t r i n s i c r e l a x a t i o n processes i n the v a r i o u s r e g i o n s . 

6.2 Computer Simulation of an Inversion-recovery 
Experiment with Spin-diffusion Influence 

To i l l u s t r a t e t h e r e l a x a t i o n t i m e behaviour o f a 

heterogeneous system i n f l u e n c e d by s p i n - d i f f u s i o n , an 

i n v e r s i o n - r e c o v e r y experiment has been s i m u l a t e d . The 
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m a g n e t i s a t i o n b e h a v i o u r a f t e r t h e 180° p u l s e i s 

r e p r e s e n t e d by 60 d a t a - p o i n t s u s i n g a s u f f i c i e n t l y l o n g 

d e l a y t i m e t o l e t t h e m a g n e t i s a t i o n r e c o v e r i n g . A l a m e l l a r 

morphology has been a p p l i e d . The parameters used f o r the 

s i m u l a t i o n s a r e t h e same as i n t h e s p i n - d i f f u s i o n 

s i m u l a t i o n , summarised i n t a b l e s 5.3 t o 5.6 i n cha p t e r 5. 

The m a g n e t i s a t i o n b e h a v i o u r was analysed by a n o n - l i n e a r 

l e a s t - s q u a r e s f i t u s i n g the Marquart a l g o r i t h m ( t h e 

program i s l i s t e d i n Appendix I I I ) 

6 . 2 . 1 R e s u l t s and D i s c u s s i o n 

The r e l a x a t i o n b e h a v i o u r o f t h e chosen heterogeneous 

system i n t a b l e s 5.3 and 5.4 can be d e s c r i b e d by a s i n g l e 

component (see t a b l e 6.1). The one w i t h the parameter set 

as l i s t e d i n t a b l e s 5.5 and 5.6, however, r e v e a l s a sm a l l 

second component (see t a b l e 6.2). The importance o f the 

s m a l l second component i s i l l u s t r a t e d i n t a b l e 6.3, which 

shows t h e t h e o r e t i c a l p o p u l a t i o n - w e i g h t e d average 

r e l a x a t i o n r a t e and t h e weighted average r e l a x a t i o n r a t e 

c a l c u l a t e d from t h e s i m u l a t e d r e l a x a t i o n t i m e s . The 

former, c a l c u l a t e d f r o m t h e i n p u t d a t a , s i g n i f i c a n t l y 

d e v i a t e s f r o m t h e r a t e o b t a i n e d from a single-component 

f i t b u t i s i n good agreement w i t h t h e one c a l c u l a t e d from 

t h e double-component f i t . The r e l a x a t i o n times and the 

p o p u l a t i o n s a r e , as expected, f a r away from t h e i r 

i n t r i n s i c v a l u e s , b u t t h e data i l l u s t r a t e t h e importance 

o f t h e second r e l a x a t i o n time and a l s o t h e danger and 

d i f f i c u l t y o f a q u a n t i t a t i v e r e l a x a t i o n t i m e measurement 

when d e t e r m i n i n g t h e u s u a l l y s h o r t l o w - p o p u l a t e d 
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Fig. 5.3 la Spin-lattice relaxation by inversion-recovery in the case of uniform T j 
experimental (marker), fitted (line) 
top: whole experiment; bottom: time expansion 
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Fig. 5.31b Spin-lattice relaxation by inversion-recovery for non-uniform T l 
experimental (marker), fitted (line) 
top: whole experiment; bottom: time expansion 
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Fig. 5.31c Spin-lattice relaxation by inversion-recovery for non-uniform T, 
experimental (marker), fitted (line) 
top: whole experiment; bottom: time expansion 
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Fig. 5.3 Id Spin-lattice relaxation by inversion-recovery for non-uniform T] 
experimental (marker), fitted fline) 
top: whole experiment; bottom: time expansion 
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3second component i n o r d e r t o achieve an ac c u r a t e 

measurement. D e v i a t i o n s o f about 15% from t he t h e o r e t i c a l 

v a l u e a r e e a s i l y p o s s i b l e when n e g l e c t i n g the second 

component. I t a l s o i l l u s t r a t e s t h e importance o f t h e 

a c q u i r e d d a t a s e t which must s u f f i c i e n t l y d escribe t he 

r e l a x a t i o n t i m e behaviour o f the sample under 

i n v e s t i g a t i o n . 

6.3 D i r e c t Measurement of Proton and T̂ p 
Relaxation i n NYRIM 2000 

The s p i n - l a t t i c e r e l a x a t i o n t i m e was measured by a 

m o d i f i e d i n v e r s i o n - r e c o v e r y t e c h n i q u e . The pulse sequence 

u t i l i s e d was: 

(- 1 8 0 ° - Xd - 9 0 ° - techo " 90° - Xgcho " a c q u i s i t i o n -

r e c y c l e d e l a y -)„ 

where : r e l a x a t i o n d e l a y 

iQcho- echo d e l a y 

n : number o f r e p e t i t i o n s 

The s o l i d - e c h o t e c h n i q u e was a p p l i e d t o d e t e c t p o s s i b l e 

s h o r t - t i m e r e l a x a t i o n components whi c h o t h e r w i s e would be 

i n t e r f e r i n g w i t h t h e e l e c t r o n i c a l l y l i m i t e d recovery time 

o f t h e s p e c t r o m e t e r . The t e c h n i q u e was t h e o r e t i c a l l y 

d e s c r i b e d by M a n s f i e l d [6 ] . 70 d a t a p o i n t s were a c q u i r e d : 

The f i r s t 20 p o i n t s w i t h a d w e l l time o f 2 ms, then 10 

p o i n t s w i t h a d w e l l t i m e o f 4 ms and f i n a l l y 40 data 

p o i n t s w i t h a d w e l l t i m e between 20 and 50 ms, keeping t h e 

t o t a l r e l a x a t i o n d e l a y a t l e a s t 5 times l o n g e r than t h e 
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l o n g e s t r e l a x a t i o n t i m e . The 9 0 ° p u l s e was s e t t o 2 \is, 
w i t h an echo-delay o f 10 and a r e c y c l e d e l a y between 2 
t o 4 s, keeping i t about 10 times l o n g e r than t h e l o n g e s t 
r e l a x a t i o n t i m e component. The experiments were taken a t 
3 1 . 5 °C i n o r d e r t o a v o i d temperature v a r i a t i o n s due t o 
te m p e r a t u r e changes i n t h e a i r stream c o o l i n g t h e probe. 
The experiment was r e p e a t e d 8 times f o r which t h e average 
was c a l c u l a t e d . 

A n o t her experiment was c a r r i e d o u t t o dete r m i n e t h e 
r o t a t i n g frame s p i n - l a t t i c e r e l a x a t i o n t i m e , T^p. I n o r d e r 

t o o b t a i n t h e s h o r t components o f t h e r e l a x a t i o n 

p r o p e r t i e s a s o l i d - e c h o p u l s e v e r s i o n was u t i l i s e d : 

( - 9 0 ° - s p i n - l o c k y - igcho " 9 0 ° - tgcho " r e c y c l e delay -)„ 

1 2 0 d a t a p o i n t s were a c q u i r e d : The f i r s t 40 p o i n t s w i t h a 

d w e l l t i m e o f 70 | i s , t h e n 40 p o i n t s w i t h a d w e l l time o f 

0 . 7 ms and f i n a l l y 40 d a t a p o i n t s w i t h a d w e l l time o f 3 

ms. The 9 0 ° p u l s e was s e t t o 2 \is, w i t h an echo-delay o f 

10 |is and a r e c y c l e d e l a y between 3 t o 4 s, keeping i t 

about 10 times l o n g e r t h a n t h e l o n g e s t component. The 

expe r i m e n t s were a l s o t a k e n a t 3 1 . 5 °C. The experiment was 

r e p e a t e d 8 times f o r w h i c h t h e average was c a l c u l a t e d . 

6.3.1 R e s u l t s and D i s c u s s i o n 

The r e s u l t s o f t h e T/^ and T/^-measurements a r e 

summarised i n t a b l e 6 . 4 and f i g u r e 6 . 5 . The e r r o r s u s u a l l y 

c a l c u l a t e f r o m 4 e x p e r i m e n t s as d e s c r i b e d i n t h e p r e v i o u s 
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s e c t i o n . I f no e r r o r i s given, then o n l y one measurement 
was c a r r i e d o u t . 

fraction 

PPO 

one 

component 

two 

components 

i f "^(2) 

two 

components 

h,av 

0.00 2.68 0.02 38(1%) 4 2.66 (99%) 0.02 3.0 0.2 

0.10 3.09 0.03 48(1%) 1 3.19(99%) 0.05 3.6 0.5 

0.15 3.47 0.04 34 (2%) 3 3.47 (98%) 0.09 3.9 0.3 

0.20 3.87 0.01 41 (2%) 5 3.68 (98%) 0.01 4.5 0.3 

0.25 4.10 0.03 44 (2%) 2 3.88 (98%) 0.01 4.7 0.1 

0.30 4.52 0.03 40 (2%) 5 4.20 (98%) 0.03 5.0 0.3 

0.40 5.34 0.03 41 (3%) 5 4.77 (97%) 0.03 5.9 0.3 

0.50 6.16 0.04 33 (3%) 13 5.24 (97%) 0.08 6.3 0.5 

0.70 7.38 0.02 _ 

1.00 10.2 - 30 (12%) 16 9.85 (88%) 0.04 12.2 2 

Table 6.4 S p i n - l a t t i c e r e l a x a t i o n r a t e s of v a r i o u s NYRIM seunples 

F i r s t l y t h e s p i n - l a t t i c e r e l a x a t i o n t i mes w i l l be 

d i s c u s s e d . The columns 2 and 3 r e p r e s e n t t h e r e l a x a t i o n 

r a t e o b t a i n e d f r o m 1 e x p o n e n t i a l , such as 

M(t)/Mo = 1 - 2 e x p ( - t / T f ) ( 6 . 3 ) 

and t h e c o r r e s p o n d i n g maximum e r r o r . A l t h o u g h t h e 

r e l a x a t i o n b e h a v i o u r c o u l d be d e s c r i b e d by t h i s 

e x p r e s s i o n , t h e f i t t i n g o f the e x p e r i m e n t a l data expects a 

second s m a l l s h o r t - t i m e component f o r n y l o n and the 

copolymers as v i s u a l i s e d i n t a b l e 6 . 4 i n columns 4 and 6. 
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fraction 

PPO /s 

±s 

/s 

±s 21^3) 

/s 

±s lp,a V 

0.00 0.030 

(59%) 

0.005 0.010 

(35%) 

0.002 0.0021 

(6%) 

0.0006 84 5 

0.10 0.025 

(39%) 

0.006 0.008 

(44%) 

0.005 0.0019 

(17%) 

0.0008 149 10 

0.15 0.019 

(52%) 

0.002 0.005 

(36%) 

0.003 0.0013 

(12%) 

0.0005 188 21 

0.20 0.025 

(31%) 

0.005 0.009 

(46%) 

0.002 0.0018 

(17%) 

0.0005 161 16 

0.25 0.025 

(39%) 

0.006 0.008 

(46%) 

0.005 0.0014 

(15%) 

0.0010 186 27 

0.30 0.025 

(44%) 

0.007 0.009 

(41%) 

0.002 0.0016 

(15%) 

0.0004 155 13 

0.40 0.017 

(55%) 

0.001 0.005 

(35%) 

0.001 0.0009 

(10%) 

0.0004 223 27 

0.50 0.019 

(56%) 

0.002 0.006 

(34%) 

0.003 0.0012 

(10%) 

0.0006 165 1 

0.70 0.019 

(54%) 

- 0.009 

(28%) 

- 0.0014 

(12%) 

- 145 -

1.00 0.04 

(55%) 

0.02 0.02 

(45%) 

0.01 - - 30 2 

Table 6.5 Rotating-freuno flpin-lattice r e l a x a t i o n r a t e s of v a r i o u s 

NYRIM samples 

The second component makes o n l y 1 t o 3% and i s about a 

magnitude s h o r t e r t h a n t h e o t h e r one. The r e l a x a t i o n r a t e s 

a r e r e l a t i v e l y c o n s t a n t between 40 and 48 s"\ whereas t h e 
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j» 8 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Fraction Polyol 

8 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Fraction Polyol 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Fraction Polyol 

Figure 6.5 Proton spin-lattice relaxation tiroes as a function of prepolymer concentratloo 
top left: Ti , one component lit; top right: TD two component fit; bottom: T,p three component fit 

l o n g - t i m e r e l a x a t i o n component c o n t i n u o u s l y s h o r t e n s w i t h 

i n c r e a s i n g p o l y e t h e r c o n c e n t r a t i o n . T h i s i s s i m p l y due t o 

t h e f a c t t h a t t h e i n t r i n s i c r e l a x a t i o n t i m e o f t h e 

p o l y e t h e r i s s h o r t e r t h a n t h e one(s) o f n y l o n - 6 , as t h e 

r e s u l t s o f t h e pure components a l l o w one t o assume. Hence, 

t h e o b s e r v e d r e l a x a t i o n r a t e , w h i c h i s i d e n t i c a l w i t h t h e 

p o p u l a t i o n - w e i g h t e d r e l a x a t i o n r a t e c a l c u l a t e d from t he 

i n t r i n s i c r e l a x a t i o n t i m e s o f t h e components, becomes 

l a r g e r w i t h i n c r e a s i n g p o l y e t h e r c o n c e n t r a t i o n . 



2 6 8 

The q u e s t i o n o f t h e meaning o f the the s m a l l component i s 

no t e a s i l y answered. Two e x p l a n a t i o n s are p o s s i b l e : 

1 . End-groups o f t h e copolymer, which show much f a s t e r 

m o t i o n compared t o t h e polymer back-bone are not coupled 

by s p i n - d i f f u s i o n and have a s m a l l e r r e l a x a t i o n t i m e . 

2 . The NYRIM system i s s i m i l a r t o t h e one modelled i n 

c h a p t e r 5 c o n c e r n i n g t h e NMR p r o p e r t i e s . The second 

component c o u l d a l s o be due t o the heterogeneous 

c h a r a c t e r o f t h e copolymer and i n s u f f i c i e n t c o u p l i n g due 

t o s p i n - d i f f u s i o n . 

However, f r o m t h e d a t a o b t a i n e d no e x p l a n a t i o n has any 

p r e f e r e n c e . The o n l y i m p o r t a n t p o i n t t o make i s t h a t t h e 

p o p u l a t i o n - w e i g h t e d average r e l a x a t i o n r a t e s o b t a i n e d from 

t h e two-component f i t are l a r g e r t h a n t h e ones o b t a i n e d 

f r o m t h e one-component f i t . The dependence of t h e 

r e l a x a t i o n r a t e on t h e p o l y e t h e r c o n c e n t r a t i o n remains t h e 

same as i l l u s t r a t e d i n f i g u r e 6 , 5 ( t o p ) . Apart from t h e 

pure PPO one f i n d s a l i n e a r dependence, which i s normal 

f o r p h ase-separated copolymers i n which t h e c o m b i n a t i o n o f 

t h e phases does n o t e f f e c t t h e i n d i v i d u a l i n t r i n s i c 

r e l a x a t i o n r a t e s o f t h e components. 

A more c o m p l i c a t e d s i t u a t i o n i s found i n t h e r o t a t i n g -

frame r e l a x a t i o n b e h a v i o u r . I t may be d e s c r i b e d by t h r e e 

r e l a x a t i o n components whose va l u e s d i f f e r by l e s s than one 

o r d e r o f magnitude. As has a l r e a d y been d i s c u s s e d i n 

c h a p t e r 4, Kenwright [ 7 ] has demonstrated t h a t t h e f a s t e s t 

r e l a x a t i o n component may be c l o s e l y a s s o c i a t e d w i t h t h e 

i n t r i n s i c r e l a x a t i o n process o f t h e f a s t e r r e l a x i n g 

r e g i o n . The n e x t f a s t e s t r e l a x a t i o n component may be 

a s s o c i a t e d w i t h t h e r a t e o f e s t a b l i s h m e n t of a d i f f u s i o n 
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p r o f i l e . The s l o w e s t r e l a x a t i o n component may be 

a s s o c i a t e d w i t h t h e r a t e of r e l a x a t i o n of t h e 

m a g n e t i s a t i o n f o l l o w e d by the e s t a b l i s h m e n t of a steady-

s t a t e d i f f u s i o n p r o f i l e across t h e e n t i r e sample. Since, 

by t h i s s t a g e i n t h e r e l a x a t i o n process, o n l y a v e r y s m a l l 

amount o f m a g n e t i s a t i o n remains i n t h e f a s t e r r e l a x i n g 

r e g i o n , i t i s reasonable t o a s s o c i a t e t h e slowest 

r e l a x a t i o n t i m e w i t h t h e slower r e l a x i n g r e g i o n . T his 

r e s u l t s s u p p o r t e d by t h e f a c t t h a t t h e r e l a x a t i o n times 

found a r e r e m a r k a b l y constant f o r a l l c o m p o s i t i o n s . 

However, i t i s s u r p r i s i n g t h a t t h e p o p u l a t i o n of t h e 

s h o r t - t i m e component, e.g., which s h o u l d be a s s o c i a t e d 

w i t h t h e PPO, i s n o t i n c r e a s i n g w i t h i n c r e a s i n g p o l y e t h e r 

c o n c e n t r a t i o n . A l s o t h e f a c t t h a t no l i n e a r dependency o f 

t h e p o p u l a t i o n - w e i g h t e d average r e l a x a t i o n r a t e w i t h t h e 

PPO c o n c e n t r a t i o n i s found i s m y s t e r i o u s . However, t h i s 

suggests t h a t on t h i s t i m e s c a l e t h e combination o f t h e 

phases i n t e r f e r e s w i t h t h e i n d i v i d u a l i n t r i n s i c r e l a x a t i o n 

r a t e s , i . e . t h e n e i g h b o u r i n g phases r e v e a l i n t e r a c t i o n s 

w h i c h i n f l u e n c e t h e i n t r i n s i c r e l a x a t i o n p r o p e r t i e s . 

A nother i n d i c a t i o n i s the s i g n i f i c a n t l y d i f f e r e n t 

r e l a x a t i o n r a t e s o f t h e two pure polymers from t h e 

copolymers. Only when copolymerised does th e p o p u l a t i o n -

w e i g h t e d average r e l a x a t i o n r a t e e s t a b l i s h i t s s t a b l e 

b e h a v i o u r . Because o f t h e d e f i c i e n c y i n knowledge o f t h e 

p o l y m e r i c s t r u c t u r e i t i s not p o s s i b l e t o make a f i n a l 

c o n c l u s i o n o f what t h e o r i g i n of t h i s i n f l u e n c e i s . 

