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ABSTRACT 

De ns i t y  mat r ix t he o ry has b e en u s e d to d e ve l o p  

a c o m pu te r  program fo r t h e  s o lut io n  o f  a fo u r- nuc l e ar 

s p i n  s y s t e m . A de s c ript ion o f  t he t h e ory us e d  t o  

d e ve l o p  t h i s  program is give n in Chapter Thr e e . 

This t he o ry has b e e n  u s e d  t o  st udy a r a n ge o f  

p ��ub s t it u t e d  nit r o s o b e n ze ne s .  The a c t ivat ion 

p aram e t e �s h ave b e e n  de t e rmine d and fo r 

N , N-di m e thyl-p-n i t ro s o anil ine , a c o m p ari son has b e e n  

m ad e  wit h p re vi o u s  s t ud i e s  whi c h  h a ve u s e d  m o re 

a p proxim a t e  me t h o ds . 

The s o lvent d e p e n d e n c y  o f  the b arr i e r  t o  

ro t at io n  has be e n  i nve s t igat e d  i n  t he 

N , N-d ia l ky l -p-n it ro s o an i l ine s an d n o  s igni fican t  

s o l ve n t d e pe nde n c e  fo und . 

i i i  

In t h e  early s t age s o f  t his t he sis , at t em pt s  we re 

m ad e  t o  f ind a t e t rahedral c ob a l t (II)  co m p l e x  

i n vo l v i n g  l i gand e xchan g e ,  but no s uch c o mp l e x  suit ab le 

fo r a d e t ail e d  NMR inve s t i ga t ion was fo und . The 

i nve s t i gat i o n ,  t ho ugh u ns u c c e s s fu l ,  has be e n  b r i e f l y  

re p o r t e d .  The s e  f i nd i ngs m a y  aid fu rth e r  wo rk i n  

t h i s  a re a . 
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CHAPTER ONE 

An Introduction 

to 

Nuclear �o�netic Resonance 



1 

This thesis is concerned wi th th e s t udy of t h e  

i n t ernal ro ta t i on of ffiO l ecule s us i ng nuclear msgnetic 

reson ance (NU:t). The first Nl� s ign als were ob s erved 

almost simultaneously in 1945 by t wo se parate grou ps 

l ed by Bloch1 and Purce112. uince 1945 instrumentation 

has developed to such an extent that NUR i s now a very 

powerful tool for the investigation of molecular 

s t ruc t ure and mo lec ul ar processes. Today, th e NMR 

spectroscopist is concerned with not o nly the pre c i s e  

determination of high resolution s pec t ra ,  b ut al s o  the 

detailed elucidation of the K�R p ar ame t ers from t h e  

spe c t r a . His field of s tud y also includes the 

interpretation and/or prediction of the se parameters 

from the physical �nd theoretical model s  as well as 

applying this knowledge to problems such as the 

evaluation of ki�etic parameters for processes wh ere 

nuclei are interchanged, an ex amp l e  being rotation abo ut 

a bond . 

The purpose of this ch ap t er i s  t o  pr ov ide a b rief 
' 

overvi ew of s ome b a sic pri ncip le s of NMR that wi l l  be 

en count ered in  re adin g  t h i s  thes i s. 

1.1 Nu c lear upi n  

Paul i s ugges t ed t h e  i d ea of n uc l ear s pi n  in 19243 
i n  order to expl ai n t h e  hyper f i n e  struc t ure i n  atomi c 

spe c tra. He su gges t ed that t he h yper f i ne s tr uc ture 

was due to nuclear s p i n  an gul ar momen tum. The quantum 

n umb er d es c rib i n g  thi s en ergy i s  g iven the symbol I, and 

is called the s pin quan tum nu mber . Table 1.1 l i sts the 

s p i n  quan tum n um ber for s ome of t he more c ommon s pec i es. 



TABLE 1.1 Spin propert ies for a selection of Nuclei
4

. 

Isot ope 

11B 

13c 
14N 
19p 
31p 

1.2 Chemic al Shifts 

I 

3/2 
1 ? 

1 -,., " 

Yo Na t ural 
Abundan ce 

99.98 

0.016 

1. 11 

-;oo 

100 

The main contributing factor to the phenomenon o f  

t he chemical shift is the shielding of the nucleus from 

the external ma��etic field by the electrons. ..:::1�ctron 

circulations �ive rise to �0gne:ic f�elds. 1'he effect 

of an applied mncnetic field on the electrons of a 

molecule is t o  p r oduce localized induced magnetic fields. 

These induced magnetic f i e l d s operate against the field 

appl ied to the sample. 

In order to CJ.tt ain the resona n ce co n d i t i on , a 

proton shielded in this way by its asso c iated elec trons, 

require s  a greater applied f ield than that req uired by 

an isolated proton. Su c h  a prot on will r e sona t e  at a 

higher applie d e xte rnal magnetic field than an 

unshielded prot on. The measu rement of the che mic al 

shift position of nuclei in di f f e r ent chemical 

e nvironments is a powerful t ool in t he e luc idat ion of 

molecula r  st ruc t u re. 

2 



1.3 3pin-spin Coupling 

Proctor and Yu5 were the first to make the 

observation th at the che�ica lly shifted peaks could 

themselves show fine structu�e. Gutowsky and VcCa116 

showed that this fine structure rr<'l,Y arise in any 

molecule containing two or more nuclei which resonate 

at different field s�rengths. 

The N�R signAl of a nucleus in a molecule can be 

influenced by the mAGnetic fields of other protons. 

This in fluence can either add to, or subtract from, 

the magnet ic field reouired for resonance. For a 

particular nucleus M in a molecule AX the number of 
n 

lines into which the /, r eson .: m ce is split is ?ni +1, X 
where I is the mh�le�tr spin qunntum number of X. If X 
A and X eac� h3vc n �pin quantuffi of ; and the chemical 

shift difference is Jarge com p a red to the coupling 

constant, the multiplet lines are equally spaced, and 

their relative intensities are given by the binomial 

coefficients. 

The separation between the lines is known as the 

spin-spin coupling constant JAX" This separation is 

independent of the applied field B0• On the bas·i.s of 

their measurements, Hahn and �laxwe117, and Gutowsky and 

hlcCa116 proposed t hat these multiplets arose from an 

interaction between neighbouring nu clear spins whic h is 

proportional to the scalar product I(1).I(2). 

Ramsey and Purce1 1
8 

first suggested that these 

interactions arise from an indirect coupling mechanism 

via the electrons in the molecule. For solids, the 

coupling is dependent on molecular orientation and is 

3 



d e t ermi ned by d i pol e-d i pol e  i n t er act i on. In l i qu i ds 

and gas es , r a p i d  mol e c ul a r  mot i on average ou t thes e  

i nt er ac t i ons and J i s  i n dependent o f  m olecu lar 

ori ent at i on . 

1 .4 The s pi n  Ham i l t on i an of t h e  ':ul t i -spi n 1/2 Bysteu.. 
Thi s s e c ti on i n trodu ces t h e  �uantum mechan i c al 

d es c ri pt i on of the s p in Ha mi l ton i an w�ic h  w i l l  be us ed 

in.Chapt er Three. 

When an ens embl e of ident i c al s p i n  nuc l ei i s  

subj e c t e d  t o  a l arge s t at ion ary magn et i c  field B0 ac t i n g  

i n  t he - z  d i rec t i on ,  t he s pi n  Ham i l t on i an for e ac h  

m agn e t i c  nuc l eus m a y  be wri tt en a s  

.# =(1 -cr-) hYB I 0 z • • .  (1.1) 

where I i s  t he s p i n  an gul ar m oment u m  oper at or i n  t he z z 
d irec t i on .  

Thi s Ham i l t on i an repres en t s  t he quant um mechanic a l  

e q ui va l e nt of the p ot ent i a l  energy (-�.B0) of a c l a s s ic a l 

bar m agnet of magne t i c  m omen t ;: i m mersed i n  a magn et i c 

f i el d  '80• 

In c ons i d er i n g  t he s p i n  Ham i l t on i an s ep ar a t el y ,  t he 

s p i n  st at e  of the nuc le us i s  as s umed t o  be indep e nd en t  of 

the e le ct ron i c, rot at i ona l , an d v i brat i on a l st at es of t h e  

whole m ol ec ul e  but t hi s i s  ce rt a i nl y  n ot s o. Thus t he 

n e c es s i t y  of i n cl ud ing i n  e quat i on (1.1), �, t he s h i e l d i n g  

c on s t ant, whi ch t ake s acc ount o f  t he effect of t he 

e l e c t rons about an d ne ar the n ucl e us .  A t en s or q uan t i t y , 

�' shou ld be us e d  t o  t ak e  account of t he s h i el d i n g  e f f e ct ,  

but for f l ui d  s am p l es the m olecul e s  undergo man y 

c ol l i s i on s  d ur i n g  the l i fe t i m e  of e x c i t ed n u c l ear s t at es ,  

s o  as t h e  m ol e c ul e s  t umbl e ,  t h e  s h i e l d i ng e f fe ct can be 

4 



re pre s e n t e d  b y  the s c al ar �c=�/3 Tr �). 
The H amilt oni an o f  a molecule c on t aining two or 

more magnetic nuclei assuming no spin - s pin coupling is, 

n 

L 
i=1 

w .  n I . 01 Z1 

whe re w .  = (1-o:) YB 01 1 0 
. . •  (1.2) 

and t h e  subsc r i p t i denote s  t he environment o f  the ith 

mag��t i c nu cle us . 

In �aking account o f  spin-spin coupling t he 

int e r a c t ion be t ween two ma gn e t i c  nuclei m and n may b e  

re pre s e nt e d b y  t he s c a l a r  pro du c t  

V = J '  h2 I . I  n m  n m  n m 

I is t he total spin operator and J' is the c o upling 

constant measured in Joules. Th e coupling constant J 

which is measured in an KrR experiment is in Hertz and 

is relate d to J' by, 

hJ ' J = '2"1r 

The s c a l a r product of I .I give s 
n m 

whe re 

I I = I I +1(I + I - +I - I + ) n ·  m zn zm � n m n m 

I+ = I +ji and I - = I - j i  n x n  y n  n x n  y n  

Fo r a molecule c o nt ainin g  m a n y  m a gne t ic n u c l e i  t he 

t ot a l  s p in - s pin c ou p l in g  e n e rgy is obt aine d b y  s umming 

over a l l  p airs o f  magn e t ic nuc l e i  

V = z: L h2 J '  I . I  n m nm n m • • •  ( 1 . 3 ) 

The NMR s pe c t rum is prob e d  b y  app l ying a sm a l l  

radio - fre que nc y  m a gn e t ic fie l d  2B1 c o s wt a lo n g  t h e  x a x is . 

5 



The t ot a l  Ham il t o nian is now 

if == -L ( '(. B ( 1 - cr:-) I . -h Y. 2B1 c o s wt I . ) l l 0 l Zl l Xl 
+�6h2J• I .I n m nm n m . • •  ( 1 . 4) 

2B1 c o s wt m a y  b e  re s o l ve d  int o a p air o f  

c irc ul a rl y  p o l arize d  f i e l d s  ro t at i ng in oppo s it e  

dire c t io ns in t h e  x - y  p l a ne giving 

( 2B1 c ·o s wt ) ex=B1 (
e

x c o s wt -e
ys in wt ) +B1 ( e

x c o s t.Jt + 

e
ys i nwt )  • • •  ( 1 .5 )  

whe re e x and e y 
are unit ve c t o r& in the x and y 

dire c t io ns . Onl y  o n e  o f  t h e s e  rot a t ing m a gne t ic fie l d  

c o m p o ne nt s h a s  t he s am e  s e ns e  as t h e  Larm o r  pre c e s s io n  

o f  t h e  nuc l e a r  m a gn e t ic m o m e nt ab o ut B0• The o ut o f  

ph a s e  c o m p o ne nt c an b e  ne gl e c t e d  a s  it pro d uc e s 

i ns ignific a nt ch an g e s  in the o rie nt a t io n  o f  the m a gne t ic 

mome nt o f  t h e  s pin� nuc l e us . Onl y  t h e  "in pha s e "  

.co m p o ne nt ne e d  be c o ns i de red i n  t he c o nt rib ut io n  t o  t h e  

s p i n  Hami l t o nian a s  t hi s  i s  the c o m p o ne nt in t he 

di re c t i o n  o f·B x· If a rot a t i ng re f e re nc e  f rame i s  us e d  

whic h  h a s  a s e t  o f  axes rot a t ing ab o ut the z ax i s  the 

Ham i lt o ni an b e c o m e s
9 

1f == -w!X I . +hl:w . I . +hYB 1:I . +n21: � J' I I 1 zl 1 01 z1 11 Xl n<m nm n m 

• • •  ( 1 .6 ) 

1 . 5  Re l ax at io n  

If t h e re is a Bo l t zm a nn dis t ribut io n o f  nuc l e i  

am o ng t h e  s p in s t at e s ,  a ne t a b s o rp t i o n  o f  e ne rgy may 

be o bs e rve d w it h  low int e ns i t y  i rradiatio n at t he 

re s o nanc e fre que nc y. F o r  an a s s emb l y  of w e ak l y  c o up l e d  

ide nt ic a l nuc l e i  of s p i n�' t h e  e n e rgy l e ve l s  o f  a n  

i s o l at e d  nuc l e us m ay b e  ap pl i e d  t o  t h e  as s e m bl y  a s  a 

6 



whole. When there is thermal equilibrium throughout 

the assembly the relative population of the two 

energy levels is 

N2 N_., 
(-AE) 

= exp (kBT) 

N 2 and N1 are the number of nuclei in the high and low 

er-ergy levels respectively. 

The separation of the energy levels is given by 

YhB0, hence 

N2 = exp � - onBo � 
N1 ( kBT ) 

As can be seen by this equation it is important to 

have the magnetic field used for resonance, B0, as large 

as possible. The effect of this is that the energy 

levels become more widely spaced combined with an 

increased sensitivity, because the excess population in 

the lower state is increased. The observation of an 

NW.R signal depends u on the net absorption of energy by 

this small population. 

When an external field B0 is applied in the ·z . 

direction to a sample containing many identical spins, 

M, the magnetization of the sample is given by the 

equation 

M = ZP:. = rh 4<1 �'> • • •  ( 1 . 7 )  J J J J 

7 

where h <I> is the expectation value of the spin angular 

momentum. The magnitude of N0, the equilibrium value of 

the magnetization, depends on the temperature and the 

magnetic field, B0• When the external magnetic field is 



switched off, the magnetization decays from �0 to zero. 

However upon removal of the B1 fie ld, B0 still on, Mz 

decays to its equilibrium value with time constant , T1, 

which is called the spin-lRttice relaxation time or the 

longitudinal relaxa ion time. The transverse components 

of marnetization, M and V , decay to zero with time X y 

constant, T2, whi ch is known as the transverse 

relaxation time or the spin-spin relaxation time . For 

liquids T1 and T2 bo th arise from energy exchange between 

the spin sys tem and the lattice10• 

The full equ a tions describing the change in the 

components of the ffiegnetization w ith time when a field 

B0 is applied in the z d irectio n and a small radiofrequency 

field 2B1coswt is applied along the x axis are called the 

nloch equations and in terms of an axis sys tem rota ting 

with frequency w. can be wri t ten as10 
l 

d r:. 
z ;: 

dt 

du 
d t  

dv 
dt 

where 

u 

V 

w. 1 

= 

= 

= 

= 

YB1v - (M -N ) /T 7, 0 1 

+ (w. -w)v l 

M COS(.,.)t rt. ys int:.lt X 
Mx sinwt Mycosc, t 

YB 
0 

••• (1.8) 

In t he u sua l continuous w a ve NMR e xpe rime nt whe re 

the out o f  phase c ompone nt v is monit o re d  by o pe ra t ing 

the ins t ru m e nt in t he ab s o rption mo d e ,  the le ft -h a nd s id e  

of e qu at io n  (1.8) can b e  s e t  e qu a l  t o  ze ro and t h e  Bl o c h  



equations can be solved to give the absorption line 

shape. These equations can be solved when spin-spin 

coupling effects are ab sen t  t o  yie l d  the lin e  shape of 

N�R resonances, provided exchan ge phen omen n are not 

considered. 

1 .6 Saturation 

As mentioned earlier the N�R spectrum of a 

molecule is probed using the oscil l ating fie l d  81' which 

is perpendicular to B0• If the power in the 

oscillating field is too high, the intensity of the 

absorption spectrum decreases. This is a ma j or hazard 

to be a�are o f  when obtaining expe rimen tal  spectra for 

line-shape analyses. 

In a s te ady state experiment the time derivatives 

of the Bloch equations previous ly described , equal zero . 

The value ob tained for v is10 
2 M0YB1T2 (w0-w) 

If B1 increases to such a point that the term 

T1T2�B12 is no longer much less than one, the intensity 

of the observed signal is decreased in a manner which is 

illustrated in the following spectra. 

I 

V 

I 

9 



I 

.__ _____ }) 
I 

V 

In all experiments carried out, �reat care was 

taken to ensure that the B1 power output was kept to 

a m i n imum level to avoid such spectral distortions. 

10 



CHAP'rER TlhO 

The application of NYR 

to Kinetic Studjes 

involvinG Intramolecular Sxchange 



Barriers to internal rotation have been a subject 

of interest for almost 40 years and h a ve been 

determined by a varie ty of technioues for a large 
1'1 

number of molecules.' Techni�ues such as el ectron 
diffraction, dipol e mo�ent me asurements, inf ared , 

1 ') , "]j �aman, and microwave spe ct ro s copy have been used·�, / 

NMR spectroscopy has made a sign i ficant contribution 

to this area, but all techniques are needed to 

understand the nature of the forces rest ricting 

intramolecular motions. 

This chapter tr2ces the development of ma gnetic 

resonance methods for the study of rate processes in 

chemistry. The explicit rate process under 

consideration is intramoleculAr exchange. 

Spectroscopy in a ll its forws measures physical 

properties thRt can be related to the concent rations 

of substances. An application in the study of 

chemical kinetics is thet of measuring the 

concentration of a reactant or product as a function 

of time. !\owever the use of the magn etic resonance 

technique provides i nformat ion about reactions from 

measurements on systems th at are chemically at 

equilibrium and 1n the case of intramolecular exchange, 

these measurements are made by following the spectral 

changes caused by different exchange rates. Thus 

N�R spectroscopy has been used to study intramolecular 

exchange processes with activation energies of 20 to 

'100 kJ rnol-1 • 

2.1 Rel ax ation Mechanisms.
1 5 

The time scales in NMR are relatively slow for 

1 1  
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M 

X 

Z' 

X' 

Z' 

X' 

y 

(a) 

(t-) 

Figure 2. 1 

In a laboratory frame M precesses about 

the Z axis at w = 180 

In a frame rotating at a frequency w0.M 
is stationary. 

(c) When perturbed far from equilibrium, M 
is still stationary in the rotating frame. 



m icrosco pic processes. Ahile molecules in a non-

vi scous li quid have freque ncy components from 0 t o 

10
12Hz, the clas si cal precession fre quency for 

protons 1s 60 MHz in an a pplied magnetic fj_eld of 

1.4 T'esla. 

The intensi ty of the rot3tional frequency 

components at the nuclear resonance frequency 

contribute directly to the relaxati on mechanism. 

Thi s can' be illust rated by c onsideri ng a macroscopic 

magnetizat i on vector U sli ghtly di splaced from 

equilibri um prec essi ng at a rate of w =fB i n  0 0 

reference to a labor at o ry frame (see Figure ?.1). 
In a frame rot at in� at the precession freouency 

w0, li1 appe a rs to be s tationnry. � relaxes because 

of the i nte r a c t ion with the microscopic magnetic 

moments of the nuclear s pins . As the molecules 

move about in t he li quid t�e �otions of the i r  

nuclear magnetic m oments generate fluctuating 

magnet ic fi elds . These microscopic fields denot ed 

by b are similar in behaviour to the B1 fi eld 

generat ed in an NMR instrument. 

b i s  defi ned by b = ib + .J..b + kb - X J - Z 
A st at i c  b i s  st at i c  i n  bot h reference frames, but z 
a bx for a b

y 
rot at es i n  a rot at ing frame. If M 

has been perturbed as i n  Fi gure 2.1 ( c ) , t he processes 

whi ch generate b f ields that c ause Mz' t o  return to 

equi libr i um are c alled T1 proc esses. The pro cesses 

t hat c ause Ux' an d My' t o  ret urn to equi libr i um are 

T2 pro cesses. For li quids, i n  t he c ase of prot on 

12 



magnetic resonance, T1 � T2 � T2 • where T2 • is the 

relaxation process taking account of instrumental 

effects and viscosity broadening . 

Generally for p roton magr.etic resonance 1n 

liquids T1=T2 with the line-width bein� proportional 

-1 
to T2 • 

The torque acting on � 1s riven by the vector 

qross product of b and M. 

(b� �l) = i(b ,M , - b , fll. , ) + J·(b ,M , A,(' y Z Z y Z X 
k(b , M , X J 

- b ,M ,)+ X Z 
- b , M , ) 

y X 
... (2.1) 

Whilst T2 processes arise from components in all 

three directions, T1 relaxati on processes arise only 

from fluctuating magnetic fields in the x' and y' 

directions. 
A st a tic component of b in the z' dire c tion 

( rotating frame) is equivalent to a static component 

of b1 in the z directi on (laboratory frame). Thus, 

in a labor a tory frame there is a zero frequency 

contribution to T2 processes. Conversely, a static 

component of b in the x' or y' di rection corresponds to 

a high frequency component o f  b1 in the x or y 

directions. Only high frequency processes can 

affect T1 and also T2• However it is the low 

frequency interaction that causes T2 to be often 

appreciably shorter than T1 when chemical exchange or 

other low frequency processes are present. 

From the preceding discussion it can be seen that 

chemical or intramolecular exchange in the appropriate 

frequency range will produce observable changes in NMR 

1 3 



s pec t ra. Methods and t echni ques h ave been 

d evel oped over t he pas t  t went y  years for t he 

d et ermin at i on of u s efu l ki n et i c param et ers from 

t he obs erved l i n e-w idths and l ine s hapes . The 

r at e  p roc es s es t h at have b een s tud i ed have 

f requ en c i es whi c h  fal l in t he range of 10-1 t o  105 

s -1 
f or d i amagnet i c  sub s t an c es .

16 

2t2 Th ermod yn am i c  Param et ers of I nt ramolecu lar 

Exchange . 

The
'

thermodyn am i c  par am et ers u s ed in t h i s  t h es i s  

are f rom the theory of ab s ol u t e  reac t i on rat es .
1 7 

Th i s  theory and i t s rel evan t equat i on s  can b e  appl i ed 

t o  al l NMR s tu d i es i nvol v i n g  exch ange i f  t h ey are 

t reat ed as t yp i c al rat e pr oces ses . 18 

The Arrh en ius eq u at i on wri tten as k :: Ae-E/RT 
i s  

gen eral l y  acc ept ed as rep res ent i ng the t emperatu re 

dependen ce of th e s p ec i fi c  rat es of most chem i c al 

react i ons and c ert ai n phys i cal p roc es s es . Provi ded 

t hat th e t emperatu re range i s  n ot large , the q u ant it i es 

A and E are t ak en as c ons t ant . A i s  regarded as th e 

frequ en cy f ac t or for t h e  reac t i on or rat e proc es s , 

wh i l e E i s  t ermed t he energy of ac t i vat i on . 

Trans it i on s t ate theory is  b as ed on the p rem i s e  

t h at a rat e proces s is  c h aract eri s ed b y  an i n i t i al 

con f i gu r at i on whi ch p as s es b y  c ont i n uous chan g e  of t h e  

c o-ord i n at es int o t h e  f i n al con f i gu rat i on . This is  

cr i t i cal for t h e  proces s ,  i n  the s ens e t h at if  t h i s  

s ys t em i s  at t ai n ed t here i s  a h i gh p rob ab i l i t y  t h at 

t h e  reac t i on wi l l  c on t i nu e  t o  com p l et i on .  The 

expres s i on "act i vat ed compl ex" is gi ven t o  t h i s  

14 



critical configuration. 

The specific rotational rate (k) is defined by 

k = 

k
B

T 
K� 

h ... (?.2) 

The ef fect ive r8te of crossinc the energy barrie� 

k rp 
by the activated comple):es is equal to __e_:_, wtich is a 

h 
universal frequency, depPndent only on te�pcr·�tur e  �nd 

in de pen de n t o f the ru:t tu re o f t h e r· e ;� c tc.m t- :-> ;:; n d t h e t �l p e 

of rea c tion. There is a rossibility tt�t some s ys t ems 

will re�ert to the initial state after passing to the 

activated state. To take ac co u nt of this, a factor 

called the transmission coefficient is used. In studies 

of this type a unit transmission coeffi cient 1s assumed. 

This is justified, as exchange effects are only seen 

when the systen·. t.'1s rotated to its "r·�odu ct" stnte . 

K+ is analogous to otter e�uilibrin const�n�s, Dnd 

hen ce c a n  be related to n. stnnd8rd f;·ee energy chenc;e 

G:t , and the correspondin� entt�Jpy an� entropy ch�n�es, 

Ht and s\, associated �ith the re�ctnnt activated 

complex equilibria being considered. 

The constant K�, for the equilibrium betweer the 

activated complex and the reactants, may be expressed 

thus 

• . •  (2.3) 

Substituting this into equ a tion (2.2) an expression for 

the rotational rate is obtained. 

k = 

k
B

T 
exp (-�G

�
) 

h RT 

and as D.G f = b.H:f - TAS f 

• . .  (2.4) 
• • •  (2.5) 

1 5  



t h e n  k = 

1r rn ""B � 
11 

U s i n g  t h e  a b o ve e qu a t i o n s  i t  i s  p o s s i b l e  t o  

re l at e  t he me a s u re d  r a t e o f  �e o c t i o n  t o  t h e  f r e e  

e n e rg y  o f  a c t i v a t i o n � Gt ) . 
2 .  2 . 1  D e t e rm i n a t i on o f  E a n d  ''· a 

The e m p i ri c a l  r e l a t i o n o f  .� r :r:: e n i u s  c a re b e  

w ritt en i n  l o g a r i t h m i c  f o rm o s  

· ·l n k  == 

- E  
a 

RT 
+ l n A  

( " r '\ 
• • • ....._ • 0 )  

. . .  ( ? . 7 )  

P ro v i d e d  k h a s  b e e n  1-:Je �l s u re d  a s  a fu n c t i o n o f  

t e m p e r a t u re , t h e em p i r i c a l c or. s t R n t s  E a n d  A c a n b e  
a 

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

d l n k  
d �  

E a 
�:�T2 

T:' r o m e qn, a t l. O n ( ':l  " ) \\' e o "; t· · , ; r  .I' _  L r . c . ! , • .._ , 

l n k  = l�) 
+ 1 n ':' + 1 n I(+= 

wh i ch o n  d i f f e re n t i a t i on b e c orre s 

d ln k  == 1 + d l nK t  
d'i' T dT 

A s  d l nKt = .6. H'* 

dT RT2 

t h e n  s ub s t i t ut i o n  o f  ( 2 . 1 1 )  i n t o  ( ? . 1 0 ) gi ve s 

d l nk = 1 + .6.Hf 
dT- T RT2 

Equ a t i n g  e qu a t i o n s  ( ? . � ) and ( ? . 1 ? ) 
E = ET + ARt 

a 

. . .  ( ? . 1 0 )  

. . .  ( 2 . 1 1 )  

. . .  ( ? . 1 2 )  

. . .  ( 2 . 1 3 ) 
B y  u s i n g  e qu a t i o n ( 2 . 1 3 ) bH + a t  29�K c a n b e  fo und . 
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AG* 293 c an be found b y  re a r r an g i n 6  e q u a t i o n  (?.4) t o  

g i ve 

� R T l n(k�T) - RT l nk . . .  ( ? . '1 4 ) 
. :f �S 293 c an be fo und b y  re - ar r � n c i n g  e q u at i on ( ? . 5 )  t o  

g i ve 

. . .  ( 2 . '1 5 ) 

2 i � . I n t ramo l e cu l a r Exch ange 

Th i s · s e c t i o n  o n  i nt ram o l e c u l ar e x c h ange is a b r ie f 

ove rv i e w  o f  the e ar l y  t he o re t i c a l  mod e l s that we re 

d e ve l o ped  t o  exp l a in e x ch a nge phe nome n a . 