However, t h i s c h a p t e r shows t h a t the p r o t o n r e l a x a t i o n 

b e h a v i o u r i s a complex t o p i c and t h e r e s u l t s cannot be 

i n t e r p r e t e d e a s i l y . E s p e c i a l l y t h e q u a n t i f i c a t i o n o f t h e 
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r e s u l t s i s p r o b l e m a t i c because s p i n - d i f f u s i o n d i s t o r t s t he 

p o p u l a t i o n and t h e o b t a i n e d r e l a x a t i o n t i m e s . Hence, i n 

s o l i d s , t h e measured r e l a x a t i o n values of t h e abundant 

s p i n s a r e most l i k e l y n o t the i n t r i n s i c r e l a x a t i o n t i m e s . 
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Smnmary 
Nylon - 6 block copolymers (NBC) are a r e l a t i v e l y new 

class of Reaction I n j e c t i o n Moulding (RIM) systems, 
covering a broad range of morphologies and p r o p e r t i e s . 
Very r a p i d p o l y m e r i s a t i o n occurs at temperatures between 
80 oc and 180 oc, w e l l below the temperature required f o r 
the thermal i n i t i a t i o n (=200 °C) . I n t h i s work, NBC have 
been produced by anionic polymerisation of caprolactam 
w i t h e n d - f u n c t i o n a l i s e d s o f t - b l o c k components i n v o l v i n g 
p o l y e t h e r fragments. This gives r i s e t o l i n e a r segmented 
block copolymers w i t h a l t e r n a t i n g polyamide (hard block) 
and polyether-polyesteramide prepolymer ( s o f t block) 
components. 

Mechanical and s t r u c t u r a l parameters were measured and 
brought i n t o r e l a t i o n . The dramatic decrease of the 
t e n s i l e s t r e n g t h from 30% PPO concentration shows i t s 
o r i g i n i n a morphological change. The amorphous nylon - 6 

phase i s e n l a r g i n g i f the polyether concentration exceeds 
25%. A slower c r y s t a l l i s a t i o n dynamic i s the reason. The 
domain sizes were obtained from s p i n - d i f f u s i o n 
measurements by a t h e o r e t i c a l model w i t h l a m e l l a r 
morphology. Previous problems such as the influence of 
s p i n - l a t t i c e r e l a x a t i o n have been eliminated. By 
i n v e s t i g a t i n g techniques which should minimise the Ti 

i n f l u e n c e i n the Goldman-Shen type experiments i t has been 
demonstrated t h a t i n heterogeneous systems the smallest 
i n t r i n s i c T^' must be longer than the mixing time i n order 
t o g i v e a pure s p i n - d i f f u s i o n p r o f i l e . Otherwise the 
m i n i m i s a t i o n must f a i l because s p i n - d i f f u s i o n and spin-
l a t t i c e r e l a x a t i o n are coupled processes which cannot be 
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separated. The domain sizes obtained from s p i n - d i f f u s i o n 
measurements have been compared w i t h the ones obtained 
from small-angle X-ray s c a t t e r i n g . The data agree w i t h i n 
an e r r o r range of a f a c t o r two. However, they reveal an 
opposite t r e n d when monitoring them as a f u n c t i o n of PPO 
conc e n t r a t i o n , which could not be explained, but was 
probably caused by a non-ideal morphology of the polymeric 
system. Here the incomplete information of the amorphous 
nylon-6 probably plays a key-role. Single-pulse ^̂C s o l i d -
s t a t e NMR i n d i c a t e s a second amorphous phase i n the 
copolymer. The reasons f o r tha t statement are the intense 
broad s i g n a l s at room-temperature which narrow at higher 
temperature. The s p l i t t i n g of the C3 signal at 26.3 ppm i s 
most l i k e l y due t o two d i f f e r e n t amorphous regions. 
Another i n d i c a t i o n i s that CP/MAS gives r i s e t o 

r e l a t i v e l y sharp and resolved signals f o r a quenched 
copolymer, whereas a single-pulse spectrum gives a broad 
unresolved spectrum. 

The most important technique i n s o l i d - s t a t e NMR, CP/MAS, 
has been i n v e s t i g a t e d . The cr o s s - p o l a r i s a t i o n dynamics 
were of p a r t i c u l a r i n t e r e s t . There i s a l o t of confusion 
and m i s i n t e r p r e t a t i o n when studying CP-dynamics w i t h the 
i n f l u e n c e of s p i n - d i f f u s i o n . The theories which have been 
given i n the past were summarised. F i n a l l y an attempt has 
been made t o model CP-dynamics i n non-ideal m a t e r i a l s . 

S o l i d - s t a t e NMR has proved i t s p r o f i c i e n c y concerning 
the a n a l y s i s of complex polymeric m a t e r i a l s . Small-angle 
X-ray s c a t t e r i n g , as a standard technique f o r domain-size 
measurements, now has a d i g n i f i e d competitor since s t a t i c 
p r o t o n NMR spectrometers are as expensive as SAXS 



274 

i n s t r u m e n t s . The t e c h n i q u e becomes p a r t i c u l a r l y a m a t t e r 

o f i n t e r e s t when s t u d y i n g heterogeneous n o n - c r y s t a l l i n e 

m a t e r i a l s f o r w h i c h SAXS i s u s e l e s s . However, as has been 

d e m o n s t r a t e d i n t h i s t h e s i s , one s h o u l d not g e n e r a l l y g i v e 

p r e f e r e n c e t o one e x p e r i m e n t a l t e c h n i q u e . The com b i n a t i o n 

of many t e c h n i q u e s e n a b l e s one to g a i n i n s i g h t i n t o t h e 

f a s c i n a t i n g s c i e n c e . 
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Appendix I Sample I n p u t - F i l e f o r "MODEL.F' 

0 
1.9450E-09 
l.OOOOE-00 
3.8650E-17 
0.0452E-00 
l.OOOOE-01 
2.1700E-04 
1 

30 
6.7710E-09 
l.OOOOE-00 
4.8200E-16 
9.4387E-00 
l.OOOOE-01 
17.400E-06 
2 
30 
1 
2 

5.0000E-06 
10 
3 
1 

2.8000E-02 
29 
0 
0.43 
0.00075 -370.6 
0.001 -359.6 

morphology parameter, 0:lamellar, 1:cylindrical polar, spherical polar) 
full length of region 1) 
proton density of region 1) 
spin-diffusion coefficient in m̂ s ' of region 1) 
proton spin-lattice relaxation time in s of region 1) 
proton Tjp in s of region 1) 
T j in s of region 1) 
1: exponential type FID; 2:gaussian type FID) 
number of mesh points) 
full length of region 2} 
proton density of region 2) 
spin-diffusion coefficient in m-s ' of region 2} 
proton spin-lattice relaxation time in s of region 2} 
proton Tjp in s of region 2) 
T j ins of region 2) 
1: exponential type FID; 2:gaussian type FID) 
number of mesh points} 
pulse in n/2 units (here 90°)) 
l:T,p; 2: Tj relaxation) 
dwell time ins) 
number of points with dwell time DW) 
pulse in n/2 units (here 270°)) 
1: Ti; 2: relaxation) 
dwell time in s, not used) 
number of points) 
no data fit (spin-lattice relaxation)) 
firaction crystalline nylon within nylon) 

0.002 
0.003 
0.004 
0.005 
0.006 
0.007 
0.008 
0.009 
0.010 
0.015 
0.020 
0.025 
0.030 
O.WO 
0.050 
0.060 
0.070 
0.080 
0.090 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.500 

-329.6 
-309.9 
-287.5 
-268.3 
-253.4 
-238.3 
-223.5 
-209.5 
-197.5 
-146.2 
-104.6 
-70.9 
-59.4 
18.4 
57.2 
85.9 

109.4 
130.1 
148.7 
165.1 
228.5 
271.6 
308.7 
337.4 
361.6 
383.7 
410.6 

437.1 
431.1 
411.1 
396.4 
384.3 
371.9 
354.3 
354.3 
343.1 
335.4 
329.6 
301.5 
280.9 
267.9 
261.8 
250.8 
246.9 
250.2 
252.7 
255.0 
261.0 
267.6 
297.7 
328.4 
352.8 
373.9 
390.7 
406.8 
429.1 

(data file from Goldmann-Shen experiment obtained from theWRAC 
(spectrometer 
(data format: 
(time, magentisation stored in -z-direction, magentisation stored in +z-
(direction 
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Appendix I I FORTRAN 77 PROGRAM "MODEL. F" 

PROGRAM MODEL 

INTEGER ITER.MPP,NDIM,NPP^MAX,ITMAX,DATMAX,MAGCNTJ^AG,DIS,FLWR 
PARAMETER (NMAX=20.NDIM=4,DATMAX=200) 
REAL FTOLJ'P(NDIM+1 jNrDIM),Y(NDIM+ 1),PTRY(NMAX),CRYST 
PARAMETER (ITMAX=5000,FTOL=3.0E-2) 
REAL FUNFCEVALUATE 
INTEGER M,RT,RT1 ,RT2 J^P(3).GE(3),R,R 1 .R2,NTJ^T 1 ,NT2^,I,DIRE 
REAL L(3),LEN(3),HD(3).D(3),TL(3),TR(3),T2(3) 
REAL S(3),SLrM.SUMAG(1005),DW,DWl,DW2 
REAL XX(DATMAX),YY(DATMAX),DUM,FACT,START,SVALUE,CVALUE 
DOUBLE PRECISION U(100),AA(100) 
EXTERNAL FUNK,EVALUATE 
COMMON /ALAN/ D,TL.TRL.HD.DIRE,FLAG,START,FLWR,CRYST 
COMMON /RES/ S,SUM,SUMAG,M,MAGCNT 
COMMON /PARAD/ U,AA,T2,XX.YY,DW,DW1,DW2,LEN 
COMMON /PARAI/ R,R1,R2,RT.RT1,RT2,NT,NT1,NT2,GE,NPJ^ 

MPP=NDIM+1 
NPP=NDIM 

C 
C LEN(1)=WIDTH OF INTRUSION. LEN(2)=THICKNESS OF INTERFACE. 
C LEN(3)=DISTANCE THRO' MATRIX BETWEEN INTERFACIAL LAYERS 
C 
C READ IN VALUE FOR M (MORPHOLOGY PARAMETER) 
C READ IN VALUES FOR LEN (SIZE IN METRES). HD (PROTON DENSITY), 
C D (SPIN DIFFUSION COEFRCENT IN M2S-1), 
C TL AND TR (SPIN LATTICE RELAXATION TIMES IN THE LAB 
C AND ROTATING FRAMES IN SECONDS), T2 (T2! IN SECONDS), 
C GE(EXPONENTIAL(l)ORGAUSSIAN(2)T2), 
C AND NP (NUMBER OF MESH POINTS) FOR EACH REGION 
C 

FLWR=0 

READ (5.*) M 
DO 101=1,3 
READ (5.*) LEN(D 
READ (5,*) HD(D 
READ (5,*) D(I) 
READ (5.*) TL(D 
READ (5,*) TR(D 
READ (5,*) T2(I) 
READ (5.*) GEa) 
READ (5.*) NP(I) 
IF (GE(I)J^E.1.AND.GE(I).NE.2) THEN 
WR1TE(8.5999) 
STOP 

ENDIF 
10 CONTINUE 

READ (5.*) R2 
READ (5.*) RT2 
READ (5,*) DW2 
READ (5.*) NT2 
READ(5,*)R1 
READ (5,*) RTl 
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READ (5,*) DWl 
READ (5,*) NTl 
READ (5,*) N 
READ (5,*) CRYST 

C 
C DECISION WETHER MAGN. STORED IN + OR - Z-DIRECTION 
C 

IF (Rl .HQ. 1) DIS=0 
IF (R1£Q.3) DIS=1 

IF (DISiQ.O) THEN 
DO 15 I=1,NT1 

READ(5,*) XX(D, DUM, YY(I) 
15 CONTINUE 

ENDIF 
IF(DIS£Q.1)THEN 
DO 16 1=1 J4T1 

READ(5,*) XXa). DUM, YY(I) 
16 CONTINUE 

ENDIF 

C 
C INITIAL GUESSES 
C 

PP(1,1) = LEN(1) 
PP(1,2) = LEN(2) 
PP(1,3) = TL(1) 
PP(1,4) = TL(2) 

PTRY(l) = PP(1,1) 
PTRY(2) = PP(1,2) 
PTRY(3) = PP(1,3) 
PTRY(4) = PP(1,4) 
SVALUE=YY(1) 

WRITE(6,*) TNTTIALIZING DATA CORRECTION FACTOR' 

DUM=EVALUATE(PTRY) 
FACT=START/YY(1) 
WRITE(6,*) START, FACT 
DO 18 1=1, NTl 
YY(D=YY(D*FACT 
WRrrE(6,i 10) xx(D, YY(D 

18 CONTINUE 
WRTTEdl.*) 

I10FORMAT(2F12.5) 
WRITE(11,111) 
CVALUE=YY(1) 
write(6,*) 'cvalue', cvalue 

DO 201=1.' 
PTRY(1) = PP(1,1) 
PTRY(2) = PP(1,2) 
PTRY(3) = PP(1.3) 
PTRY(4) = PP(1.4) 

WRITE(6,*) TNTTIALEING DATA CORRECTION FACTOR' 

DUM=EVALUATE(PTRY) 
c write(6,*) 'cvalue '.cvalue 
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c IF (START.GT.CVALUE+0.03*CVALUE) START=CVALUE 
c IF (STARTiT.CVALUE-0.03*CVALUE) START=CVALUE 
c FACT=START/YY(1) 
c WRITE(6.*)'start*, START,'fact'.FACT 
c D0 17J=1,NT1 
c YY(J)=YY(J)*FACT 
C WRITE(11,110)XX(J),YY(J) 
c 17 CONTINUE 
C WRITEdl,*) 

WRITE(6,*)'SErnNG UP SIMPLEX' 
WRITC(17,*)'SETnNG UP SIMPLEX" 
CALL SIMPLEX(PPJTTIY,Y,MPP,EVALUATE) 
WRITE(6,*)'nTTING' 
WRITE(17,'*)'HrnNG' 
CALLAMOEBA(PP,Y,MPPJ^PP,NDIMJTX)L,EVALUATE,ITER) 

20 CONTINUE 

WRITE(11,111) 
DO 25 1=1 JMTl 
WRITEd 1,110) XX(I),YY(I) 

25 CONTINUE 
WRTTEdl,*) 
WRITEdl,*) 
FACT=SVALUE/YY(D 
WRITEdl,112) 
WRITEd 1,113) 17FACT 
FACT=SVALUE/YY(1) 
DO 30 i=im 
WRITEd 1,114) XXa),YY(I)*FACT 

30 CONTINUE 
write(8,*) iter,' iteration needed' 
write(8,*) ppd.l), pp(l,2), pp(l,3), pp(l,4) 

«***«*****«*4<*** Output of the final results ***••***•**•**•*•* 

FLWR=1 

DUM=EVALUATE(PTRY) 
FACT=START/YY(1) 

CVALUE=YY(1) 

PTRY(1) = PP(1,1) 
PTRY(2) = PP(1,2) 
PTRY(3) = PP(1,3) 
PTRY(4) = PP(1,4) 

WRITE(6.*) 'Calculating fuial results' 

DUM=EVALUATE(PTRY) 

End of calculation final results ••*•***•*•••*•• 

111 F0RMAT(1X,27HINPUT DATA AFTER CORRECTION) - : 
112 F0RMAT(1X,28HINPUT DATA BEFORE CORRECTION/) 
113 FORMATdX,28HALTOGETHER CORRECTION FACTOR, F12.8) 
114 F0RMAT(1X J'12.5J'12.1) 
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5999 FORMAT (1X/,1X,33H ERROR IN SPECIFICATION - AB0RTED,1X/) 
999 STOP 

END 

SUBROUTINE SIMPLEX(PPJPTRY,Y,MPP,EVALUATE) 

INTEGER I,J,MPP 
INTEGER NMAX,DATMAX,M,MAGCNT,FLAG^WR 
PARAMETER (NMAX=20,DATMAX=200) 
REAL PP(MPP,MPP-1),PTRY(NMAX), Y(MPP) 
REAL XX(DATMAX),YY(DATMAX),EVALUATE,START,CRYST 
REALLEN(3),TL(3),T2(3),DW,DW1,DW2,TR(3) 
REALL(3),HD(3),D(3),S(3).SUM,SUMAG(1005) 
DOUBLE PRECISION U(100),AA(100) 
INTEGER NTJ4TlJ^T2,GE(3)jNrP(3),R,Rl,R2,RT,RTl,RT2J^,DIRE 

COMMON /ALAN/ D,TL,TRX,HD,DIREJT.AG,STARTJLWR,CRYST 
COMMON/RES/ S.SUM.SUMAGMMAGCNT 
COMMON /PARAD/ U,AA,T2,XX,YY,DW,DW1,DW2,LEN 
COMMON /PARAV R,R1,R2,RT,RT1,RT2J^T,NT1,NT2,GEJ«>,N 

EXTERNAL EVALUATE 

DO20I=l,MPP-l 
DO30J=l,MPP 

PP(J,D=PP(1,D 
30 CONTINUE 
20 CONTINUE 

DO 25 J=2, MPP 
PP(JJ-1)=PP(JJ-1)*1.15 

25 CONTINUE 

DO40J=l,MPP 
DO 41 I=1,MPP-1 

PTRY(I)=PP(J,I) 
41 CONTINUE 

Y(J)=EVALUATE(PTRY) 
WRITE(6,211) PTRY(l), PTRY(2), PTRY(3) 
WRITE(6,212) PTRY(4), PTRY(5). PTRY(6) 
WRITE(6,213) Y(J) 

, WRITE(17,211) PTRY(l), PTRY(2). PTRY(3) 
WRITE(17,212) PTRY(4), PTRY(5), PTRY(6) 
WRITE(17,213) Y(J) 

40 CONTINUE 
211 FORMAT('LEN^S=', 3D10.4) 
212 FORMAT(Trs = ' , 3F10.4) 
213FORMATCSDD = ' . F10.4) 

RETURN 
END 

SUBROUTINE AM0EBA(PP,Y,MPPJ^PPJ«nDIM,FT0L3VALUA'IE,ITER) 