2 . 3 . 1 Che m i c a l  Exchange 

NMR i s  an i m po rt an t  t o o l  in t h e  s t udy o f  rat e s  o f  

re ac t i o n  unc e r  e qu i l i b rium cond i t i o n s . The t o t a l  

numb e rs o f  nuc l e i  i n  e a ch e n vi ro nment  rema i n  co ns t ant , 

bu t e a ch i n d i v i d u a l  n uc l e u s  ch a nf,e s b e t ween  di f fe re n t  

e nv i ronme nt s . 

Th e e f f e c t  o f  th i s  exch a n ge p ro c e s s  on t h e  N�R 

s p e c t rum d e p ends on t h e  r a t e  at wh i c h i t  o c cu rs . I f ,  

on t h e  N�R t i me s c a l e , the nuc l e u s  i s  e x ch an ging ve ry 

s l o w l y  b e t we e n  t wo s i t e s , the s l ow exch ange l i mi t , t he 

s pe c t ru� i s  a su pe rpo s i t i o n  o f  t he s pe c t ra o f  t h e  

vari ous s pe c i e s . I f ,  howeve r ,  t h e  r a t e o f  exch ange 

i s  ve ry f a s t , th e  s p e c t rum depend s o n l y  on the me an 

m agne t i c  e nvi ronment of the nuc l e i , f a s t  e x c h ange 

l i mi t . A rat e t h at l i e s b e t w e e n  t he s e  t wo e xt rem e s  

g i ve s  a b r o ad - l in e  s pe c t ru m , i nt e rm e di at e exchange . 

As wi l l  be d i s cu s s e d  i n  s ub s e qu e n t  s e ct i ons , t he 

rat e o f  e xch ange c an b e  d e t e rm ine d f ro m  the NMR 

s p e c t ra obt ai n e d  i n  t h i s in t e rm e d i a t e  re gi o n . 

1 7  



2 . 3 . 2 U n c o upl e d  Two - s i t e  c a s e  

The d e ve l o pm e n t  o f  a t he o ry o f  s pe c t ra ob s e rve d 

from i n t e rm ed i at e  e x ch ange rat e s  w a s  fi rs t  

a c compl i s h e d  b y  Gut o wsky , McC a l l  and S l i cht e r
1 9  

i n  

1 9 5 3 . Fu rt he r e x t e n s i ons  were made b y  Gut o wsky an d 

S a i ka20 
i n  1 95 3  and Gut ows ky and H o l m

1 8  
i n  1 9 56 . 

Gut o w s ky and Ho lm
1 8  

showed t h a t  fo r int e rmed i at e  

r a t e s  o f  e xchange t h e  ab so rpt i on mode l ine -shape i s  

g i ve ri  b y  t he e q u a t i on 

whe re 

' 

• . •  ( 2 . 1 6 )  

p == t{T22{ � (wA + wB ) - ]2 + -l- (wA _wB ) 2} + T21 

Q == 1:�-(wA +�) -w-i (PA - PB ) (wA - "13 )] 

18 

R == t[� ( wA + wB ) - w] (1 + 2 t:T21 )  + t ( PA - PB ) (wA - wB )  

'tA 't B 
'CA+ 't13 

WA = an gu l a r re s o nan c e fre q u e nc y  o f  A 

� = an gu l a r  re s o n a n c e  f re q u e nc y o f  B 
"t:A = li fe t i me o f  prot on at s i t e  A i n  t e rm s  o f  

an gu l a r  fre q u e n c y  

\ = l i fe t i me o f  pro t on a t s i t e B i n  t e rm s  o f  

angu l a r  f re q u e n c y  

The c as e  Gut o ws k y  and Ho l m  c o n s ide re d , w as a l i qu i d  

i n  whi ch t he re i s  n e g l i gib l e  d i po l a r b r o ade n in g  o f  

p r o t o n  re s o n an c e  b e c aus e o f  m o t i o n a l  n arro w i n g , but i n  

wh i ch t h e re a re s i t e s  w i t h  d i f fe re nt l o c a l  f i e l d s  

g i ving a re s on an c e  w i t h  t w o  c o m po n e n t s  A and B 

s h i f t e d  b y  +�W/2 and - bw/2 f ro m  t h e i r  ave rage angu l a r  



freque n c y . The re l at i ve int e n s i t i e s o f  t h e s e  

c o m po n e n t s  a re d i re c t l y  p ro p o r t i o n a l t o  t h e  p r o t o n  

frac t i o n s  pA and pB c o n t r i �u t i n �  t o  e a ch co m p o ne n t . 

E x  p e r i m e  n t n l l  y o n e  1:1 e a :; u r e  s t ); e s e p :1 :::' n t i o n  

b e t w e e n  t wo a b s o rp t i o n l i n e s , nn d f r o �  i t , 

c a l c u l a t e s  't • ';'he p o s � t i o r. � .  o f  t h P  t ·.vo � o m p o r. e n t s  

snd t h e i r  d e p e nd e n c e  o n  't n r c ,� 1 v e ::: b ;:.- t h e  rr: a x i rr: a  o f  

t he Gu t o w s ky-1 io  l m e q u a t i o n .  

··/,'he r;  PA = p
B

, 'CA = tB = :' t  , o n d  b y  d i f fe re n t i a t i n g 

v ( e qu at i o n 2 . 1 6 )  wi t h  re s p s c t  t o  � (c..JA + un ) - w t he 

+ w
E 

) - w J 5 + ? ?!') 0 ( 1 

t ( 1  + 't'r� 1 ) ( -1 + ?  
' 

/1 
+ 'CT� ) + 

L 

0 ( "  _., .,. )  • • • r '. • ' / 

wh e r e S = 1 m-
-'- ">  c 

One s o l u t i o n  o f  t h e a b o ve e 1u � t i o n 1 s  wh e n  

i . e .  t h e  radi o - frequ e nc y h a s  � v � l u e  m i d -w a y  b e t w e e n  

t h e  ab s o rp t i o n l i ne s  a t  A a n d  B . � h i s s o lu t i o n  

c o r re s p o n d s  t o  a m i n i mu m  ( t wo s e r a r a t e  l i ne s )  wh e n � 

i s  l arge , an d a m a xi mum ( a  s i n g l e  l i n e ) , wh e r e � i s  

s m a l l . 

1 I f  t h e  l i n e -wi d t h s  at  ha l f-h e i gh t , gi ven b y  T ' 
2 

are s m a l l  c o m p a r e d  t o  t h e  s e p a r at i o n  Sw , t h e 

e xp e r i m e n t a l l y  ob s e rve d s e p a r a t i o n  i s  gi ve n b y  

�we == ( wA + W
B

) - 2w == � - � "c-2 ( wA - "'-'
B

)2J � � (wA _ w
B

) 
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The ge ner a l non - zero so l u t io n  o f  the d e r i ve d 

Gut owsky and Ho lm e qu a t i on wh i ch i n c l ud e s th e 

e f fe c t s  o f  ove rl ap i s  

A<» e " + ( -S ( � + � ) .± S � ( 12 

The d e pendenc e o f  $we o n  t an d T2 h a s been 21 o m put e d . 

Gut owsky and � o lm ' s a n a l ys i s  a s su me d  t h a t  t he 

e�c h ange r a t e d id n o t  i n fl u e n c e  T2 . H o we ve r , t h e y 

d i d  re p o rt that t h e  l i n e -wi d t hs i n  the abs e n c e  o f  

e x c h a n ge e f fe c t s  we re m o s t  l i ke l y  d u e  t o  m agne t i c  

f i e l d i nh o mo g e n e t i e s , and c o n c l ud e d  th a t t e m p e ra ture 

d e p e nd e n c e  o f  the e f fe c t i v e  T2 was s l i gh t . Wi t h  

t he i r  s m a l l  v a lu e o f $w, e r ro rs i n  t h e i r fi nal r esu l t  

we re f a i r l y  lar�e ( E f o r d i m e t h y l fo rm a m i d e w a s  a 

7 .:!_ 3 k c a l  rno l - 1 ) .  1 8  Ove r a t em pe r C1 tu re r a r: [ e  ? -z,6 l: 

t o  269 X ,  t h e  e xp e ri me n t a l l y  obse r ved  s e p a r a t i on Sw e 
- 1  

on l y r a n ged from 20 . 1 t o  1 1 . 9 rod s Re su lt s 

re port e d for t he un c ou p l e d  ? - s i t e  ca se us i n g e q uat i o n 

( 2 . 1 7 ) are e x a c t  o n l y  fo r e qu a l  po pu l a t i ons a n d  f o r  

e q u a l t ra n s ve rs e  re l axa t i o n  ra t e s . 2 2 

2 . 3 . 3 C h e m i c a l  Exchange C ons ide r i ng Coupl ing 

Th i s  s e c t i o n  c o n s i d e rs abso r p t i o n  l i n e s  wh i c h  

c o n s i s t  o f  s p i n mul t i p l e t s . At s l ow e x change 

c o n d i t i o n s  the  c om p on e n t s  o f  s p i n  mu l t i p l e t s  a re 

c l e ar l y  obs e rvab l e . As t h e  r a t e  o f  e xch ange i s  

i n c re a s e d  the s e  a re b r o ad en e d , unt i l  f i n a l l y  t h e  

mu l t i p l e t i s  a s i ng l e  l ine . Exch ange pro c e s s e s  

whi c h  re p l a c e  the in t e ra c t i ng n u c l e u s  wi th o th e rs 

o f  r ando m o r ie nt a t i on l e ad t o  mi xi n g o f  the s p i n  

2 0  



s t at e s  and t o  c o l laps e o f  t he mu l t i p l e t s . T o  ob t a i n  

t he us e fu l  e qu a t i o n s  t h e  c h e mi c a l  sh i ft mus t be  

l a rge r t h an t he s p i n - s p i n  i n t e ra c t i o n . 

T ak i d a  a n d  S t e j s k a l 2 3  h a ve s ys t e m a t i s e d  t h e  

e f fe c t o f  che m i c a l  e x ch nnge o n  n d o ub l e t  o ri g i na t i n g  

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

the t o t al c o m p l e x  m o me nt , G e va l u a t e d  b y  G u t o wsk y , 

� c C a l l a n d  S l i c h t e r . 1 9  
. . -1 

G = - ��.�0't[2 + ( T2 - i .6.w) t j 
{1 + t[T21 

- i (� +  � J )]j {1 + t[T21 - i (L\W - -� J )]] 

� = T2J 
t = t J 
z = �/J 

• . .  ( 2 . 1 9 ) 

. . . ( ?. 20) 

By d i f f e re n t i a t i n g t h e  abo ve e qu a t i o n w i th re s pe c t 

t o  z and pu t t i n g  t h e  d i f f e rent i a l  e q u a l  t o  z e ro t h e  

re s u l t  i s  

whe re �
obs is t h e  s e p ar at i on b e t we e n  the m axi ma o f  t h e  

ab s o rpt i on l i n e s . 

The abo ve e xp re s s i o ns w e r e  cumbe rsome t o  ap p l y , 

he n c e  T ake d a  and S t e j sk a l  u s e d  graphi c al me thod s 

s im i l a r  t o  t h o s e  o f  previ ous i n ves t i ga t o rs . 
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T ab l e s  o f  e xc ha n ge b ro ad e n e d  d oub l e t s , t ri p l e t s , 

and qu art e t s  h ave b e e n  c o m p i l e d .
24 

2 . 4 The u s e  o f  Appro xi m a t e  Equ a t i o ns 

I n  e a r l i e r  w o rk pub l i s h e d  b y  w o rke rs who d i d  not 

h a ve a c c e s s  to h i gh s p e e d c om pu t e rs , s e m i - c l as s i c a l 

t h e o ry f o r  e x ch a n ge b e t we e n  t wo u n c o u p l e d  s i t e s  w as 

a pp l i e d  t o  s i t u at i o n s  whe re t h e  t h e o r y  d i d  n o t  a p p l y . 

A l t hou gh t he s i m p l e  s e m i - c l a s s i c a l m od e l  c an b e  va l i d  

f o r  more c o m p l t c a t e d s y s t e m s , i t  i s  ne c e s s ar y  t o  

c om p a re re s u l t s  o b t a i n e d  us i ng s u c h  a m od e l  w i t h  the 

re s u l t s  ob t a i n e d  f r o m  the t ru l y a p p l i c ab l e  e qu a t i o n s . 

I n  ge n e r a l , t h e  furthe r one g o e s  f ro m  the re g i o n  o f  

va l i d i t y  t h e  fu rt he r t he s ys t em a t i c e rr o r  w i l l  b e  

i n c re a s e d . 

C o m p l i c a t e d  c ou p l in g  p at t e rns c an a l s o  b e  

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

i n  c h e m i c a l  s ynt h e s e s  then re p l a c e  d i f fi cu l t i e s  i n  

m a t he m a t i c a l  an a l ys e s . H o w e ve r , e ve n  fo r e x ch ange 

b e t we e n  t w o  uncou p l e d s i t e s t h e  l in e - s h a pe 

e qu at i o n  i s  s u f f i c i e n t l y  c o m p l i c at e d t o  re qu i re t he 

u s e  o f  a c o m put e r  t o  c omp l e t e  t h e  n e c e s s ary 

c a l cu l a t i o ns in r e a s o n ab l e  t i m e . 

I t  i s  u s e fu l  t o  h ave a pprox i m a t e  e qu a t i o n s  

wh i c h  re l at e  s om e  re ad i l y  me asu r e d  c h a r ac t e r i s t i c  o f  

t h e  s pe c t rum t o  t h e  e xchange r a t e . The a c c u r a c y  

o f  t he a p p ro x i ma t i o n s  m a d e  t o  d e r i ve t he a pp ro x i m a t e  

e qu a t i o n s  d e p e n d s  u po n  t he re l a t i ve va lue o f  t h e  

e x change r at e , a s  c o m p ar e d  t o  t h e  c h em i c a l  s h i ft s  

Sv, t h e  c ou p l i n g  c o ns t an t s  J ,  and t he natu r a l  l i n e -
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w i dt hs 1 I 1T' T� i n  t h e  ab s e n c e  o f  e x ch an ge . 

Ne g l e c t i ng t hi s  de p e nd e n c e  c an le ad t o  appre c i ab l e  

s y s t e m at i c  e rro rs . 

The m o s t wide l y  u s e d  a p pro x i m a t i on s  a re t h o s e  

whi ch re l a t e  a s i n g l e  c h a r a c t e ri s t i c  t o  t h e  

e xch ange r at e  b e t we e n  t w o  e qu a l l y  po pu la t e d  

un c ou p l e d  s i t e s , A and B . 

The s e  e qu at i o ns re s u l t  i f  

. 1  and �v >> 1 
if: T " 

2 

1 1 1 

T2 
= 

� + T' 2 

1 

• • •  ( 2 . 22 ) 

• • •  ( 2 . 2 3 ) 

� re p r e s e n t s  the i nh om o ge n e i t y , ins t ab i l i t y  

and o t h e r i ns t ru m e n t a l  c o nt r i bu t i o n s  t o  t h e  e f f e c t i ve 

l i n e - w i d t h  i n  t he ab� e n c e  o f  e x c ha n ge . 3 v  t h e  

che m i c a l s h i f t , c an o n l y b e  c o n t r o l l e d  b y  s o l v e nt 

e f f e c t s  a n d  t he ma gne t i c  f i e l d . F o r  v e ry s m a l l  

che m i c a l  s h i ft s , t h e  a p p ro x i m a t e  e qu a t i ons a re n o t  

va l i d . 

F o r  e xch ange r a t e s  l e s s  t han t h o s e  de t e rm i ne d 

a t  the c o a le s c e n c e  p o i nt fo r t h e  AB s ys t em , t h e  

e xp e r i me n t a l l y o b s e rve d pe ak s e p a rat i o n  b� , a n d  t h e  

m ax i mum t o  c e nt r a l  m i n i mu m  i n t e n s i t y  rat i o  r ,  h ave 

b e e n  u s e d  i n  t he f o l l o w i n g  e qu a t i ons . 25 

= __.!!.._ ( � ))2 - �v2 )'�  
12 e 

. . •  ( 2 . 24 ) 

= 't\' �V [r + ( r2 - r )
i] -i 

12 
. . •  ( 2 . 25 )  

A l l e rh and e t  a 126 
h av e  che c k e d  t he abo ve 

- -

e qu at i o ns and have s ho w n  t hat t h e y  g i ve , i n  a l l c a s e s , 

an a p p a r e n t  r a t e  wh i c h  i s  l a rge r t h an the t rue r at e . 
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F o r  e x c h ange r at e s  j u s t  above c o a l e s c e n c e , 

whe re o n l y  a s i ng l e  l i n e i s  o b s e rve d fo r t he AB 

c as e , t h e  s pe c t r a l  p ar ame t e r  u t i l i z e d  i s  t h e  

obs e rv e d  l i n e -w i d t h , whe r e  t h e  l in e -w i dt h  i s  t he 

re s u l t ant o f  t h e  l i ne -w i d t h s  c au s e d  b y  e xc h a nge 

and t he n at u r a l  l i n e -w i d t h  ( n o e x c h ange ) . 

t<�/ = i ;T) e x c h ange + ( "'�/ ) no e x c hange 

. • •  ( 2. 26 ) 
Fo r t wo u n c ou p l e d  s i t e s  w i t h  f r a c t i o n a l  

' 

p o pu l at i o n s  PA and PB t he fo l l o w i n g  e qu a t i o n  h a s  

b e e n  de r i ve d  fo r ve ry f a s t  e x c h an ge�? 
Th i s  i s  

t h e  r e g i on whe re i f  t h e  t e m p e r a t u re i s  l o w e re d , t h e  

s h a r p  s i n g l e  l i n e o b t a i n e d  i n  t h e  f a s t  e x c h ange 

l i m i t  b e gi ns t o  b ro ad e n . 

( 1 
( 1Y'I' * 

2 

The f as t  e x c h ange c o n d i t i o n i s  

1:'-1 >> 2 '\\ � v  
1 

Th i s  e qu at i o n f o r � h a s  be e n  u s e d  c l o s e  t o  

c o a l e s c e nc e  whe n  t he f a s t - e x c h a n ge c o nd i t i o n  i s  n o t  

v a l i d . 

A t c o a le s c e n c e 1 8 , t he exchange rat e i s  

1 = 

2 't  • . •  ( 2 . 28 ) 

R at e s  obt a i n e d  b y  us i ng e qu at i o n ( 2 . 2 8 ) have b e e n  

s ho wn t o  b e  t o o  l o w26
, t h e  e rr o r  d e c re a s i n g  w i t h  

i n c re a s i n g  r at e  a n d  t hu s  m ak i ng � H �  t o o  l a rge . 

U s i n g  the e qu at i o n  a t  c o a le s c e n c e  a s ing l e  value 

o f  the r at e  h a s  b e e n  obt a i ne d , n am e l y  t h at at T • c 

M a n y  p ap e r s  u s e  �G� v a lu e s fo r c om p a r a t i ve s t u d i e s .  
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Figure 2 .  2 Experi mental data for the rotation about the C-N bond 
in neat D M F .  The numbers [ ] are literature references. 



T h e  e r r o r i n  T
c 

( u s u a l l y  a b o u t  ±2 t o  5°C ) l a rge l y  

de t e rm i n e s  t he e rr o r  i n  t he � G +  v a l u e s  ( + 0 . 5 t o  
c -

4%) . '14 

2 . 5  "�ro x i mat e "  ::.:=xch ane;e Studi e s  
T h e  f o l l o w i n g  t w o s e t s  o f  re s u l t s  i l l u s t r o t e  

t h e  u n re l i ab i l i t y  o f  s o m e o f  t h e  d a t a  t h at h a ve s o  

f a r  b e e n  obt a i n e d  u s i n g a p p r o x i m a t e  e q u at i o n s . 

2 . 5  .. 1 I n t e rn a l H o t a t i o n  i n  r : , h' -d ime t hyl fo rm a rn i d e  

O n �  o f  t h e  m o s t  i nt e n s i ve l y  s t u d i e d e x c h an ge 

p ro c e s s e s  i s  t t e h i n d e r e d  i nt e r n n l  rot a t i o n  o f  

N , N - d i m e t h y l fo rm a rn i d e . T h e  l i t e r a t u re h ow e ve r  

c o n t a i n s E v a l u e s  r an gin� f r o m  2 9 . 26 t o  1 1 7  k J  
a -

-1 
m o l and l o �  A v n l u e s  f r o m  '7 t o  ! '7  8 D. d  t h e  t ru e  

" L � 
v a l u e �; a re s t i l l unc e � t a i n . 'L'h c re a s o n  fo r t h i s  

i s  t o  b e  fo u n d  i n  t h e k ( rot n t i o n n l r G t e ) v a l u e s , 
r 

e r ro rs i n  wh i c h i n c re a s e  w i t h  i nc r e a s i n �  d i s t a n c e  

f r o m  t h e  c o a l e s c e n c e  t e m re r n -: u r e . A l i m i t i n g 

f a c t o r  i s  t h e r e l a t i ve l y  s m � l l  t e m pe r Ht u re r a n ge 

a v a i l a b l e fo r t h e  e v a l u a t i o n . The g r a d ie n t o f  

t h e  A r rh e n i u s  l i n e , w h i c h  i s  a m e a s u re o f  t h e  

a c t i v at i o n  e n e rgy E a ' h e n c e  a l s o i t s  i nt e rc e pt o n  

t h e  o rd i n a t e ( l o g  A ) , a re ve ry mu c h  i n f l u e n c e d  b y  

s m a l l  u nc e rt a i nt i e s  i n  t h e k r  v a lu e s ;  h i gh E 
a 

v a l u e s  go w i t h  h i gh l o g  A v a lu e s  a n d  v i c e  ve r s a .  

Thus , fo r d i m e t hy l f o rm am i d e , a p l o t o f  t he 

E v a l u e s  f r o m  t he l i t e r a t u re ag a i n s t  t h e  a 

c o r r e s po nd i ng l o g  A v a l u e s , h a s  a l l  but o ne o f  

t he p o i n t s  o n  a s t r a i gh t  l in e  w h i c h  pa s s e s  

t h r o u gh t h e  o r i gi n  ( s e e  F i gu re ? . 2 ) . 
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2 . 5 . 2 R i ng Inve rs i on o f  Cyc l ohexane . 

C yc l ohexane holds a c ent ral po s i t i on i n  t h e  

the o ry o f  c o n fo rm at i onal  ana l ys is . 28 All  t h e  

expe riment a l  dat a whi c h  has b e en obt aine d  about 

the chai r-chair interconve rs i o n  c am e  from nuc le ar 

m agne t i c  re s onan c e  s tud i e s  o n  cyc l ohexane o r  

cyc l ohex ane -d1 1 . T ab le 2 . 1 shows general 

agre ement about t he o rder of m a gn i t ude of the 

Gibb s fre e energy o f  acti vat i on , but the 

s it u at i on for �H:t , L\s• is qui t e  d i f fe rent . 

Tab l e  2 . 1  
The rmodyn am i c  parame t e rs o f  cyc l ohex ane ob t a in e d  

by d i f fe re nt t e chni oue s 
Compound Te m p . Range � G* ( -67°C ) 6 H �  � S � 

oc 

-70 t o  -20 

-94 t o  - 3 2  

-7 5 t o  -47 

-60 t o  -2 5 

- 98 t o  + 2 5  

-1 1 7  t o  -27 

42 . 2 

4 3 . 1 

44 . 7  

4 3 . 1  

42 . 6  

42 . 7 

4 8 . 1 + 8 . 4  0 . 020 

37 . 6  + . 8  -0 . 027 
+ . 004 

48 . 1  0 . 020 

4 5 . 6  + 2 . 5  0 . 01 2 
+ . 009 

4 3 . 9 + 2 . 1  0 . 006 
+ . 004 

38 . 0  + 2 . 1  -0 . 024 
+ . 01 0  

38 . 0 + 0 . 4  -0 . 024 
+ . 002 

4 5 . 1  + 3 . 3  0 . 01 2 

kJ m o l-1 

( a ) 29 The me thod us ed was the l ine  se parat i o n  

e quat ion ( Gutowsky and H o l m )  i n  t h e  t empe rature 

ran ge imme d i at e ly � e low t h e  co a l e s c en c e  t empe r at ure . 

The t empe r ature int e rval w a s  only 6° . The aut h o rs 
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comme nt ed that i t  was improb ab l e  that su ffi c ient l y  

accurate t em pe rature and rat e m e asurement s cou ld 

be m ade ove r  such a s mal l t empe rature interva l , 

us ing curre nt l y  avai lable methods , t o  give a 

re l i ab le ent ha l py o f  act ivat i on . 

( b ) 30 The l ine -width met hod o f  Pi e t t e  and And e rs o n  

w a s  u s e d  w i t h  the fast exch ange app oxi mat ion 

equat ion 

l o g  ('\I � T2 - 1 ) = log ( 2V
0

/T
2

) + Ea/2 . 303RT 

The l ine -width was me asured di re ct l y  when e ve r  

pract i c ab l e ; at h l ghe r t e m pe rature s ,  when the width 

was ve ry s mal l , the exponen t i a l  de c a y  o f  t he l ine at 

fast pas s age was me asured ins t e ad . 