INTEGER ITER,MPP>fDIM.NPPJ^MAX,ITMAX,DATMAX 
REAL FT0L,PP(MPPW).Y(MPP)3VALUATE.AM0TRY 
PARAMETER (NMAX=20.ITMAX=5000,DATMAX=200) 
EXTERNAL EVALUATE - . . 
INTEGER I,IHI,ILO,INHIJ 
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REAL RTOL,SUM,SWAP,YSAVE.YTRYJ>SUM(NMAX) 
INTEGER Mjsr 

ITER=0 
1D0 12N=1,NDIM 

SUM=0. 
D011M=1,NDIM+1 

SUM=SUM+PP(M,N) 
11 CONTINUE 

PSUM(N)=SUM 
12 CONTINUE 
2IL0=1 

IF(Y(1).GT.Y(2))THEN 
IHI=1 
INHI=2 

ELSE 
IHI=2 
INHI=1 

ENDIF 
DO 13I=1,NDIM+1 
IF(Y(I)iE.Y(ILO)) ILO=I 
IF(Ya).GT.YaHI)) THEN 

INHI=IHI 
IHI=I 

ELSE IF(Y(I).GT.Y(INHI)) THEN 
IFa.NE.IHI) INHI=I 

ENDIF 
13 CONTINUE 

RT0L=2.*ABS(Y(IHI)-Y(IL0))/(ABS(Y(IHI)>+ABS(Y(IL0))) 
IF(RTOL.LTPrOL) THEN 
SWAP=Y(1) 
Y(1)=Y(IL0) 
Y(ILO)=SWAP 
DO 14 N=1,NDIM 

SWAP=PP(1J^) 
PP(1,N)=PP(IL0J4) 
PP(ILOJ4)=SWAP 

14 CONTINUE 
RETURN 

ENDIF 
IFaHER.GE.ITMAX) PAUSE ITMAX EXCEEDED IN AMOEBA' 
ITER=ITER+2 

YTRY=AMOTRY(PP,Y4>SUM,MPPJ^PP,NDIM,EVALUATE,IHI,-1.0) 
IF(YTRYXE.Y(ILO)) THEN • 
YTRY=AMOTRY(PP,YJ»SUM,MPPJ^PPJ^DIM£VALUAmiHI,2.0) 
ELSE IF(YTRY.GE.Y(INHI)) THEN 
YSAVE=Y(IHI) 
YTRY=AMOTRY(PP,Y,PSUM.MPP,NPP.NDIM,EVALUATEJHI,0.5) 
IF(YTRY.GE.YSAVE) THEN 
DO 16I=1.NDIM+1 

IFa.NE.ILO)THEN 
D0 15J=1,NDIM 
PSUM(J)=0.5*(PPaJ)+PP(ILOJ)) 
PP(U)=PSUM(J) 

15 CONTINUE 
Y(I)=EVALUATE(PSUM) 

ENDIF 
16 CONTINUE 

ITER=ITER+NDIM 
GOTO I 
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ENDIF 
ELSE 
ITER=ITER-1 

ENDIF 
GOTO 2 
END 

FUNCTION AMOTRY(PP,YJ>SUM,MPP,NPP.NDIM,EVALUATE.IHLFAC) 

INTEGER IHI,MPPJ*nDIMJ>IPP,NMAX,DATMAX 
PARAMETER (NMAX=20,DATMAX=200) 
REAL AMOTRY,EVALUATEJ^ACJ»P(MPPJ^PP)J'SUM(NMAX),Y(MPP) 
EXTERNAL EVALUATE 
INTEGER J 
REAL FAC1,FAC2,YTRYJ>TRY(NMAX) 

FAC1=(1.-FAC)/NDIM 
FAC2=FAC1-FAC 
D011J=1.NDIM 
PTRY(J)=PSUM(J)*FAC1-PP(IHU)*FAC2 

11 CONTINUE 

YTRY=EVALUATE(PTRY) 

IF (YTRY.LT.Y(IHI)) THEN 
Y(IHI)=YTRY 
D012J=1.NDIM 

PSUM(J)=PSUM(J)-PP(IHU)+-PTRY(J) 
PPaHIJ)=PTRY(J) 

12 CONTINUE 
ENDIF 
AMOTRY=YTRY 
RETURN 
END 

FUNCTION EVALUATE(PTRY) 

INTEGER NMAX,DATMAX,MMAGCNTJ^AGJT-WR 
PARAMETER (NMAX=20,DATMAX=200) 
REAL XX(DATMAX),YY(DATMAX),DUMEVALUATE4^UNIU>TRY(NMAX),START 
REAL LEN(3),TL(3),T2(3),D W,D W1 ,DW2,TR(3),CRYST 
REAL L(3),HD{3),D(3),MNEW,MOLD,S(3),SUM,SUMAG(1005) 
DOUBLE PRECISION U(100),AA(100) 
INTEGER NTJ4Tljm,GE(3)J^P(3),R,Rl,R2,RT,RTl.RT2Ji,DIRE 

COMMON /ALAN/ D,TL,TRX,HD.DIREJ=LAG,START3-WR,CRYST 
COMMON/RES/ S,SUM,SUMAG,M,MAGCNT 
COMMON /PARAD/ U,AA.T2,XX,YY,DW,DW1,DW2.LEN 
COMMON /PARAV R,R1,R2,RT,RT1,RT2J4T,NT1,NT2,GEJ^J^ 

EXTERNAL FUNK 

M0LD=YY(1) 
R=R2 
RT=RT2 
DW=DW2 
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NT=NT2 
FLAG=0 
DUM=FUNK(PTRY,MNEW) 

R=R1 
RT=RT1 
DW=DW1 
NT=NT1 
FLAG=1 
EVALUATE=FUNK(PTRY.MNEW) 
RETURN 
END 

FUNCTION FUNK(PTRY,MNEW) 

C ! ! 
C ! RELAX ! 
C ! ! 

c 
c 
C SIMULATION OF NMR RELAXATION FOR AN INFINITE SYMMETRIC 
C HETEROGENEOUS SYSTEM CONSISTING OF LAMELLAE, RODS, OR SPHERULITES 
C EMBEDDED IN A MATRIX. SAMPLE COMPRISES THREE LAYERS WITH 
C DISCRETE VALUES FOR SPIN LATTICE RELAXATION ON BOTH THE 
C LABORATORY AND ON-RESONANCE ROTATING FRAMES), SPIN - SPIN 
C RELAXATION, PROTON DENSITY. AND SPIN DIFFUSION COEFHCENT 
C IN EACH REGION. INTEGRATED MAGNETISATION CALCULATED. 
C 
C 

DOUBLE PRECISION A,B.TOUT.TS,ACC,TE,TCONST 
REAL L(3).TR(3),S(3),TL(3),D(3),P(3)iEN(3),HD(3),T2(3)JTJNK 

, REAL SUM,REP,DW.DW1.DW2,SUMAG(1005).TOT.CRYST 
INTEGER IFAIL.IMESH,IND,IWK,MJ^DEJ4PTS,UJ^,NTJ^T1,NT2,MAGCNT 
INTEGER NMAX,DATMAX4=LAG3-WR 
PARAMETER(NMAX=20.DATMAX=200) 
INTEGER DIRE,R,R1,R2J>ULSJ^P(3),GE(3).RT.RT1,RT2 
DOUBLE PRECISION X(100).Ud00),WORK(2000),AA(100) 
REAL SSD,MNEW,XX(DATMAX),YY(DATMAX)JTRY(NMAX),START 

COMMON /ALAN/ D,TL,TRX.HD,DIRE3.AG,START4=LWR,CRYST 
COMMON/RES/ S,SUM,SUMAG,M,MAGCNT ' 
COMMON /PARAD/ U,AA.T2,XX,YY.DWJ)W1.DW2,LEN 
COMMON /PARAV R,R1,R2,RT,RT1,RT2.NT,NT1.NT2,GEJ4PJ^ 

C 
C SUBROUTINE REFERENCES 
C D03PBF,DMESH,INTEG 
C 

EXTERNAL BNDYJ>DEF 

C 
C REDEFINE LEN.TL WITH VERTEX 
C 

LEN(l) = PTRY(l) 
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LEN(3) = PTRY(2) 
LEN(2) = 0.5 * (1-CRYST) / CRYST * LEN(3) 
TL(1)=PTRY(3) 
TL(2) = PTRY(4) 
TL(3) = TL(2) 

C 
C CALCULATE DIMENSIONS USED IN REPEAT UNIT AND PUT IN 
C CORRECTION FACTORS TO MAKE MODEL "SPACE FILLING" 
C 

L(l)=LEN(l)/2 
L(2)=LEN(2) 
L(3)=LEN(3)/2 
IF (MEQ.l) L(3)=(L(1)+L(2)+L(3))*1.050075136-(L(1)+L(2)) 
IF (M.EQ.2) L(3)=(L(1)+L(2)-HL(3))*1.1053389-(L(1)+L(2)) 

C 
C DEFINE INTEGRATION PARAMETERS 
C 

ACC=1.0E-04 
C 
C SIZE OF WORKSPACE 
C 

IWK=2000 
C 
C INTERVAL OF INTEGRATION 
C 

A=0.0 
B=L(l)+L(2)-hL(3)+A 

C 
C ONE EQUATION 
C 

NPDE=1 
C 
C PERIODICITY 
C 

REP=L(l)-i-L(2)+LEN(3)/2 
C 
C CALCULATE PROPORTIONS OF VARIOUS COMPONENTS 
C 

T0T=(B-A)**(M+1) 
P(l)=((L(l)**(M+l))/rOT)*100 
P(2)=(((L(2)-HL(l))**(M+l))/rOT)*100-P(l) 
P(3)=100-(P(2)+P(1)) 

C 
C CALCULATE TOTAL NUMBER OF POINTS (INCLUDING BOUNDARIES) 
C 

NPTS=NP( I )-̂ NP(2)+NP(3)-̂ 4 
C 
C PRINT PARAAffiTER VALUES 
C 

IF (FLWR .EQ. 1) THEN 
WRITE (8,1100) 
IF (M£Q.O) WRITE (8,1200) 
IF (M£Q.l) WRITE (8,1201) 
IF (MEQ.2) WRITE (8.1202) 
WRITE (8,1000) 
WRITE (8,1001) LEN(1),LEN(2),LEN(3) 
WRITE (8,1002) D(1),D(2),D(3) 
WRITE (8,1003) TL(1),TL(2),TL(3) 
WRITE (8,1004) TR(1).TR(2).TR(3) 
WRITE (8,2004) T2(1),T2(2).T2(3) 
WRITE (8,2006) GE(1),GE(2),GE(3) 
WRITE (8,1005) P(1).P(2),P(3) 
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ENDIF 

C 
C NORMALISE PROTON DENSITIES AND CALCULATE %PROTONS IN EACH REGION 
C 

SUM=0. 
T0T=HD(1) 
IF (HD(2)XT.T0T) T0T=HD(2) 
IF (HD(3)XT.T0T) T0T=HD(3) 
DO 111=1.3 
HDa)=HDa)/TOT 
P(I)=P(D*HD(D 
SUM=SUM+Pa) 

11 CONTINUE 
IF (FLWR.EQ.1) WRITE (8.2020) HD(1),HD(2),HD(3) 
TOT=100/SUM 
DO 12 1=1,3 
P(D=P(I)*TOT 
HD(D=HD(D*TOT 

12 CONTINUE 
C 
C PRINT REST OF PARAMETER VALUES 
C 

IF(FLWRXQ.1)THEN 
WRITE (8,2010) P(1),P(2),P(3) 
WRITE (8,1006) NP(1).NP(2).NP(3) 
WRITE (8,1010) L(1).L(2)X(3) 
WRITE (8.1007) 2*REP 
WRITE (8,1008) NPTS 
WRITE (8.1009) ACC 
WRITE (8.4992) 

ENDIF 

Q •••*•******•**•**•* begin check whether T2 or T l •*•****•* 

IF (RJ^.3.AND JLAGXQ.O) THEN 
C 
C DEFINE THE MESH 
C 

IMESH=5 
CALL DMESH(L.NPJ^PTS^.A,B) 

C 
C SET UP THE INTHAL CONDITIONS 
C 

TE=0.0 
. DIRE=0 

DO 201=1 Ĵ PTS 
U(D=1 

20 CONTINUE 

ENDIF 

Q ••*••**•••••*••••••* end check whether T2 or Tl •••*•**•* 

PULS=R*90 
IF (FLWR.EQ.1) WRITE (8,4993) PULS 
IF(R.EQ.0)GOTO65 
DO40J=l,R 
DIRE=DIRE+1 
IF (DIRE.GE.4) DIRE=DIRE-4 
IF (DIREJ^.O.AND.DIREJ^.2) GOTO 60 
DO 50 I=lJ^iPTS 



285 
U(I)=-U(I) 

50 CONTINUE 
60 CONTINUE 
40 CONTINUE 
65 CONTINUE 

TS=0.0 
IF (DIRE.EQ.1.0R.DIREEQ.3) THEN 
IF (RTJsrE.l.AND.RTJ4E.2) THEN 
IF (FLWREQ.l) WRITE (8,5999) 
GOTO 999 
ELSE 
SUMAG(1003)=0 
ENDIF 
IF(RT£Q.1)THEN 
IF (FLWREQ.l) WRITE (8,4995) 
ELSE 
IF (FLWREQ.l) WRITE (8,4005) 
ENDIF 
ELSE 
SUMAG(1003)=1 
IF (FLWR.EQ.I) WRITE (8,4994) 
ENDIF 

IF(RmO)THEN 
MAGCNT=0 
SUMAG(1004)=0 
SUMAG(1005)=0 
ELSE 
MAGCNT=MAGCNT-1 
SUMAG(1004)=SUMAG(1001) 
SUMAG(1005)=SUMAG(1002) 
ENDIF 
SUMAG(1001)=NT 
SUMAG(1002)=DW 
IF(FLWR£Q.1)THEN 
WRITE (8,7999) NT,DW 
WRITE (8.8990) 

ENDIF 
CALL INTEG(NP.NPTS.A,B,TS,X,U,TE.MNEW) 
SSD=0. 

IND=0 
DO 67 I=1J^PTS 
AA(D=U(D 

67 CONTINUE 
IFAIL=0 
DO70I=lJ^T 
IF (RJ^.3.AND JLAG.EQ.O) THEN 
TOUT=DW+TS 
TE=TE+DW 
TCONST=TE 

ELSE 
TOUT=DBLE(XX(I)) 
TE=TOUT-i-TCONST 

ENDIF 
IF ((DIREEQ.l.AND.RT£Q.2).OR.(DIRE.EQ.3.AND.RTEQ.2)) THEN 
CALL TEET00(NPJ^PTS,TS,T0UT,U,GE,T2,AA) 
ELSE 

C 
C CALL D03PBF TO COMPUTE SOLUTION AT TREL 
C 

CALLD03PBF(NPDE,MJ'DEF.BNDY,A3.TS.TOUT,UJ^PTS.IMESH,X, 
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&ACC,WORK,IWK,IND,IFAIL) 
ENDIF 

C 
C CHECK IF ERROR DETECTED 
C 

IF (IFAIL.NE.O) GOTO 170 
C 
C INTEGRATE THE MAGNETISATION AND OUTPUT THE RESULTS 
C 

CALL INTEG(NP>rPTS,A,B,TS,X,U,TE,MNEW) 

IF aXQ . l) START=MNEW 

SSD=SSD+(YYa)-MNEW)**2 
70 CONTINUE 

FUNK=SSD 
RETURN 

C 
C ERROR IN D03PBF 
C 

170 WRITE (8.8989)IFAIL,TOUT 
999 RETURN 

C 
C FORMAT STATEMENTS 
C 
1200 FORMAT (21X.34HLAMELLAR MORPHOLOGY /) 
1201 FORMAT (21X.34HCYLINDRICAL MORPHOLOGY /) 
1202 FORMAT (21X,34HSPHERICAL MORPHOLOGY /) 
1010 FORMAT (1X,35HDIMENSI0NS IN REPEAT UNIT (METRES):,5X, 

. &3(1X,1PE11.4)/) 
1100 FORMAT (1X/,10X,24H1H RELAXATION SIMULATION. 

&22H FOR A 3 REGION SYSTEM, IX/) 
1000 FORMAT (43X.8HREGION 1.4X.8HREGION 2,4X,8HREGION 3/) 
1001 FORMAT (1X,30HTHICKNESS OF REGIONS (METRES):,10X,3(1X,1PE1I.4)/) 
1002 FORMAT (1X,28HSPIN DIFFUSION COEFFS (MKS):.12X,3(1X.1PE11.4)/) 
2020 FORMAT (1X,28HN0RMALISED PROTON DENSITIES:,12X.3dX,lPE11.4)/) 
1003 FORMAT (1X,21HINTRINSIC Tl'S (SEC):,19X,3(1X1PE11.4)/) 
1004 FORMAT (1X,24HINTRINSIC TIRHO'S (SEC):,16X,3(1X.1PE11.4)/) 
2004 FORMAT (1X,21HINTRINSIC T2'S (SEC):,19X,3(1X.1PE11.4)/) 
1005 FORMAT (IX.PROPORTIONS OF COMPONENTS (VOL%):',7X,3(3XJ^6.3.3X)/) 
2010 FORMAT (IX.'PROPORTTONS OF COMPONENTS (1H%):'.8X.3(3X.F6.3.3X)/) 
1006 FORMAT (lX.2dHP0INTS DISTRIBUnON:.20X.3(5X,I3,4X)/) 
2006 FORMAT (1X,20HEXPO(1) OR GAUSS(2):,20X,3(5X,D,4X)/) 
4999 FORMAT (1X/,1X.18H END OF SIMULATION.IX/) 
5999 FORMAT (1X/,1X.33H ERROR IN SPECmCATION - ABORTED.IX/) 
4998 FORMAT (1 X//.I3,2X, 1PE11.4,2X, 1PE11.4,2X,D) 
4997 FORMAT (1X,I3) 
4995 FORMAT (1X/,4X,17H TIRHO SIMULATI0N,1X/) 
4005 FORMAT (1X/,4X,14H T2 SIMULATION, IX/) 
4994 FORMAT(1X/,4X.14H Tl SIMULATION.IX/) 
4993 FORMAT (1X/,4X.I3.13H DEGREE PULSE.IX/) 
4992 FORMAT (1X/,10X.30H START OF SIMULATION: M=l (+Z).lXy) 
3999 FORMAT (IX.lPEl 1.4) 
3998 FORMAT (1X,I3) 
9999 FORMAT (IPEl 1.4) 
9998 FORMAT (D) 
1007 FORMAT (IX,23HPERIODICnT (METRES) = ,1PE11.4/) 
1008 FORMAT (1X,24HNUMBER OF MESH POINTS = 43/) 
1009 FORMAT (1X,21HACCURACY PARAMETER = ,1PE11.4//) 
8990 FORMAT (1X/,2X.37H TSIM TMES INTEGRAL 1. 