( c )  3'1 S . �e ib oom - Pri vat e Commun i c at i on 

( d )  32 
Gut owsky-Holm l i ne - s e pa rat i on method 

F as t -ex'change l ine -width me thod 

( e )  3 3  The authors report ed that previ ous studi e s  

b y  N1ffi o f  the rat e  o f  c on fo rm a t i o n al i s ome ri s at i on 

o f  c yc l ohe xan e had yie lded f a irly c onco rdant 

re sult s fo r L\ G:f= ,  but the re s u l t s  for L\ S:t had b e e n  

l e s s  than s at i s fact o ry , re f l e c ting the fact t hat i t  

was n o t  e a s y  to me asure t h i s  r at e  ac curat e l y  ove r a 

wide t empe rature range . At t empe rat ures we l l  abo ve 

11 c o alescence  11
, t he re sonan c e  l ine i s  narro w , and 

ac curat e  m e a surement o f  i t s  w idth is di fficu l t . 

Ne ar c o a l e s cence , there i s  s purious broadening 

c aused b y  c oupling of axi a l  an d e qu atori a l  pro to ns . 

Be low the co ale scence  t emperature , the s pe c t rum 

b e c omes ve ry c omplex , re pre s e n t i n g  the enve l ope o f  
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m any thous ands o f  l ine s o f  a 1 2- s p i n  s ystem , and i s  

n o t  re al l y  we l l  repre sent ed a s  a n  A B  quart e t , s t i l l  

l e s s  as a doub le t . 

Rate  const ant s were c a l cu l at e d  by compa r i s o n  

o f  obs e rved l ine -widths and ( b e low  c o a le s c e nce ) 

pe ak-t o -va l l e y  r at i o s , to t hos e o f  plot s o f  the 

l i ne -sh ape func t i on o f  Gut ows ky and Ho lm . 

( f ) and ( g ) 34 s p in-echo me a su rements  

In c o mparing the  range s ac c e s s ib le to t he spin

e cho and high re s o lut i on methods , the ir me asurement s 

were c arri e d  out at a re l at i ve l y  l ow f requen c y  o f  

26 . 8 5 MH z . The range o f  rat e s  ob t ai ne d c o ve red 5 

o rde rs o f  magnitude . The au t h o rs c ommented that 

i ns t rument al  improvem ent s le ading t o  more ac curate 

value s o f  T2 wou l d  extend the range of ac c e s s ib le 

rat es . 

( h )  
28 I n  a re view o f  c yc l ohexane-d1 1  Anet  and 

Bourn regarded t h i s  s ys t em as part i cu larly f avourab l e  

f o r  the s t udy o f  rat e s  b y  b o t h  s pin-e cho and h i gh 

re s o lut i on methods b e c ause o f  the s impl i c i t y  o f  the 

s pe c t r a  obt ained . The i r  expl i c i t  aim was t o  ob t a i n  

more accurat e dat a ove r  a wi de r t e mpe rature range 

than had b e e n  pos s ib le with pre v i o u s  inst rument at ion 

and technique s .  Approximate e qu at i ons 35  were us e d , 

support e d  b y  a c omputer program de s c ribi ng the line

shape . 

For the fast exchange re gion 
2 

k = 1t VAB 
2 Sv 

For the s lo w  exchange region 

k = ir �V 

2 8  



where �AB is  the chem i c a l  shi ft fo r a proton 

exchanging betwe e n  ax i al and e quat ori a l  s i t e s . 

bv i s  the l ine-width at hal f-he ight whe n  a l l  

broade n ings other than th at resu l t i ng f rom ring 

invers ion are z e ro .  

Whe n Ane t and Bourn com pared th e i r  re s u lt s 

with those o f  A l le rhand , Chen and Gut owskyg the y 

h i nt e d  at t he po s s ib i l i t y  o f  syst e m at i c  erro rs i n  

A l l e rh and , Chen , and Gut owsky ' s  d a t a . 

As shown i n  the pre vious s pe c i fi c  exampl e s  a 

growing awarene s s  o f  the po s s ible s e ri ousne s s  o f  

t h e  s ystem at i c  e rrors which c an o c cu r  deve l o ped . 

The s e  s ourc e s  o f  s y s t emat i c  e rrors a ro s e  from 

di f fe rent mathem at i c al a ppro ache s as pre vi ous l y  

d i s cus s ed , and l im i t at i ons i n  experi ment al 

c o nd i t i ons . 

2 . 6 Experiment al  Prob l ems in Exchange 

B e s ides the prob lems that have ari sen i n  

s e l e c t ing the c o rre c t  theoret i c a l  mode l fo r a 

p art icu l ar s ys t e m , t he rat e dat a c an al so  be 

sub j e c t  t o  e xpe rimen t a l  prob lems . 

Experiment a l  prob lems ari s e  i n  general f rom 

i ns t rument al  ins t ab i l i t i e s , c a l ib rat i o n  erro rs 

and f rom s pe c t ra l  d i s t o rt ion due t o  c auses  o the r 

than ins t ab i l i t i e s . The s e  prob le m s , and the ir 

re l at i ve import anc e , vary gre at ly ,  de pending upon 

whi ch ·part icul ar NMR t e chnique is u s e d , such as 

s t e ad y  s t at e , fast pas s age , doub l e  re s o n anc e , and 

s p i n  e cho . 

29 



I n  s t e ady state work , t emperature dri ft s , 

fre quency ch ange s , m agne t i c  fie ld d r i f t s  and 

vari at ions in s ample s pinning rat e a re al l 

examp l e s  o f  i ns t rument a l  inst ab i l i t i e s . A 1 K 

tempe rature d i fference is pos s ib l e  between s pinning 

and non-s pinning s ample s . The most  import ant 

t emperature e f fe ct is the l o s s  of re so lut ion 

produced by changing the t em pe rature of  the 

s ample . Fact ors that co nt ribute are ch ange s i n  the 

s ample  po s iti on produced by therm a l  expans ion and 

change s  in the bulk magne t i c  sus c e pt ib i l i t y .  A 

l o s s  in  re s o lut ion has a le s s e r  e ffect  upon pe ak 

s e parat i on than li ne -shape s . In the intens i t y-rat io 

method of  Rogers and Woodb re y
2 5 , 1 2 

i� c aus e s  t he 

rat i o o f  pe ak maximum to  c ent ral minimum to  b e  t o o  

s m a l l . The are a under a pe ak i s  inde pendent o f  the 

inhomogene it y bro ade ning , s o , as the l ine -width 

inc re as e s , the pe ak he i ght d e c re as e s , the mini mum 

inc re as e s , and the apparent e xchange rate is t o o  

hi gh . There fo re the reso lut ion mus t be  " pe aked-up"  

at  e ach t em pe rature , with the  re so lut ion the s ame at  

e ach t em pe r ature . Th is re qu ire s c are , be c aus e , 

ac c ompanying re ve rs ib l e  re s o lut i on changes produced 

b y  change s in the s ample t e mperat ure , there is  a 

gradua l  de t e rioration in re s o lut i on , c aused b y  

fluctuat ions i n  room t em pe rature , magnet c o o l ing 

wat e r  an d l ine vo lt age ove r  the pe riod of a d a y .  

Another s ource o f  expe riment a l  e rro r i s  i n  

t he me asurement o f  s am p l e  tempe rature . A 

thermo couple c an be ins e rt e d  into t he probe s o  t h at 



it  me asure s  the t em perature at the c oi l  or pla ced 

s omewhere in the flow of gas us ed to c ont ro l the 

t em pe rature . The problem a s s o c i at e d  w i t h  

t he rmo couple me asurement i s  t hat t h e  the rm o c ouple 

mus t  b e  c a l ibrated , and t h is has the d i s advant age 

t hat  cons t an c y  o f  cal ibrat i o n  is poor . Usua l l y , 

a s e c o nd ary s t andard w i t h  a high l y t e mpe rature 

de pendent sh i ft , i s  emplo yed such as me t h ano l for 

lower t e mpe rature s and e t hylene gl yc o l  fo r highe r 

t e m pe rature s . 

Spe ct ra l  d i s t o rt i ons ari se from inhomo gene t i e s  

in  B0 ,  improper adjus tment o f  s we e p  rate , 

ins t rument a l  re s ponse t i me s , and s aturat i on e f fe c t s  

f rom a t o o int ense  r adi o - f re que ncy f i e ld .  

To avo id s pect r a l  d i s t o rt ions a s s o c iat e d  wi t h  

re c o rd i n g  cond_i t i ons , the f i l t e r  b and width and 

sweep rate  h ave t o  b e  ad j u s t ed ac c o rdingly . 

The o ret i c a l l i ne -sh ap�s , and t he s i ngle parame t e r  

e quat i o ns a re c a l cul a t e d  fo r s t e ady s t at e  c ondit ions 

and no s aturat i on . Ne ither o f  t �e s e  two c o ndi t i o ns 

i s  met in an actual  e xperi ment . Non-s t e ady s t at e  

p a s s age t e nds t o  reduce t h e  s atura t i o n  e f fe c t s  at 

t he expe nse of l ine - shape d i st ort ion  by re l axation 

t rans i ent s . 



CHAPTER THREE 

The Den s i t y  Mat rix Me t hod 

Appl i e d  to a Four-Spin S ys t em 
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D ahl qui s t  and Forsen
58 

hav e  demo n s t rated the ap pli c 

ab i l i ty o f  de n s i ty matri x theory t o  intramo l e c u l ar 

excha�ge in f o ur- spin sy s t ems . Thi s c hap t er d e s c ri b e s  

the densi ty matrix theory and examine s briefly the 

s e t t i ng up of the c omput er progr am that was deriv ed from 

this the ory . The p rogram was used t o  enable a s t udy 

of the p- s u b s t i t ut e d  ni tro s o b enzene s .  

3 . 1  Li ne Shape Calculati ons by the Densi ty Matrix M e thod3 6 , 3 7 , 3B 

The all o w e d  energi e s  and wave fun c t i ons for mo l e c u l e s  

and atoms are f o und b y  solving t he Schro edi nger e quat i o n  

whi ch may b e  wri t t en as ; 

( 3 • 
1 ) 

Di fferent quantum me chani c al syst ems in different 

s�a� e s  c an oe de scri bed b y  any o ne o f  a numb er o f  d i fferent 

s t a � e  fu� c t i ons , each o�e bel o�eing to a diff erent r e p

r e s entati on of the syste� . The Dirac formuli sm o f  quantum 

me chani c s  rende r s  the form o f  the analy si s of any p art

i c ular pro b lem inde pendent of the p ar t i c ular repre s e ntat i on 

cho s en . 

I n  quantum mechani c s  the w av e  f un c t i on repr e s e n t e d  

b y  � de fine s t h e  properti e s  o f  a sy s t em . 

T he e q uat i o n  whi ch g i v e s  the energy stat e s  a s s o c i at e d  

with t h e  wav e f un c t i on i s  defined as 

Ob s ervab l e  properti e s  are repre s ent e d  by the e quat i o n  

o = <1/J I O i tjJ > 

( 3 . 2 ) 

( 3 . 3 )  
The aim o f  quan�um mechani c s  i s  to find a s ui tab l e  wave 

f unc t i on r < x
1

, x2 , . . .  xn ) .  ( x 1 , x2 , . . .  are p o s i ti o n  

c o ordi nat e s ) . 
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3.2 Dens i ty Matrix 

I n  the d e n s i t y  matrix me thod a b asi s s e t  o f  o rtho6onal 

and normali z e d  wave fun c t i ons i s  as s lline d39 ( � 1 , �2 ,  . . . �
n

) . 

The wav e  func ti on i s  defi ned as 

( 3 . 4 ) 

where c 1 , c 2 , . . . en are c on s t an t s  

whi ch determi ne trte  amo unt o f  c o ntri b ut i on o f  each o f  t he 

f un c t i ons in the b a s i s s e t . 

3tart i ng from a given s e t , the prob l em i n  the densi ty 

mat ri x tre atment i .; fi ndi ng the val ae s o f  the c o n s t ant s .  

The densi ty matrix i s  de f i n e d  as 40 

M = p 1 1 p l 2  p 1 3 P l n 

p 2 1  p 2 2 p 2 3 P 2 n 

p l 1 p 3 2 p 3 3 p 3� 

' 

p r. l  p n 2  p n 3  p nn 

where p . .  = c . c * . = c � c . - p . .  -l ]  l J J � J l  

3 . 3  Singl e Spi n 0ys tem 

Thi s defini ti o n  c an  be i ll ustrat e d  by c onsidering a 

s i ngle spin � n u c l e u s . 

The bas i s  s t at e s  cho sen are 

�1 = a I z = +� 

�2 = � I
z 

= -! 
T��re � = c1a + c2 B 
As a and B ar e  the solution f un c t i on s  o f  the Hami lt oni an 

there are only two s o l utions t o  b e  c on s i dered . 



but 

( 1 )  

( 2 )  

1/J = CL 1 

The densi ty 

1·1 = 1 

, r ,  .,. 2  

[�1c: 
�,.;2Cl  

( c  = 1 c = 0 )  1 , 2 

matrix f o r  thi s 

c 1 ci

J 
= 

r :  c c '� 2 2 

( c '  = 0 ,  c '  = 1 )  ' 1  2 

[ :  : ]  

i s  wri t t en as 

: ]  

I f  a di f f e r e nt s e t  of basi s func ti ons w e r e  cho sen 

whi ch ar e  no t e i genfun c t i ons of the Hami ltoni an ,  then 

di f f e r ent densi ty matri c e s  w o uld re sul t . 

I f  

then 

sinc e 

and 

then 

The 

0 1 = (3', ( I  

02 = ·) ( I  

�J = c 1 � 1 1 
= .fi 2 c r 0 1 1 

/;ry :�r!,J dT 1 1 
c l = c2 

J c ( (3 :"; ' 1 1 

= 

+ 

y 

y 
+ 

T 

2 [  1 1/J .  c 1 101 ctT 

et ( 1  + 0 + 

c l = 

= � )  
= _ l� ) are 

c202 
c ' 0 2 2 

1 

0;": ) 2 c
l U\ + 

+ J 0�·•0  dT 1 2 + 

0 + 1 ) 
... ' 

= 1 

_1. 
· n  

den s i t y  matr i x  f o r  1\J 1 
1 1. 1. 1. 

i2 li 12- 12 
1 1 1 1 

12 12 /2 12 

cho s en as the b asi s s e t  

02 ) dT = 1 

/0:': 0 dT I 0:'•0 dT ] + = 1 2 1 2 2 

i s  then 

� � 
= = 

1/ �2 '2 

I·! 1 
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3 . 4  Usefulne s s  of t h e  Densi ty Matrix Defini ti o n 

I f  � i s  e quiv al ent t o  the mean val Q e  for the operat o r  

o f  a system w i t h  w av e  f unc t i o n  ·jJ 

( 3 . 5 )  
Q corr e sp o nd s  t o  an o b s e rvab l e  pro p e rty o f  the s y s t e m . 

If w i s  expand e d  i n  t erms of a basi s set ( � 1 , �2 , . . •  �n ) ' 
and using e q Qat i on ( 3 . 4 ) , then 

o = fc c •1·, 0 ::.' + c �2·, 0 ·2··.. + . . . c ,., � ,., ) o < c 0 + c 0 + . . . c 0 ) ct, 
_ n n  1 1 2 2 n n 

+ C 0 )dT n n 
The b asi s s e t  l s  o rthonormal . 

'-'i j  i s  defi ned as j0;_60 j d' 
Thus e quat i o n  ( } . 6 ) b ecomes 

Q = ctc 1Q1 1 + clc 2Q1 2 + 

+ . . . + c � c 1 Q 1 + c*c � t . . .  c*c Q n _ n � 2 n 2  n n nn 
whi ch c an be wr i t t e n  as 

as 

i=n , j =n 
Q = I: I'c•:=c . Q . .  l J l ]  

i = 1 , j = 1 

c c�·, = c :':c i j j i 
then Q = Ep . •  Q . .  . . J l l ]  l J  

= p . . l ]  

( 3 . 6 ) 

( 3 . 7 )  

The ob s ervab l e  prop erty (Q )  i s  given by the trac e o f  p Q 

whi ch i s  e qu,i valent t o  the t rac e o f  Qp . Thi s c an b e  

d emonstrat e d  as f o l l o w s : 



The matrix repre s ent a t i o n  o f  the o p erat o r  Q i s  

= 

p Q  

<0 1 c  1 0  > n 1 1 

<0  1 � 1 0 > 1 !1 

< 0 I 6 1 0  > n n 

r 01 1 Q1 2 Q1 3 Q1n 

= 

= 

Q21  Q2 2 Q2 3 

Q3 1 Q3 2 
I )  
'" :3 3 

0n 1 Q n 2  Q n 3  

0 1 1  0 1 2 0 1 n 
0 2 1 P � ') L . .  

p /.!1 

n -<2n 

03n 

Q nn 
.J 

Q1 1 
Q2 1  

p 1 Q 1 n n �  

Q1 2  

Q22 

01 n 
l I 

Q I I 2n 

P 1 1 °1 2  + P 1 2°22  + · ·  . p 1n°n2 

P 2 1Q1 2  + P 22Q32  + · · · P 2nQn 2  

+p Q + p 2 Q 2 + . • •  p Q = Q n1 1n n n nn nn 



A simi l ar pro of w o uld sho w that 

� = trace p Q = trace Qp 

Thus for a gi v e n  basi s s e t , if the de�si ty matrix 

3 7  

( 3 . 8 )  

element s can b e  calc �lated, t h e n  any ob serv ab l e  pr o p erty 

of the sys t em can be calc ulat e d . 

3 . 5  l av e F unc t i ons and the Densi ty �atrix 

A wav e f �nc t i on c an be defi ned in t e rms of d i ff e rent 

b asis s e t s . ( 1 ) (11 , (12 , 03 '  . . .  � n l e ads to the de nsi ty matrix 

( 2) x1 ' x 2 , • • • X n l e ads t o  t h e  d ensi t y  matrix 

The two d e n s i ty matrice s wi l l  n o t  b e  the same , as the b asi s 

set s are n o t  the same . 

As a d e n s i t y  matrix c an b e  w ri t t en for the )l1 b asi s s e t  

and f o r  the X b a si s  s e t , t he r e  m us t  b e  a relat i on sh i p  

b e t we en x and (1 .  

Thus 

I n matrix 

X 1  = c 1 1 � 1  + c 1 2° 2 + 

X 2 = c 2 1 ° 1 + c 2 2 ° 2  + 

xn = cnl(i\ 
+ cn2° 2 + 

n o t a t i o n  

x 1 c 1 1  c1 2  

x 2 c2 l c 2 2 
: 

xn cn 1 

c 0 ln n 
c r{; 2n n 

c 0 nn n 

cln 

c2n 

c nn 

fe\ 
0 2 

0n 

The two d e n s i t y  matrices c an b e  r e l at ed by a simi l ari t y  

transform
4 1  

- 1 � c p c ( 3 . 9 )  

p "' 

p '< 



A de n sity matrix operat o r  P c an be d e fi n e d whi ch w i l l  

generat e  t h e  aen si ty matri x .  A ba s i s s e t  c an be ch o s en 

s uc h  t h at the matrix generat e d  wi l l  b e di agonal . 

S uppose  x 1 , x 2 ' · · · xn ar e  the basi s s t a t e  func t i on s  

whi ch w i l l  g i v e  a ai agonal d e n s i ty mat r i x  then 

in ge n e ral 1/J p . .  � ]  

6 = � I  x, > pk <xl< I 
l. J( ' 

= 

unl e s s  i = j  t hi s expre s s i on i s  z e r o , gene r a t i ng only 

di ago nal e l ement s .  

T o  o b t ai n  the e quat i on o f  motion of p we n e e d  t o  

d i f f e r e n t i ate e quation ( 3 . 1 0 ) . 

- d I P I = /_. - > < k dt xk k x k  

ana from quan t wn me chani c s4 2  

sub s t i tu t i n� in (3 .11 ) 

�� = Ik C [ d� l xk> J ( Pk <xl< l ) + l xk> Pk d� <x� l  

I n  matrix nota t i on43 

" h  dp l -dt 

(3 .10) 

( 3 .11) 

( 3 . 1 2 ) 



3. 6 S i ngle Spi n i Nuc l e u s  

The nuc l e us i �  in a s trong �a6n� ti c fi elu B0 an d  an 

o sc i l l a t i ng magneti c f i e l d  B1 c o s w 1 t i s  at righ t  angles 

t o  B 0 • B 1  is much smaller than B0 . 

The Hamiltonian f or such a sys tem i s  

3 9  

= - y E  ( 1 - o ) I  - y B  co�1�I 0 Z 1 X (3 . 13) 

where w = y B  ( 1 - o ) 0 0 
T h e  o sc i l latin5 f i e ld can b e  spl i t  into two c ompon� n t s ;  

an i n-pha s e  and an O llt- o f-phase c omponent . The Hami ltonian 

thu s  b e c o me s  jt o 
yB 1 

yB l = - w  I 2 co�l�Ix sir(:u1� Iy 0 z 2 

.if I 
y B yB 1 I 1 = - w  T co{w1 t)Ix  + - sir{w19Iy 0 z 2 

C onsi a.ering only the in-phase c omponent Jf1 
The b a s i s s e t  fun ct i on s  c o n s i d ered are a and B 

( I z = +i and I z = -t ) 
The e f f e c t  o f  the var i ous spin operators on the basi s 

s e t  are : 4 4  I � a = z 
I ZB = -1:;!a 

I a = �"28 
X 

I B = �2<l 
X 

I a y = �i B 

I :l = -�i R  

Matri x repr e sentat i on s  o f  the s e  operators are a s  f o l l o w s : 

� I z = ( �2 � 1 0 - '2 

� 

I 
X = t- 0 1z ] 

� 0 I y 

These repre sentati ons are kno wn as the Paul i spin matri c e s .  



The matrix repr e sent a t i on for 

= [ � _:J C OS(;Jt 

4 0  

the in-phase c o mponent s - i s [ 0 � ] yB1 . [ 0 -�, 
+ -2- s 1.nwt 

� 0 �i 0 

= -� 0 -y Bl -4- ( coswt + is inwt ) 

-yB 1 ( . . ) ---4- coswt - l S l.nwt 
( eiwt -e - iwt 

) / 2 1. and as sin wt = 

cos wt = ( eiwt +e-iwt ) / 2 
b e c omes 

-� -yB iwt o 1 e 
4 

-yB_ - iwt �0 .._ 
e 

4 

u sing the densi ty matrix e quat ion o f  mo t i on e quati on ( 3 . 1 2) 

p 
= [ p 1 1 p 1 2 ] 

p 2 1 p 2 2  

dt dt 

where D = yBl 
4 

i dp 1 1  1 = -�op l l  dt 

= -� 0 

- De - iwt 

D iwt - e p 21 

D iwt - e 

�0 

+ �op 1 1  

p 1 2  

p 2 2  

+ P 1 2De 

-� 

- De 

- iwt 

D ( p 1 2 e - iwt iwt 
-p 21 e ) 

= 

i dp 1 2 
= -�op 1 2 

dt 
= 

-wop 1 2  + 

D iwt - e p 2 2  

iwt De ( p 1 1  

+ De iwt 
p 1 1  

-�P 1 2wo 

- p 2 2 )  

- De -wt 
0 

- iwt 
�0 



i 

i 

dp 2 1 d
t 

dp 2 2 
dt 

- iwt 1 = 

-p 1 1 De + '2'..0< } 2 1 + 

Dt �  - iwt 
( p 2 2  = I.J,) 0 2 1 + 0 

- iwt J_FJ :: 

-p 1 2:Je -t op 2 2  + 

iwt - iwt 
= il ( p 2 1 e - 0 1 2 e ) 

:s.:w P 2 28e - iwt 
o0 2 1 + 

- p 1 1 ) 

o 2 1 De iut 
-1?.WoP 2 2  

3o far tnere hav e b e en n o  relaxation terms inv olved 

4 1 

i n  the treatment . The di agonal terms of the mat rix i nvo l v e  

a return to e qui l i bri um of the magne ti zati on c omponent i n  

the z- air e c ti on . The off aiagonal terms of t he matrix 

i nv o lve a return to  e qui li bri um o f  the magneti �ati on 

c omponent in the x-di re cti on . 

The r e laxati on t e rms are : 

d p • .  -�ij_ 1 ]  = 

dt T 2 
d p • • ( p  . .  0 1 1  :: - p  . .  ) / Tl dt ll ll 

0 P is the equi lib riu;n v alue when the r a d i o fr�qu � "l c y  
i i  

fi e lu i �  swi tched off . 

The previo us e quation s  now b e c ome 

i dp 1 1 
dt 

i dp 2 1 
d t  

i dp 2 2  

= 

= 

= 

:: 

-w P l '� 0 .. 

wo0 21 

D ( p 2 1 e 

+ 

iwt 

- iwt 
p 2 2 ) i 0 2 1 /T 2 De ( p 1 1  

-

-- 0 1 2 e -
iwt ) - i ( p 2 2 - 0 2 2° ) /T 1 



The se equati ons c an b e  regarded as a set  o f  simu l t

ane o u s  e quati ons wi th the densi ty matrix e lements as 

unknowns . The o b servab le quanti ti e s  are the magne ti zation  

o f  the samp le in the x ,  y ,  ana z dire c ti ons . The s e  

quanti t i e s  ar e  proporti onal to the exp e c tati on value s o f  

t h e  operat ors repre sentin6 the pro j e c ti ons of  t h e  angular 

momentum along the x ,  y ,  and z dir e c t i ons respect ively . 

< M  > Ci X 
<H > 0: y 
< M  > et. z 

As <Q> = 

< t1 > = X 
< M  > = 

y 
<H > = z 

where k i s  a 

p i  X = P u 

p 2 1  

and 

< I > X 
< I  > 

y 
< I  > z 

trace Qp = trace 

k trace p i X 
k trace p i  y 
k trace p i  z 
proporti onal i ty 

0 1 2 0 � 

p 2 2 ).%'" 0 � 

<M > = � ( p  X . 2  12 
k 

<H  > 
_y k 

k 

pQ 

constant . 

= p 1 2  
2 

p 22  -2-

= 

= 

= 

p 1 1  
2 

p 21 
2 

trace p i  
X 

trac e p i y 

trace p i z 

( 3 . 1 4 )  

( 3 . 1 5 ) 

( 3 . 1 6 )  

Di fferenti ating the ab ove equati on s  wit h  resp e c t  t o  

time , and sub st i tuting for , first t he time dependenc e o f  

the densi ty matrix e l ement s in terms o f  <M > , < M  > , and < H  > 
X y Z 

the Bloch e quati on s  are obtained .  



dp 
dt 

< M  > = + w <i 1  > + X 0 y 

<M > = w < N  > + 
y 0 X 

< H  > = - yB1 coswt < M  z 

yB1 s inwt <�1 > -
z 

yB1 coswt <M > -z 

> - yB1 sinwt < tvl 
y 

<M  > X --

T2 
< M  > 
_L 

l '")  
£. 

> -
X 

0 
< 11 > - < H  > z z 

T 1 

( 3 . 1 7 )  

( ) . 1 8 )  

( 3 . 1 9 ) 

3 . 7 Intram o l e c ular Exchange 

To  s t �dy the effe c t s  o f  intramo l ecul ar exchange the 

e ffe cts  of  e xchangi n5 magnetic  nuc l e i  in the same mol e c Q l e  

mQst b e  inc l uded i n  the equati on o f  mot i o� . I f  magne t i c  

nuc lei exchange envi ronments then the iniyial spin ket  o f  

the molec o1le j l)!> i s  changed to  R j i)J> . 
operator ) . 

( R  is  the exchange 

If T i s  the mean li fe- t i me of the nQcle Qs in each 

envi ronment then the rate of change of P caused by exchange 

i s  
P. P R - p 

The e quat i on o f  mo tion o f  tne density matrix inc l uding 

the  radi o frequency probing fi e ld an d  the effec t s  of 

intramo l e c ular exchange i s4 5  

= J' P �  - P 4/ p0 diagonal - p d iagonal p8ff d 1' agonal 
·. \ - + i[ p  ' cff ] + '"' T - -

T - ( 3 • 20 ) 1 2 
Thi s e quati on can b e  wri t ten i n  component form as4 6 

1 r "' -) -� ] p IT : I _ L  : ,  k p l"\ l - pkl - kl ',/_ T n , m n nm m 

ip ( E ( w . -w ) [ ( I . ) k - ( I . )  l ] + h . E . J . .  [ ( I  . I  . )kk- ( I z i l zJ. ) l l] )  
kl i O J.  ZJ. k Z J. l J. <] 1] ZJ. ZJ 

+ i h . r . J . .  [ p , r: r: + I J.� rJ: Jkl + iw r( pkk - P ll ) f < rxi )kl 
2 J.� ] l J  ]. J ( 3 . 2 1 ) 

There are simp l i fi cat i ons whi ch are usual ly appli ed t o  

these equat i on s . 
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( a ) The NMR experi men t i s  p er f ormed uncier " s l o w  
d p 

p as s age " s t e ady s t a t e  c ondi t i o n s � 6 dt = 
0 

( b )  B 1 < < B 0 • The s i gn i fi c ant transi t i on s  ar e  thus 

gov erned by t h e  s e l e c t i on r u.l e t.n z = ± 1 . ':'hi s m e an s  

that t h o s e  densi ty matrix e le me n t s  l i nk i ng energy 

l ev e l s b e t w e e n  f o r b i dden radi ative t r ans i t i o n s  

may b e  negl e c t e d . 

( c )  The l as t  t e rm i n  e q uat i on ( 3 . 2 1 ) may b e  s i mp l i f i e d . 

The di agonal e lement s o f  the d e n s i ty ma trix are 

p r op o rt i o,al to the pr c�a� i l i ty o �  fi n d i ng a 

m o l e c u l e  of the sy s t em i n  the appropr i at e  ene rgy 

l e v e l . the d i f f e r e n c es b e tween the e n e rgy l ev e l s  i n  

t he N MR  exp erime n t  ar e s o  small relat i v e  t o  t h e  

D O l t zmann e n e rgy kT , that t h e  d i f f e r e n c e s  b e t w e e n  

the di ago nal e l e m e n t s  o f  t h e  d e n s i ty mat r i x  may b e  

al l e qual t o  a c o n s t an t  t i m e s  t,m . 
z 

3 . 8  AB dpi n  dys t em Unde rgo i ng I n t ernal Ro tati o n  

T h e  bas i s s e t  cho s e n  i s  t h e  s i m p l e  prod u c t  k e t s  f o r m e d  

from " and 8 ' where " 0 [ �] and ,] 0 [ n 
.i:itmce tue o �l:I ..L l:l  ;j e t i t�  ( wi th the quant um numb e r  g i v e n  o n  the 

l w1 >  

I �� > 2 

1 1)13 > 

I $ > 4 

= 

= 

= 

= 

a a  
= [ �] ® [ �] 

a B  
= [ �] � [ �1 

Sa 
o [ �] ® [�] 

B B  = [ �] ® [�] 

= [�] 
= 

m 
= 

m 
= 

[ f] 

m = 1 z 

m = 0 z 

m = 0 z 

m = 1 
z 

r i gh t ) 
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Under exchange c ondi t i on s , nuc l eus A exchan g e s magn e ti c  

env i ronm e n t  w i t h  nuc l e us B .  B e fo r e  r o t a t i o n  the basi s  s e t  

i s  formed by wr i ting nuc l eus A first , af ter rotation the 

basi.s set is foriiled by writing n ucleu s  B .first . 

Before rot a t ion After rot at ion 

( i )  I · ' · > -- a a l w > = a a ' 1  ' 1  

( i i )  I ·� > 2 = et B I � > 3 - Sa 

( i i i ) I ''J > ' 3  - Sa l ;p 2 > = aB  

( iv )  1 1);4 > = B B  1 ;;;4 > = S B  

rrsi ng the exchange op erator R ,  the rotat i on c an be 

r epre sent ed i n  matrix n o t at i on as 

( i )  m becomes [�] R [�] = 

[�] 
( ii )  m becomes m R 

[�] 
= 

l�] 
( iii ) m becomes m R 

m 
= 

m 
( iv ) m becomes 

m 
R 

m 
= 

m 
The exchange operator R i s  thus a 4 x 4 matrix 

0 
0 
1 
0 

0 
1 
0 
0 

R1 1  

R3 2 

R2 3 

R44 

= 

= 

= 

= 

By knowing the i ni tial and final forms o f  the mo lecular 

spin kets the elements o f  the transformati on matrix are 

easily identi�ied. 

1 

1 

1 

1 



The pre-exchange densi ty matrix , p '  become s Rp R on 

exchange where 

RpR = 1 0 0 0 p 1 1  p 1 2 0 1 3 0 1 4 1 0 0 0 

0 0 1 0 0 2 1 p 2 2  0 23 0 2 4 
0 0 1 0 

0 1 0 0 0 3 1 0 3 2 p 3 J  0 34 0 1 0 0 
0 0 0 1 0 4 1 0 4 2 0 4 3 044 0 ,, 0 1 V 

= p 1 1 p 1 3 0 1 2 0 1 4 
0 3 1 0 3 3 0 3 2 0 34 
0 2 1 () 2 3 p 2 2  0 24 

0 4 1 p43 0 42 PL!4 

Therefore on exchange o 1 2  become s P 1 3 , o 4 2 become s  o 4 3 and 

so on . 

The Hami ltonian for a two spi n  t sys tem undergoing 

intramolecular exchange reduce s to 

-f..L ( I + T ) + (:j I + w . + y B ( I  + I ) 
t#l = - w  · zA 1 z FI oP.. zA o :u  zB 1 1 xA x !3  

where Jl- i s  in  rad s- . Ho wever Jf i s  u sually wri tten in 

t erms of  linear fre quency . 

yB1 
Jf = -v ( I A + I B ) + v A I A + v B I B + -,.., - ( I  + 1 xB ) Z z o z o z � TI  x A  

4: 6  

J I I l J e r + r -+ r - � t + AB A � + � AB A -B \ 1 P.  z z,_, . -. ' ·  .l ( 3 . 23 )  

Ylhere 

jf as now wri tten di ffers from that of e quation ( 3 . 2 2 )  
by a fac tor of  1 / 2TI . Sub st i t uting for value s o f  I z A '  IyA 

e tc . , the fo llowing matrix repre sentati ons for the terms in 

e quati on ( 3 . 2 3 )  are obtained 

1zA 
= [ � -� (� �] = 

l� 
0 0 

-�] 
® l .  0 �2 

0 -� 
0 0 



1 zB = 

I I zA z.B 

+ -IAI B + 

[ �  n 
= 

[ '' 
. . 
') 
0 
0 

- + IA IE 

@ [� 
0 0 
L 0 _ ,...q 

0 , -� 
0 0 

= 

[ � 

-� -

r 
0 0 

-�l 
� 

0 -� 0 
0 0 , _  

�2 
0 0 0 

�] q 

�] 
0 0 
0 1 
1 0 
0 0 and s o  on . 

Therefore t he matrix repre sent ati on o f  the Hami l t oni an 

given in e quati on ( 3 . 23 )  i s  

= /).\) + J / 4  f f 0 
f 6v -J/4 J / ?.  f 
f J / 2 - Q \)  -J/4  f 
0 f f - 6v + J/4 

4 7  

wh ere J JAB ' f 
vB1 /),\) - 1/ ( \) v of, ) 

and Q\)  = �( \) voB ) 
= = + - \)  -4 :r  - - 2 oA oA 

The :r,rn. ab sorpt ion mode sp e c trllin l i ne shap e i s  prop

orti onal to the exp e c tati on value of the spin angular 

m omentum i n  the y uire c t i o n  and henc e < I  > y 

< I > = Tr ( p i T ) yT y ( 3 . 24 )  

where < I > yT i s  the t otal angular momentum 
?. 

= [ ;  -n ® :] IyT 
L I . [ :  = + i= 1 Y l 

i [ � - 1 - 1 -
r] 

= 0 0 
7 1 0 0 

0 1 1 

Tr IyT 
= �2i C ;:. 1 2  + p 1 3  + p 24 + p 3 4 p 21 

= I Cl ( p 2 1  + p 3 1 + P 4 2  + P4 3 )  a s  

i . e .  Tr IyT 
= - I m  ( p 1 2  + p 1 3 + p 2 4 + p 34 ) 

in t he y dire c ti on . 

[ :  :] ® [i -rJ 

- p 3 1  - p 4 2 - p 4 3 ) 

p i s  hermit ian 

( 3 . 2 5 )  
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The sign i s  i rrelevant since the constant f i s  set 

arbi trari ly . 
The Hami l t oni an matri x  representat i on of equati on ( 3 . 2 3 )  

may now b e  used in equati on ( 3 . 20 ) , and the appropri ate 

simplificat i o n  made t o  obt ain the following e quati ons re lat i ng 

the requi red e lemen t s  o f  the densi ty matri x .  

0 1 2  
� + 2 
p 1 3  
p + 

2 
0 2 4  
p + 2 
0 3 4  
T' + 2 

= 0 

= 0 

= 0 

= 0 T 

( 3 . 2 6 )  

These e quat i on s c an  b e  solv e d  t o  obtain the re qui re d  

densi ty matrix e lement s . S ub s t i t ut i on of  tne se e lement s 

into equation ( 3 . 2 5 )  give s  < IY1 > . A graph of < I  � > agai n s t  v Y l  
i s  the ob serv e d  11 ab sorp t i on mo de " NMR spe ctr wn . 

3 . 9  De tai l e d  S o l ut i on o f  the AB Sys t e m : Intramo lec ular 3xchange 

The ab s orp t i on mode spe c trum line shape f or such a sy stem 

i s  given b y  t he e q uati on (3.25 ) .  

i . e .  < I  > yT ::: Trp IyT ::: 

and that the e ssent i al densi ty matrix e lemen t s  can b e  o b t ained 

from so l ut i ons o f  equations ( 3 . 2 6 ) . In general , the s e  

densi ty matrix e lements are c omp l ex numbers . 

i . e .  P nm = 
R + i i  nm nm 

where Rnm and I nm are real numbers . 

Furthermore , b e c ause the den s i ty matrix i s  hermi t i an  ( i . e .  



= ;': ) P mn the di agonal e l eme n t s  must b e  r e al n umb e r s  

i . e .  P = R n:-t nn 
Making use of the se r e l a t i onshi p s , e quat i on (3.25 ) 

b e c o me s 

and e q uat i on s  ( 3 . 26 )  b e c ome 

- ( R1 2  + i I 1 2 ) + 
T ; 2 

+ 

i ( fR 3 3  
J + ( o v+ -;-;-H R34 

f34 + i i 3 4 ) + 
'T' ; 
. 2 

( R1 3 + i l1 3 )  - ( R1 2 + i i1 2 ) 
T 

T 

( R34 + i i 3 4 ) - ( R2 4  + 1 1 2 4 ) 
T 

+ i 1 3 4 )  
J + i i2 4 ) - Ctrv -- - ·( R 2 2 4 

( R2 4 
+ i l 2 4 ) ( R3 4  + i i 3 4 ) 

T 

= 0 

= 0 

= 0 

J 
4) ( R34 

= 0 

+ i i 3 4 ) - fR44 ) 

Each o f  the ab o v e  e q uati on s  c an b e  divi d e d  i n t o  t w o  

s e par at e e q �ati o n s  by e q uati ng a l l  t h e  real t erms and t h e n  

s eparat e ly a l l  the imagi nary t erm s t o  obtai n  the f o l l o wi ng 

e qua t i on s : 



- ( ov J J ( li'J J - 4) 1 12 211 3  + + 4) I 1 2 

( Q\) J J ( !.iv J 
- 4)R1 2 + ¥1 3 - + u.-)R1 2 

( o v J J ( t.v J + 4) I1 3 211 2  + + 4) 11 3 

J J ,] - ( ov + 4)R1 3 + Y1 2 - ( tlv + 4)R1 3 
J •'J ( cSv ( tlv J 

- 4) 1 24 + -I + - 4-) I 24 2 34 

J J 
- ( 6'J ( tlv J 

- 4)R24  Y34 - - 4·) R24 
� J - ( 6 v + �-) I 34 ( .6'1-• J + 21 24 + - 4 ) 1 3 4 

:f-24  - ( tw - �)R34 

R1 2 R1 3 -

- p + 
2 T 

11 2 + I 'i3  
-

� " 2  T 

\ 3  R1 2 -

T7 + 
. 2  

11 3 11 2 -

-- + T � T 2 
R2 4 

R.3 4 -+ 
- p 2 T 

1 24 + 1 3 4 -

- p 2 T 

f\34 + R24 
-

- p 2 T 

R1 2 

11 2 = 

- R1 3  
T 

1 1 3 

R2 4 

1 2 4 

:\34 

= 

f 

0 

r R2 ? ' -

= 0 

= 0 

= 0 

5 0 

-
R1 1 ) 

( 3 . 27 )  
There are t w o  s e t s  o f  c o up l e d  e quati o ns . The f i r s t  fo ur 

inv o lve t erm s from p 1 2 and p 1 3 and c an b e  s o l v e d  to o b t ai n  r 1 2 
and r 1 .5 whi l e  the se c o nd four inv o l v e  t erms from P 2 4  and P 3 4 
and wi l l  yi e ld r 2 4  and r34 . I t  i s  p o s si b l e t o  solve the se 

equat ions alge brai c al ly b ut very time c on s uming since i n  

order to prod uc e a t heore t i c al sp e c tr um c overing 10  H z  at 

0 . 1 Hz int erval s it wo uld be nec e s s ary to c a l c ulate a 

hundred val ue s  o f  < IyT> . The only prac ti cal me tho d i s  t o  

u se a c omputer . The equations are arranged in matri x form 

and s o lv e d  by a matri x  i nversi on pro gram . 



�quat i o n s  ( 3 . 27 )  in matrix f o rm b e c ome 

and 

-1 
T � 2 

- 6v + 

1 
1" 

J 
2 

1 

1 

ov- J 
2 

1 
-

f� 2 T 

J - 6v- ov+-:-2 

1 -
� 1" 

J 
- 2  

6v  - ov J 
+ 2 

- 1  
T � 2 

J 
2 

1 
T 

6v 

1 -f� 
2 

1 

J + ov--
2 

1 - -
� T 

J 
2 

1 
-

� 1" 

1 
1" 

J 
2 

- 1 - 1 
T 2 � T 

-6v-ov-� 2 

1 
T 

J 
2 

1 1 
T --

� 1" 
L 

J -6v+ov� 

J 
2 

1 
-T � 

J 
2 

1 
1" 

J 6v- ov--2 
1 1 ... 

T; T 

R24 

1 2 4  

R 3 4 

1 3 4 

T h e  t erm s f ( ai i  - �j j )  hav e b e en set e q ual t o  one . 

Thi s i s  a s c aling f ac t o r  for the int ensity . 

The s e  matri c e s  c an  b e  repre sented b y  

A X  = B 

5 1 

0 

1 

-
-

0 

1 

0 

1 
= 

0 

1 

The c omput er pro gram f or the four spin s y s t e m  us e s  the 

same r epre s entat i on . 

Matr i x  inversi on involve s the mul t i p l i c a t i o n  o f  b o th 

si d e s  by the i nv er s e  o f  A .  

A- 1 A X = A-1 B 

or X = A -1 B 

The r i ght h�1d s i d e  o f  thi s e q uat i o n  i nv o lv e s  p ur e ly 

numeri cal quanti t i e s  and the fo ur unknown s  n e e de d  t o  ob t ai n  

< I
yT> c an  b e  d e t ermi n e u . 



5 2 

3 . 1 0  Strongly-co �pled i o ur- s i t e  Bxchange System 

In the e q uati on o f  mo t i o n  ( 3 . 1 2 )  both .# and p are n o w  

1 6  x 1 6  matri c e s . Corresponding e leme nt s in the  array are 

e quat e d ana equat i on s of the form shown by e quat i o n  ( 3 . 2 1 )  

are obtai n e d . 

When real ru1d i maginary p arts are separately e quated , 
1 1 2 simul taneo us e quati ons are obtai ne d , b ut be cause o f  

symme try , the se equati ons reduc e t o  two se t s o f  48 simult-

aneous  e quati ons and t w o  sets o£ 8 e quati on s whi c h  are 

independent o f  each o ther . The se e q uat i ons m u s t  b e  solved 
to ob tai n  t h e  imaginary p ar t s  of the densi ty mat r i x  

e l emen t s r e qui r e d  for c al c ul at i ng t h e  line s hap e . 

The mat hemat i cal mani pulati ons are pr e c i se ly the s am e  

as t h e  AD c as e . For the four- spin system there ar e six t e en 

prod uc t func t i o n s  whi ch are used  as the basi s se t .  
1 2 3 l+ 

1/11 a. a a a on 
ro t a t ion _, 

1 ') 3 4 

\); 3 a a B a. ------) a a a. 8 

� 4 rt a f. f3 --------') a a e ;) 

t;J 5  a 8 a C't - ---; e a a (.t 

lj!G a 

1)1 7 
\); 8 
t!J 9 

8 a 

a 8 8 B 

B a a a 

lj!1 1 B a G a 

� f. a  e s  1 2  
1); 1 3 8 13 a a. 

w1 4 B a 8 

---- -1 

B 

a 

-------1 

a 

a 

G a 

a S 8 

f. a a 
, ) 

... 
·� 

a f3 

- - ---1 6 B a a 

G � a (3 

B 

I "; > -+ j . ,, > ' 2  I "' 3 
1 - •, > -+ 1 . ,, > I ' 3 I .,. 2 

= 1 

= 1 

l t4 >  + � �4 > R44 = 1 

I �  > � l lh > ? = 1 1 5 r 9 
· '9 5 

I : '; > -+ I ''J > I 1 6  '· 1 1  

1 1);  > -+ 8 
I �  > -+ ·j 

1 · ) 1 0 > -+ 
l ·v > -+ 1 1  
j ;J;  > -+ 1 2  

1 ;�;1 0 > 
1 1);  > 1 2 
I '� 1 5> 
l l)J > 7 
I •IJ > • f  
1 :.!, > · s  

R1 1  6 = 
1 

\o 7 = 1 
R1 2 8 = 1 

R1 5 9 = 1 

R7 1 0  = 1 

R6 1 1  = 1 

P B  1 2  = 1 

1 °1 3 >  -+ � �1 3 >  R1 3 1 3 = 1 
� �1 4> -+ l lj!1 5 >  R1 S 1 4 = 1 

I � > -+ 1 0 > R14 = 1 1 5  ' 1 4 1 5  
I �� > R16 1 f.  1 6  = 1 
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For the f our si te case used i n  thi s inv e s ti gation , 

the observed qQanti ty Tr ( p i
yT ) contains thirty two densi ty 

matrix e lement s . The densi ty matri x ,  the Hami ltonian 

�atri x ,  and the exchange matrix are all 1 6  x 1 6 . B y  using 

the same proce uures as i n  the AB case an expression for 

< I
yT> is  obtai ne d .  

= � \  5 -t 

0 6 1 4 -t 0 7  3 + 0 7  1 5 + 0 8 1 6  + P g  1 0  + P g 1 1  + P g 1 3  + P1 0 1 2  + 

�he program in Appendix Une shows the set ting Qp of  

the re q_ui red inatri c e s . It was  d e v e lop e d  b y  Paul B uckl ey 

and Nei l Pind e r  over the fi rst year of t hi s  proj e c t .  The 

program w i l l  s o lv e  any f o .1r spin sy stem of'  the form 

2 l r 
1 

3 � 4 
X 

It should b e  noted that the numb ering shown a b ove i s  

that QSed in the program and the normal numb ering c onventi on 

for the  aromati c  systems wi ll b e  us e d  thro Qghout thi s the si s .  

The data re quired for the program were the c oupling 

constant s ,  the chemical shi f t s  and the spin- s pin re laxation 

rate . The ro t at i onal . rate c omb ined  wi th the lower and 

Qpper limi t s  o f  the freq uency range was al so required . 

•ro cnecK tne program ' s  r e l i ab i l i t y ,  the worK of  Dah l qui st 

and Forsen)a o n  N- acetylpyrr o l e  wa s repe at ed . Id enti c al 

re s ul t s  w ere o b t ainea . Howeve r  thi s pre liminary i nv e st

i gati on r e v e al e d  a number of errors
47 

in Dahlqui st  and 



Forsen ' s paper . The value 0 . 65 sec  whi ch they h ad 

reported as the transverse relaxati on time was in fac t 

f o und to b e  the inverse o f  the r e l axati on time T 2 . 

Addi ti o�ally , the error iu 1 • a� fv� to b e  o � t  by 

a fac tor of 2n . Thi s c an ar i s e  from not conv er t ing 

angular fre quenci e s  to frequenci e s ,  o r  v i c e  v e r sa . 

Thro ugh thi s prelimi nary inve s t i gati on , there d eveloped 

an awarene s s  of  the time whi c h  would be  involved in a 

f ull i nv e s t i gati on o f  a four- spin system . 



CHAPTER FOUR 

Int ramolecul ar Exchan ge 

In the p-Sub s t i t ut e d  N i t ros ob en z enes 



The two systems inve s t i gate d  b y  mean s  o f  the 

dens ity  m at rix program were t he p-nit rosoan i l ines  

and the  p-nitrosopheno ls . In thi s chapter the 

re sults  o f  these  invest igat i o ns are presented . 

4 . 1  The N ,N-di al kyl-p-nitro s o an i l ine s 

In 1 968 i t  was reported  that the most sophis t i c at ed 

studie s  o f  rate processes  de riving e nthalpy and 

ent ropy o f  act ivat ion were e xe mp li fi ed by an 

investi gat ion o f  hindered rot at ion about the 

aryl-nitroso b ond in N ,N-dimethyl-p-nitro soani l ine . 48 

The st art ing point in this i nve stigat ion was 

from a comprehens ive paper49 studying the NMR 

spectra o f  p-subst ituted n i t ro sobe n z enes . The 

autho rs , C alde r and Garrat t , showe d that the 

nit ro s o an i l ine s were part i cularly  suit ab le fo r a 

det ai l ed l ine shape s tudy . Spe c t ra had been 

obt ained i n  acet one -d6 ove r  a t empe rature range o f  

70 K ( 22 3  K-293 K ) . Sample s pe c t ra shown in the i r  

pape r point ed t o  the pos s ib i l i ty o f  obt aining the 

s low exchange s pectra l  param e t e rs that were ne c e ss ary 

for the dens i t y  m atrix program . 

In che cki ng their  re fere nc e s  t o  previous work 

it was not e d  that the re was a disparity in the 

thermodynamic  parameters betwe en MacNicol  et al ' s 5° 

result s fo r N ,N-dimethyl-p-n i t ro s o an i line and Korver 

et  � ' s 51  result s for the s am e  compound . Korver 

e t  al , unab l e  t o  e xpl ain the i r  re sults , suggested  

that further experiment s were nece s s ary t o  
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e s t ab l ish wh ethe r there was a s i gn i fi c ant 

co rre lat i on between rot at i onal  b arri e r s  an d the 

nature of the s o l vent . Th i s  was b e c ause two 

di fferent s o lvent s , chloro fo rm-d 1 and acetone-d6 , 

h ad been used  by e ach group . 

The s e  previ ous i nve s t i gat o rs had le ft the 

que s t ion o f  whethe r the so lvent a f fe c t e d  the 

b arri er to  ro t at i on unanswe red , an d i f  there was 

no s o lve nt e ffe c t , wh ich value for the 

thermodyn am i c  parame t e rs was c orre c t o 

The s tudy out l ined he re was the fi rs t  at t empt 

at a det ai l e d  s tudy o f  the n i t ros o an i lines in a 

ran ge o f  s o lvent s . 

4 . 1 . 1  Prope rt i e s  o f  the N ,  N-d i a l kyl -p-nit ro s o an i l ine s 

The c anon i c a l  forms o f  the t wo nitrosoan i l ines  

t h at we re s t ud i e d  are l i s ted  be l o w  

H 

H 

R R 
'-N/ 

N� 0 
( I )  

H H 

R • Me , Et 

H H 

( II )  
The re exi s t s  i n  the p-nit ro s o an i l ine s  a 

ro t at i on a l  e ne rgy b arrie r  re f l e c t ing the 

c ont ribut i on o f  s t ructure ( II ) whi c h  has been  

in ferred from dipo le moment , 52 i n f rared , 5 3  and 

u lt ravi o le t  me asu rement s . 54 
I n  t hese  c ompound s , the 

main cont ribu t o r  t o  the b arri e r  i s  as sume d to be t he 



conjugat i ve i nt e ract ion b e t ween � e le ct ro ns o n  

both s ides o f  the s ingle b ond that e xhib its  

re s t ri cted  rot at i o n . The s e  compounds are 

monomeri c in the s o l i d  s t at e 54 and in s o lut i on 5 5  

s o  that no comp l i c at i on s  a ri se out o f  t he ir 

dimeri z at i on o The i r  gre en c o l ou r  in t he so l i d  

st at e  and i n  s o lut ion i s  a fu rthe r ind i cat or o f  

t he i r  mono m e ri c s t at e . 5 5 

4 . 1 . 2  Prepa rat i o n  o f  Compounds 

Preparat i on o f  N ,N-d irnethyl -p-n it�o s o an i l ine o 56 

30 g o f  dimethy l  an i l ine ( �a y and B ake r ) was 
:z:, 

d i s s o lve d in 1 05 cm / o f  c oncent rat e d  hydroch l o r i c  

acid  cont ained in a 6 00 cm 3 b e ake r .  Fine l y  

c rushed i c e  w as added unt i l  t he tem perature fe l l  

0 be low 5 C .  �b i l e m aint ai ning the t em pe rature o f  

t h e  re a c t i o n  mixture be l ow 8°C b y  the addit ion of 

i c e , a so l ut ion o f  1 8  g o f  s o d ium n i t ri t e  in 30 cm 3 

o f  wat e r  was  s l owly adde d from a s e parato ry funne l .  