&38H INTEGRAL2 INTEGRALS TOTALM/) 



287 
8989 FORMAT (1X,27H D03PBF FAILS WITH IF AIL = ,D, 

&8H ATT=,1PE11.4/) 
8987 FORMAT (IX/) 
8978 FORMAT (6(2X,1PE11.4)) 
7999 FORMAT (1X,I3,' DATA POINTS WITH A DWELL OF 

&lPEn.4,' SECONDS'/) 
END 

C 
c 
c 
c 
c 
c 

! 
SUBROUTINE TEETOO ! 

ROUTINE TO SIMULATE T2 RELAXATION ! 
! 

SUBROUTINE TEET00(NPJ^PTS,TS,T0UT,U,GE.T2,AA) 
DOUBLE PRECISION TS,TOUT,U(NPTS),AA(NPTS) 
REAL T2(3),RFAC(3),GARBAGE 
INTEGER IJ^PTS,NP(3),GE(3) 
TS=TOUT 
DO 101=1 J^PTS 
U(I)=AA(I) 

10 CONTINUE 
DO 15 1=1,3 
GARBAGE=((-l/FLOAT(GE(I)))*(TS/a^(I))**FLOAT(GE(I))) 
RFACa)=ZEREXP(GARBAGE) 

15 CONTINUE 
DO 20 I=1,NP(1)+1 
U(I)=U(D*RFAC(1) 

20 CONTINUE 
DO 30 I=NP(l)+3,NP(l)+NP(2)+2 
U(I)=Ua)*RFAC(2) 

30 CONTINUE 
DO 40 I=NPTS-NP(3).NPTS 
U(D=Ua)*RFAC(3) 

40 CONTINUE 
U(NP(l)+2)=(U(NP(l)+l)+U(NP(l)+3))/2 
U(NP(l)+NP(2)+3)=(U(NP(l)+NP(2)+2)+U(NP(l>+NP{2)+4))/2 
RETURN 
END 

C ! ! 
C ! SUBROUTINE PDEF ! 
C ! ROUTINE TO DEFINE THE EQUATION IN EACH REGION 
C ! ! 

SUBROUTINE PDEF(NPDE,X,T.UXJ)UXj:,G,C) 
DOUBLE PRECISION T,X,C(1),DUX(1)J:(1).G(1XUX(1) 
REALD(3),TD(3).L(3),TR(3),TL(3),DIFFAC,HD(3),START.CRYST 
INTEGER NPDE,RELTYP,DIRE,IJT-AG JLWR 
C0MM0N/ALAN/D,TL,TRJ.,HD,DIREJ1.AG,STARTJLWR,CRYST 
COMMON/LOWT/TD 
IF (DIRE.EQ.3.0R.DIREJEQ.1) THEN 
RELTYP=0 
DIFFAC=0.5 
ELSE 
RELTYP=1 
DIFFAC=1.0 
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ENDIF 
DO 101=1,3 
IF (RELTYP£Q.O) THEN 
TD(I)=TR(D 
ELSE 
TD(I)=TL(D 
ENDIF 

10 CONTINUE 
IF(XiEi ( l ) )GOTO20 
IF (X.GEi(l)+L(2)) GOTO 30 
G(1)=D(2) 
C(1)=HD{2) 
F(1)=TD(2) 
GOTO 40 

20G(1)=D(1) 
C(1)=HD(1) 
F{1)=TD(1) 
GOTO 40 

30G(1)=D(3) 
C(1)=HD{3) 
F(1)=TD(3) 

40 CONTINUE 
G(1)=G(1)*DIFFAC 
F(1)=C(1)*(RELTYP-UX(1))/F(1) 
RETURN 
END 

C ! ! 
C ! SUBROUTINE BNDY ! 
C ! ROUTINE TO DEFINE BOUNDARY CONDITIONS AT X=A AND X=B ! 
C ! ! 

SUBROUTINE BNDY(NPDE,T.UXJBNDJ>.Q,R) 
DOUBLE PRECISION TJ>(NPDE),Q(NPDE).R(NPDE),UX(NPDE) 
INTEGER IBND J^PDE 
P(1)=0.0 
R(1)=0.0 
Q(l)=1.0 
RETURN . 
END 

C ! ! 
C ! SUBROUTINE DMESH ! 
C ! ROUTINE TO CALCULATE MESH POINTS ! 
C ! ! 

SUBROUTINE DMESH(LJ^P;^PTS,X,A,B) 
DOUBLE PRECISION A3.X(NPTS) 
REALL(3).PI 
INTEGER II.12,13,1 J^PTSJ^P(3) 
PI=3.1415926535 

C 
C INTERVAL FROM X=0 TO X=L(1) 
C 

X(1)=A 
I1=NP(1)+1 
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DO 201=2,11 
X(I)=L(1)*SIN(PI*FL0AT(I-1)/(2*FL0AT(NP(1)+1))) 

20 CONTINUE 
X(NP(1)+2)=L(1) 

C 
C INTERVAL FROM X>L(1) TO X=L(1)+L(2) 
C 

11=11+2 
I2=NP(l)+NP{2)+2 
DO 301=11,12 
Xa)=L( l)+a(2)/2)*( l-COS(PI*FLOATa-NP( l)-2)/ 

&FL0AT(NP(2)+1))) 
30 CONTINUE 

X(NP(1)+NP(2)+3)=L(1)+L(2) 
C 
C INTERVAL FROM X>L( 1)+L(2) TO X=L( 1)+L(2)+L(3) 
C 

12=12+2 
I3=NP(l)+NP(2)+NP(3)+3 
DO 401=12,13 
Xa)=L(l)+L(2)+L(3)*(l-COS(Pl*FLOATa-NP(l)-NP(2)-3)/ 
&(2*FLOAT(NP(3)+l)))) 

40 CONTINUE 
X(NPTS)=B 
RETURN 
END 

C ! ! 
C ! SUBROUTINE DSfTEG ! 
C ! ROUTINE TO INTEGRATE THE RESULTS ! 
C ! ! 

SUBROUTINE INTEG(NP,NPTS,A3,TS,X,U,TE,MNEW) 
PARAMETER {DATMAX=200) 
DOUBLE PRECISION A,B,TS,TE,X(NPTS),U(NPTS) 
REAL DS,SUM,S(3),SUMAG(1005)jn)(3),D(3),TR(3),TL(3)J-(3),MNEW, 

& START,CRYST 
INTEGER NPTS,LM>rP(3),MAGCNT,DIRE J=LAGJT-WR 

COMMON/RES/ S,SUHSUMAG>I>1AGCNT 
COMMON /ALAN/ D,TL.TRa.,HD J)IRE3-AG,START,FLWR,CRYST 

MAGCNT=MAGCNT+1 
C 
C INTEGRATE RESULTS IN REGION 1 
C 

S(1)=0.0 
DO 10I=1,NP(1)+1 
Ds=(ua+i)+u(i))*p(a+i)**(M+i)-x(i)**(M+i)) 
S(1)=S(1)+DS 

10 CONTINUE 
C 
C INTEGRATE RESULTS IN REGION 2 
C 

S(2)=0.0 
DO 20 I=NP(l)+2,NP(l)+NP(2>f2 
Ds=(ua+i)+u(i))*(xa+i)**(M+i>-x(D**(M+i)) 
S(2)=S(2)+DS 

20 CONTINUE 
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C 
C INTEGRATE RESULTS IN REGION 3 
C 

S(3)=0.0 
DO 30 I=NP(1)+NP(2)+3,NPTS-1 
DS=(U(I+1)+U(D)*(X(I+1)**(M+1)-X(I)**(M+1)) 
S(3)=S(3)+DS 

30 CONTINUE 
DO 401=1.3 
Sa)=HD(D*S(I)/(2*(B-A)**(M+l)) 

40 CONTINUE 
C 
C SUM THE RESULTS FOR THE THREE REGIONS 
C 

SUM=S(1)+S(2)+S(3) 
SUMAG(MAGCNT)=SUM 

C 
C PREPARE MAGNETISATION FOR LEAST SQUARES HT 
C MNEW: MAGNETISATION IN MOBILE REGION 
C 

MNEW=S(1) 

C 
C OUTPUT THE NUMERICAL RESULTS 
C 

IF (FLWR£Q.l) WRITE (8,8978) TE,TS.S(1),S(2),S(3),SUM 
RETURN 

8978 FORMAT (6(2X,1PE11.4)) 
END 

C ! ! 
C ! FUNCTION ZEREXP ! 
C ! FUNCTION TO RETURN THE EXPONENTIAL OF THE ARGUMENT; ! 
C ! RETURNS ZERO IF ANSWER LESS THAN l.OE-30 ! 
C ! ! 

FUNCTION ZEREXP(TEM) 
REALTEM 
IF (TEMLT.-70) THEN 
ZEREXP=0.0 
ELSE 
ZEREXP=EXP(TEM) 
ENDIF 
RETURN 
END 
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Appendix I I I TURBO PASCAL 6.0 PROGRAM 
"LEAST. PAS" 

Program Least; 

(SN+} 

USES Crt,Dos,Dialog,Types,CompIxJ îq)ara,TheoryJit2J=adeunit; 

var i,j,n,col: integer, 
dum : double; 
ft rtext; 
filename, 
f l : string[20]; 
ch : char, 

begin 
TextBackGround(LightGray); 
TextColor(BIack); 
clrscr; 
write('filename:"); 
intenup(lO); 
readln(n); 

filename:= f l + '.dat'; 

assign (ft, filename); 
reset (ft); 
WRITELNCHow many colunms? *); 
ch:=ReadKey; 
n:= 0RD(Ch)^8; 
WRITELN(T)ata-modeling for which column?"); 
ch:=ReadKey; 
col:= 0RD(Ch)-48; 

i:=0; 
while not eof(ft) do 
begin 

i := i + 1; 
read (ft, x[i]); 
FORj:=lTOn-lDO 
BEGIN 

IF j o c o l THEN BEGIN 
IF j<n- lTHEN 

READ(ft, dum) 
ELSE 

READLN(ft, dum); 
END 

ELSE 
BEGIN 
IF j<n- lTHEN 

REAIXft, y[i]) 
ELSE 

READLN(ft, y[i]); 
END; 

END; 
yerr[i] := 1; 

end; 
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close(ft); 

Writeln("); 
WritelnC); 

WritelnCWhich function?'); 
WritelnC'); 

WritelnC 0: polynom aO+al*t+a2*t'̂ 2+..."); 
WritelnC 1: error function'); 
WritelnC 2: a*exp(-b*t)'); 
WritelnC 3: Mehring equation for CP/MAS (Contact time) two components'); 
WritelnC 4: l-2*a*exp(-t/b); eg. T l data'); 
WritelnC 5: l-2*a*exp(-t/b)+l-2*c*exp(-t/d)'); 
WritelnC 6: Mehring equation for CP/MAS(Contact time) one components'); 
WritelnC 7: Spin-depolarisation (one component) (Mueller, Kumar, Baummann, Emst +"); 
WritelnC modifiation by Wu for CH2-group'); 
WritelnC 8: Spin-depolarisation (two components) (Mueller, Kumar, Baummann, Emst +"); 
WritelnC modifiation by Wu for CH2-group (application doubtful!)"); 
WritelnC 9: Inversion-Recovery Cross-polarisation for non-protonated carbons'); 
WritelnClO: Cross-polarisation dynamics, advanced model'); 
Writeln('ll: Spin-depolarisation (one component,Abragamian) (Mueller, Kumar, Baummann,"); 
WritelnC Emsf); 
WritelnC12: l-2'*a*exp{-t/b)+l-2'*c*exp(-t/d)open for modifications'); 
WritelnC13: Spin-depolarisation (one component) (Mueller, Kumar, Baummann, Emst +"); 
WritelnC modifiation by Wu for CH-group"); 
WritelnC14: Cross-polarisation dynamics, more advanced model (based on 7)'); 
WritelnClS: Inverse-recovery Cross-polarisaUon dynamics (based on 14)'); 

intenup(lO); 

Ch:=ReadKey; 

N_Theo:= 0RD(Ch)^8; 

clrscr; 

If (N_Theo=2) or (N_Theo=4) then N_Par= 2; 
If (N_Theo=6) or (N_Theo=7) or (N_Theo=9) or (N_Theo=l 1) or (N_Theo=13) then N_Par= 3; 
If G^_Theo=5) or (N_Theo=10) or (N_Theo=12) or (N_Theo=14) or (N_Theo=15) or (N_Theo=16) then 
N_Par= 4; 
If N_Theo=l then N_Par= 5; 
I f (N_Theo=3) or (N_Theo=8) then N_Pan= 6; 
If N_Theo=0 then begin 

WriteCHow many elements (aO, al, a2,... ? *); 
Readln(N_Par); 

end; 

clrscr, 

CTRL_PR := false; { Do Control-Print on screen} 
N_Fit := 1024; { Number of possible data max. 1024 } 
FJower := 1; { Uses only datapoints 1 1024 } 
F_upper := i ; { Upper data used in data file } 
{N_Theo := Theory function: ) 
{N_Par := Number of parameter } 

pars[l]:= 1.0; 
pars[2]:= 0.16; 
pars[3]:= 0.997; 
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pars[4]:= 0.16; 
pars[5]:= 0.15; 
pars[6]:= 7.0; 

WritelnCParameter list:"); 
FOR i:= 1 to N_Par do 

WritelnCparsr,i,T. ',pars[i]); 
WritelnCOK (y/n)?*); 
Ch:=ReadKey; 
EFchoyTHEN 

FOR i:= 1 to N_Par DO BEGIN 
WRITECN.ParP,!,! old-value:', Pars[i],' new-value: "); 
READLN(Pars[i]); 

END; 

(calculates a fraction of pars for deviation (see UNIT theory .pas)) 

for i := 1 to N_Par do 
begin 
dpars[i]:= pars [i]/l0000; 

end; 

(Output Result) 

WritelnC); 
WritelnC); 

WritehiCOne moment please, I am thinking!"); 

do.fit; 
intendown(lO); 
clrscr; 
WritelnCResult:"); 
WritehiC); 
WrilelnC Parameter +-•); 
Writelnf y, 

for i := 1 to N_Par do 
writeln(pars[i],' ',pars_err[i]); { ai +- err_ai} 

WritelnC); 
Writeln("); 
intenup(lO); 
WritelnCpress any key to continue!'); 

repeat until keypressed; 
WritelnC'); 
end. 

Unit THEORY; 

{SN+) 

interface 

Uses Types,Complx,FitPara; 

function Theo(x: extended; pars: Sol_vec): double; 
function Db (par,i: integer): double; 
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implementation 

function Theo(x: extended; pars: Sol_vec); double; 

{Fittable parameters are pars[i], with i ranging from 1 to 30; ) 
{unfittable, but variable parameters are par_fix[i], with i ) 
{ ranging fron 2 to 30. ) 

var t : extended; 
i : integer; 
Iambi ,lamb2,lamb3,dlamb2,dlamb3,dlamb3 l,dlamb41: double; 

const sqrttwo= 1.4142136; 
pi = 3.141592654; 

begin 
case N_Theo of 
0: begin 

{ pars[l] :a0) 
{ pars[2]: al ) 
( pars[3]: a2 } 
{ ) 
{ pars[N_par]: a(N_par+l) ) 
t := pars[N_Par]; { Homer ) 

for i := N_Par-l downto 1 do 
t := t*x+pars[i]; 

Theo := t; 
end; 

1: begin 
(parsll]:tO) 

{ pars[2]: N ) 
{ pars[3]: lambda ) 
{ pars [4]: sigma ) 
i pars [5]: back } 
t:= x-pars[l]; { t-tO } 
Theo := parsI2]/2*(fexp(sqr(pars[3]*pars[4])/2-pars[3]*t)* 

erfc((pars[3]*pars[4]-t/i)ars[4])/sqrttwo))-Hparst5]; 
end; 

2: begin 
t:= x; 
Theo := pars[l]*exp(-l/pars[2]*t); 

end; 

3: begin 
t := x; 
Iambi := pars[2]43ars[3]; 
lamb2 := pm[5]/pars[6]; 
theo := pars[l]/(l-lambl)*(l-exp(-(l-Iambl)/pan[2]*t))*exp(-t/^ars[3]>f 

pars[4]/(l-lamb2)*(l-exp(-(l-lamb2)/pars[5]*t))*exp(-l/pars[6]): 
end; 

4: begin 
t:= x; 
Theo := l-2*pars[l]*exp(-t/i)ars[2]); 

end; 

5: begin 
t := x; 
theo := l-(2*pars[l]*exp(-t^[2])+2*pars[3]*exp(-t/i)ars[4])); 

end; 
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6: begin 
t := x; 
Iambi := pars[2]/^ars[3]; 
theo := pars[l]/(l-lambl)*(l-exp(-(l-lambl)/pars[2]*t))*exp(-t^ars[3]): 
end; 

7: begin 
t:= x; 
lamb2:= sqr(t/pars[3]); 
theo := pars[l] *( 1/3 •exp(-pars[2] *t)+2/3 *exp(-3/2*pars[2]*t)*exp(-0.5 *lamb2)); 

end; 

8: begin 
t:= x; 
lamb2:= sqr(t/pars[3]); 
lamb3:= sqr(i;^ars[6]); 
theo :=pars[l]*(l/3*exp(-pars[2]*t)+2/3*exp(-3/2*pars[21*t)*exp(-0.5*lamb2))+ 

pars[4]*( 1/3 *exp(-pars[5] *t)+2/3 *exp(-3/2*pars[5] *0*exp(-0.5*lamb3)); 
end; 

9: begin 
t:= x; 
Iambi :=pars[2]^ars[3]; 
theo := (-pars[l]+2*pars[l]/(l-lambl)*(l-exp(-(l-lambl)/pars[2]*t)))*exp(-t/pars[3]); 

end; 

10: begin 
t := x; 
Iambi := pars[3]/pars[4]; 
lamb2:= 0.5*sqr(t/pars[3]); 
iflamb2<300 Uien 
theo :=pars[l]/(l-lambl)*(l-l/3*exp(-pars[2]*t)-(exp(-(l-lambl)/pafi[3]*t)+«xp(-lamb2)* 

2^*exp(-3/2*pars[2]*t)))*exp(-t/pars[4]) 
else 
theo :=pars[ll/(l-lambl)*(l-l/3*exp(-pars[2]*t)-exp(-(l-lambl)/pars[3]*t))*exp(-t/pars[4]); 

end; 

11: begin 
t := x; 
lamb2:= sqr(l;^ars[3]); 
theo := pars[l]*(l/3*exp(-pars[2]*t)+2/3*exp(-3/2*pars[2]*t)*cos(l/2*pars[3]*t)); 
end; 

12: begin 
t := x; 
theo := 0.2-0.4*(pars[l)*exp(-t/pars[2])+pars[3]*exp(-t/pars[4])); 

end; 

13: begin 
t := x; 
lamb2:= sqr(l;^ars[3]); 
theo :=pars[l]*(l/2*exp(-pars[2]*t)+l/2*exp(-3/2*pars[2]*t)*exp(-0.5*lamb2)); 
end; 

14: begin 
t :=x; 
lamb2:= sqr(t/pars[3]); 
IF lamb2 < 400 then 
theo :=pars[l]*(l-l/3*exp(-pars[2]*t)-2/3*exp(-3/2*pars[2]*t)*exp(-0.5*lamb2))*exp(-t/pars[4]) 

ELSE 
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theo:=pars[l]*(l-l/3*exp(-pars[2]*t))*exp(-t/pars[4]); 

end; 

15: begin 
t:= x; 
lamb2:= 0.5*sqr(t/pars[3]); 
IF lamb2 < 400 then 
theo := (-pars[l]-(-2*pars[l]*(l-l/3*exp(-pani[2]*t)-2/3*exp(-3/2*pars[2]*t)*exp(-lamb2)))*exp(-

t/pars[4]) 
ELSE 
theo := (-pars[l]+2*pars[l]*(l-l/3*exp(-pars[2]*t)))*exp(-t^ars[4]); 

end; 

16: begin 
t:= x; 
lambl:= pars[3]/pars[4]; 
Iamb2:=0.5*sqr(t/pars[3]); 
iflamb2<300then 
theo := pars[ 1 ]*( 1-1/3*exp(-pars[2]*t)-2/3*exp(-3/2*pars[2]*t)*exp(-lamb2))*exp(-t/pars[4]) 
else 
theo := pars[l]*(l-l/3*exp(-pars[2]*t))*exp(-t/tars[4]); 

end; 

end; (case) 
end; 

function Db(par,i: integer): double; 

{ Db = df(x[i],pars)/dpars[par] ) 

var el,e2,e3,e4,e5,e6,t,efc,efc 1 ,efc2,lambl,lamb2,lamb3,dlamb2,dlamb3,dlamb31 ,dlamb41: double; 

const sqrttwobypi = 0.7978845; 
sqrttwo = 1.4142136; 
pi =3.141592654; 

begin 
if fixed [par] then Db := 0 
else 
caseN_Theo of 
0: if par=l then Db := 1 

else Db := pot(x[i],pred(par)); 
1: begin 

t := x[i]-pars[l]; 
el := fexp(sqr(pars[3]*pars[4])/2-pars[3]*t); 
e2 :=fexp(-sqr(pars(3]*pars[4]-t^ars[4])/2); 
efc := erfc((pais[3]*pars[4]-t/pars[4])/sqrtlwo); 
case par of 
1: Db := pars[2]/2*el*(pars[3]*efc-sqrttwobypi^ars[4]*e2); 
2:Db:=0.5*el*efc; 
3: Db := pars[21/2*el*((pars[3]*sqr(pars[4])-t)*efc-

sqrttwobypi/pars[4]*e2); 
4: Db :=pars[2]/2*el*(sqr(pars[3])*pars[4]*efc-

sqrttwobypi*(pars[3]/sqrttwcH-^sqr(pan[4]))*e2); 
5: Db := 1; 
end; 

end; 

2: begin 
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case par of 
1: Db := ((pars[l]+dpars[l])*exp(-l/pars[2]*x[i])-pars[l]*exp(-l/pars[2]*x[i]))/dpars[l]; 
2: Db := (pars[l]*exp(-l/(pars[2]+dpars[2])*x[i])-pars[l]*exp(-l/pars[2]*x[i]))/dpars[2]; 

end; 
end; 

3: begin 
t :=x[i] ; 
Iambi :=pars[2]/pars[3]; 
lamb2 := pars[5]/pars[6]; 
dlamb2 := (pars[2]-Klpars[2])/pars[3]; 
dlamb3 := pars[2]/(pars[3]+dpars[3]); 
case par of 
1: Db := ((pars[l]+dpars[l])/(l-lambl)*(l-exp(-(l-lambl)/pars[2]*t))*exp(-t/pars[3])-

(pars[l]/(l-lambl)*(l-exp(-(l-lambl)/pars[2]*t))*exp(-i/pars[3])))/(^ars[l]; 

2: Db := (pars[l]/(l-dlamb2)*(l-exp(-(l-(pars[2]+dpars[2])/pars[3])/ 
(pars[2]+dpars[2])*t))*exp(-t/pars[3])-
(pars[l]/(l-lambl)*(l-exp(-(l-lambl)/pars[2]*t))*exp(-t^ars[3])))/dpars[2]; 

3: Db := (pars[l]/(l-dlamb3)*(l-exp(-(l-pars[2]/(pars[3]+dpars[3]))* 
t/pars[2]))*exp(-t/(pars[3]+dpars[3]))-
(pars[l]/(l-lambl)*(l-exp(-(l-lambl)/pars[2]*t))*exp(-t/tars[3])))/dpars[3]; 

4: Db := ((pars[4]+dpars[4])/(l-lamb2)*(l-exp(-(l-lamb2)/pars[5]*t))*exp(-t/pars[6])-
(pars[4]/(l-lamb2)*(l-exp(-(l-lamb2)/pars[5]*t))*exp(-t/pars[6])))/dpars[4]; 

5: Db := (pars[4]/(l-(pars[5]+dpars[5])/pars[6])*(l-exp(-(l-(pars[5]+dpars[5])/pars[6])/ 
(pars[5]+dpars[5])*t))*exp(-t^[6])-
(parsI4]/( l-lamb2)*(l-exp(-( 1-lamb2)/pars[5] *t))*exp(-t/pars [6])))/dpars[5]; 

6: Db := (pars[4]/(l-pars[5]/(pars[6]+<lpars[6]))*(l-exp(-(l-pars[5]/(pars[61+dpars[6]))* 
t/i)ars[5]))*exp(-t/(pars[6]+dpars[6]))-
(pars[4]/(l-lamb2)*(l-exp(-(Mamb2)/pars[5]*t))*exp(-t^ars[6])))/dpars[6]; 

end; 
end; 

4: begin 
t:=x[i]; 
case par of 
1: Db := (l-2*(pars[l]+dpars[l])*exp(-l/pars[2])-l+2*pars[l]*exp(-t/tars[2]))/dpars[l]; 
2: Db := (l-2*parstl]«exp(-l/(pars[2]+dpars[2]))-l+2*pars[l]*exp(-t^axs[2]))/(^an[2]; 
end; 

end; 

5: begin 
t :=x[i] ; 
case par of 
1: Db := -2*((pars[l]+dpars(l])*exp(-x[i]/parst2])-(pars[l]*exp(-x[il/pars[21)))/dpars[l] 

:=-2*(pars[l]*exp(-x[i]/(pars[2]+dpars[2]))-(pars[l]*exp(-x[i]/pars[2])))/dpars[2] 
:= -2*((pars[3]+dpars[3])*exp(-x[i]/pars[4])-(pars[3]*exp(-x[i]/pars[4])))/dpars[3] 
:= -2*(pars[3]»exp(-x[i]/(pars[4]+dpars[4]))-(pars[3]*exp(-x[i]/pars[4])))/dpars[4] 

2: Db 
3: Db 
4: Db 

end; 
end; 

6: begin 
l :=x[ i ] ; 
Iambi := pan[2]/pars[3]; 
case par of 
1: Db := ((pars(l]+dpars(l])/(l-lambl)*(l-exp(-(l-Iambl)/pars[2]*t))*exp(-t/pars[3])-

(pars[l]/(l-lambl)*(l-exp(-(l-lambl)/pars[2]*t))*exp(-t/l)ars[3])))/dpars[l]; 
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2: Db := (pars[l]/(l-(pars[2]+dpars[2])/pars[3])*(l-exp(-(l-(pars[2]+dpars[2])/^ars[3])/ 

(pars[2]+dpars[2])*t))*exp(-t/pars[3])-
(pars[l]/(l-lambl)*(l-exp(-(l-lambl)/pars[2]*t))*exp(-t/pars[3])))/dpars[2]; 

3: Db := (pars[l]/(l-pars[2]/(pars[3]+dpars[3]))*(l-exp(-(l-pars[2]/(pars[3]+dpars(3]))/ 
pars[2]*t))*exp(-t/(pars[3]+dpars[3]))-
(pars[l]/(l-lambl)*(l-exp(-(l-lambl)/pars[2]*t))*exp(-t/pars[3])))/dpars[3]; 

end; 
end; 

7: begin 
t := x[i]; 
lamb2:= sqr(t/pars[3]); 
case par of 
1: Db := ((pars[l]-Hlpars[l])*(l/3*exp(-pars[2]*t)+2/3*exp(-3/2*pars[2]*t)*exp(-0.5*lamb2))-

(pars[l]*(l/3*exp(-pars[2]*t)+2/3*exp(-3/2*pars[2]*t)*exp(-0.5*sqr(t/pars[3])))))/dpars[l]; 

2: Db := (pars[l]*(l/3*exp(-(pars[2]+dpars[2])*t)+2/3*exp(-3/2*(pars[2]+dpars[2])*t)*exp(-
0.5*lamb2))-

(pars[l]*(l/3*exp(-pars[2]*t)+2/3*exp(-3/2*pars[2]*t)*exp(-0.5*sqr(t/pars[3])))))/dpars[2]; 

3: Db := (pars[l]*(l/3*exp(-pars[2]*t)+2/3*exp(-3/2*pars[2]*t)*exp(-.5*sqr(t/(pars[3)+dpars[3]))))-
(pars[l]*(l/3*exp(-pars[2]*t)+2/3*exp(-3/2*pars[2]*t)*exp(-0.5*sqr(t/pars[3])))))/dpars[3]; 

end; 
end; 

8: begin 
t := x[i]; 
lamb2:= sqr(t/pars[3]); 
lamb3:= sqr(i/pars[6]); 
case par of 
1: Db := ((pars[l]+<lpars[l])*(l/3*exp(-pars[2]*t)+2/3*exp(-3/2*parst2]*t)*exp(-0.5*lamb2))-

(pars[l]*(l/3*exp(-parst2]*t)+2/3*exp(-3/2*pars[2]*t)*exp(-0.5*Iamb2))))/dpars[l]; 

2: Db := (pars[l]*(l/3*exp{-(pars[2]+dpars[2])*t)+2/3*exp(-3/2*(pars[2]-Hlpars[2])*t)*exp(-
0.5*lamb2)> 

(pars[l]*(l/3*exp(-pars[2]*t)+2/3*exp(-3/2*pars[2]*t)*exp(-0.5*lamb2))))/dpar5[2]; 

3: Db := (pars[l]*(l/3*exp(-pars[2]*t)+2/3*exp(-3/2*pars[2]*t)*exp(-.5*sqr(t/(pars[3]+dpars[3]))))-
(pars[l]*(l/3*exp(-pars[2]*t)+2/3*exp(-3/2*pars[2]*t)*exp(-0.5*Iamb2))))/dpan[3]; 

4: Db := ((pars[4]-f<lpars[4])*(l/3*exp(-pars[5]*t)+2/3*exp(-3/2*pars[5]*t)*exp(-0.5*lamb3))-
(pars[4]*(l/3*exp(-pars[5]*t)+2/3*exp(-3/2*pars[5]*t)*exp(-0.5*lamb3))))/dpars[4]; 

5: Db := (pars[4]*(l/3*exp(-(pars[5)+dpars[5])*t)+2/3*exp(-3/2*(pars[5]+dpars[5])*t)*exp(-
0.5*lamb3))-

(pars[4]*(l/3*exp(-pars[5]*t)+2/3*exp(-3/2*pars[5]*t)*exp(-0.5*lamb3))))/dpars[5]; 

6: Db := (pars[4]*(l/3*exp(-pars[5]*t)+2/3*exp(-3/2*pars[5]*t)*exp(-.5*sqr(t/(pars[6]-Hlpars[6]))))-
(pars[4]*(l/3*exp(-pars[5]*t)+2/3*exp(-3/2*pan[5]*t)*exp(-0.5*lamb3))))/dpars[6]; 

end; 
end; 

9: begin 
t:=xn]; 
Iambi := pars[2]^)ars[3]; 
case par of 
1: Db := ((-(pan[l]+dpars[l))+2*(pars[l]+dpani[l])/(l-lambl)*(l-exp(-(l-ambl)/|jars[2]*t)))*exp(-

t/pars[3])-((-pars[ l]+2*pars[ 1 ]/(1 -lamb 1 )•( 1 -exp(-(Mamb 1 )/pars[2] *t)))* 
exp(-/^ars[3])))/dpars[l]; 
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2: Db := ((-pars[l]+2*pars[l]/(l-(pars[2]+dpars[2])/pars[3])*(l-exp(-(l-(pars[2]+dpars[2])/pars[3])/ 
(pars[2]+dpars[2])*t)))*exp(-t/pars[3])-
((-pars[l]+2*pars[l]/(l-lambl)*(l-exp(-(l-lambl)/pars[2]*t)))*exp(-t/pars[3])))/dpars[2]; 

3: Db := ((-pars[l]+2*pars[l]/(l-pars[2]/(pars[3]+dpars[3]))*(l-exp(-(l-pars[2]/(pars[3]+dpars[3]))/ 
pars[2]*t)))*exp(-t/(pars[3]+dpars[3]))-
((-pars[l]+2*pars[l]/(l-lambl)*(l-exp(-(l-lambl)/pars[2]*t)))*exp(-t/pars[3])))/dpars[3]; 

end; 
end; 

10: begin 
t := x[i]; 
lambl:= parsI3]/pars[4]; 
lamb2:= 0.5*sqr(l/pars[3]); 
dlamb31:= (pars[3]+dpars[3])/pars[4]; 
dlamb41:= pars[3]/(pars[4]+dpars[4]); 
dlamb2:= 0.5*sqr(t/(pars[3]+dpars[3])); 
iflamb2< 300 then 
case par of 

I : Db := ((pars[l]+dpars[l])/(l-lambl)*(l-l/3*exp(-pars[2]*t)-(exp(-(l-lambl)/pars[3]*t)+exp(-
lamb2)*2/3*exp(-3/2*pars[2]*t)))*exp(-t/pafi[4])-

(pars[l]/(l-lambl)*(l-l/3*exp(-pars[2]*t)-(exp(-(l-lambl)/^ars[3]*t>fexp(-lamb2)* 
2/3*exp(-3/2*pars[2]*t)))*exp(-t/pars[4])))/dpars[l]; 

2: Db := (pars[l]/(l-lambl)*(l-l/3*exp(-(pars[2]+dpars[2])*t)-(exp{-(l-lambl)/pars[3]*t)+exp(-
lamb2)* 
2/3*exp(-3/2*(pars[2]+dpars[2])*t)))*exp(-t/pars[4])-
(pars[l]/(l-lambl)*(l-l/3*exp(-pars[2]*t)-(exp(-(l-lambl)/pars[3]*t)+exp(-lamb2)* 
2/3*exp(-3/2*pars[2]*t)))*exp(-t/pars[4])))/dpars[2]; 

3: Db := (pars[l]/(l-dlamb31)*(l-l/3*exp(-pars[2]*t)-(exp(-(l-lamb31)/(pars[3]+dpars[3])*t)+exp(-
dIamb2)*2/3*exp(-3/2*pars[2]*t)))*exp(-t/pars[4])-

(pars[l]/(l-lambl)*(l-l/3*exp(-pars[2]*t)-(exp(-(l-lambl)/pars[3]*t)+exp(-lamb2)* 
2/3*exp(-3/2*pars[2]*t)))*exp(-t/pars[4])))/dpars[3]; 

4: Db := (pars[l]/(l-dlamb41)*(l-l/3*exp(-pars[2]*t)-(exp(-(l-dlamb41)/pars[3]*t>+exp(-lamb2)* 
2/3*exp(-3/2*pars[2]*t)))*exp{-t/(pars[4]+dpars[4]))-
(pars[l]/(l-lambl)*(l-l/3*exp(-pars[2]*t)-(exp(-(l-lambl)/pars[3]*t)+€xp(-lamb2)* 
2/3*exp(-3/2*pars[2]*t)))*exp(-t/pars[4])))/dpan[4]; 

end 
else 
case par of 

1: Db := ((pars[l]+dpars[l])/(l-lambl)*(l-l/3*exp(-pars[2]*t)-exp(-(l-lambl)/pars[3]*t))*exp(-
t/t)ars[4])-(pars[l]/(l-lambl)*(l-l/3*exp(-pars[2]*t)-exp(-(l-lambl)/l)ars[3]*t))*exp(-
t/pars[4])))/dpars[l]; 

2: Db := (pars[l]/(l-lambl)*(l-l/3*exp(-(pars[2]+dpars[2])*t)-exp(-(l-lambl)/pars[3]*t))*exp(-
t/pars[4])-(pars[l]/(l-lambl)*(l-l/3*exp(-pars[2]*i)-exp(-(l-lambl)/l)ars[3]*t))*exp(-
t/pars[4])))/dpars[2]; 

3: Db := (pars[l]/(l-dlamb31)*(l-l/3*exp(-pars[2]*t)-exp(-(l-lamb31)/(pars[3]+dparst3])*t))*exp(-
t/pars[4])-(pars[l]/(l-lambl)*(l-l/3*exp(-pars[2]*t)-exp(-(l-lambl)A)ars[3]*t))'exp(-
t/pars[4])))/dpars[3]; 
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4: Db := (pars[l]/(l-dlamb41)*(l-l/3*exp(-pars[2]*0-exp(-(l-dlamb41)/pars[3]*t))*exp(-

t/(pars[4]+dpars[4]))-(pars[l]/(l-Iambl)*(l-l/3*exp(-pars[2]*t)-exp(-(l-
lambl)/pars[3]*t))*exp(-t/pars[4])))/dpars[4]; 

end; 
end; 

11: begin 
t :=x[i] ; 
lamb2:= sqr(t/pars[3]); 
case par of 
1: Db := ((pars[l]+dpars[l])*(l/3*exp(-pars[2]*t)+2/3*exp(-3/2*pars[2]*t)*cos(l/2*pars[31*t))-

(pars[l]*(l^*exp(-pars[2]*t)+2/3*exp(-3/2*pars[2]*t)*cos(l/2*pars[3]*t))))/dpars[l]; 