A ft e r  the nit rit e so lut i on had b e e n  added , t he 

mixture was  al l o wed t o  s t and for one  hour . The 

ye l low c ryst a ll i ne product o f  N , N-dime thyl -p-

n i t ro s o an i l ine hydro chloride was f i l t e red , w ashed 

with 40 cm 3 o f  d i lute hydroch l o ri c aci d  ( 1 : 1 ) , and 

then fin a l l y  was he d  with a l it t le a lcoho l .  

30 g o f  the hydroch l o ride w a s  t rans fe rred to a 

500 cm 3 s e parat o ry funne l and 1 00 cm 3 o f  wat e r  was  

added . C o ld aque ous s od ium hyd roxide s o lut i on 

( 1 0% w/v ) was adde d , with shaking , unt i l  the who l e  

mass b e c am e  bright green . ( Thi s  i s  the c o l ou r  o f  
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the fre e b as e ) . The fre e b as e  was  ext ract e d  b y  

shaking with  3 x 60 cm 3 po rt i ons o f  benzene . The 

c ombined benzene ext rac t s  we re dried with anhydro us 

pot as s ium carbonat e . The pot as s i um c arbonat e was  

fi lt e red o f f and the benz e ne s o lut ion reduc e d  b y  

di s t i l la t i on t o  h a l f  its  vo lume . The re sidu a l  hot 

benz ene s o lut i on was poured int o a be ake r .  O n  

c oo l ing , c ryst a l s  o f  N , N-dimethyl-p-nitroso ani l ine 

fo rmed . The s e  we re fi lt e re d  a nd ai r-dri ed . The 

yi e ld o f  pro duct was almo s t  qu ant i t at i ve . 

point 86°C .  ( lit . va lue Vo ge l 85°C )  

Me l t i ng 

Preparat i on o f  N ,N-d i ethyl -p-n i t ro s o an i l ine . 

2 50 cm 3 o f  commerc i a l  grade die thyl ani l in e  

( May an d  B aker)  and 107 cm 3 o f  ace t i c  anhydri de were 

re fluxed for s ix hours . On d is t i l l ing , the pure 

d i e thyl an i l ine w as c o l l e c t e d  at 21 5°C as a c l e ar pale  

ye llow l iqu id . 

Us ing the s ame b as i c  pro c e dure a s  fo r t he 

pre p arat ion  o f  N , N-dimethyl-p-n i t ro s o an i line , 1 9 . 6  g 

o f  puri fied  diethy l anil ine and 8 . 6 g o f  sodium nitrite  

we re us e d .  The s o lut ion turned d ark red wi th n o  

pre c ipit ate on the addit i on o f  t he s odium n i t r it e . 

The sub s equent addit ion o f  an exce s s  o f  a c o ld 

aque ous so dium hydro xide s o lut ion ( 1 0% w/v) c au se d  a 

c o lour c hange from red t o  g re en with  the fo rm a t i o n  o f  

a pre c i pi t at e . The fre e b as e  was e xt racted with  

benzene whi c h , after drying with  pot as s ium c a rbonat e ,  

f i lteri n g , and d i st i l ling gave gre e n  c ryst a l s  o f  

me lt ing po int 84°C .  



Che cks o n  Purity 

The NW� s pe c t ra o f  b o th the s e  compounds showed 

t h at the y were fre e from i mpuri t i e s . Ana l ys e s  b y  

t he m a s s  s p e c t rome t e r  a ls o  ve r i fi e d  that i f  impuri t i e s  

we re pre s ent t he y  were ins i gn i fi c ant . 

An int e re st i n g  point o n  the me l t ing po int s o f  

b o t h  c om pounds was that the l i t e r ature value s f o r  both 

c ompounds varied . Va lue s report e d  fo r N , N-dimethyl-p 

-n it ro s o an i l ine we re 93°c , 57 87-88°c , 57 and 8 5°c 56 

quo t e d  by Vo ge l . Value s f o r  N , N-die thyl-p-ni t ro s o an i l ine 

we re 87-88°c 57 and 84°c . 56 

The us e o f  the c al ib r at e d  Re i che rt me l t i n g  po int 

apparatus gave gre a t e r  re l i abi l i t y  to  t he va lue s 

obt ained in this s tudy a s  d i d  t he suppo rt o f  the NMR 

s p e c t r a  obt ained on the s e  c o mpounds whi ch we re not 

ava i l ab l e  to pre vi ous inve s t igat o rs . 

4 . 1 . 3  Preparat ion o f  the S ampl e s . 

The s amples were m ade up individual ly i n  2 cm 3 

f l asks a nd then t ran s fe rred into NMR tubes ( 4mm i . d .  

and 5mm o . d . ) e qu i pped w i t h  B 1 7  qui ck fi t  male  j o int 

he ad s . 

To ensure the re was n o  di s s o lved o xygen i n  the 

s ampl e s  e ach s ample was m ade up in a dry box in an 

atmo s phe re o f  nit ro gen . The re quired nit ro s o an i l ine 

was  t ran s fe rred to the 2 c m 3 volume t ri c  flask , 

s t o ppe red , and t rans ferred out o f  the dry b o x  and 

weighe d . This pro c e s s  w a s  repe at e d  unt i l  the co rre ct 

m a s s  o f  p-nitro s o ani l ine w as added .  

With the f l ask sti l l  i n  the dry box t he fl ask 

was made up to  the mark with the re quired s o lve nt . 
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A l l  the s o lvents us ed cont ained 1 %  v/v tetramethyl s i l ane . 

With the quick vapo ri z at ion o f  tetramethyls i l ane 

( TMS ) it w as found e as i e r  to add the TMS to  the sto ck 

bott le o f  s o lvent . As the s t ock supply o f  both 

acetone-d6 and t o luene -d8 only amounted t o  1 0  cm3 

this did not require much TMS . To ensure the 

corre ct amount o f  TMS was added , a s t andard s am ple o f  

ethyl benzene cont aining 1 %  TMS was run on e xt e rnal 

lock and the s pect rum of the TMS s ignal was re corded . 

TMS was added to the stock s o lut ion o f  s o lvent and a 

s ample was t aken e ve ry few d ro ps and c ompared with the 

previous ly run TMS signa l . When the s ignal he ights o f  

st andard s ample and T�S from the sto c$ so lvent mat ched 

this me ant the amount of TMS added was suitab le for  an 

ade quate lock s ign al . Thi s  me thod provided a go od way 

o f  ensuring a standard amount o f  TMS was added to e ach 

s ample . 

To c omplete m aking up  the s am p le s , approximat e l y  

0 . 5 cm 3 o f  e ach s ample was t rans ferred to  an NMR tube 

with a boro s i l icat e  glas s extension which had a 

constric t i on for s e al ing . The ext ens ion was  then 

att ached by me ans of its qui ck f it j o int to a vacuum 

l ine . 

On the vacuum l ine the s ample w as first frozen  

by  be ing i ns e rted into a f l ask o f  l i quid a ir .  The 

re servo i r  above the NMR tube was e vacuated o f  air and 

the vacuum pump was se aled o ff by a va lve and the 

s ample was  allowed to thaw . Bubbl e s  o f  d is s o lved gas 

were s e en t o  evolve rapidly  on the first thaw e ach 
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Table 4 . 1  

So lvent s and so lute s olubi lity 

Solvent Tempe rature Ran ge * S o lub ility o f  So lut e 

( oC )  o f  So lvent at low t emperature s 

acet i c  ac id-d4 1 6 . 7  - 1 1 8 . 0  u . . . 

acetone -d6 -94 . 0 56 . 5  s so luble  

benzene-d6 5 - 5 80 . 1  u 

c arbon tetrachlo ride -2 3 . 0  76 . 8  u . . .  

chloro form-d1 -6 3 . 5  6 1 . 5  s s oluble 

carbon di sulphide -1 1 1 . 6  46 . 5  s re acts with s o lut e 

dimethyl sulphoxide -d6 -1 8 . 45 1 89 u • • •  

ethan o l-d6 - 1 30 78 . 5  s inso luble  

methan o l-d4 -97 . 8  64 . 7  s inso luble 

met hylene chloride-d4 -96 . 8  39 . 9 5 s so luble  

nit robenzene-d5 6 - 2 1 0  u 

nit romethane-d3 -29 - 1 01 . 2  u 

pyridine-d5 -42 - 1 1 5  u . . . 

to luene -d8 -95 - 1 1 0 . 6  s s o lubl e 

t ri chlo ro fluoromethane - 1 1 1 2 3 . 7  s inso luble 

• U = unsuit abi lity  b e c ause o f  t empe r ature range 

S = suit ab i l i t y  be c ause of  t em pe rature range 
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t ime a so lvent ( s ample ) was p l aced on the vacuum l ine . 

This process  was re pe at ed three t ime s to en sure 

no dis s o lved gas e s  remained in so lut ion . At the end 

of this process , w ith the s ample tube sti l l  rem ainin g  

e n c l o s e d  by the l iquid air , the NMR tube w as s e aled  

o f f  using  an oxy-natural gas flame . 

4 . 1 . 4 Solvents used for the N ,N-d i alkyl-p-nitrosoan i l ine s 

Three so lvents were used in the invest igat ion : 

acet one -d6 , chlo ro form-d1 , and to lue ne -dB . The 

acetone -� , and ch loro form-d1 , we re obt ained from 

Brit ish Drug Hous e s , and the to luene-dB from Stohler 

I sot o pe Chemic al s . 

Though the nit ros o an i l ines  have re asonab l e  

solub i l i t y  i n  a number o f  so lvent s not all  o f  thes e  

so lvent s were sui t able  be c ause o f  th e ne ed  to wo rk at 

t empe ratures o f  about 223 K .  Tab le ( 4 . 1 ) lis t s  a 

range o f  deuterated  and non-proton cont aining s o l vent s  

that were examined i n  the course o f  this work . The 

re quirement o f  a suit ab le tem perature range , c ons iderab ly 

reduced the range of  s o lve nt s  th at we re su itab le .  

Thi s s ame t ab le ( 4 . 1 ) shows the s o lubi l i t y  o f  the 

nit roso anilines at low tempe rature s . C alder and 

Garratt49 report be ing ab le to us e a 5% w/v s o lut ion 

of N , N-d imethyl-p-nit roso an i l ine in the ir studi es . In 

thi s inve st i gat ion i t  was found that for tempe rature s 

o f  2 3 3  K and lower , a 5% w/v nit ro s o an i line so lut i on 

pre ci pi t ated . The dimethyl-p-nitro s o aniline 

pre cipitated from the to luene at all  concentrati ons 

be low 253 K .  Howeve r ,  thi s  compound had cons iderab le 

s o lubi lity  in chloro form , which enab le d  Korve r et al50 
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t o  use a 1 5% w/w so lut i on .  

The conc ent rat ion that was us ed fo r 

N , N-dimethyl-p-n itrosoan i l ine in both ch loro fo rm-d1 

and acet one -d6 was 2�% w/v . 

The N ,N-diethyl -p-ni t rosoan i l ine was 

conside r ably more so luble in all so lve nts  at 

t emperature s o f  223 K .  At this t empe rature it 

pre cipit ated only s lowly in toluene -d8 and a l l owed 

suffici ent t ime for a spe ctrum to be run . The 

concen trat ion us ed fo r the thre e so lvent s fo r 

N , N-di ethyl-p-nitroso ani l ine was a 4% w/v s o lution . 

Both nitro s o ani l in e s  gave an int en s e  gre e n  co lour 

in s o lut i on . The N , N-d imethyl -p-nitros oan i l i ne gave 

a l i ght green s o lut i on in contrast tq the ve ry dark 

green  o f  the N ,N-di ethyl-p-nitroso an i l ine . 

4 . 1 . 5  Experiment a l  Cond it ions 

As was menti oned in Chapte r  Two , optimum 

expe ri ment al  condit i ons are ne eded t o  e l iminate  o r  

reduce e rrors from  this s ource . This s ecti on is 

concerned with det ai ling the minor and maj o r  

di f fi cult ies  that beset the obtaining o f  s pe ct ra . 

The method or t e chnique that was us ed i n  this study 

re l i ed e nt ire l y  on o pt imum experimen t a l  condit ions 

from the s pe ct rometer  and it s associ at ed  hardware fo r 

up t o  e i ght hours c onti nuous running . 

The Instrument 

The spe c t ro meter  us ed in the expe riment al 

invest igat ion was a JEOL JNM-C-60HL high re s o luti o n  

NMR ins t rument equipped w i t h  a variab l e  t em pe rature 

unit and detector  used in conjunc t i on with a JES-VT- 3  



temperature cont ro l le r .  

A visit b y  the Japane se engine e r  from JEOL in 

the s e cond ye ar of thi s  study had the s pe ctromet e r  

operating at its  best pe r fo rm ance le ve l . The e as e  

o f  obt aining s pe ctra decre ased  gradually  ove r  the 

remaining ye ars o f  t he pro j e c t . As  the spe ctrome t e r  

us e s  valves , t h i s  w as probably a re f le c t i on o f  the 

s lowly changing characterist ics o f  the valve s . One 

prob lem in the l atter phases  of the pro j ect w as the 

s piking of s pectra . Thi s o cc as iona l f au lt o c curred 

when a spectrum was be ing run at s l ow s c an .  The 

re c o rding pen would sudden l y  give two or more abrupt 

j erks int roducing sp ikes into a supposedly  s mo oth 

l o rent z i an curve . 

Another problem ass o c i ated w ith the spe ct rome t e r  

w a s  the variable fre quency s e l ector that was used t o  

obt ain  int ernal  lock . Instead o f  producing a single 

l o cking s i gnal of 4 kHz the se lector a lso gave a 

broad b and o f  le aked radi o frequency radi at ion at a 

lower leve l .  This was suit able  fo r s ample s c o nt aining 

hi gh concent rat ions o f  prot ons , but with d i lute 

s o lut i ons any moderat e to high power through the lock 

channe l comple t e ly s aturated  any re c o rd able s pe ctral 

s i gna l . Thi s  me ant th at all  s pe ctra  had t o  b e  

re corded with a ve ry low power lock s i gnal t o  avo id 

s aturat i on . 

Re s o lut i on 

As a non-uni form magn e t ic fie ld g i ves ris e  t o  

broad-line NMR spect ra , an impo rt ant factor w a s  t o  

obt ain high re s o lut ion spectra f o r  t he determ inati on 
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o f  coupl ing const ant s and chemic al shi fts . The 

s pectromet e r  was e quipped w ith four shim c ont ro ls 

which cont ro l led the uni fo rmity o f  t he loc al 

magnet ic  fi e lds in t he det ector . With c are ful 

adj ustment and pat ience the se shim contro ls could 

be adjus ted to give the o pt imum lock s i gna l .  In 

this inve s t i gat ion the lock  s i gnal was ob serve d as 

a straight l ine on a os c i l los c o pe . Maximum 

res o lut ion  was a lways found when this line was  at 

it s maximum for the lowe st  po ss ibl e powe r out put 

from the variable fre quen c y  lock  channe l .  Howe ve r , 

it  was not pos s ible  to le ave the lock s i gnal  shim 

contro ls  at one setting as  the s i gnal  deteriorated  

wi thin t en m inut e s  or  l e s s . In running spe c t ra , 
' 

cont inual attent ion had t o  be p aid to keeping the 

lock s i gnal " peaked up " b y  us e of  these shim cont ro ls .  

Spinn ing The Sample Tube 

One factor that a f fe cts  reso lut i on and the 

appe arance of spectra is t he s p inning of  the s ample  

tube . A non-spinning tub e  wi ll  always re sult in 

bro ad-l ine s pe ctra . 

The s ample tube ins e rted into the te flon turbine 

must b e  per fect ly balanced t o  s pin in the probe . As 

mo st s ample tube s are not pe rfectly b al anced they have 

t o  be re adjusted in the turb ine to ensure s at i s factory 

s pinning . Vigorous s pi nn ing c an give ris e  t o  s ide -

b ands in the spectra but t hi s  e ffec t  was not obs e rved 

at any t ime . 

Be fo re the s ample t ube was p l ac ed in t he probe , 

it was c l e aned thorough l y  with tis sue mo isten e d  in 
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l i gro in , and dried . The detecto r he ad was also  

c l e aned with l i gro i n .  

With s ix o r  s e ven hour cont inuous us age it was 

found that the s pinne r had to be c l e aned thoroughly 

for maximum pe rform ance . The s pinner  rot ated on a 

be aring  made o f  Te flon from which a thin fi lm o f  

re s in could adhe re t o  the bottom o f  the s ample tube . 

Thi s  was compounded by dust  sett ling on the be aring . 

When this occurred , the rot at ing sp inne r o ften  s l owed 

down or comple te l y  halted . Thi s  prob le m was reduce d  

by light l y  smearing the bottom o f  t he s ample tube w ith 

s i licon gre ase thus reducing the fri ction . 

Dus t bui lding up in the air supply t o  the spinne r 

a l s o  caus ed gre at prob lems . On o c c as i ons the 

detector h e ad and probe had to be c o mp le t e ly removed 

and cleaned to e l iminate the ac cumu l a t i on o f  dust  

part ic le s  and gre as e . An acc ide nt a l  use o f  di rty 

tubing for the ai r supply cre at ed  havoc  with the 

spinning o f  the s ample . Fine pie c e s  o f  rubbe r tubing 

pass ing through the air  jets  of  t he spinne r gave 

problems o ve r  a three month pe riod . On s ome  days i t  

w a s  found imposs ib le to obt ain a m i nimum o f  one hour ' s 

ope rat ion . Cont inual  operat ion o f  the spe ct rome t e r  

f o r  very long pe riods al so cause d  t his cont aminat i on 

bui ld-up . This  would  neve r  have o ccurred in the 

rout ine us e o f  the spectromete r .  

The s pinning o f  a s ample tube ut i lized a ir fro m  

an a i r  compre s s o r . Howeve r  at t empe r ature s below 

283  K ,  wat e r  vapour from the a i r  would have condens e d  

a s  i ce round the det e cto r he ad . To e liminate this  
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unde s irab l e  prob lem a dry- i ce ethano l trap was 

ins t a l led to conde ns e any wat e r-vapour . On a 

damp day up  to  60 cm 3 o f  w at e r  was obt ained  f rom 

five hours ope rat i on .  An e ffect  o f  the trap was 

the fre e z ing out of  c arbon dioxide in  the ai r .  

Thi s  me ant the t rap gradually  fi lled  up wi t h  i ce 

and s o lid carbon dioxide o ve r  a pe ri od o f  five or  

s ix hours . The re sult o f  thi s was that the a i r  

supply  t o  the spinner was blocked which caused  

spinning t o  cease . 

4 . 1 . 6  Me asuring Procedure s  

The re a re two me thods o f  NMR lock : 

( i )  The extern a l  lock s ys t em 

( i i )  The internal l o c k  s ys t em 

A l l  spect ra in this s tud y were obt aine d  us ing 

the inte rnal  lo ck system under f ie ld/frequency  

swee p .  

Field/frequency Sweep 

The use  o f  field/fre quency swe e p  can b e  

i l lustrated from Fig . 4 . 1 . Init ia l ly , the me asuring 

and cont ro l s i gnals are supe r- imposed . That i s  

w
m1 = wm2 . The me asuring s i gnal  t akes the f o rm o f  a 

be at p at t e rn as shown in  Figure 4 . 1 ( a ) . 

I f  wm2 = �1 + �0 , the magnet i c  fi e ld i s  shi fted  

to mat ch it to  the re s o n ance  c ondi t i on o f  the TMS 

cont ro l  s i gnal . On ly the ma gnetic  fi e ld applied t o  

the me asuring s i gnals i s  charged by 6B0 and the CH3 

s i gn al i s  observed as in  Figure 4 . 1 ( b ) . 

When  w m2 = wm1 + oe.1 as  in Figure 4 . 1  ( c )  the 

m agnet ic fie ld is shi ft ed  by A B1 and the CH2 s igna l  

i s  me asured . 
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4 . 1 . 7  Temperature e f fe c t s  on t he N�ffi spect r a  o f  

the N ,N-di alkyl -p-n i t ro s o an i l ine s . 

Having examined the expe riment al  c ondi t i ons 

under wh i ch the s ample s were s tudied , this s e c t i on 

lo oks at the ove rall change s that o c cu r  in t he 

n i t ro s o an i l ine s . Figure ( 4 . 2 ) from C al der and 

Garrat t ' s  paper49 demon s t rat e s  t he e ffe cts  o f  

t empe rat ure on N , N-di e thyl -p-n i t ro s o an i l ine i n  

ace tone . Thi s  pattern o f  ch ange w a s  s im i l a r  for 

both n i t ro s o an i l ine s in a c e tone -d6 and chl o r o fo rm -d1 • 

The ring pro t ons o f  t h e  nit ro s o an i l ines  i n  the 

s l ow exchange re gion , exhib i t  an ABKX patt e rn i n  

ac e tone -d6 and ch l oro form -d1 • Example s of the s e  

s pe c t ra c a n  b e  s e en i n  F i gure s  4 . 3 and 4 . 4 .  The H 3  

resonan c e  o ccurs be twe en 5 3 0  and 540 Hz fro m TMS 

whi le the H2 , H5 , and H6 re so nances  o c cu r  b e tween 

380 and 4 30 Hz . As the t empe rature i s  incre ased  

s pin s p l i t t in g  i s  e l imin at e d .  The H2 , H5  and H6 

prot ons then coales c e  into a b ro ad b and wh i ch 

s harpen s  as the t em pe rature incre as e s . The 

c o a l e s ce n c e  o f  the H3 and H 5  p ro t on s i s  charac t e ri z e d  

b y  a ve ry bro ad b and . Thi s  c o ale s c ence o c c ur s  at a 

h i gher t e mpe rature than t h e  co a l e s cence  fo r the H2 

and H6 prot ons . 

In  to luene-d8 an ABMX pat t e rn  is  e xhibited in 

the s low exchange re gion ( see Figure 4 . 4 ) .  

Both n i t ro s o an i l ine s in the  fast exchange region 

for all three so lvent s ,  show t ypic al AA ' XX '  pat t e rn s . 

Inte rn a l  rot ati on o f  the NR2 group has no e f fe c t  on 

e i the r chemi c al shifts or c oupling cons t ant s  and le ave s  

no  m ark on t he s pe c t ra . 
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4 . 1 . 8 Tempe rature Me asurements . 

In studying t emperature e ffe c t s  o n  s pect ra , an 

obvious need is fo r accurate t emperature me asurem ent . 

The JES-VT- 3 tempe rature cont ro l ler was used to 

vary and maint ain tempe rature s at high or low 

t em perature s .  The re quired t em pe rature was obt a ined 

b y  passing e i the r pre ssure regulated hot air or  co ld 

nitrogen gas in the vi cinit y o f  the s ample . 

For t emperatu re s over 303 K ai r from an a ir 

c ompressor  at a pre s e t  pre ssure was pass ed  through 

a he at b l ast ing pipe . In the tem pe rature range 27 3 K 

t o  303 K ,  nitrogen gas driven o f f  from a liqu id air 

dewar was he ated to the re quired t em pe rature by 

pass ing through the he at blasting p i pe . Any ch ange 

in t emperature was detected by a thermocouple placed 

in  the a i r  f low and s t ab i l i z ed by a feed-b ack s ystem 

to  the he ate r .  

To obt ain l ow tempe rat ures ( be low  273 K )  c o ld 

n i t rogen gas from the l i quid air dewar was passed 

round the s ample . s it e . 

The s t ab i l i t y  o f  the tempe rature cont ro l l e r  

c l aimed i n  the manu facture rs s pe c i fi c ati ons a t  the 

s am p le s i t e  is +0 . 5  K .  Me asurements were always 

found to b e  we ll  wi thin thi s  l imit . 

To obt ain a c curate tempe rature me asurement s ,  use  

was made o f  a methano l NMR the rmome t er .  This 

consisted o f  a s e aled c api l lary tub e  of " super-dry" 56 

methano l ,  which was centred in an NMR tube c ontaining 

the s ame s o lvent as the s ample  b e i ng studied . The 

s o lvent cont aine d  1 %  tet ramethyls i l ane . 
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The spe ctromet e r  was locked t o  the TMS s i gn al 

with the recorde r c ent red on the CH3 and OH re sonanc e s  

in  turn . The chemic al shift s were re ad from the 

frequency counter . Us ing the di f fe rence in chemic a l  

shi fts conve rted i nto ppm , the tem pe rature was 

obt ained fro m  a JEOL calibrat ion ch art . 

All measurement s made in the s tudy o f  the 

N , N-dialkyl-p-ni t ro soaniline s  used the JEOL c a librat ion 

chart . Temperature s at any part i cular set ting o f  the 

t empe rature cont ro ller were comple t e l y  re produc ible . 

Me asurement s we re m ade t o  within 0 . 5 K ,  

Tempe rature s o ve r  27 3 K ,  me asured by a c al ibrated 

the rmomet er , showed no det e c t able d i fference compared 

with the JEOL ch art me asurements .  

Errors in t empe rature me asurement arise  from the 

frequenc y me asurement s  (� 0 . 1 Hz ) , pen re corder pos i t i o n  

o n  the re sonance p e ak (�  0 . 1  H z ) , and tempe rature 

gradient s in the NMR tube . At the lowest temperature 

used  in this inve s t i gat i on , gradie nt s  o f  at le ast 

0 . 5 K cm-1 were me asured . As the t he rmocouple was in  

a s pinning NMR tub e  this  re sult repre sent ed the  l ower 

l imit  of  e rro r .  A re a listi c e st imated error in 

t empe rature re adings was 1 K .  

4 . 1 . 9 Frequency Me asurement s . 

Frequ ency me asurement s were made us ing a Marconi 

TF 241 4  c ounter t i me r .  At an y part i cular pen pos it ion 

the stabi lity of the  frequency was ± 0 . 1  Hz . 

For the N ,N-d i alkyl-p-nit rosoan il ine s , the 

chem ical  shi ft p o s it ions were me asured in Hz  fro m  

t e t ramethyl s i l ane . 
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For the s l ow exchange s pe ct ra o f  al l the sys tems 

stud i e d ,  frequenc y me asureme nt s were made by p l aci ng 

ve rt i c al frequency m arke rs at  int ervals acro s s  the 

spe ct rum . Thus pe ak po s i t i ons we re me asured b y  

inte rpo l at i on between the frequency markers . Thi s 

pro c e s s  w as repe at ed for t he int e rmediate and fast 

exchange re gions . 

4 . 1 . 1 0 An alyses o f  the S low Exchange Spe ctra . 

To generate theoret i c al spe ctra the dens i t y-

mat rix pro gram re quire s the chem ic al  shi fts o f  the 

H2 , H 3 , H5 and H6 nuc le i with the i r  associat e d  

coupl ing cons t ants and the s pin-spin rel axat ion  t ime 

T2 • Thi s  informat i on was  obt ained from the s l ow 

exchange spectrum . 1 4 Kes s le r  has a� intere st ing 

comment in  re gard to " s low " exch ange . "Slow"  c an 

be regarded as a statist i c a l-kinet i c  des cri pt i on . A 

s low rot at i on is one in whi ch only a s mall  fraction o f  

the mo le cules can ove rcome the energy b arri e r  i n  uni t  

t ime . The actual ro tation o f  t he indivi dua l 

molecule , howeve r ,  i s  ve ry fast ow ing to the smal l 

moment o f  ine rtia . 