2: Db := (pars[l]*(l/3*exp(-(pars[2]+dpars[2])*t)+2/3*exp(-
3/2*(pars[2]+dpani[2])*t)*cos(l/2*pais[3]*t))-

(pars[l]*(l/3*exp(-pars[2]*t)+2/3*exp(-3/2*pars[2]*t)*cos(l/2*pars[3]*t))))/dpars[2]; 

3: Db := (pars[l]*(l/3*exp(-pars[2]*t)+2/3*exp(-3/2*pars[2]*t)*cos(l/2*(pars[3]+dpars[3])*t))-
(pars[l]*(l/3*exp(-pars[2]*t)+2/3*exp(-3/2*pars[2]*t)*cos(l/2*pars[3]*t))))/dpars[3]; 

end; 
end; 

12: begin 
t :=x[ i ] ; 
case par of 
1: Db := -0.4*((pars[l]+dpars[l])*exp(-x[i]/pars[2])-(pars[l]*exp(-x[i]/pars[2])))/dpars[l]; 
2: Db := -0.4*(pars[l]*exp(-x[i]/(pars[2]-Klpars[2]))-(pars[l]*exp(-x[i]/pars[2])))/dpars[2]; 
3: Db := -0.4*((pars[3]+dpars[3])*exp(-x[i]/parst4])-(pars[3]*exp(-x[i]/pars[4])))/dpars[3]; 
4: Db := -0.4*(pars[3]*exp(-x[i]/(pars[4)-Klpan[4]))-(pars[3]*exp(-x[i]/pars[4])))/dpais[4); 
end; 

end; 

13: begin 
t := x[i]; 
lamb2:= sqr(t/pars[3]); 
case par of 
1: Db := ((pars[l]+dpars[l])*(l/2*exp(-pars[2]*t)+l/2*exp(-3/2*pars[2]*t)*exp(-0.5*lamb2))-

(pars[l]*(l/2*exp(-pars[2]*t)+l/2*exp(-3/2*pars[2]*t)*exp(-0.5*sqr(l/pars[3])))))/dpars[l]; 

2: Db := (pars[l]*(l/2*exp(-(pars[2]+dpars[2])*t)+l/2*exp(-3/2*(pars[2]-Hlpars[2])*t)*exp(-
0.5*lamb2))-

(pars[ 1 ] *( l/2*exp(-pars[2] *t)+ l/2*exp(-3/2*pars[2] •t)*exp(-0.5*sqr(t/pars[3])))))/dpars [2]; 

3: Db := (pars[l]*(l/2*exp(-pars[21*t)+l/2*exp(-3/2*pars[2]*t)*exp(-.5*sqr(t/(pars[3]+dpars[3]))))-
(pars[l]*(l/2*exp(-pars[2]*t)+l/2*exp(-3/2*pars[2]*t)*exp(-0.5*sqr(t/pars[3])))))/dpars[3]; 

end; 
end; 

14: begin 
t := x[i]; 
lamb2:= sqr(t/pars[3]); 
IFIamb2< 400THEN 
case par of 
1: Db := ((pars[l]-Klpars[l])*(l-l/3*exp(-pars[2]*t)-2/3*exp(-3/2*pars[2]*t)*exp(-

0.5*lamb2))*exp(-tA)ars[4])-
(pars[l]*(l-l/3*exp(-pars[2]*t)-2/3*exp(-3/2*paTs[2]*t)*exp(-0.5*sqr(t/pars[3])))*exp(-
l/pars[4))))/dpars[l]; 

2: Db := (pars[l]*(l-l/3*exp(-(pars[2]+dpars[2])*t)-2/3*exp(-3/2*(pars[2]+dpars[2])*t)*exp(-
0.5*lamb2))*exp(-t/l)ars[4])-
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(pars[l]*(l-l/3*exp(-pars[2]*t)-2/3*exp(-3/2*pars[2]*t)*exp(-0.5*sqr((/pars[3])))*exp(-

t/pars[4])))/dpars[2]; 

3: Db := (pars[l]*(l-l/3*exp(-pars[2]*t)-2/3*exp(-3/2*pars[2]*t)*exp(-
0.5*sqr(t/(pars[3]+dpars[3]))))*exp{-t/pars[4])-

(pars[ 1] •( 1- l/3*exp(-pars [2] *t)-2/3 *exp(-3/2*pars[2] *t)*exp(-0.5*sqr(t/pars[3])))*exp(-
t/pars[4])))/dpars[3]; 

4: Db := (pars[l]*(l-l/3*exp(-pars[2]*t)-2/3*exp(-3/2*pars[2]*t)*exp(-0.5'*sqr(t/pars[3])))*exp(-
t/(pars[4]+dpars[4]))-

(pars[l]*(l-l/3*exp(-pars[2]*t)-2/3*exp(-3/2*pars[2]*0*exp(-0.5*sqi(t/i)ars[3])))*exp(-
t/pars[4])))/dpars[4]; 

end 
ELSE 
case par of 

1: Db := ((pars[l]+dpars[l])*(l-l/3*exp(-pars[2]*t))*exp(-t/pars[4])-
(pars[l]*(l-l/3*exp(-pars[2]*t))*exp(-t/pars[4])))/dpars[l]; 

2: Db := (pars[l]*(l-l^*exp(-(pars[2]+dpars[2])*t))*exp(-t/pars[4])-
(pars[l]*(l-l/3*exp(-pars[2]*t))*exp(-t/pars[4])))/dpars[2]; 

3: Db := (pars[l]*(l-l/3*exp(-pars[2]*t))*exp(-t/^aR[4])-
(pars[l]*(l-l/3*exp(-pars[2]*t))*exp(-t/pars[4])))/dpars[3]; 

4: Db := (pars[l]*(l-l/3*exp(-pars[2]*t))*exp(-t/(pars[4]+dpars[4]))-
(pars[l]*(l-l/3*exp(-pars[2]*t))*exp(-t/pars[4])))/dpars[4]; 

end; 
end; 

15: begin 
t :=x[ i ] ; 
lamb2:= 0.5*sqr(t/pars[3]); 
IF lamb2 < 400 THEN 
case par of 
1: Db := ((-(pars[l]+dpars[l])+2*(pars[l]+dpars[l])*(l-l/3*exp(-pars[2]*t)-2/3*exp(-

3/2*pars[2]*t)*exp(-lamb2)))*exp(-t/tars[4])-
((-pars[ll+2*pars[l]*(l-l/3*exp(-pars[2]*t)-2/3*exp(-3/2*pars[2]*t)*exp(-lamb2)))*exp(-

t/^ars[4])))/dpars[l]; 

2: Db := ((-pars[l]+2*pars[l]*(l-l/3*exp(-(pars[2]+dpars[2])*t)-2/3*exp(-
3/2*(pars[2]+dpars[2])*t)*exp(-lamb2)))*exp(-t/pars[4])-

((-pars[l]+2*par5[l]*(l-l/3*exp{-pars[2]*t)-2/3*exp(-3/2*pars[2]*t)*exp(-lamb2)))*exp(-
t/pars[4])))/dpars[2]; 

3: Db := ((-pars[l]+2*pars[l]*(l-l/3*exp(-pars[2]*t)-2/3*exp(-3/2*pars[2]*t)*exp(-
0.5*sqr(t/(pars[31+dpars[3])))))*exp(-t/pars[4])-((-pars[l]+2*pars[l]*(l-l/3*exp(-
pars[2]*t)-2/3*exp(-3/2*pars[2]*t)*exp(-Iamb2)))*exp(-t/pars[4])))/dpars[3]; 

4: Db := ((-pars[l]+2*pars[l]*(l-l/3*exp(-pars[2]*t)-2/3*exp(-3/2*pars[2]*t)*exp(-lamb2)))*exp(-
t/(pars[4]+dpars[4]))-((-pars[l]+2*pars[l]*(l-l/3*exp(-pars[2]*t)-2/3*exp(-
3/2*pars[2]*t)*exp(-lamb2)))*exp(-t/pars[4])))/dpars[4]; 

end 
ELSE 
case par of 

1: Db := ((-(pars[l]+dpars[l])+2*(pars[l]+dpars[l])*(l-l/3*exp(-pars[2]*t)))*exp(-t/pars[4])-
((-pars[l]+2*pars[l]*(l-l/3*exp(-pars[2]*t)))*exp(-t/pars[4])))/dpan[l]; 

2: Db := ((-pars[l]+2*pars[l]*(l-l/3*exp(-(pars[2]+dpars[2])*t)))*exp(-t/i)ars[4])-
((-pars[l]+2*pars[l]*(l-l/3*exp(-pars[2]*t)))*exp(-t/pars[4])))/dpars[2]; 
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3: Db := ((-pars[l]+2*pars[l]*(l-l/3*exp(-pars[2]*t)))*exp(-t/pars[4])-

((-pars[l]+2*pars[l]*(l-l/3*exp(-pars[2]*t)))*exp(-t/pars[4])))/dpars[3]; 

4: Db := ((-pars[l]+2*pars[l]*(l-l/3*exp(-pars[2]*t)))*exp(-t/(pars[4]+dpars[4]))-
((-pars[l]+2*pars[l]*(l-l/3*exp(-pars[2]*t)))*exp(-t/pars[4])))/dpars[4]; 

end; 
end; 

16: begin 
t :=x[ i ] ; 
lamb2:= 0.5*sqr(l/pars[3]); 
IFlamb2< 400THEN 
case par of 
1: Db := ((pars[l]+dpars[l])*(l-l/3*exp(-pars[2]*t)-2^*exp(-3/2*pais[2]*t)*exp(-Iamb2))*exp(-

t/pars[4])-(pars[l]*(l-l/3*exp(-pars[2)*t)-2/3*exp(-3/2*pars[2]*t)*exp(-lamb2))*exp(-
t/pars[4])))/dpars[l]; 

2: Db := (pars[l]*(l-l/3*exp(-(pars[2]+dpars[2])*t)-2/3*exp(-3/2*(pars[2]+dpars[2])*t)*exp(-
lamb2))*exp(-t/pars[4])-(pars[l]*(l-l/3*exp(-pars[2]*t)-2/3*exp(-3/2*pars[2]*t)*exp(-
lamb2))*exp(-ty^ars[4])))/dpars[2); 

3: Db := (pars[l]*(l-l/3*exp(-pars[2]*t)-2/3*exp(-3/2*pars[2]*t)*exp(-
0.5*sqr(t/(pars[3]+dpars[3]))))*exp(-t4)ars[4])-

(pars[l]*(l-l/3*exp(-pars[2]*t)-2/3*exp(-3/2*pars[2]*t)*exp(-Iamb2))*exp(-
t/pars[4])))/dpars[3]; 

4: Db := (pars[l]*(l-l/3*exp(-pars[2]*t)-2/3*exp(-3/2*pars[2]*t)*exp(-lamb2))*exp(-
l/(pars[4]+dpars[4]))-

(pars[l]*(l-l/3*exp(-pars[2]*t)-2/3*exp(-3/2*pars[2]*t)*exp(-Iamb2))*exp(-
tA)ars[4])))/dpars[4]; 

end 
ELSE 
case par of 

1: Db := ((pars[l]-Klpars[l])*(l-l/3*exp(-pars[2]*t))*exp(-t^[4])-
(pars[l]*(l-l/3*exp(-pars[2]*t))*exp(-t/pars[4])))/dpars[l]; 

2: Db := (pars[l]*(l-l/3*exp(-(pars[2]+dpars[2])*t))*exp(-t/pars[4])-
(pars[l]*(l-l/3*exp(-pars[2)*t))*exp(-t/paTs[4])))/dpars[2]; 

3: Db := (pars[l]*(l-l/3*exp(-pars[2]*t))*exp(-t/pars[4])-
(pars[ 1]*( 1 - l/3*exp(-pars[2]*t))*exp(-t/pars[4])))/dpars[3]; 

4: Db := (pars[l]*(l-l/3*exp(-pars[2]*t))*exp(-t/(pars[4]+dpars(4]))-
(pars[l]*(l-l/3*exp(-pars[2]*t))*exp(-t/pars[4])))/dpars[4]; 

end; 
end; 

end; 
end; { of Db ) 
end. 

Unit TYPES; 

{$N+} 

Interface 
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Uses DOS; 

Type StackType = record 
Stack_setup : boolean; 
StackSize, 
StackPointer: word; 
Save_Area : array [0.. 1 ] of integer; 
end; 

Sti255 = string[255]; Str64 = string[64]; 
Str32 = string[32]; Strl6 = string[16]; 
Screenpoint = record 

x,y:integer; 
end; 

Complex = string[16]; 
BezierType = (Smooth£xact); 
Pal_Select = (Default, Natural.Spectrum, Mandelbrot, Colors3, 

Lightning, Shade.it, Back_foreground); 
Vector_Chars = record 

CharOfs: array [0..127] of integer; 
VChar : array [0..1023] of byte; 

end; 
Stack. Area ='̂ StackType; 

Var Stack : Stack.Area; 
MSrec : Registers; 
VChars : '̂ Vector_Chars; 

Const Month : array [1..12] of String[3] = 
CJan'.'Feb'.jMai'.'Apr'.'May*, 
•Jun','Jur,'Aug','Sep','Ocf, 
•Nov'.'Dec'); 

MaxStackSize: word = SFFEB; 
Actual_Page : word = 0; 
Act_Page_Plot: word = 0; { Actual_Page shl 8 ) 
ActualXLength: Integer = 639; 
ActualYLength: integer = 199; 
MinXPos : integer = 0; 
MaxXPos : integer = 639; 
MinYPos : integer = 0; 
MaxYPos : integer = 349; 
Plotter : boolean = false; 
VCharAvail : boolean = false; 
Pal.Val : array [0..16] of byte = 

(0. 1. 2. 3,4, 5, 6, 7. 
56,57,58,59,60,61.62,63,0); 

function RSTR (r: extended; a.b: integer): str255; 
function ISTR (i: integer; a: integer): str255; 
function STRR (s: str255; var ok: boolean): extended; 
function STRI (s: str255; var ok: boolean): integer; 
function FORMAT_NUM_STRING (st:str255): str255; 

implementation 

function FORMAT_^aJM_STRING (sf str255): str255; 

var pes: integer, 
len: byte absolute st; 

begin 
pos := 1; 
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i f len>0 then 
while st(pos]='' do pos := succ(pos); 
St := copy(st,pos,Ien); { new format) 
format_num_string := st; 

end; 

function RSTR (r: extended; a,b: integer): str255; 
vars: str255; 
begin 
str(r:a:b,s); 
rstr := s; 

end; 

function ISTR (i: integer; a: integer): str255; 
vars: str255; 
begin 
str(i:a.s); 
istr := s; 
end; 

function STRR (s:str255;var ok: boolean): extended; 
var r: extended; 

k: integer; 
begin 
s := fomiat_num_string (s); 
vaKs/Jc); 
ok := (k=0); 
if ok then stir := r else strr := 0; 
end; 

function STRI (s:str255; var ok: boolean): integer, 
var i,k: integer; 
begin 
s := format_nuni_string(s); 
val(s,ijc); 
ok := (k=0); 
if ok then stri := i else stri := 0; 

end; 
end. 

Unit FITPARA; 

{$N+} 

interface 

const N_Par_max = 6; 
N_Par_maxl = 9; 
N_Data =1024; 
Signif: integer = 0, 
N_Theo: integer = 1; 

type SoLVec = array [l..N_par_max] of double; { Solution vector 
Data_Vec = array [l..N_Data] of double; { Data field ) 
NLine = array [l.J4_par_maxl] of double; { Matrix Line } 
Norm_eq = array [I.J^_par_max] of NLine; { Normalized } 

{ equation system } 

const Par_Fix: SoLvec = (0.01,0,0,0,0,0); 

Fixed : array [l..N_Par_max] of boolean = 



305 
(false,false,false,false,false, 
false); 

Lambdastart: extended = le-1; 
CTRL.PR: boolean = false; 

var ParsS, 
Pars, 
dPars, 
Pars_eiT, 
contl, 
cont2 : Sol_Vec; 
x,y, 
yerr, 
xprim, 
yprim : Data_Vec; 
A l :Nonn_eq; 
chi2 : extended; 
fjower, 
f_upper, 
iter, 
N_Fit, 
N_Par, 
F_Error: integer; 
Fit_ok : boolean; 

implementation 
end. 

Unit nT2; 

{$N+} 

interface 

Uses CRT,DOS,TypesJ îtPara,Theoty; 

procedure DO_FIT; 

implementation 

const epsilon: extended = lE-15; { Stop-accuracy Dpary^ar) 
tau: extended = lE-9; { par -> 0: Dpar/par -> Dpar/tau) 

type MCol = array [l.J*J_Par_max] of extended; 
Matrix = array [l..N_Data] of MCol; 

var w : Data_Vec; { Weights } 
parsl. { Test-vector for better Pars ) 
d. { Correction-vector } 
dl : SoLVec; { Test-Correction-vector} 
A : Nonn_eq; { A: P'Ht)*P) 
ph. { ph: calculated Phi) 
phold. { phold: old Phi} 
lambda. { Relaxationfactor} 
I {1: Test-Lambda. Chi^l) 
d_max. { max. relative paiameterchange 
test: extended; { Stop condition } 
N_Parl. { N_Par + 1 ) 
N,i, { N: actual number of data to fit) 
lower, { first fittet value } 
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upper, (last fitted value ) 
N_Par_free: integer; { number of free parameters } 
converg : boolean; { convergence reached } 
q : char; {keyboard) 

function PHI(b: Sol_Vec): extended; 
var r: extended; 

i : integer; 
begin 
r:=0; 
for i := 1 to N do 

r := r+w[i]*sqr(y[i]-Theo(x[i],b)); 
phi := r; 
end; 

procedure INIT; 
label exit; 
var i : integer, 

n extended; 

begin 

(Init parameters } 

ifN_Theo=0 then 
begin 
lambdastart := 0; 
if N_par<2 then 
begin 
writelnCN.Par must be larger than 1 for linear fits!"); 
halt; 

end; 
end; 

N_parl := succ(N_par); 
move(Pars,ParsS,8*N_Par); 
fillchar(d,8*N_Par.O); 
epsilon := exp((signif-2)*ln(10)); 

{Init data ) 

if f_upper>N_fit then f_upper := N_fit; 
if f_lower>N_fit then f jower := N_fit; 
N := (f_upper-f_lower+l); 
i := N_fit*8; 
move(x[l].xprim(l],i); { Save original data } 
move(y[l],yprim[l],i); 
i:=N*8; 
move(xprim[fJower],x[l],i); { Shift data correctly ) 
move(yprim[fJower],y[l],i); 
for i := 1 to N do 
begin 
if yerr[f_lower+i-l]=0 then w[i] := 1 
else w[i] := l/sqr(yerr[fJower+i-l]); 

end; 

N_par_free := N_par, { # of free parameters } 
for i := 1 to N_par do 
if fixed[i] then N_par_free := pred(N_Par_free); 

if N<N_par_free+l then 
begin 
Fit_ok := false; 
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F_Error := 5; 
goto exit; 
end; 

converg := false; 
iter := 0; 
lambda := par_fix[l]*lambdastart; 
d_max := 0; 
ph := phi(pars); { Phi for start-values ) 

exit: 
end; 

procedure SET_IT_UP; 
vari,j,l : integer; 

P : '^Matrix; 
r : extended; 
Diag •; array [ 1. Jvl_Par_max] of extended; 

begin 
new(P); 
for i := 1 to N do { Calculate the derivation matrix P ) 
for j := 1 toN_Par do 
PA[i,j] :=DbO,i); 

for i := 1 to N_par do { Calculate diagonal elements of A } 
begin ( and store standard deviation Diag ) 
r:=0; 
for 1 := 1 to n do 
r := r+w[l]*sqr(PA[l,i]); 
if r = 0 then r := 1; { Check paraneter fixed } 
A[i,i] :=r; 
Diag[i] := sqrt(r); 
r := 0; { Calculate g and Store it in A and ) 
for I := 1 to n do { normalized in A l ) 
r := r+P^[l,i]*w[l]*(y[l]-Theo{x[l] J>ars)); 

A[iJ^_Parl] := r; 
Al[iJ^_Parl] :=r/Diag[i]; 

end; 

for i := 1 to N_par do { Calculate A = P'̂ tP and ) 
{ A l = P'^tP/sqrt(Aii«Ajij) } 

fo r j := i+l toN_Pardo 
begin 
r:=0; 
for 1 := 1 to n do 
r := r+w[l]*P^[l,i]*P'^[l.j]; 

A[i,j] :=r, 
Al[ i . j ] := r/piag[i]*Diag[j]); 
end; 

dispose(P); 
end; {ofSET_IT_UP) 

procedure CHOLESKY (var A: norm_eq; var x: SoLVec); 
label exit; 
var 1 : norm_eq; 

i j .k , 
N,N1 : integer, 
h : extended; 

begin 
N := N_Par; 
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{ Calculate the solution to L(n-l)c=b ) 

{ h=b[j] } 

{ h=b[j]-Sum(l[ij£]*c[k])) ) 

N l := succ(N); 

for i := 1 to n do 
for j := 1 to i do 
begin 
h := AU,i]; 
fork := 1 to j -1 do 

h := h-l[iJc]*lUJc]; 
if i=j then 
begin 

if h<0 then 
begin 
Fit_ok := false; 
F.Error := 2; 
goto exit; 

end; 
l[i,i] := sqrt(h); { Diagonalelement l[L,i] 

end 
elsel[i,j]:=h/lU,j]; { cQ) := h/lU,j] } 
end; 

for i := 1 to N do 
begin 
h := A[i,Nl]; 
for k := 1 to i-1 do 
h := h-l[i,k]*x[k]; 
x[i] := h/l[i,i]; 

end; 

{ Solve Ly=b } 

{h:=b[i]} 
{y[i] :=LA(-l)*b} 

for i := N downto 1 do { Solve L(t)x=y ) 
begin 
h:=x[i]; 
for k := i+1 to n do ( x[i] := L(t)^(-l)*y } 
h:= h-l[k,i]*x[k]; 
x[i] := h/l[i,i]; 

end; { i ) 
exit: 
end; { Cholesky } 

procedure INV.CHOLESKY; 
label exit; 
var 1 : norm.eq; 

i,j,lc, 
NJ^ll : integer; 
h : extended; 

begin 
N := N_Par; 
N l := succ(N); 

for i := 1 to n do 
fo r j := 1 to i do 
begin 
h := AU.i]; 
fork := 1 to j -1 do 
h := h-l[iJc]*lU,k]; 
if i=j then 
begin 
if h<0 then 
begin 
Fit_ok := false; 
F_Error := 2; 

{ Calculate the solution to L(n-l)c=b } 

I h=bU]} 

{ h=bti]-Suma[iJc]*c[kD)) 
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goto exit; 
end; 

l[i,i] := sqrt(h); { Diagonalelement l[i,i] ) 
end 
else l[ i , j l := hA[j,j]; { c(j) := h/lU,j] } 

end; 

for i := 1 to N do { Invert L 1 
fo r j :=i toNdo 
begin 
if j>i then 
begin 
h:= 0; 
fork := i toj-1 do 
h := h-L[jJc]*L[k,i]; 

end 
else h := 1; 
LU,i] :=h/L[j,j]; 
end; 

for j := 1 toN do { L^-l)^T*L\-l) ] 
fo r i := j t oNdo 
begin 
h:= 0; 
for k := i to N do 
h := h-HL[k,i]*L[k,j]; 

L[i , j ] :=h; 
Al[i , j ] := h; { Store solutions in public Al ) 
Al[j , i ] :=h; 

end; 
exit: 
end; (inverse Cholesky ) 

procedure SOLVEJT (lambda: extended: var b, delta: SoLVec); 
label exit; 
var i : integer 
begin 
for i := 1 to N_Par do 
Al[i , i ] := 1+lambda; { Al+lambda*I; Al[i,i] is always 1 ) 

cholesky(Al,delta); { Determine Correction-vector delta 
if not Fit_ok then goto exit; 

for i := 1 to N_par do { New Pars } 
begin 
if fixed[i] then delta[i] := 0 ( Parameter fixed ) 
else { else Re-renom delta ) 
delta[i] := delta[i]/sqrt(A[i,i]); 

b[i] := b[i]-Klelta[i]; { New parameter-vector b 1 
end; 

exit: 
end; | of SOLVEJT) 

procedure EVAL_ERRORS; 
label exit; 
var i j : integer; 

d, 
parsT: SoLvec; 
zsoll, 
zist: extended; 
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begin 
parsT := pars; { Init parsT } 
zsoll := phi(pars); { Gauge value Zsoll for optimum Pars 
chi2 :=zsoll/(N-N_par_free-l); 
set_it_up; { Calculate final matrix A ) 

inv_cho!esky; 
if not Fit_ok then goto exit; 

for i := 1 to N_Par do { Test i-th axis } 
begin 
fo r j := 1 toN_pardo 
begin 
d[i] :=AlU,i]; 
A1 |j ,i] := d[j]*Chi2; { Covariance-matrix in A1 ) 

end; 

if not fixed[i] then 
begin 
Pars_err[i] := sqrt(Al[i,i]); { Erroi^SDev } 
fo r j := 1 to N_par do { Controlstep = Normed column-vector } 
begin ( of Al*SDev = d/erTor[i] ) 
d[j] := Chi2*dU]/Pars_err[i]; 
parsTlj] :=pars|j]-d[j]; 
end; 

Zist := phi(parsT); { Control 1 ) 
Contl[i] := (Zist-ZsoU)/Zsoll*(N-N_par_ftee); 

fo r j := 1 toN_pardo 
parsTlj] := pars|j]+d[j]; 

Zist := phi(parsT); { Control 2 ) 
Cont2[i] := (Zist-ZsoU)/Zsoll*(N-N_Par_free); 
end 
else 
begin 
pars_err[i] := 1; { Parameter was fixed ) 
contl[i] := 1; 
cont2[i] := 1; 

end; 
end; { of Test i-th axis ) 

for i := 2 to N_par do { Normalize Corvariance-Matrix } 
for j := 1 to i-1 do {to Correlation-matrix 1 
begin 
Al[ i , j ] := Al[io]/(Pars_err[i]*Pars_erT[j]); 
Fit_ok := ((l-abs(Al[ij]))>lE-8); 
if not Fit_ok then 
begin 
F_Error := 3; 
goto exit; 
end; 

end; 
exit: 

end; { of EVAL_ERRORS 1 

function NORM_STRING(s: str255; len: byte): str255; 
begin 
if ord(s[0])>len then s[0] := chr(len); 
nonn_string := s; 

end; 
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procedure DO.FTT; 
var St str255; 
label exit; 
begin 
F_Error := 0; 
Fit_ok := true; 
if (N_par>N_Par_max) or (N_Fil>N_Data) then 
begin 
Fit_ok := false; 
F_Error := 1; 
goto exit; 
end; 

init; 
if not Fit_ok then goto exit; 
repeat { Iteration loop ) 
phold := ph; { Save old phi} 
pars 1 := pars; { Save old pars, use pars 1 instead } 
setjt_up; { Calculate A l } 
solveJt(lambda,parsl,dl); { Solve systen for current lambda } 
if not Fit_ok then goto exit; 
ph := phi(parsl); { Calculate new phi} 
if ph<=phold then { Is it less than the old one ? } 
lambda := par_fix[l]*sqrt(abs((phold-ph)/(N-N_par_free-l))) 
else { I f not, restore parsl) 
begin { and repeat procedure for } 
parsl := pars; { 10*lambda } 
solve_it(10*lambda,pars 1 ,d 1); 
if not Fit_ok then goto exit; 
ph := phi(parsl); { Calculate new phi} 

if (ph>phold) then {Is it larger than the old one ? } 
begin { i f yes, then repeat this procedure } 
1 := lambda; { Save lambda } 
repeat 
1:=1*10; {1=10*1} 
parsl := pars; { Restore parsl } 
solve_itO,parsl,dl); { Solve systen for lambda=l} 
if not Fit_ok then goto exit; 
ph := phi(parsl); { New phi) 
if keypressed then { allow an intemipt} 

begin 
Fit_ok := false; 
F_Error:=4; 
goto exit; 

end; 
until (ph<phold) or (1>=1E8); 

ifl>=lE8then { No better phi was found up to ) 
begin {1>=IE8) 
dl := d; { Last correction step was to large ) 
for i := 1 to N_Par do { Go back by Delta/2 ) 
begin 
dl[i] :=dl[i]/2; 
parslti] :=parsli]-dl[i]; 
end; 

ph := phi(parsl); { Calculate new phi} 
if ph>phold then 
parsl := pars; { mininum already found } 

end 
else lambda := 1; { A better phi was found } 
end { of if ph>phold ) 
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else ph := phold; { Minimum already found } 

end; { of else .. .) 
converg := true; 
d_max := 0; 
for i := 1 to N_par do 
begin 
test := abs(dlti])/(tau+abs(pars[i])); { Old pars, new delta } 
if test>d_max then d_max := test; 
converg := converg and (test<epsilon); 
end; 
converg := converg and (iter>0) 

and (abs((phold-ph)/(N-N_Par_free-1 ))< lE-6) 
or (iten=40) 
or (lambdastart=0); { Linear fit} 

pars := parsl; { Store new parameters in Pars } 
d := dl ; { Save old delta too, if step is too far } 
iter := iter+1; { Next iteration ) 
chi2 := ph/(N-N_par_fi«e-l); 

if keypressed then 
begin 
fit_ok := false; 
F_Error := 4; 
goto exit; 

end; 

until converg; 

eval_errors; 

exit: 
i := N_fit*8; 
move(xprim[l],x[l],i); { Restore original data ) 
move(yprim[l],y[l],i); 
end; 

end. 

Unit COMPLX; 

{$N+} 

interface 

Uses Types; { Msp contains table for FAK(n)} 

function Z_COMPLEX (re ,im: extended): complex; 
function RE (z:complex):extended; 
function IM (z:complex):extended; 
function FEXP (r extended):extended; 
function POT (x: extended; n: integer): extended; 
function ERFC (z: extended): extended; 
function EERFC (z: extended): extended; 
function FACU (n: integer): extended; 

implementation 

type cmplx = record 
len: byte; 
imjK: extended; 
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end; 

function Z_COMPLEX(re,im: extended): complex; 

var z: complex; 
begin 
z[0] := #16; 
move(im,z[l],16); 
Z_CompIex := z; 
end; 

function RE (z:complex):extended; 
var r: cmplx absolute z; 
begin 
re := r je; 
end; 

function IM (z:complex):extended; 
var r: cmplx absolute z; 
begin 
IM := r.im; 
end; 

function FEXP (r: extended):extended; 
begin 
ifr<-5.75E2thenfexp:=0 
else fexp := exp(r); 

end; 

function POT (x: extended; n: integer): extended; 
begin 
if (x=0) then pot :=0 
else 
if x<0 then pot := -fexp(n*ln(abs(x))) 
else pot := fexp(n*ln(x)); 

end; 

function ERFC (z: extended): extended; 

const p = 0.327591; 
var y,e: extended; 

begin 
y := l/(l+p*abs(z)); 
e := (((1.06141*y-1.45315)*y+l-42141)*y-0.284497)*y+0.25483; 
ifz>7396 thene:=0 
else e := e*y*fexp(-z*z); 

if z<0 then e := 2-e; 
erfc := e; 
end; 

function EERFC (z:extended): extended; 

const pi = 3.141692654; 
q = 0.88623; 
eps = 5e-19; 

var i jc : integer, 
res, 

resl, 
res2. 
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suml, 
sum2, 

tempres: extended; 

begin 
suml:= 0; 
sum2:= 0; 
res:= 0; 
k:= -1 ; 
repeat 
k:=k+l; 
res 1 := (k+0.5)*pi/q*pot(z,round(2*k))/facu(k); 
res2:= pot(zjound(2*k))/facu(k); 
writelnCkl: 'X' resl', resl,' res2: ',res2); 
suml:= suml+resl; 
sum2:= sum2+res2; 
tempres:= res-suml; 
res:=suml; 

until abs(tempres) < eps; 

ierfc:= exp(-sqr(z))/(2*q)*suml-z*exp(-sqr(z))*sum2; 
end; 

function FACU (n: integer): extended: 

var i : integer, 
j : extended; 

begin 
j :=n ; 
i f n=Othen facu:= 1 
else 
begin 
for i:= n downto 2 do 
j : = j * ( i - l ) : 
facu:= j ; 
end; 

end; 
end. 

UNIT FadeUnit; 

INTCRFACE 

PROCEDURE IntenDown(d:BYTE); 
PROCEDURE IntenUp (d:BYTE); 
{ senkt/erhOht die Helligkeit - d ist die 
Wartezeit zwischen zwei Einstellungen } 

PROCEDURE SetInten(b:BYTE); 
{ seut die Helligkeit aufb/63-tel) 

IMPLEMENTATION 

USES Cit,DOS; 

CONST PelldxR =$3C7; { Port zum Lesen } 
PelldxW =$3C8; { Port zum Schreiben ) 
PelData =$3C9; { Datenport) 
MaxReg =63; ( bei Grafik auf 255 andem ) 
Maxlnten=63; 
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VAR col:ARRAY[O..MaxReg] OF RECORD r,g,b:BYTE END; 
{ originale Farbregister-Werte ) 

PROCEDURE GetCol(ColNr:B YTE;VAR r,g,b:BYTE); 
{ ermittelt die Zusammensetzung einer Farbe } 
BEGIN 
Port[PelIdxR]:=ColNr, 
r:=Port[PeIData];g:=Port[PelData];b:=Port[PeData]; 

END; 

PROCEDURE SetCol(ColNrj,g,b:BYTE); 
{setzt die Zusammensetzung einer Farbe } 
BEGIN 
Port[PeUdxW]:=ColNr; 
Port[PelData]:=r;Port[PelData]:=g;Port[PelData]:=b; 

END; 

PROCEDURE InitCol; 
{ Ubemahme des Anfangsbelegung } 
VAR i:BYTE; 
BEGIN 
FOR i := 0 TO MaxReg DO 

GetCol(i,col[i]j,col[i].g,col[i].b); 
END; 

PROCEDURE Seanten(b:BYTE); 
{setzt die Helligkeitaufb/63-tel } 
VARi:BYTE; fr,fg,fb:BYTE; 
BEGIN 
FOR i:=0 TO MaxReg DO BEGIN 

fr:=col[i] j * b Drv Maxinten; 
fg:=col[i].g*b DIV Maxinten; 
fb:=col[i].b*b DIV Maxinten; 
SetCol(i,fr,fg,fb); 

END; 
END; 

PROCEDURE IntenDown(d:BYTE); 
VAR i:BYTE; 
BEGIN 
FOR i:=MaxInten DOWNTO 0 DO BEGIN 
Setlnten(i); Delay(d) 

END; 
END; 

PROCEDURE IntenUp(d:BYTE); 
VAR i:BYTE; 
BEGIN 
FOR i:=0 TO Maxinten DO BEGIN 
Seanten(i); Delay(d) 

END; 
END; 

BEGIN 
InitCol 

END. 