The s low .exch an ge reg i on for the a romat i c  prot ons 

o c curs about 223 K .  For the nitro s oaniline s ,  the 

lowe s t  t empe rature needed to  ob serve the s l ow exchange 

s pe ct rum o ccurred in acetone-� . This was fo r 

N , N-dimethyl-p-nit roso ani l ine . As c an be imagined the 

s o lub i l i t y  o f  compounds at the s e  tempe rature s was ve ry 

l i mited , in the case of the compound mentioned 2i% w/v. 

The qua l ity o f  the experime nt al s pectrum ob t ained 

at this tempe rature is s ho wn in Figure 4 . 3 . Spe ctra  
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obt ained for the n i t ro s o an i l ine s in acetone -d6 

exhib i t e d  fine s t ructure that was not pre s en t  in  

s pe c t ra re co rded in  ch l o ro form and to luene . 

To analys e  a s pect rum s uch a s  s hown in .Figure 

4 . 3 ,  t he pe ak po s it ions were me asured b y  int e rpo lat i on 

between frequenc y markers placed at int e rvals a c ro s s  

the s pe c t rum . 

The sweep-width o f  the spe c t rometer  w as s e t  at 

27 H z  and the re c o rding s pe ed o f  the pen was 0 . 02 Hz -1  s . 

The s low exchange spe c t rum as shown in F i gure 4 . 3  was  

me asured at  le a s t  thre e t i me s  to ensure the  re l i ab i l it y  

o f  t he as s i gned expe riment a l frequenc i e s . 

To obtain u s e fu l  e xpe rime nt al s pe ct ra a t  this 

temperat ure invo lved a co n s i derab l e  am ount of s ki l l ,  

t ime , and pat i e nce . 

The slow exchan ge spectra  w e re an al ysed u s i ng t he 

LAOCON 3  program o f  Bot hne r-B y and C a st e l l ano . 58 The 

best  value parame ters an d a b rie f de s c ri pt i on o f  the 

c ap ab i l i t i e s  o f  LAOCON3 are gi ven in Appendix I I . 

To ob t ain data  fo r LAOCON3 ,  the as s i gning o f  

che m i c a l  shifts and coupling cons t an t s  was  done b y  

as suming firs t -o rder int eracti ons i n  part s  o f  the 

spe c t rum . In a l l  c a s e s  the H 3  proton was  e as il y  

as s i gned t o  the low- fie ld group o f  pe aks . Both 

n i t ro s o an i line s show only  a ve ry sm al l vari ati o n  ( le s s  

than 7 H z ) fo r t he chem ic al  sh i ft o f  t h i s  prot on . 

Fo r the nitro s o an i l ines  in a cetone-d6 the shifts  o f  the 

H5 and H6 nuc l e i  were a s s i gned un amb i guously  in e ach 

case , s in ce onl y  with  H5 t o  high fi e lds of H6 was a 

good fit obt aine d .  
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tt'\ ['. Tab le 4 . 2  

Chemical shi ft s and cou2l ing const ants  for the ring 2ro t ons o f  � 1 2  and �22 
in the s l ow exchange region 

Compound I So lvent I Chem i c al Shi fts Cou2ling Const ants 
(Hz from S i Me4) (Hz ) 

( 1 )  

( 1 )  

( 2 ) 

( 2 )  

( 2 )  

H2 

( CD3 ) 2CO I 420 .4  

CDC 13 I 409 . 3 

( CD3 ) 2co 1 424 . 0  

CDC1 3 1 409 . 7  

c6n5cn3 1 360 . 4  

H3 H5 H6 J2 3 

535 . 8  397 . 1  402 . 7 9 . 0  

534 . 4  407 . 1  391 . 6  1 8 . 9 

533 . 6  399 . 6  406 . 3 1 9 . 1  

531 . 8 41 0 . 5 392 . 3 1 9 . 0  

537 . 5  404 . 3  340 . 4  1 9 . 0  

J25 J26 J35 

0 . 2  2 . 8  2 . 5  

0 2 .6 2 . 4  

0 . 1 · 2 . 9  2 . 5  

0 2 . 5  2 . 4 

0 2 . 7 2 . 4  

Compound ( 1 )  = N , N-dimethyl-p-nit roso aniline 

Compound ( 2 )  = N , N-die thyl-p-nit roso an i l ine 

J36 

o . o  

0 

o . o  

0 

0 

J56 

9 . 5  

· 9 . 6 

9 .4 

9 . 5  

9 . 5  



Obt aining a t ri al spe ct rum was not just  a c as e  

o f  runn ing a n  expe ri ment al s p e c t rum , me asurin g t he 

pe ak pos i t ions and then as s i gning the chem ic al sh i f t  

po s i t i on s  through LAOCON 3 . Good e s t i m ates o f  th e 

chem i c a l  shi ft s had to be made fi rst and the protons 

as s i gned c o rre c t l y . 

In chloro fo rm-d1 a c o ns ide rable am ount o f  

d i ffi c u l t y  w as experienced i n  as si gning the che m i c a l  

shi ft po s i t i ons . The e xp e ri me nt al s pe ctrum i n  t h i s  

s o l vent kept changing unt i l  about - 52°C .  ( Th i s  was 

as sumed to b e  the s low exchange l imit ) .  In co mparing 

t he expe rime nt al s pe ct rum ob t ained at this t empe rat ure 

with the t ri a l  LAOCON spe c t ra there was found t o  be no 

c o rre l at i on between pe aks and inten s i t i e s  in the 380-4 30 

Hz re gion . 

At first  tbe order o f  chem ic al s h i fts w a s  
' 

as s igne d the s ame as in ace tone . Thi s  proved to b e  

o f  n o  us e b e c au s e  the t r i a l  LAOCON3 spe ctra b o re n o  

re s emb l ance  t o  the e xpe ri m ent a l  s pe c t rum . The H 3  

chemic al shi ft was assum e d  t o  b e  co rre ct  and w a s  kept 

cons t ant wh i le t he H2 , H5 and H6 chem i c al shi ft s w e re 

i nt e rchanged t o  s e e  what e f fe c t s  the s e  wou ld h ave on 

the t he o re t i c a l  LAOCON s pe c t ra . 

As c an b e  seen  from T able 4 . 2  the shi f t s  for  the 

H2 , H 3 , H5  and H6 nuc le i w e re found to be 409 , 5 34 , 

407 and 392 Hz re s pe c t i ve l y .  Whe n  LAOCON 3 did not 

s e em t o  be g iving the c o rre c t  s o lut i on i . e . a s pe ct rum 

that mat c he d  the expe riment a l , the e xpe ri me nt al 

s p e c t rum for N , N-dimethyl-p-nit ros o an i l ine was  

repeated , to c he ck the pe ak pos it ion me asurem e nt s . 



The re -run e xpe riment al spe c t rum ob t ained was the 

sam e  as  had been obt ained  pre vious ly . 

As  the nit ro soan i l ine s pe c t rum in chloro form 

cont ained l e s s  fine de tai l  than th e spectrum in 

acetone thi s lack o f  detai l  was thought to be a 

source o f  e rror .  Di fferent value s  were as s i gned t o  

the coupling const ant s  to  s e e  how much e ffe ct the y  

had on the t ri a l  LAOCON spe ct ra . The t ri al s pe c t ra 

thus gene rated had di fferent pe ak he i ght and pe ak 

posit ions and were st i l l  d i f fe rent from the 

expe ri ment al  spectrum . Aft e r  a number of  we eks a ll 

that had been obt ained was a s e ri e s  o f  di ffe rent 

trial  LAOCON spe ctra which did not corre late w ith 

the  expe riment al spectrum a lth ough two or  three 

approximat e d  t o  it . At this  stage , it was fe lt 

be tt e r  to c ont inue the l ine-shape s tudy with the 

approximat e value s that had been  obt ained . 

Spect ral changes were obs e rved at 10 K 

intervals  t o  s e e  how rapi d l y  the e ffects due t o  

exchange t o ok pl ace . The e xperi mental s pe c t rum run 

at 2 3 3  K was seen to have a marked similarit y t o  one 

o f  t he many t ri a l  spectra gene rat e d  by the comput e r .  

The experi ment al spectrum w a s  re -run , pe ak pos i t ions 

me asured and in the it erat ive c a lculation by LAOCON3 

a be st  fit was obt ained aft e r  three it erat i ons . 

In c omparison with a c etone the H5 and H6 pos it i on s  

had inte rchanged in . chloro fo rm s o lution ( see  T ab l e  4 . 2 ) . 

Though the as s igning o f  the chem i c al shi ft pos i t i ons 

had t aken a l ong t ime , cons ide rab l e  confidence could 

b e  p l aced in them as the y w e re a s s i gned by  t wo method s . 
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First ly , by  the predictive us e o f  LAOCON3 and second l y  

b y  the s pe ctral change s  i n  that re gion which c ould b e  

as signed t o  so lvent vi scosity  e ffec t s . The latt e r  

appe ared to  b e  p l a ying a s ign i f i c a nt ro le at 

temperature s be low -40
°

C .  

The a s s i gnment o f  the c hemi c a l  sh i fts  in to lue ne 

proceede d  ve ry smoothly in contras t to  the pro b lems  

experienced  with as s i gning the shi ft s in  chloro fo rm . 

A fe ature o f  the s pectrum in t o luene ( see F i gure 4 . 4 ( b )  ) , 

i s  the re l ative ly large chemic al d i fference for t he t wo 

ortho prot ons . This di fference , which c an be s ee n  

more cle arly in  Table 4 . 2 ,  has b e e n  att ributed to  the 

so lvent e f fect  of the to luene 59 an d re sult s in  four 

c le arly de fined chemical shi ft s . 

The s pin-s pin re l axat i on t ime , T2 , was obtaine d 

by  me asuring the l ine -width at h a l f-he ight o f  the low-

fie ld pe aks ( H 3 )  in the s l ow exchange regi on . 

value was used in the LAOCON3 t ri a l  plots and was a l s o  

used i n  the density matrix program . 

4 . 1 . 1 1  The Exchange Rat e (�) 
In us ing the dens i t y  matrix method the s t andard 

t echnique is  t o  generat e experiment a l  spe ctra ove r t he 

t empe rature range to  be studi ed . A theo ret i c a l  

spectrum that mat che s a part icular  e xperi me nt al s p e c t rum 

is gene rat ed from the density  matrix pro gram by changing 

the exchange rat e  t" , unt i l matching oc curs . This 

method invo lve s the minimum use o f  spectrome ter  t im e  

and the m aximum U S �"'· o f  computer t i me . Even with a 

high spe ed compute r  the comput at i on t ime c an o ccupy a 

cons ide rab le peri od of t ime . 
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The compute rs that we re used in this inve s t i gat i o n  

were an IBM 1 1 30 with a Cal c omp plotte r type 56 5 and a 

Burroughs 6700 computer with no plotting  or  c ard-

punching fac i l ities . The IBU 1 1 30 was us ed i n  the 

in i t i a l  months o f  this wo rk because  of the d e l ayed 

arrival ( nine months ) o f  the Bu rroughs 6700 at Mas s e y  

Univers it y .  

C alculat i on t ime for a s ingl e point on the 

theore t i c al s pectrum took four m inut e s  for the IBM 1 1 30 

and e i ght s e c onds for the B6700 . With the l imit at i on 

o f  core storage in the IBM 1 1 30 ,  the mat rix inve rs ion 

was done in four steps . Two 8x8 mat rices , and two 

48x48 matric es . Thus at e ach freque ncy , the c alcu l at ed 

intensit y was obt ained by  the addit i on o f  the four s ix 

figure numbers gene rat ed b y  the pro gram . 

Thi s very s low c omput at ion rate , e spe c i a l l y  on the  

IBM 1 1 30 ,  me ant a new me thod had to be  us ed . This 

method w as the reve rse o f  t he s t andard techniqu e . The 

me thod invo lved c a l culat ing the theoret ical spe ctra first  

( knowing the exchange rat e ) , then finding the 

t emperatures at which the o re t i c a l  spe c tra ma t ched the 

experiment a l  s pe ct ra . 

To know which � value s to feed into the program , 

a t ri a l  t empe rature s tudy had t o  be done on e ach 

c ompound . The regi ons which g ave bro ad fe aturel e s s  

b ands we re chosen a s  this reduced comput ati o n  t ime . 

The uppe r and lower l imit s o f  their  frequenc y range we re 

not e d .  This upper and l ower  l imit was needed as input 

for the dens it y matrix program . The four- s pi n  s ystems 
' 

have t wo co ales cence po int s , and , by us ing the 
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Figure 4 .  5 Examples of experimental and theoretical spectra for the H3H5 nuclei of 
N,N-di methyl-p-nitrosoan i l ine i n  acetone-d6. 



Gut owsky-Holm equat ion for t he rate at the 

coalescence  t em pe rature , t wo approximate  value s 

o f  were obt aine d at t wo t e mpe ratu res . A plot  o f  

-1 - 1  . 
log  't ve rsus T gives approximate  value s o f  l: for 

the who le tempe rature range . 'v'v i  th the in form ati on  

from the  t ri a l  t empe ratu re study , a suit ab le range o f  

spectra w as obt aine d fo r the l ine -shape study . 

As mentioned pre vi ous l y ,  se lect ing broad 

fe ature less  bands reduced comput ati on t ime . Fi ft y  

to  s ixt y point s we re needed to  gene rat e a the ore t i c a l  

spectrum , giving a tot a l  computat ion t ime of about 

200 .minut es for the IBM 1 1 30 . It t o o k  that t i me 

again to  add the intensit i e s , punch c ards be aring the 

frequenc ies and int e ns i t ie s , and plo� the theore t i ca l  

spectra with appropri at e s c al ing . The arri va l  o f  the 

B6700 removed the factors o f  comput ati on t ime and hand 

addition o f  the intensiti e s , and l e ft o n l y  punching 

c ards and plott ing . The total comput ati o n  t i me fo r 

N , N-dime thyl -p-nitro so ani l ine in acetone was o ve r  30 

hours us ing the IBN. 1 1 30 . 

Thi s  type o f  appro ach has been t e rme d 

"unorthodox " , 60 but as this thesi s shows , it prove s 

use fu l  when one i s  l im it e d  by comput ing faci l i t ie s .  

4 . 1 . 1 2  Experiment al Matching o f  the Density Matrix 

Spe ct ra . 

To generate an Arrhen ius plot , the correspond ing 

tempe rature was re qui red fo r e ach 't value , and to  

find the value of  this t empe rature , the experiment a l  

spe ct rum was mat ched exac t l y  with the theore t i c a l  one . 

I f  the experi me ntal  spectra obt aine d m at c hed the 
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theore t i c a l  spectra generat e d  by  the density mat rix 

program , and the temperatu re s which gave good fits 

t o  the computed spectra re sulted in a straight l ine 

Arrhenius plot , then the c riteria  for the succ e s s  o f  

the method had been met . 

The fi rst compound th at this method was us ed with 

was N , N-dime thyl-p-nit ro s o an i line in acetone -� . 

The lengthy comput at i on t i me s  on the computer have 

a lre ady b e en ment ioned but this  tended to limit the 

amount o f  bas e -line us ed fo r the the oreti cal spectra . 

The fi rst att empts at mat ching experiment al and 

theoret i c al spectra re su l t ed in a non- linear Arrhen ius 

plot . At first , it was thought th at the program was 

wrong o r  the data fro m the s low exch�n ge re gion s uppl ied  

was  not  va l id over a l arge r tempe rature range . Howeve r , 

it was de c ided to  incre ase the base l ines o f  the  

theo ret i c al s pectra even though this  invo lved an ext ra 

hour o f  c omputer t ime for e ach s pectrum . On repe at ing 

the mat ching pro cess , a go od l inear Arrhenius p lot w as 

obt ained . 

The mat ching proce s s  fo r the spe ctra was c arrie d 

out by d i re ct ly overlaying the theoreti c al s pe c t rum 

onto the experiment al spe c t rum . 

The pape r on which the theore t i c al s pe c t rum had 

be en plotted was t ransparent enough to fac i l i t at e  a 

d i re ct c omparison . The e xpe riment al spectrum ' s  pe ak 

he i ght s were inc re ased by us ing the fi e ld frequency 

modulation and ampl itude contro ls .  Bas ical l y  t he 

who le pro c e s s  was a combinat i on o f  pe ak hei ght 

adj ustment and tempe rature adj us tment unt il mat ching 

o c curred . 
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Table  4 . 3  

Rotati ona l rat e s  as a func t i on o f  t em2erature 

for Compound (1)  and Compound (2) i n  acetone-d6 

Com2ound �128 
T ( K )  't-1 ( rad s -1 ) 1 0-3 T-1 ( K-1 ) log1 0  

1:" -1 

242 . 0  1 1 . 9  4 . 1 32 1 . 07 5 5  

2 52 . 0  39 . 6  3 . 968 1 . 5977 

262 . 0  1 28 . 2 3 . 81 7  2 . 1 079  

270 . 0  301 . 0 3 . 704 2 . 4786 

285 . 5 1 256 . 6 3 . 503  3 . 0993 

304 . 0  628 3 . 2  3 . 289 3 - 7982 

3 1 4 . 0  1 3823 . 0  3 . 1 85 4 . 1405  

Compound (2)b 

T (K )  t:-1 ( rad s - 1 ) 1 0-3 T-1 ( K-1 ) ":\.-1 log1 0c 

2 50 . 0  1 2 . 6  4 . 000 1 . 1 004 

2 57 . 0  31 . 4 3 . 891 1 . 4969 

270 . 0  1 28 . 2  3 . 704 2 . 1 079 

280 . 0 3 1 4 . 2  3 . 571  2 . 4972 

294 . 0  1 2 56 . 6 3 . 401 3 . 0993 

3 1 4 . 0  6283 . 2 3 . 1 8 5  3 - 7982 

8Compound ( 1 )  = N , N-dime thyl-p-nit ro so aniline 

bcompound ( 2 ) = N , N-diethyl-p-n it ro so ani line 
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U s i ng a s c an s peed o f  0 . 1 8 H z  s -1 , experimen t al 

s pect ra were generat ed in co n junct i on wi th sm all  

ad jus tments to the t emperature . This process  o f  

t emperature change , s pe ct ral s c an , and then overl ay 

compari s on o f  theoretical and experimental s pe ctra 

was done unt il  mat ching occurred . The scan speed 

-1 was adj ust ed t o  . 09 Hz s and the  expe rime nt al 

s pectrum re run . This was done twice  t o  check that 

the tempe rature h ad complete ly s t abi l iz ed .  

The s ample tube was then replaced b y  an NMR 
thermometer  and the tempe rature was me asured as 

describ e d  e ar l ie r .  The NW� the rmome t e r  s pent at 

le ast twenty m inut e s  in the probe to ensure tempe r ature 

equi l ib rat ion and on removal was replaced by the 

s ample tube . The expe riment al spectrum was then 

re run as a final che ck fo r t empe rature dri ft and 

re so lution los s . 

The re s o lut ion was continuous l y  "peaked up" for  

maximum re so lut ion . A fu ll  re adj us tment of the 

re so lut i o n  was made eve ry hour to e n sure opt imum 

condi t ion s . With th e changi n g  t em pe rature the pha s ing 

of the expe rime nt al s pe ct rum had to be cont inuou s l y  

re adjusted . 

Figure 4 . 5 shows the the o re t i c al and expe riment al 

spectra fo r the H 3 , H 5  nucl e i  of  N , N-dime thyl-p-

nitro s o an i l in e . The method was  sensitive enough that 

a ch ange i n  t empe rature o f  1 K produced a cons ider ab l e  

de teriorat ion in fit , with the valley  he ight betwe e n  

the pe aks o f  the spectra incre as ing o r  decre as in g .  

This  was combined with b ro adening e ffe cts  o n  t h e  s p e ctra . 

8 1  



8 2  

Tab l e  4 . 4  

Rot at ional rates  as a func t i on o f  tem12e r ature fo r 

Com12ound �12  and Com12ound �22 in ch loro fo rm-d1 

Com:Qound �1 2a 

T ( K )  -c1 ( rads s -1 ) 1 0- 3 T-'1 ( K-1 ) �-1 log1 0c 

247 . 0  1 2 . 6  4 . 049 1 . 1 004 

252 . 5  25 . 1 3 .  960 1 . 3 997 

2 54 . 0  37 - 7  3 - 937 1 . 576 3 

267 . 0  1 2 5 . 7  3 . 74 5  2 . 0993 

272 . 0  21 9 . 9  3 . 676 2 . 3422 

27 5 - 5  31 4 . 2  3 . 6 30 2 . 4972 

284 . 0  7 54 . 0  3 . 521 2 . 8774 

289 . 5 1 2 56 . 6 3 . 4 54 3 . 0993 

305 . 5  5026 . 5 3 . 27 3 3 .  701 3 

309 . 0  628 3 . 2 3 . 2 36 3 .  7982 

31 4 . 5 942 5 . 0  3 . 1 80 3 .  974 3  

3 1 8 . 0  1 2 566 . 0  3 . 1 4 5  4 . 0993 

Com12ound (2 )b 

T ( K )  t-1 ( rads s -1 ) 1 0- 3 T-'1 ( K-1 ) log1 0  -c:
-1 

2 54 . 5  1 2 . 6 3 . 929 1 . 1 004 

260 . 5 ? 5  . 1  3 . 839 1 . 3 997 

276 . 0  1 2 5 . 7  3 . 62 3  2 . 0993 

282 . 0  21 9 . 9  3 . 546 2 . 3422 

285 . 5  3 1 4 . 2  3 . 503  2 . 4 972 

297 . 5  942 . 5  3 . 361 2 . 9743 

31 5 . 5  4398 . 0  3 . 1 70 3 . 64 3 3  

320 . 0  628 3 . 0  3 . 1 25 3 . 7 982 

32 5 . 5 942 5 . 0  3 . 072 3 . 9743 



The s pectrum at - 30°C ( Figure 4 . 5 ) invo lved 4 hours 

o f  c omput ing time plus 3 hours adding and plotting t he 

intensit i e s . To find the experi ment al spectrum took o ne 

entire week in th e first s t ages o f  this pro je ct . 

F i gures ( 4 . 5 ) , ( 4 . 6 )  and Table 4 .3 represent the resu lt s 

o f  s even weeks ' wo rk . But the c� n fi dence and 

e xperience gained in the me thod from this study he lped 

reduce the an al ys i s  of othe r sys tems . Howeve r ,  an 

an alysis  o f  a four-spin s ystem us ing thi s t echnique do e s  

m e an at l e ast a minimum o f  one month ' s  wo rk . 

Tab le 4 . 3  shows the t wo nitro s oan i l ines that we re 

s t udied us ing the IBM 1 1 30 .  Only thi rteen data  po ints  

are reco rded he re but the y repre s en t  approximate ly 

t hi rteen weeks ' work . The method w�s given a boost 

b y  the arrival o f  the B6700 . Table  4 . 4  for c ompound 

( 1 )  shows 1 2 dat a  po ints . The s e  we re generat ed over 

a period o f  only 1 0  days us ing the B6700 . A lthough 

l ack o f  punching fac i l it i e s  me ant that ne arly 3000 

c ompute r  c ards had to be punched fo r plotting the 

theore t i c al spe ct r a . 

Tab le s  4.3-4.5 show that for t he temperature range 

s tudied , ( 70 K ) , the rate vari e s  by a factor  o f  a 

thous and . As c an be seen by t he spectra pre s ented i n  

this cha pt e r ,  o n l y  bro ad l ine s pe c t ra were studie d . 

The re we re two re asons why this t ype o f  spe ct ra was 

studied . The fi rst and mos t  important re as on was 

that it  s aved comput at ion t i me . The s econd re ason 

was to ensure th at s pe ctral  re gi �ns were chos en  that 

were not influenced  by  T2 b e c ause the method that was 

be ing us ed , ne c e s s it ated the use o f  the s low exchange 
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Table  4 .  2 
Rotat i onal rat e s  as a funct ion o f  tem:Qerature for 

Com:Qound (2) in t o lue ne -d8 

Compound (2)b 

T ( K )  't'-1 ( rad s-1 ) 1 0-3T-1 ( K-1 ) 'C' -1 log1 0  
244 . 0 1 2 . 6 4 . 098 1 . 1 004 

249 . 5 2 5 . 1  4 . 008 1 . 3997 

262 . 5  1 2 5 . 7  3 . 81 0 2 . 0993  

269 . 5  314 . 2  3 . 71 1  2 . 4972  

278 . 0  628 . 3  3 . 597 2 . 7982 

297 . 5 4398 . 0  3 .  361 3 .64 3 3  

301 . 5  628 3 . 0 . 3 . 31 7  3 . 7982 

305 . 5 942 5 . 0 3 . 27 3  3 . 9743 

31 0 . 5 1 2 5E;>6 . 0  3 . 221 4 . 099 3 
' 



p aramet e rs over the who le t em pe rature range . 

Looking at Table 4 . 5 it  c an be s e en that the 

t emperature me asurement s are m( ssured to onl y e ven 

and hal f degree value s w i t h  no in-between value s .  

The JEOL calibrat ion cha rt for t empe rature 

me asurement only enabled  me asurement to within 0 . 5 K .  
A guess  e stim at e cou ld have been to s ay 0 . 2 K o r  

0 . 8 K ,  but wi th a probab l e  re a l  e rro r o f  1 K these  

fi gures were rounded o f f .  The graphic al method w as 

not us e fu l  in giving an abso lut e  ide a  of  tempe rature 

in the probe but as commented earlie r in the Chapt e r ,  

actual t emperature gradients are o f  the orde r o f  

-1  0 . 5 K c m  • 

It  was found that a 0 . 5  K vari ati on o f  

t empe rature as re corded b y  t he JEOL cal ibrat i on 

chart produced a ve ry re al  and s i gnifi cant change in  

the  line -shape . The s e n s i t i vi t y  o f  the meth od was 

t o  within 0 . 5 K espe c i a l l y  in the are as o f  s low and 

int e rm e d i at e  exchange . To ensure con fidence  in 

the tempe rature me asu rements , s pe ctral  measurement s 

were r e pe ated at le ast t wo or three t imes s e ve ra l  

days apart . 

I n  the in iti al s t age s o f  this pro j e ct t he first 

s pe ct r a , represented by F i gure s ( 4 . 5 ) an d  ( 4 . 6 )  

we re repe at ed o n  at least  five s e p arate oc c as ions . 

This me ant some spectra had at le ast fi ft een  hours 

NMR s pe ct rometer  time . Running a spectrum at a 

part i cular temperature t o  check the l ine -shape 

took 1 0  minutes . It  w a s  fo und to be a wast e  o f  

t ime running the s ame  sp e ct rum at a faste r  spe e d . 
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Figure 4 . 7  Examples of experimental and theoretical spectra for the H3,H5 nuclei of N,N-diethyl-p-nitrosoanil ine in toluene-d8. 



The noi s e  fi lte r  had t o  be reduced and this made the 

noise  le ve l  so large a comparis on o f  p e aks and 

valleys o f  the experiment al  and the ore t i c al spectra 

proved me aningle s s . 

Spectra we re s i mulated us ing the s ame 

ro t at ional  rat e s  for most s pe ctra . Thi s  was found 

t o  fac i l i t ate an e as i e r  comparison of t empe rature 

value s , as c an be s e en in Table 4 . 4  whe re dire c t  

comparison o f  compounds ( 1 )  and ( 2 )  a t  an exchange 
-1 rate o f  3 14 . 2  rads s shows a 1 0  K di f fe rence . Thi s  

does  not howeve r  tel l us anything about the barrie r 

t o  rot at ion . 

4 . 1 . 1 3  The B arrier t o  rot at ion . 

Arrhenius plots o f  log �-1 versus T-1 fo r the 

n i t ro s o ani line s c an be s e en in Figure s 4 . 9  and 4 . 1 0 .  

Visually  the s lopes o f  all  five plots are very 

s im i l a r .  A more exact comparison c an be made b y  

l o oking at t he act ivat ion energies o f  the se s ys t em s . 

Table 4 . 6  shows a di f fe rence o f  only 1 . 7 kJ mo l-1 for 

N , N-dimethyl-p-nitro s o an i l ines in ace tone (61 . 9  kJ 

m o l-1 ) and chloro form ( 6 3 . 6  kJ mol-1 ) . For 

N , N-diethyl-p-nitros o anil ine the range of value s for 

Ea is only 3 kJ mol-1 • 

Comparing compounds ( 1 )  and ( 2) in the s ame 

s o lvent , the d i f fe rence is found to be about 1 kJ mol-1  

for both ace t one and ch loro form . Again it i s  

un fortunate that dat a  could not be obt ained o n  

c ompound ( 1 )  in toluene due to s o lub i l it y  prob lems 

at low t emper ature s . 
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Figure 4 . 8 Examples of experimental and theoretical spectra for the H2,H6 nuclei 
of N,N-diethyl-p-nitrosoanil ine in toluene-d8. 
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Though the s lopes o f  e ach s ystem are s im i l ar , 

the int e rcepts  o f  e ach graph are cert ainly not . 

This c an be seen from the value s o f  A s+ shown in 

Tab le 4 . 6 .  

The frequency factor A or the int e rc e pt is  

re l ated  to the actual rot at ion o f  the indi vidu a l  

mo le cule . The rot at i on o f  an individual mo le cu le 

is ve ry fast owing t o  the small amount o f  inert ia . 

In the author ' s  opinion , A perhaps re fle c t s  s li ght 

change s t o  the inert i a  of the mo lecule e ithe r b y  

changing the p-subst ituent o r  the environment ( that 

is t he so lvent ) . 

One o f  the obvious que sti ons that ne eds t o  be 

answe red is : Ho w do these value s for \ the barrier 

to rot at i on compare with  pre vious s tud ie s ?  

Four di ffe rent methods have been used by 

previous investi gators . These wi l l  e ach be 

examined brie fly . The onl y  compound that has been 

studied by all groups is N , N-dimethyl-p-n itroso ani line . 

The first report ed  study o f  int e rn a l  rot at ion 

in N , N-dime thyl-p-nitrosoan i line was in 1 964 . 5° 

Us ing the method o f  Piette and Ande rson , 27 rate 

const ant s we re obt ained in t he re gions o f  s l ight 

exchange broadening and motion a l  narrowing . 

const ant s  were not obt ained at int e rm e di at e  

tempe rature s b y  the s e  inve st igat ors through 

di f fi culties  o f  an alys i s . 

Rat e  

The act ivation paramet e rs derived are shown be low . 
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Figure 4 . 9 Arrhenius plots for rotation about the Ar-NO bond of 

N,N-di methyl-p-nitrosoani l ine in chloroform-d 1 and 

' 
acetone-d6 (dotted l ine) . 
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A Gf 
298 

A H .t A S :t  

mot ional n arrowing 50 . 6  + 2 . 1 46 . 8  + 4 . 6  -0 . 01 2 � .020 

exchange bro adening 

units  : kJ mol-1 

49 . 3  + 2 . 1  

The s o lvent used was ace t one . 

The values obt ained by  the use  o f  the de nsity  

matrix me thod are shown in  T ab le 4 . 6  with AG*
298 = 

52 . 5  kJ mole -1  and AH� = 59 . 4  kJ mole -1
• This value 

for AH4 l i e s  we l l  outs ide the expe riment al error shown 

in MacNic o l  et a l ' s 5° figure s . Piette and Anderson27 

had made a numbe r  o f  simpl i f i c at ions in the ir  s tudy o f  

the alkyl nit rit e s . The mathemat i c al mode ls ut i l i sed 

by MacNi c o l  et  al were the s impl i fi c ations o f  Pie t t e  and 

Ande rson . The s e  approximat e  e quat ions ignore not  

only the re l at ive value of  the e xchange rate as 

compared t o  the chemic a l  shi fts and coupling cons t ant s , \ 
but also  ins trument al cont ribut ions to the e ffe c t ive 

l ine -w idth in the absence o f  exchange . 

Piette  and Anderson e st imated the ir l ine -width 

me asurement s as accurat e to within 2�fo ,  givi ng an 

overall  expe riment al error o f  2�fo in E • a In c ont ras t , 

MacNicol  e t  al I s  experimental  e rror in A H. is c l aimed 

to  be  only � 1 �fo .  

A s econd group o f  inve s t i gato rs , Korver e t  a l , 51 

us ed two independent methods to de rive act ivat i on 

parameters for N , N-dimethyl-p-n it ro soanil ine in 

chloro form . The y s impl i fied the aromat i c  s pin p at t e rn 

by s e lect ive deute rat ion at the o rtho pos i ti ons t o  

enab l e  e as ie r  analys i s . 

One method the y used was that deve loped by  Woodbrey 



Cl' CO 
Tab le 4 . 6  

Act ivat ion PB.J'81Il�t�I§ __ 
f()r ( 1 ) a.Ild_ C£2 

Compound Solvent �a(kJ mol-1) AH+ (kJ mol -1 ) �G+(kJ mo l- 1 )A AS+(kJ mol-1K-1 ) 

( 1 )  ( CD3 ) 2co 61 . 9 59 . 4  52 . 5  0 . 023 

( 1 )  CDC13 6 3 . 6  61 . 1  5 3 . 6  0 . 025  

( 2 )  ( CD3 ) 2co 6 3 . 0  60 . 5 54 . 5  0 . 020 

( 2 )  CDC1 3 64 . 4  61 . 9  5 5 . 8  0 . 020 

( 2 )  c6n5cn3 66 . 0  6 3 . 5  52 . 1  0 . 038 
-· 

A �� c alculated at 298 K 

Errors + 1 . 6 kJ mol-1 in E8 and 6 H+ 

+ 0 . 2  kJ mol-1 in AG• 

( 1 )  = N , N-dimethyl-p-n i t ro s o an i l ine 

( 2 )  = N , N-diethyl-p-n i t ro s o ani l ine 

+ 0 . 006 kJ mol-1 K-1 in A S:f 



and Roge rs . 25  This was  t o  re cord the re s onances 

c aused b y  the aromat i c  protons in the met a-pos i t ions 

at t empe rature s be low the coales cence temperature 

and me asure the maximum ( Im ax ) and cent ra l  ( Imin) v-

mode inten s i t i e s  for the H 3 , H5 double t . Equat i on 

( 2 . 2 5 ) i s  ut ili z ed the re a fter to  find the ro tat ional 

rate  k .  

In this c as e  the the ore t i c a l  mode l i s  ade quat e , 

as e quat ion ( 2 . 2 5 )  only  applie s fo r the uncoupled 

two-s i t e  cas e . Howe ve r , the e f fe ct o f  a s yst emat i c  

e rror is  somewhat reduced b y  the large chemi c a l  shi ft 

d i ffe rence betwe en the H 3  and H5 pro t ons . 

In contrast to the dens ity mat rix method the 

chi e f  dis advant age is the limited te�pe rature range 

which c an be c o ve red using Roge rs and Wo odbre y ' s 

method . For Korver et  a l51 the t emperature range 

cove red was only 1 0  K .  The rate parame ters thus 

derived are very dependent on pre c i s e  te mperature 

me asurement s for which they c l aim an accurac y of 0 . 1  K .  

The e xperiment al const raint s sugge st that the se re sults 

are not re l i ab le .  Harris and She ppard6 1  comment that 

pub l i shed e rrors in AH� obtained by the high-re so lut i on 

NMR method should be  int e rpreted l ibe rally , part i cul arly 

when t aken ove r  a sm a l l  temperature range . 

Value s obt ained for Ailit and AS� us ing Roge rs and 

Woo dbre y ' s method are shown be low . The results for 

N , N-dime thyl-nitro s o an i l ine in  chloro form obt ained b y  

the dens it y m at rix method are i n  parenthese s .  

AH+ = 61 . 0  � 4 . 2  kJ mo l-1 (61 . 1  � 1 . 6 kJ mol-1 ) 

� s+ = 0 . 005 � 0 . 01 5  kJ mo l -1 ( 0 . 02 5  � . 006 kJ mo l-1 ) 
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The s e cond method used by  Korve r e t  al , was 

deve loped by Alexander22 and invo l ve s  exchange 

n arrowing o f  the absorpt ion b and at te mperature s 

above coa les cence . The he ight o f  t he absorpt ion 

b and ( A )  at a c e rt ain tempe rature rel at i ve to  the 

he ight ( A0 )  at " infinite " tempe rat ure is re lat ed t o  

i n  a very c omplex equat ion which c an be  simpl i fied 

to give : 

k = h = 

• . •  ( 4 . 1 ) 

The value s obt ained fo r the activation parame t e rs 

�H+ and AS4: using the second method are : 

A H t = 62 . 3  .!. 0 . 4 kJ mo l-1 

A s * = 0 . 020 � 0 . 001 kJ m o l-1  

Again these  values l ie ve ry c l o s e  to those 

obt ained us ing the density matrix appro ach . Figure 

( 4 . 1 1 )  shows an Arrhenius plot o f  the combined re sul t s  

o f  Korve r e t  a l51 i n  comparison wi th t he plot obt ained 

us ing the dens i t y  mat rix tre atment . 

The only other study on p-subs t itut ed 

nitrosob enzene s  was accompl ished b y  C a lder and Garra t t . 49 

These inve s t ig at o rs obt ained a s e rie s o f  values fo r 

AG+ at the co ales cence temperature . The approxi m at e  

method use d  was  the Gut owsky-Holm  equ at i on which was 

o riginally int ended fo r the unc oupled two-site  c as e  but 

does give re asonab le value s fo r AG� at the co alescence  

temperature . 

4 . 1 . 14 Errors in the Activat i on Parameters 

In a study o f  this t ype where an obj ect ive i s  t o  

critic a l l y  examine a previous inve s t igator ' s  re sul t s  

9 1 
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there must be an awarene s s  o f  the s t rengths and 

we akne s s ' s  o f  a new approach . This s e ct i on 

sugge sts  what the magnitude o f  the e rrors invo lved 

in the act ivat i on parame ters are and l ooks at some 

o f  the phys i c a l  prob lems in us ing the s pe ctrome t e r  

that cont ribut e to e rro rs in  the kine t i c  parame t e rs . 

The magnitude o f  the e rrors invo lved in the 

activat i on parame t e rs c an best  be stud ied by 

cons idering temperature measurements and the e xchange 

rat e . 

Errors we re c a lculated us ing an uncertainty in 

the tempe rature o f  + 1 K although as dis cussed in 

the previous sect i on , Korve r et al 51 c l aimed an error 

o f  + 0 . 1  K .  Tempe rature me asurement .
. 
s ( se e  Chapte r  

Two ) are a s ource o f  cons ide rable e rro r i n  l ine -shape 

ana l yses  and much cont rovers y has gone on ove r  the 

accurac y o f  temperature me asurement s at the s ample 

site . With the appro ach us ed in this thesis  whe re 

�-1 spe ct ra we re fit ted t o  p art i cular value s o f  � , 

considerab l e  re l i ance  must be placed on the 

temperature me asurement s . The use o f  the JEOL 

temperature chart gave an est imat e  o f  the error o f  

.± 0 . 5 K .  Tempe rature gradi ent s in the NMR probe  

it s e l f  were inve s t i gated  t o  s e e  how l arge thei r  

c ont ribut ion  was t o  the error i n  me asurement . They 

we re me asured using c oppe r-c onst ant an thermoc ouples  

which had vo lt ages me asured by a pot e nt i omet e r  b ridge 

( W . G .  Pye and Co . ) .  One the rmocoup l e  w as pos itioned 

in t he probe ne ar the rece iver co i l , whi le  the othe r 

was po sitio ned at di fferent he ights in a spi nning s ampl e  

tube . 
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Table  4 . 7 9 3  
Tem�erature gradient s in the sam�le tube in the 

JEOL JNM-C-60HL £robe at di ffe rent t em£e rature s 

for a gas flow �re s sure o f  20 g cm-2 

The probe thermocouple is repre sented by ( B )  

The s ample tube thermocouple is re p res ented by ( A )  

Room t empe rature ( A )  - 774 ,.V 
( B )  - 774 p.V 

( A ) /,v--V 
( cm ) he ight above the bottom ( B ) /  �E A( A E )  Temp . 

o f  tube p.V Cont ro l  
0 1 2 3 4 

1454 1416 38  0 31 3 K 
1 449 1 409 40 2 

1 48 5 1 431 54 1 6  
1 495 1 4 35 60 22 

146 5 1 400 6 5  27 

1 971 1 866 1 05 38 32 3 K 
1 96 5 1 871  94 27 

1 951 1 86 5  86 1 9  
1 951 1 876 7 5  8 

1 94 5  1 878 67  0 

2402 2296 1 06 ' 0 3 3 3  K 
241 0 2295 1 1 5  '. 9 

2442 2 3 1 7  1 2 5 1 9  
2427 2286 1 41 35 242 5 2284 1 41 

2441 2288 1 53 47 

2888 2664 224 78 343 K 
2890 2667 2 2 3  

2872 2672 200 54 2872 2672 200 
282 5 2647 1 78 32 2843 266 5 1 78 

281 4  26 52 162 1 5  281 4 26 54 1 60 
2806 2660 1 46 0 
2807 2661 1 46 0 

3228 3041 1 7 3  0 3 53 K 
32 55 3051 204 31 
3251 304 5  -�05 32 

3277 3050 2 27 54 
3280 3052 2 28 55 

3298 3042 2 56 8 3  
3 305 3051 2 54 84 

3 354 3064 2 90 1 1 7  
3354 3064 2 90 1 1 7  



Me asurements  for a range o f  t empe rature s are 

shown in T ab le ( 4 . 7  ) .  A p l o t  o f �(AE) versus t he 

he ight o f  the the rmo couple ( A )  abo ve the bottom o f  

the s ample tube is  sh own in Fi gure ( 4 . 1 2 )  fo r a 

tempe rat ure o f  3 5 3  K . The t e mpe rature gradient i s  

ne arly 0 . 6  K cm-1 • The conve rsi on factor for vo lt age 

(,....V )  to t em pe rature was obt a ined from the "Handbook o f  

Chemistry and Phys ics " by the Chemic a l  Rubbe r  Compan y .  

With the t empe rature contro l le r  re gist e ring 31 3 K the 

-1 gradient was  0 . 2  K cm • The ext reme s of the 

temperature r ange indic ate a furthe r  contribut i on to 

the expe ri ment al temperatu re e rror of about 0 . 5 K .  The 

tempe rature gradient o f  0 . 6  K cm-1  was the ext reme o f  

the t empe r ature me asurement s .  Figui-es ( 4 . 9 )  and ( 4 .1 0 ) 

show the d at a  po int s with an e rro r bar o f  i 1 . 0 K .  

All  thes e  plots  have a corre l ation coe fficient o f  less  

than -0 . 999 . 

Since t-1 was one o f  the parameters fed into the 

dens ity matrix program it was difficult to e st i mate  

e rrors in this parame t e r .  Pos s ible  phys ical  problems 

aris ing from the part icular approa ch o f  mat ching 

experiment al spe ctra to the theore t ic a l  are the twin 

prob lems o f  phas ing and s aturat i on . 

Saturati on prob lems arise  whe n  the power out put 

from the observat ion and l o ck ing chenne ls st art t o  

de c re ase t he spe ctral s i gn a l  from the s ample . To  

m inimi z e  s aturati on e ffect s , spectra were run at 

minimum modulat ion and maximum amplitude . Thi s  

re sult e d  i n  al l s pectra having a large nois e  patt e rn 

which was reduced by using t he appropriate e l e c t ronic 
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fi lter  contro l on the �actrometer . One method t o  

che ck i f  s aturat ion e ffect s we re o c curring was t o  

p l ace the rec o rde r pe n o n  t o p  o f  a s pe c t ral s ignal 

and obse rve the movement , if  any , of  the recorder 

pen .  A movement downwards wou ld ind i c ate that 

s aturati on e ffe cts  we re t aking place . Anothe r s imple 

way of che cking s aturat i on e ffe ct s was t o  re run the 

s ame s pe ctrum on top  o f  the first spectrum . I f  

there was s atur at i on the pe ak he ight s o f  the s i gnals 

would be diffe rent . 

The othe r problem that can affe c t  �1 i s  the 

phas ing of the s i gna l . By having ve ry high gain on 

the ampl itude contro ls , phas ing was a re al prob lem . 

Prope r phas ing me ans that the s pe c t r�m doe s  not devi ate 

from its base line a ft e r  pas sing through an absorpt i on 

peak . Any s l ight change in powe r and change s in 

t empe rature a ffe cted the phas ing of a s pectrum . 

The mode cont ro l  between absorpt ion and dispers i on had 

to be adjusted e pch t ime a spectrum was run at a 

d i f fe rent temperature . Inco rrect phasing a lt e rs the 

po s itions o f  pe aks ( e s sent ial input fo r the dens i t y  

m atrix program ) and distorts the appe arance o f  the 

expe riment al line -shape which wi l l  a ffect  t- 1 • The 

e arly prob lems o f  not us ing enough b as e -line resu lt ed  

in obt aining a non-l ine ar plot  of  log �-1 ve rsus 

inve rs e  tempe rature . 

The e rror in Ea and AH* was e s t imated to  be 

+ 1 . 6  kJ mo l-1 by graph i c al vari at ion  in the s lopes of 

the Arrhenius plot s . 

The part i cular metho d  employe d  in this pro j e c t , 
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o f  gene rat ing theore t i c a l  curves from the s lo w  

exchange p arameters , cou ld cont ribut e to  e rrors in 

�-1
• It was found to be  not pos s ibl e to make 

s yst emat i c  me asurement s of the temperature de pendence 

of the chemi cal shi ft s and T2 values  in the region 

of  s low exchange , because o f  s o lub i l it y  and so lvent 

vis c o s i t y  prob lems . The coupling cons t ants  are 

as sumed to be independent of t emperature62
• Any 

temperature dependence in T2 was minimised by the 

choice  o f  broad b ands in the s pect ra .  Dahlquist and 

Fo rsen 38 in thei r  study o f  N-ac etyl pyrrol e  found that 

the theore t i cal spe ctra at both high and low 

temperature s  cou ld be we l l  reproduced with the s ame 

s e t  of T2 and spin-s pin c oupl ing cons t ants . 
' 

The y 

used the s e  parame t e rs fo r the calculat ion o f  

theore t i c al spect ra a t  a l l  int e rmediate  t e mperature s . 

For acetone and chlo ro fo rm the shi ft di f ference 

showed a sma l l  change 

o f  about 1 Hz ove r the ob servab le t em perature range . 

Thus , the s low exchange chem i c al shi ft s  were used , o r  

had t o  be  used , in a l l  c ases . Again Dahlquist  and 

Forse n 38 with the ir vast l y  superior  comput ing 

faci l i t i e s  used the s low exchang� chem i c a l  shi ft s  at 

all  t empe rature s , as the y found that a sma l l  

tempe rature vari ation i n  the chemi c a l  shift s  had no 

det e ct ab l e  e ffect on the c a l culat e d  spe ct ra . In 

this investi gat i on pe ak fitt ing was perfo rmed  by 

shi ft ing the calculated NMR spect ra  one or t wo hert z 

when this proved nec e s s a ry t o  ensure that the maximum 

intens i t y  pos it ions co incided . Such a pro cedure should 



be valid provided the re l at i ve fre quency shi ft s  in  

the  part of  the s pect rum which is be ing fit t ed are 

in the s ame di rect ion . This  conc lus i on i s  supported 

by the e xc e l lent fit s that we re ob t a ined for al l the 

NY� spe c t r a .  

4 . 1 . 1 5 Summary 

The use o f  the dens i t y  mat rix t re ated  has c le ared 

up the d i s c re panc y betwe en Korver et a l 51 and MacNi c o l  

et  a l ' s 5° re sult s for N , N-dimethyl -p-n i t ro s o an i l ine . 

MacN i c o l  e t  al ' s  value s fo r the act ivat i on parame ters 

in acetone have been found t o  be e rroneous whi le  

Ko rve r et  al ' s  value s have been confirmed . The 

corre lat i o n  of Korve r  et a l ' s results  with the d at a  

from the dens ity  mat rix t re at ment pr�vide a good 

t e st imony for the re l i ab i l i t y  of the method . 

The st art ing point o f  t he invest i gati on had been 

to examine the s o lvent e ffe c t s  that we re supposedly 

oc curring in  the nit ro s o an i l ine s . Ko rver et  a l51 , 

unab le  t o  explain their  re sult s , had suggested  that 

furthe r expe riment s were n e c e s s ary t o  e s t abl ish whethe r 

there was a s i gn i ficant corre l at i on betwe en the 

ro t at ional b arri e r  and the nature of the so lvent . 

Fo r other s yst ems like the 1 -acyl pyrro l e s , 

d i f fe rent subst i tuent s had b e en obse rved t o  rais e  the 

barri e r  t o  int e rnal  rot at i on through inc re ased double  

bond character68 • The po s s ibi lity  o f  o the r factors , 

such as so lvat ion , affe ct ing the barrier  was a l s o  

rai s ed . Small but s i gni f i c ant so lvent e ffe ct s have 

been  obs e rved for rot at ion about the N - CO b and in 

A so lve nt e ffect on the inve rs i on barrie r  
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in N-benz yl-0 , N-d imethyl hydroxylamine71 was so  marked 

that the rat e  o f  inve rs i on c ould only  be studied with 

s o l vents o f  low d i e lectric  cons t ant . Cooney e t  al72 

obse rved a s o lvent e ffe ct on the b arri e r  to rot at ion o f  

bi cyc l i c  N-nit ro s amine s and sugge s t ed that the obs e rved 

e ffect may be due t o  the so lvent s o f  higher po larity  

st ab i l i z ing the  dipo l a r  re sonance s t ruc ture II . 

' 
N - N = 0 'N+ 

= N - 0 -/ / 

I I I  

Analogous re sonance s t ructure s c an b e  writ t en for 

the p-subst itut ed  nitro s o ani line s . However in this 

inve s t i gation no such e ffe ct of so lvent po l arit y on 

the b arri e r  was obs e rved . The s i gn i f i c ant re sult  o f  

the pre s ent stud y  fo r the p-nitro s o ani l ine s  i s  that 

de spite  t he wide ly di ffe rent pro pert i e s  of the so lvents 

used ( a  po l ar �ydro gen b inding so lvent , chloro fo rm ; a 

dipo l ar aprot i c  so lvent , acetone ; and a non-po lar  

aromat i c  so lvent , t o luene ) within expe riment al erro r , 

no s i gn i ficant s o lvent e f fe ct on t he barrier t o  

rot ation about t h e  Ar-NO b and was obs e rved . Furth e r  

studies  o f  the e ffect o f  so lvent on t h e  b arri e r  t o  

rot ation i n  oth e r  mo lecule s are ne eded in orde r t o  

demonst rate whethe r the beh aviour o f  t he subst itut ed  

p-nitro s o aniline s  i s  exc e pt i onal . 

For N , N-diethyl-p-n i t ro s o an i line in t o luene-d8 

there appe ars to  be a s li ght so lvent e ffe c t  with s l i ght 

increas e s  in t he c alculat e d  values o f  the ent ropy and 

enthalpy of act ivat ion . I f  this smal l e ffe ct is re al  

it  may  arise  from a solvent -s o lute a s s o c i at ion7 3  
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st ab i l i z ing the ground st ate and giving a s li ght ly 

h i ghe r value o f  Cl Ht whi le disrupt i on o f  the 

associat i on on rot at i on gi ve s  ris e  t o  a large r 

.t1 s� value . 

The re sults  o f  the wo rk on the p-nitro s o an i l ine s 

h ave been pub l i shed74 , 7 5  and thes e  re port s c an b e  

found in a n  enve l o pe at the back o f  this the s is . 

MASSEY U N IVERS ITY 
liBRAR'( 
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4 . 2 .  The Anion Derived from p-nit rosophe nol 

An apprec i ab le b arrier t o  rot ation has b een 

found to e xi s t  for the sod ium and pot ass ium s alt s o f  

p-nitro s o phen o l  in n2o49 , 76 • The m agnitude o f  the 

AG+ value obt ained fo r this  compound stands out in  

cont ras t to  values fo r the o ther  p-substituted 

nitro s obenzenes in Calder and Garratt ' s  pape r . 49 

In fact the A G+ value obtained w as 20 kJ mol-1 hi ghe r 

than that for the next nit rosobenzene . 

It  has been suggested that rot at i on may be a c id 

c atal ys e d  du e t o  rapid rot at i on o f  the protonat e d  

fo rm .  76 
0 OH 

( I )  ( I I )  

The fo l lowing sections out l ine the study o f  

p-nitro s o pheno l i n  pot ass ium c arbonate  and d i scus s 

the re sults o f  att empts t o  a lt e r  the c oncent rat ion o f  

t he free ani on . 

4 . 2 . 1  Puri ficati on o f  p-nitro s opheno l  

Approximate ly 1 0  g o f  c o mmerc i a l  p-nit ro sophen o l  

( KOCH-LI GHT)  w a s  dissolved in 5 0  c m3 o f  dry diethyl 

ethe r .  This mixture was boiled  w ith 1 -2 g o f  

d e c o lour i z ing charc o a l  and t hen fi lt e red through a lum in a . 

The c le ar green s o luti on was e vaporated  down , under a 

s t re am o f  nitro ge n  gas , t o  give dul l  ye l low c ryst als  o f  

p-nitro s o pheno l .  The se c ryst als w e re immedi at e l y  

co llected b y  fi ltrat ion , and s t o re d  in a des s i c ato r . 