UNIT Dialog; 
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INTERFACE 

USES CRT, DOS; 

Procedure warten; 
Procedure Piepton; 
Function Tab (Spalte: BYTE): CHAR; 
Function Vtab (Zeile: BYTE): CHAR; 
Function xy (x, y: BYTE): CHAR; 
Procedure Vln (Zeile, Spalte, Laenge: BYTE); 
Procedure Hln (Zeile, Spalte, Laenge: BYTE); 
Procedure Kreuz (Zeile, Spalte, HBreite, Laenge:Byte); 
Function inv: CHAR; 
Function invinv: Char; 
Function bli: Char; 
Function blioff: Char; 
Function _: CHAR; 
Function dkl: Char; 
Function nrm: Char, 
Procedure Fenster (Zeile, Spalte, breit, tief: BYTE); 
Procedure Rahmen (Zeile, Spalte, Breite, Tiefe: BYTE); 
Procedure invscr; 
Var 
Eingabe_beendet: BOOLEAN; 

Procedure zEingabe (var r REAL); 
TYPE 

Information = String[79]; 
Procedure Statuszeile (Info: Information); 
Procedure loesch_Statuszeile; 
Function Zeit: real; 
VAR 
alta, altc: BYTE; 

IMPLEMENTATION 

PROCEDURE warten; 
var a:char. 
Begin a:= Readkey end; 

Procedure Piepton; 
Begin Write (chr(7)) end; 

FUNCTION Tab (Spalte: Byte): Char, 
Begin 

Writer •); Tab:= CHR(8); 
GotoXY(Spalte-f-l, WhereY) 

end; 

FUNCTION Vtab (Zeile: BYT1E): CHAR; 
Begin 
WriteCO; Vtab:= chr(10); 
GotoXY (WhereX. Zeile-1) 

end; 

FUNCTION xy (x, y: BYTE): CHAR; 
Begin Write O: GotoXY(x+l,y); xy:= CHR(8) end; 

Procedure Vln (Zeile, Spalte, Laenge: BYTE); 
Var 
i : BYTE: 

Begin 
For i:= 0 to Laenge-1 Do Begin 
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Gotoxy (Spalte, Zeile + i); 
Write(CHR(179)) 

end 
end; 

Procedure Hln (Zeile, Spalte, Laenge: BYTE); 
Var 
i:BYTE; 

Begin 
Gotoxy (Spalte, Zeile); 
For i:= 1 to Laenge Do Write(CHR(196)) 

end; 

Procedure Kreuz (Zeile, Spalte, HBreite, Laenge:Byte); 
var 

i : byte; 
Begin 

Vln(ZeiIe, Spalte, Laenge); 
Hln(Zeile+l, Spalte-HBreite, 2*HBreite+l); 
GotoXY(SpaIte,Zeile+l);Writeln(chr(197)); 

end; 

Function Inv: CHAR; 
Begin 
Writer); TEXTCOLOR (BLACK); 
TEXTBACKGROUND(WHITE); Inv:= XY(WhereX, WhereY); 

end; 

Function Invlnv: CHAR; 
Begin 
WriteC); TEXTCOLOR (WHITE); 
TEXTBACKGROUND(BLACK); Invlnv:= XY(WhereX, WhereY); 

end; 

FUNCTION BU: CHAR; 
Begin 
Write("); TEXTCOLOR (15-H16); Bli:= XY(WhereX, WhereY); 

end; 

FUNCTION BUOff: CHAR; 
Begin 
Write("); TEXTCOLOR (15); BUOff:= XY(WhereX, WhereY); 

end; 

FUNCTION _: CHAR; 
Begin 
Write("); TEXTCOLOR (9); _:= XY(WhereX, WhereY); 

end; 

FUNCTION dkl: CHAR; 
Begin 
WriteO; LOWVIDEO; dkl:= XY(WhereX, WhereY); 

end; 

FUNCTION nrm: CHAR; 
Begin 

Write("); TEXTCOLOR(WHITE); 
TEXTBACKGROUND(BLACK); nrm:= XY(WhereX, WhereY); 

end; 

Procedure Fenster (Zeile, Spalte, breit, tief: BYTE); 
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var 

i : BYTE; 
Begin 
WINDOW(SpaIte, Zeile, Spalte+breit-1, Zeile+tief-1); 

end; 

Procedure Rahmen (Zeile, Spalte, Breite, Tiefe: BYTE); 
CONST 
obenUnks =#218; 
obenrechts =#191; 
untenlinks =#192; 
untenrechts=#217; 

var 
x,y,sx,sy: BYTE; 

Begin 
x:= Spalte; Y:= Zeile; sx:= Breite; sy:= Tiefe; 
GotoXY(x,y+sy-l); Write(untenlinks); 
GotoXY(x-^sx-l,y+sy-l); Write(untenrechts); 
GotoXY(x,y); 
if (x+sx-l=80) and (y-Hsy-l=25) then INSLINE; 
Write (obenlinks); 
GotoXY(x+sx- l,y); Write(obenrechts); 
hhi(y,x-i-l,sx-2); hln(y+sy-l,x+l,sx-2); 
vln(y+l,x,sy-2); vln(y+l,x+sx-I,sy-2); Write(obenrechts); 
GotoXY (x-i-Ly-t-l) 

end; 

PROCEDURE invscr. 
Begin Write (inv, CHR(8)); ch^cr end; 

PROCEDURE zEingabe (var r:real); 
var 
c,p,q.l: Integer; 
s: String[18]; 

Begin 
p:= WhereX; q:= WhereY; 
REPEAT 
s:="; Readln(s); VAL (sj.c); 1:= LENGTH(s); 
if (coO) and (loO) then Begin 
GotoXY(p.q): WriteC':!); GotoXY(p,q); 
end 

UNTIL (c=0) or (1=0); 
IF 1 = 0 then Eingabe_beendet:= tnie 
ELSE Eingabe_beendet:= false; 
GotoXY (p+l+2,q) 

end; 

PROCEDURE Statuszeile (Info: Information); 
VAR 
Zeile, Spalte, 1, d: Integer; 

Begin 
1:= LENGTH Gnfo); d:= (79-1) DIV 2; 
TEXTCOLOR(O); TEXTBACKGR0UND(15); 
Zeile:= WhereY; Spalte:= WhereX; 
GotoXY(l,25); WriteC X Info,' •:d); 
NORMVIDEO; GotoXY(Spalte, Zeile) 

end; 

PROCEDURE LOESCH.STATUSZEILE; 
VAR 
Zeile, Spalte: Integer; 
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Begin 
Zeile:= WhereY; Spalte:= WhereX; 
GotoXY(l,25); Writef 'iTQ); 
GotoXY(SpaIte, Zeile) 

end; 

FUNCTION Zeit: Real; 
Var 

Std, min, sec, hsec: Word; 
Begin 
Gettime (Std, min, sec, hsec); 
Zeit:= std*360O+min*6O+sec+hsec/10O 

end; 
end. 
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Appendix IV Colloquia, Lectures and Seminar 
from I n v i t e d Speakers 

1991 
January 15 

January 31 

January 24 

January 31 

February 6 

February 6 

February 2 0 

February 28 

March 6 

March 7 

A p r i l 24 • 

June 2 0 

J u l y 2 9 

Dr. B.J. Alder, Lawrence Livermore Labs., 
C a l i f o r n i a 
Hydrogen i n a l l i t s Glory 
Dr. P. Sarre Nottingham U n i v e r s i t y 
Comet Chemistry 
Dr. P.J. Sadler, Birkbeck College London 
Design of Inorganic Drugs: Precious Metals, 
Hypertension + HIV 
Dr. D. Lacey, H u l l U n i v e r s i t y 
L i q u i d Crystals 
Dr. R. Bushby, Leeds U n i v e r s i t y 
B i r a d i c a l s and Organic Magnets 
Dr. M.C. Petty, Durham U n i v e r s i t y 
Molecular E l e c t r o n i c s 
Prof. B.L. Shaw, Leeds U n i v e r s i t y 
Syntheses w i t h Coordinated, Unsatturated 
Phosphine Ligands 
Dr. J. Brown, Oxford U n i v e r s i t y 
Can Chemistry Provide Catalysts Superior t o 
Enzymes 
Dr. CM. Dobson, Oxford U n i v e r s i t y 
NMR Studies of Dynamics i n Molecular 
C r y s t a l s 
Dr. J. Markam, I C I Pharmaceuticals DNA 
F i n g e r p r i n t i n g 
Prof R.R. Schrock, Massachusetts I n s t u t u t e 
of Technology 
M e t a l - l i g a n d M u l t i p l e Bonds and Metathesis 
I n i t i a t o r 
Prof. M.S. Brookhart, U n i v e r s i t y of N. 
Carolina 
O l e f i n Polymerisations, Oligomerisations 
and Dimerisations Using E l e c t r o p h i l i c Late 
T r a n s i t i o n Metal Catalysts 
Dr. M.A. Brimble, Massey U n i v e r s i t y , New 
Zealand 



September 16 

October 17 

October 31 

November 6 

November 7 

November 13 

November 20 

November 2 8 

December 4 

December 5 

December 11 
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Synthesis Studies Towards the A n t i b i o t i c 
Griseusin-A 
Dr. A.C. G r i f f i n , U n i v e r s i t y of Cambridge 
Photoactive L i q u i d C r y s t a l l i n e 
Polyacrylcinnamates 
Dr. J.A. Salthouse, U n i v e r s i t y of Manchester 
Son et Lumiere - a demonstration l e c t u r e 
Dr. R, Keeley, Metropolitan Police 
Forensic Science Modern forensic sience 
Prof. B.F.G. Johnson, Edinburgh U n i v e r s i t y 
Cluster-surface analogies 
Dr. A.R. B u t l e r , St. Andrews U n i v e r s i t y 
T r a d i t i o n a l Chinese herbal drugs: a 
d i f f e r e n t w ay of t r e a t i n g disease 
Prof. D. Gani, St. Andrews U n i v e r s i t y 
The chemistry of PLP-dependent enzymes 
Dr. R. More O'Fer r a l l , U n i v e r s i t y College, 
Dublin Some acid-catalysed rearrangements 
i n organic chemistry 
Prof. I.M. Ward, IRC i n Polymer Science, 
U n i v e r s i t y of Leeds 
The SCI l e c t u r e : the science and technology 
of o r i e n t a t e d polymers 
Prof. R. Grigg, Leeds U n i v e r s i t y 
Palladium-catalysed c y c l i s a t i o n and i o n -
capture processes 
Prof. A.L. Smith, ex Unilever 
Soap, detergents and black puddings 
Dr. W.D. Cooper, Shell Research 
C o l l o i d science: theory and p r a c t i c e 

1992 
January 22 

January 29 

January 3 0 

Dr. K.D.M, H a r r i s , St. Andrews U n i v e r s i t y 
Understanding the p r o p e r t i e s of s o l i d 
i n c l u s i o n compounds 
Dr. A. Holmes, Cambridge U n i v e r s i t y 
Cycloaddition reactions i n the service of 
the synthesis of p i p e r i d i n e and i n d o l i z i d i n e 
n a t u r a l products 
Dr. M. Anderson, Sittingbourne Research 



February 12 

February 13 

February 19 

February 2 0 

February 25 

February 2 6 

March 5 

March 11 

March 12 

March 18 

March 25 

A p r i l 7 
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Centre Shell Research 
Recent Advances i n the Safe and Selective 
Chemical Control of Insect Pests 
Prof. D.E. Fenton, S h e f i e l d U n i v e r s i t y 
Polynuclear complexes of molecular c l e f t s as 
models f o r copper b i o s i t e s 
Dr. J. Saunders, Glaxo Group Research 
L i m i t e d 
Molecular Modelling i n Drug Discovery 
Prof. E.J. Thomas, Manchester U n i v e r s i t y 
A p p l i c a t i o n s of organostannanes t o organic 
synthesis 
Prof. E.Vogel, U n i v e r s i t y of Cologne 
The Musgrave Lecture 
Porphyrins: Molecules of I n t e r d i s c i p l i n a r y 
I n t e r e s t 
Prof. J.F. Nixon, Univessity of Sussex 
The T i l d e n Lecture 
Phosphaalkynes: new b u i l d i n g blocks i n 
in o r g a n i c and organometallic chemistry 
Prof. M.L. Hitchman, Strathclyde U n i v e r s i t y 
Chemical vapour dep o s i t i o n 
Dr. N.C. Billingham, University' of Sussex 
Degradable P l a s t i c s - Myth or Magic? 
Dr. S.E. Thomas, Im p e r i a l College 
Recent advances i n organoiron chemistry 
Dr. R.A. Hann, I C I Imagedata 
E l e c t r o n i c Photography - An Image of the 
Future 
Dr. H. M a s k i l l , Newcastle U n i v e r s i t y 
Concerted or stepwise fragmentation i n a 
deamination-type r e a c t i o n 
Prof. H. Cherdron," Hoechst AG, Centrale 
Polymerforschung, Frankfurt a. M. 
S t r u c t u r a l Concepts and Synthetic Methods i n 
I n d u s t r i a l Polymer Science 
Prof. D.M. Knight, Philosophy Department, 
U n i v e r s i t y of Durham 
I n t e r p r e t i n g experiments: the beginning of 
el e c t r o c h e m i s t r y 



May 13 

September 17 

September 17 

October 15 

October 20 

October 22 

October 28 

October 29 

November 4 

November 5 

November 11 

November 12 

November 18 

November 25 

323 
Dr. J-C Gehret, Ciba Geig^', Basel 
Some aspects of i n d u s t r i a l agrochemical 
research 
Prof. D. Fisher, U n i v e r s i t y of Hamburg 
From Organo-f-element Systems to Organo-
main-group Polymers 
Prof. E.L. Thomas, Massachusetts I n s t u t u t e 
of Technology, Cambridge, Massachusetts 
I n t e r f a c e Structures i n Copolymer/ 
Homopolymer Blends 
Dr M, Glazer & Dr. S. T a r l i n g , Oxford 
U n i v e r s i t v & Birbek College, London 
I t Pays t o be B r i t i s h ! - The Chemist's Role 
as an Expert Witness i n Patent L i t i g a t i o n 
Dr. H.E. Bryncza, Du Pont Central Research 
Synthesis, Reactions and Thermochemistry of 
Metal ( A l k y l ) Cyanide Complexes and Their 
Impact on O l e f i n Hydrocyanation Catalysis 
Prof. A. Davies U n i v e r s i t y College London 
The I n g o l d - A l b e r t Lecture The Behaviour of 
Hydrogen as a Pseudometal 
Dr. J.K. Cockcroft, U n i v e r s i t v of Durham 
Recent Developments i n Powder D i f f r a c t i o n 
Dr. J. Emsley, Im p e r i a l College, London 
The Shocking H i s t o r y of Phosphorus 
Dr. T.P. Kee, U n i v e r s i t y of Leeds -
Synthesis and Coordination Chemistry of 
S i l y l a t e d Phosphites 
Dr. C.J. Ludman, U n i v e r s i t y of Durham 
Explosions, A Demonstration Lecture 
Prof. D. Robins, Glasgow U n i v e r s i t v 
P y r r o l i z i d i n e A l k a l o i d s : B i o l o g i c a l 
A c t i v i t y , Biosynthesis and Benefits 
Prof. M.R. Truter, U n i v e r s i t y College,London 
Luck and Logic i n Host - Guest Chemistry 
Dr. R. Nix, Queen Mary College, London 
C h a r a c t e r i s a t i o n of Heterogeneous Catalysts 
Prof. L. D. Quin, U n i v e r s i t y of 
Massachusetts, Amherst 
Fragmentation of Phosphorous Heterocycles as 



November 2 6 

December 2 

December 2 

December 3 

December 9 
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a Route t o Phosphoryl Species w i t h Uncommon 
Bonding 
Dr. D. number, Glaxo, Greenford 
AIDS - The Development of a Novel Series of 
I n h i b i t o r s of HIV 
Prof. A.F. Hegarty, U n i v e r s i t y College, 
Dublin 
Highly Reactive Enols S t a b i l i s e d by S t e r i c 
P r o t e c t i o n 
Dr. R.A. Aitken, U n i v e r s i t v of St. Andrews 
The V e r s a t i l e Cycloaddition Chemistry of 
BU3P-CS2 
Prof. P. Edwards, Birmingham U n i v e r s i t y 
The SCI Lecture - What i s Metal? ' 
Dr. A.N. Burgess, ICf Runcorn 
The S t r u c t u r e of P e r f l u o r i n a t e d lonomer 
Membranes 

1993 

January 20 

January 21 

January 27 

January 28 

February 3 

February 10 

February 11 

February 17 

February 18 

Dr. D. C. Clary, U n i v e r s i t y of Cambridge 
Energy Flow i n Chemical Reactions 
Prof. L. H a l l , Cambridge 
NMR - Window t o the Human Body 
Dr. W. Kerr, U n i v e r s i t y of Strathclyde 
Development of the Pauson-Khand ,Annulation 
Reaction : Organocobalt Mediated Synthesis 
of Natural and Unnatural Products 
Prof. J. Mann, U n i v e r s i t y of Reading 
Murder, Magic and Medicine 
Prof. S.M. Roberts, U n i v e r s i t y of Exeter 
Enzymes i n Organic Synthesis 
Dr. D. G i l l i e s , U n i v e r s i t y of Surrey 
NMR and Molecular Motion i n Solution 
Prof. S. Knox, B r i s t o l U n i v e r s i t y 
The T i l d e n Lecture Organic Chemistry at 
Polynuclear Metal Complexes 
Dr. R.W. Kemmitt, U n i v e r s i t y of Leicester 
Oxatrimethylenemethane Metal Complexes 
Dr. I . Fraser, I C I W i l t o n 
Reactive Processing of Composite Materials 
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February 22 

February 24 

March 10 

March 11 

March 17 

March 24 

A p r i l 1 

May 13 

May 21 

June 1 

June 2 

June 7 

Prof. D.M. Grant, U n i v e r s i t y of Utah 
s i n g l e Crystals, Molecular Structure, and 
Chemical-Shift Anisotropy 
Prof. C.J.M. S t i r l i n g , U n i v e r s i t y of 
S h e f f i e l d 
Chemistry on the F l a t - R e a c t i v i t y of Ordered 
Systems 
Dr. P.K. Baker, U n i v e r s i t y College of North 
Wales, Bangor 
'Chemistry of Highly V e r s a t i l e 7-Coordinate 
Complexes [MIj (CO) 3 (NCMe) 3 ] (M=Mo,W) ' 
Dr. R.A.Y. Jones, U n i v e r s i t y of East Anglia 
The Chemistry of Wine Making 
Dr. R.J.K. Taylor, U n i v e r s i t y of East Anglia 
Adventures i n Natural Product Synthesis 
Prof. I.O. Sutherland, U n i v e r s i t y of 
Liver p o o l 
Chromogenic Reagents f o r Cations 
Prof. H. Spiess, Max Planck I n s t i t u t f u r 
Polymer f o r s chung 
Multidimensional NMR Study of Structure and 
Dynamics of Polymers 
Prof. J.A. Pople, Carnegie-Mellon 
U n i v e r s i t y , P i t t s b u r g h , USA 
The Boys-Rahman Lecture 
A p p l i c a t i o n s of Molecular O r b i t a l Theory 
Prof. L. Weber, U n i v e r s i t y of B i e l e f e l d 
Metallo-phospha Alkenes as Synthons i n 
Organometallic Chemistry 
Prof. J.P. Konopelski, U n i v e r s i t y of 
C a l i f o r n i a , Santa Cruz 
Synthetic Adventures w i t h Enantiomerically 
Pure Acetals 
Prof. F. C i a r d e l l i , U n i v e r s i t y of Pisa 
C h i r a l D i s c r i m i n a t i o n i n the Stereospecific 
Polymerisation of Alpha O l e f i n s 
Prof. R.S. Stein, U n i v e r s i t y of 
Massachusetts 
S c a t t e r i n g Studies of C r y s t a l l i n e and 
L i q u i d C r y s t a l l i n e Polymers 
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June 16 Prof. A.K. Covington, U n i v e r s i t y of 

Newcastle 
Use of Ion S e l e c t i v e E l e c t r o d e s as Detectors 
i n Ion Chromatography 

June 17 Prof. O.F. Nielson, H.C. 0 r s t e d I n s t i t u t e , 
U n i v e r s i t y of Copenhagen 
Low-Frequency IR- and Raman Studies of 
Hydrogen Bonded L i q u i d s 