The diethyl e ther use d  in the above pur i f i c ation  
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was prep ared in the following m anner .  A winche s t e r  

o f  ether w a s  divi ded into two approximatel y equal 

vo lumes ,  and e ach w as shaken in a large separato ry 

funne l with 20 cm3 o f  ferrous s o lut ion ( the 

concentrat e d  so lut ion of ferrous s alt was prep ared 

from 60 g o f  fe rrous sulphat e , 6 cm3 o f  concent rat e d  

sulphuric ac id and 1 1 0  cm3 o f  w a� e r) d i luted with 

1 00 cm3 of wat e r . After the w at e r  was remo ved , t he 

ether was t rans ferred to  the winche ster  and about 

200 g o f  anhydrous calcium chlori d e  was added . By 

l e aving this mixture t o  s t and for at l e ast 24 hours 

most o f  the alcoho l  and wate r w as removed . The e th e r  

was t rans fe rred by filtering through flut ed filter  

paper to  anothe r c le an dry winche s t e r .  

Sodium wire was then int roduce d  dire ctl y int o 

the  e the r . The bot t le was s e al e d  b y  a rubbe r s t opp e r  

carrying a drying tube fil led w it h  c ot ton woo l  and 

calcium chloride ( to al low the e s c ape o f  hydro gen) . 

4 . 2 . 2  Preparat i on o f  NaOD . 

Approximat e ly 1 g o f  s odium met al was firs t c le aned 

i n  t -but yl alcoho l .  Under the c on di t ions of  a nit ro ge n  

atmo sphe re t he s od ium was added t o  a flask o f  n2o .  The 

addit ion t o ok about half  an hour . The s o lut ion was 

t hen fil t e red  and made up to 25  cm 3 in a vo lume tric 

f l as k . Again , this was a l l  done under nit ro gen . The 

m o l arity o f  the NaOD was found b y  t it rat ing with 

0 . 1 M HCl to be 1 . 65  M .  

4 . 2 . 3 Preparati on o f  S ampl e s . 

7% w/v so lut i ons o f  p-nitro s o pheno l were prepared 

in  a 1 mo l 1 -1 pot ass ium c arbonat e s o lut i on and in the 

10 1 



1 . 6 5  mo l 1 -1  s odium deute roxide . Thes e  sampl e s  were 

m ade up for NMR me asurement as previou s l y  dis cussed  in 

S e c t ion 4 . 1 . 3 .  Anhydrous pot as s ium c arbonat e  was us ed 

in conjunc tion with deut e rium oxide ( St ohler Isotope 

Chemicals )  for one s ample . The pD o f  p-nit ros o pheno l 
. -1 in 1 . 6 5  mo l 1 NaOD was found to be 1 2 . 4 .  

S ince tet ramethyl s i l ane i s  immiscible w ith w at e r  

another int e rnal  re ference st andard h ad to b e  found . 

One proven NMR int e rnal st andard for n2o is t he 

inte rnal  st andard 3-t rimethyl-s i l ylpropane sodium 

sulphonate . To obt ain an ade quat e loc k  signal the re 

must  be a re asonab le amount o f  re ference compound 

present . How e ve r ,  such a quant it y o f  re ference compound 

was required that on lowering the te�pe rature be low 

29 3  K ( to obt ain the s low exchange spectrum) this s alt 

pre c ipitated out o f  s o lut i on .  This ne cessitated  the 

cho i c e  of anothe r NY� re ference c ompound , 

hexamethyldisi l ane . This compound is immis c ib l e  with 

water but has a bo i l ing po int o f  386 K .  The 

hexamethyldis i l ane w as s e a led  in a c api l l ary tub e  

c e nt red i n  the NMR tube o f  p-nitro s o pheno l  so lut ion . 

4 . 2 .4 Tempe rature Me asurement s 

While  in previous work , ' super-dry ' methan o l in a 

s e al ed c api l l ary tub e  in a s ample o f  the same s olve nt 

had been  used as the N1ffi thermome te r , t his section 

describes a d i f fe rent procedure . The re were two 

re asons for this ; o ne , was to  check the re l i abi l i t y  

o f  m easurement s using the JEOL calibrat i on chart whi ch 

had to be re l i ed on in al l e arlie r t em pe rature 

m e asurement s . The other was t o  see  how use ful the 
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e quat i ons that applied t o  the glyco l and methano l 

thermometers des c ribed b e l ow were . 

The me asuring thermometers we re ai r-s aturat ed 

methano l or gl yco l so lvent s containing concentrat e d  

aque ous hydrochlori c acid ( . 03% by vo lume ) se a led i n  

NMR tube s .  The s pe ctrometer was locked to  the CH3 
o r  CH2 protons with t he re corde r cent red on the OH 

re s onance and the frequenc y di fference (Av) re ad on 

the fre quency c ount e r . A . L .  Van Ge e t77 , 78 has 

deve loped a numbe r  o f  e quat i ons to us e in conjunct i o n  

w i t h  t hese  NMR the rmome t e rs . 

For the e thylene glyc o l  the rmometer the c hemic a l  

shi ft ( AY )  between t he CH2 and OH group s  fits a 

s t raight line , with a c laimed e rro r o f  + 0 . 3  K ove r 

the range 31 0 - 41 0 K .  

The e quat i qn is  : 
' 

T = 466 . 0  - 1 . 694 \ AY l 

Fo r the methan o l  NMR the rmometer  the ran ge s are 

1 7 5  - 22 5 K 
220 - 270 K 

265 - 31 3 K 

T = 5 37 . 4  - 2 . 380 1Avl  

T = 498 . 4 - 2 . 08 3 1 6�1  

T = 468 . 1  - 1 . 8 1 0 \ AY\ 

The c l aimed erro r in the s e  e quat i ons is � 0 . 8  K .  

An advant age o f  Van Geet ' s  NMR thermomet e rs i s  

t hat the hydrochloric ac id c ause s  a c omple t e  c o ll apse  

of  the mult iplet  s t ructure thus obt a ining sharp lines  

at  a l l  t empe ratures .  

At tempe ratures over 273 K o c c as i on al t e mpe rature 

me asurements were made u s in g  a c al ib rated thermomet e r . 

The re w as no det e c t ab le di fference b e t we en me asurement s 

made in this way and t ho s e  obt ained us ing e ither the 
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Figu re 4 · 1 3a The spectru m of the anion of p-nitrosophenol, · 7% w/v in 020 containing 
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JEOL c a l ibrat ion chart fo r dry methano l o r  Van 

Ge et ' s  e quat ions for the met h ano l and gl yco l s amples 

cont aining hydro chloric acid . 

4 . 2 . 5 Frequency Me asurements 

Frequency me asureme nt s on the spectra we re c arri e d  

out i n  t he s ame manner  a s  that des cribed for the 

p-nitro s oani l ines ( Sect ion 4 . 1 . 9 ) . The chem i c al 

shift s , however , were me asured in Hz  from  the 

hexamethyldisilane in a s e al ed c api l lary tub e  ins i de 

the NMR tube . 

4 . 2 . 6  Ana lys i s  o f  the S low Exchange Spectra 

The s l ow exchange s pe c t rum o f  p-nit ro sophe no l in 

-1 1 mo l 1 K2co3 obt ained at 283 K can be s e en in  

Fi gure ( 4 . 1 3 ) . 

With the higher concent ration  o f  p-nitro s o phenol 

( 7% w/v) , t he spectra should e xhibit a l arge r s i gnal  

t o  no ise  rat io .  The us e o f  the c api l lary tube which 

cont ains the hexamethyldi s i l ane reduce s  the e ffective 

c oncentrat i on of the s ample in the rad i at i on c o i ls b y  

about a hal f s o  that i n  fact  a l l  spe c t ra obt ained for 

the p-nitro sopheno ls have quit e low s i gn al t o  noise  

leve ls . 

A s  c an be s een from Figure ( 4 . 1 3 ) a t ypi c a l  ABMX 

pat t e rn for p-nitrosopheno l was obt aine d at low  

t emperature . The chemic al shi ft s  and coupling 

cons t ant s for this s ys t e m  which were obt aine d  by the 

use o f  LAOCN3 ( see Appendix I I )  are shown in T ab le 4 . 8 .  

The s ample  o f  p-nit ro s o pheno l in sodium deuteroxi de 

in n2o showed s igni ficant vi s c o s it y  bro adening below 

29 3  K and when the t empe rature was lowered , further 
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lt'\ 0 ..... 
Tab le 4 . 8  

Chemical  s hi fts and coupl ing cons t ants fo r the ring protons of  

the  anions of  p-ni t ro s opheno l in 1 M K2co3 in  the s lo w  e xchange regi on . 

Solve nt 

H 2  

n2o 393 . 3  

Chemical Shi ftsA (Hz from HMDS) 
H 3  H5 

478 . 1 442 . 5  

H6 

387 . 2  

J2 3  

9 . 6  

A HMDS = hexamethyldis i l an e  

Couplin� Const ants 
Hz) 

J25  

0 

J26 

2 . 2 

J35 

2 . 7  

J36 

0 

Est imated  e rror in parame t e r  i s  �0 . 2  Hz 

J56 

9 . ..... 



s o lid prec ipit ated from the so lut i on . It w as not 

pos s ible  the re fore , to d ire ctly me asure the s low 

exchange s pe ctra o f  p-nitrosopheno l in this s o lvent , 

and the s ame p aramet e rs as thos e  obt aine d  in 1 mol  1-1 

K2co3 s o lut ion were used ( Tab le 4 . 8 ) . 

The s pectra  o f  p-nitrosophenol exhibit an AA ' XX '  

pat t e rn in the fast exchange re gion ( 37 3 K) for both 

the pot ass ium c arbonat e and the sodium deutero xi de 

s o lut ions . 

4 . 2 . 7 The Exchange Rate ( �) 
Theoretical  s pe c t ra were generate d  b y  the densi ty 

mat rix program from the s low exchan ge p ar ameters over 

a re asonably l arge range o f  rat e s . 

Mat ching o f  spec t ra was made more di ffi cult b y  

the f act that t h e  s p e c tra had to be m at ched w ithin a 

short t ime as the sample o f  p-nitro s o phenol  darkened 

and appeared to undergo s igni fi c ant decompos it ion o ve r  

a period o f  only one t o  t wo weeks . A numbe r o f  spectra 

gen erat e d  by the dens i t y  mat rix program proved t o  b e  o f  

no use a s  thes e  had exch ange rat e s  which required 

t emperature s above the boi ling po int o f  w ate r .  

A s  can be s e en from T ab le ( 4 . 9) the range o f  rate s  

that could b e  stud ied varied b y  a f actor  o f  onl y  s ixty 

( from 6 . 3  to 377 rads s -1 ) e ven though the t empe rature 

changed by 70 K .  For the nitroso an i l ine s the rate 

varied b y  a thous and for a pproxima t e l y  the s ame 

t emperature range . 

In the study o f  p-nit ro sopheno l in N aOD higher 

t emperature s were required fo r the c o rres p onding 

exchange rat e . Thus the theore t i c al spectrum that was 
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T ab le 4 .9 

Rot at i onal rat e s  as a func t i on o f  t empe rature 

for a 7% w/v s o lut i on o f  p-n i t ro s opheno l .  

I n  1 M K2co3_C m ade up in n2o )  

T ( K )  t:' -1 1 0- 3 T-1 ( K-1 ) -1 
log1 0 -z: 

305 . 6  6 . 3  3 . 27 3  0 . 7 993 

3 1 5 . 2  1 2 . 6 3 . 1 7 3 1 . 1 004 

3 36 . 1  50 . 3  2 . 97 5  1 . 701 6 

362 . 0  220 . 0  2 . 762 2 . 3424 

368 . 3  31 4 . 2  2 .  71 5 2 . 497 2  

372 . 0  377 . 0  2 . 688 2 . 576 3 

In 1 . 62 M NaOD 

T ( K ) 't-1 1 0- 3 T-
1 ( K-1 ) -1 

log1 0 't" 
3 1 1 . 5  6 . 3 3 . 21 0  0 . 7993 

322 . 0  1 2 . 6 3 . 1 06 1 . 1 004 

3 3 5 . 0  2 5 . 1 2 . 98 5  1 . 3997 

3 58 . 5  50 . 3  2 . 790 1 . 701 6 
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generat e d  us ing an exchange rate o f  1 2 . 6 s -1 matched 

the e xperime nt al  spectrum in N aOD s o lut ion at 322 K 

and the e xpe riment al s pe ct rum in pot assium c arbonate 

at 31 5 . 2  K ( Table 4 . 9) . For t he nitroso pheno l in 

this  medium mat ching of e xpe riment al  and theore t i c al 

spe ct ra prove d di fficult as the e xperiment al s pe ct rum 

did not ch ange s i gnifi c ant l y  i f  the t emperature w as 

change d by 1 or 2 K .  Thi s  was in marked co nt rast 

to the nit ro s o an i lines where a 1 K change of 

tempe rature produced a s i gn i fi c ant e f fect in the 

expe riment al  spe ct rum . Mat ching was achi eved fo r 

the spe ctra with exchange rates  up t o  25 . 1  rads s -1 

but the value o f  the temperature at 50 . 3  rads s -1 

' 

shoul d  only be re garded as  an e st imate . The 

experiment al s pectrum mat che s t he dens it y matrix 

theore t ic a l  spe ct rum about this tempe rature and rem ains 

the s ame up to 37 3 K .  

Examples  o f  mat ched t he o re t ical  spe ctra fo r t he 

anion o f  p-nitrosopheno l in pot assium carbonate 

s o lut ion c an be s e en in Figure ( 4 . 1 4 ) . 

4 . 2 . 8 The Activat ion Paramet e rs 

Figure ( 4 . 1 5 ) shows plot s for the p-nitrosopheno l 

in pot assium c arbonate so lut i on and sodium deute ro xide . 

The curvature o f  the plot fo r t he anion in NaOD i s  

quite m arked in contrast t o  the plot obt ained i n  K2co3 
solut ion . The act ivation paramet e rs derived fro m  

the Arrhenius plot for the K2co3 s o lut ion are give n  in 

Tab le ( 4 . 1 0 ) . Errors in the s e  act ivation paramet e rs 

were est imated  as des cribe d  in Sect ion ( 4 . 1 . 14 )  for 
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r1 3 1 4.2 s·1  

305.6 K 

Figure 4 . 1 4 Examples of experimental and theoretical spectra for the H3,H5 nuclei 
of the anion of p-nitrosophenol in 1 mole r 1 K2co3 (in o2o) .  
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t he p-nitro s o an i l ines . B e c aus e o f  t he curvature in 

the p lot fo r the anion in N aOD it was not pos s ib l e  t o  

ob t ai n  act i vati on parame t e rs from the dat a .  

The va lue s obt ained for Ea a d .A H4 were not high , 

be ing 58 . 2  and 55 . 7  kJ mo l-1 re spectivel y .  I f  Tab l e  

( 4 . 6 )  is  examined it c an be s e e n  th at these values  are 

four or five thous and j oules  lowe r than th at obt aine d  

f o r  the p-nitro s o ani l ine s . Thi s w as perhaps an 

unexpe ct ed re sult as , fo r such ro t at i onal process es , 

h i gh va lue s o f  A G
+ 

are norma lly as s o c iated w i t h  high 

value s o f  A H* .  The value obt ained fo r A G
:f 

is  in 

re asonab le agre eme nt with C alde r and Garratt ' s49 value 

o f  72 . 5 kJ mo l-1 • The high A Gf 
value give s  ri s e  to  a 

ne gat ive A s::\: value which is unusual if t his four-spin 

system was s imply undergo ing int ramo l e cu l ar exchange . 

The expe cted value o f  �S
� 

i n  system s und e rgo ing int e rn a l  

ro t at i on i s  usually z e ro49 o r  s l i gh t ly pos itive as c an 

b e  seen  for example b y  the value s obt aine d  fo r � s:f fo r 

the p-nitro s o an i l ine s ( s e e  Tab le 4 . 6 ) . 

4 . 2 .9 Summ ary 

For p-nitrosophen o l , Havinga7 9  wri t e s  that the 

e qu i librium betwe e n  t he qu inine monoxime form ( I ) and 

. t he n i t ro s o  form ( I I ) as invo lving a common anion 

which c an b e  wri t t en in t he me s ome ric forms ( II I a ) and 

( I I Ib ) .  
0 0 o- OH 

6 2 6 2 
----llo H+ � 
� � ) � 5 5 3 3 

N'OH N-....o- •�o £�0 

( I )  ( !I la) ( IIIb ) ( II )  
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Figure 4 . 1 5 Arrhenius plots for rotation about the Ar-NO bond of the anion 

of p-nitrosophenol in 1M K2C03 ( 1 ) ,  and Na00(2).  
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0 1""4 1""4 
Table 4 . 1 0 

Act ivat i on parame t e rs fo r t he anion o f  p-nitrosophenol in 1 M K2 co3 

Solve nt �a(kJ mol-1
) A H

+= 
(kJ m o l-1

) A G>t (kJ mol-
1

)
A 

.6.S
+ 

(kJ mol-
1 

K-
1

) 

n2o 58 . 2  

A .6- G+ c alculated at 298 K 

Errors : -

55 . 7  70 . 1  

... J" 

+ 1 . 6 kJ mol-1 in E and � H
* 

a 

+ 0 . 2  kJ mol-1 in a G* 

+ 0 . 006 kJ mol -
1 

K-
1 

in A S
+ 

-0 . 048 



Norris and St e rnhe l l76 have su gge sted that 

exchange in the p-nitrosophenols  was c at alys ed by 

prot ons and invo lves the s yn-ant i e qui librium of t he 

monoxime form . The � configurat ion ( N-OR ) is 

defined wtth re spe ct to the s ubstituent at C-2 . The 

pe rcent age o f  the syn isomer in t he oxime fo rm for the 

anion has been found to be 50% . 80 The obs erved 

appre c i able b arri e r  to rot at ion sugge s t s  that the 

c anoni c a l  st ruct ure ( I I I a) cont ributes  mo re to the 

re sonance hybrid than the canon i c a l  st ructure ( I I Ib ) . 

Addit ion o f  s o lid s odium hydroxide to  

p-nitro s opheno l  in n2o c ontaining exc e s s  pot ass ium 

c arbonat e ,  has been re ported to  c ause sharpening o f  the 
' 

NMR s i gn a l s  without any alterat io:- s ih the pe ak 

posit ions . 76 From the i r  obs e rvat ion No rris and 

Sternhe l l  infe rred that the pro c e s s  which le ads t o  

s light exchange bro adening o f  the an ion i n  potass ium 

c arbonat e so lut ions at room temperature , and to a ne arly 

symmetri c al s pe c t rum at 37 3 K ,  m ay invo lve the 

prot onat e d  form o f  the s alt ( II )  as it appe ars t o  be  

suppre s s ed by the presence of  a s t rong b ase . They 

sugge sted that a quant it at i ve s tudy of the e qui librium 

betwe en forms I and II was ne eded t o  s et t l e  this po i nt . 

The results obt aine d in this  pro j ect repre sent an 

att empt t o  study the e ffe ct o f  such an e qu i l ibrium on 

the appare nt b arri e r  t o  ro t at i on i n  p-nit ro sophen o l . 

The negative value o f  the entropy o f  activat ion could 

lend support to  Norris and Sternhe l l ' s76 c laim that 

exchan ge in the p-nit ro s o pheno ls is  cat a lysed by protons 

and doe s  invo lve an equi librium be tween the quinine 
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monoxime and t he nitroso form s . The curved Arrhenius 

p lot could ari se due to a de c re ase in pD with 

incre as ing t emperature ( which has been shown to  occu r  

i n  conc e nt rat e d  b ase
81 ) which w i l l  re sult i n  an 

incre ased amount o f  p-nitrosophen o l  in the protonate d  

form . Howeve r ,  i f  such a de c re as e  in pD is occurri ng 

t he downward curvature of the log K ve rsus � plot f o r  

the anion i n  N aG D  would n o t  b e  cons istent with Norris  

and Ste rnhe l l ' s sugge stion that t he rotation is  acid 

c atalys e d . 

To invest igate this further att empt s w e re made t o  

study the p-nitro s o pheno l in a range o f  buffers 

c ont aining added s alt . B at e s81 has made avai l ab l e  

m ethods o f  making suit ab le buffe rs a�d t ab le s  showing 

the change in pH that oc curs with t empe rature for e ach 

buffe r . Attempt s we re made t o  ut i l i z e  the s e  buffe rs 

but c alculat i ons showed t hat the p-nit ro sophenol n e e ds 

1 1 2 

t o  be in a c oncent rat ion o f  1% w/v t o  maint ain a cons t ant 

pH fo r these buffe rs . This i s  in cont ras t t o  the 7% 

w/v of p-nitrosophenol that had the s pe ct rom e t e r  

o perat ing a t  t he l imits o f  its  sensit ivity ( the s amp le 

c ont ained the central capi l l ary tub e  o f  he xamethyldi s i l ane ) . 

Thus a more s e nsit ive NMR sp e c t rome t e r  w i l l  be ne eded i f  

the e ffe c t  o f  pH o n  the b arri e r  t o  rot at ion in 

p-nit ro s o pheno l is to  be s tudi e d  i n  a more systemat i c  

w ay .  The comme rcial  avai labi l ity o f  C-1 3 spect rom e t e rs 

c ould provide t he so lut ion t o  this prob lem . As 

discussed be fore , buffers can b e  made that have a 

c e rt ain known rat e o f  de c re as e o f  pH with t empe rature . 

Us ing such buf fe rs it should b e  po s sible t o  det e rmine i f  
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pH re a l l y  e ffects  this rot at i onal  proce ss . 

4 . 3  Con c lusions . 

The us e o f  the dens it y mat rix method has for the 

first t ime provided the activat i on paramete rs o f  

N , N-diethyl-p-nitrosoani line i n  acetone , chloro fo rm 

and t o luene . The original va lue s for the act ivat ion 

paramete rs o f  N , N-dime thyl-p-n i t ro s oaniline in acetone 

have been found t o  be erroneous whi le confi rm ati on o f  

the A H=t value in chloro fo rm has been  made . No e ffe c t  

o f  so lvent o n  the b arrier to rot at i on was obse rved fo r 

these compounds . 

Act i vation p arameter dat a has als o  been obt ained 

for p-nitrosophen o l  in pot as sium c arbon ate so luti o n . 

Attempt s t o  s ystemat ic a lly extend this work t o  other 

bu ffers showed that a more sens it ive me thod was ne e de d . 

This  pos s ib l y  could be obt ained using  the new pulse 

Fourier  t e chnique in NMR . 

In comparison with approximat e  e quat ions the 

density mat rix appro ach invo lving a four-spin system 

is  a time - consuming proce s s . This c an b e  b alanced b y  

t h e  fact that approximate e quati ons have not pro vided 

s a t i s factory so lut i ons for act ivat i o n  parame t ers . The 

persistence in the us e o f  approximat e e qu ati ons make 

c omparisons o f  t o t al line-shape methods and approxim a t e  

methods a cont inuing sub j e ct o f  keen inte rest . 99 , 1 00 

The generat ion o f  theoret ical  s pectra o ver  the 

who le t empe rature range has proved t o  be a re l i able 

me thod in finding the corresponding t empe rature s , in 

contrast to the s t andard technique o f  generat ing s pe ct ra 

from a c omputer unti l  the one that m at ches t he 



experiment a l  spe c t rum is  found . 

Approximate methods are st i l l  use ful i n  obt aining 

kinet i c  d at a as the density  matr ix method requ ire s 

t h at a system be s tudied o ver  i t s  entire s pe c t ra l  

range . I n fo rmat i on from the s l ow exchange re gion i s  

re quired a s  input for the compute r  pro gram , whi le 

spectra mus t  be mat ched over the who le t empe rature 

r ange where s i gn i fi c ant spe c t ra l  change s  occur , to  

ensure the  val idity o f  the Arrhenius plot . The 

requirement o f  obt aining a s low exchange spe ct rum for 

a p art icul ar compound plac e s  a restriction o n  the 

s o lvents that c an be used . Thus the densit y m atrix 

appro ach requires a compound to  s at is fy a number o f  

criteri a . The s e  are : s o lubi lity , therm al s t abil ity , 

and non-re act ivity  with the s o lvent . From this it 

c an be seen  that the dens i t y  matrix method i s  not 

c omplet e ly gene ral in its appl ic ab i l ity  to obt aining 

rot at iona l  ene rgy b arriers . It  is  however,  a s  this 

pro ject shows , a powerful and us e fu l  tool in the 

obt aining o f  re l i ab le kine t i c  d at a .  
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CHAPTER FI VE 

L i g and Exch a n ge i n  C ob a lt ( I I )  

Te t r ahedra l C o m p l e xe s 



The e f fect  o f  rapid che mi c al exchan ge in  an 

e quilibrium s ituat ion on NMR s pectra has given us the 

rates  of many t ype s o f  exchange that have not been 

acce s s ib l e  by othe r method s . 82 The se t ype s o f  

re act ions have included int ernal rot ati o n  and r at e s  

o f  ligand exchange in t ran s i t i on met al complexe s . 

The det e rmination o f  rates  o f  exchange i n  

param agnet i c  c omplexes depends upon the fact t hat 

the c o-ordinat ed s pecies  has a sho rte r  nucle ar s pin 

li fet ime , result ing in a l arger line -wi dth than the 

unco-ord inated spe cies  in the bulk solution .  

The nuc lear sp in l i fe t i me i s  short in a 

paramagnet i c  e nvironment b e c ause the .,nuc leus i s  

sub j e cted t o  strong , fluctuat ing magnet i c  fie lds from 

the unpai red e l ectrons which are respons ib le for the 

paramagnet ism . The se magne t ic fie lds act o n  the 

dipo le of the nuc leus and c hange its  orientat i on 

( sp in-s t at e ) . 

Most  studi e s  have been concerned w it h  oct ahedral 

complexe s  in aqueous so lut ion or in the f ree l i gand a s  

s o lvent . A number o f  reviews have appe ared o n  l igand 

subst itut i on processes  in o c t ahedral complexes . 82 , 83  

Only a few det ailed s tudi es have inve st igat ed the 

rat e o f  exchange of the free ligand in re l ative l y  

ine rt so lvent s . 84 , 8 5  A qual it at ive inve stigat ion 

of  thioure a t et rahedral c ob a lt ( II )  complexes has  been 

made in acetone . 86 

The only complete l ine-shape study c arri e d  out so  

far  i s  t hat of  Zumdahl and Drago85  on  the exchange o f  
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2-pic o line with dichlo robi s  ( 2-pico line ) cob alt ( II ) . 

The aim  o f  this study was t o  find other 

tetrahedral complexes suit able  for an NMR inve st igat i on 

by  the line-shape t ec hnique . The fo l lowing s ect ions 

represent the more promising systems that we re 

investigat e d  in the fi rst ye ar o f  t his pro j e ct . 
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5 . 1  Phosphine Type Ligands 

5 . 1 . 1  Preparation of dichlorob is(diphenylmethylphosphine ) 

Coba lt(II) 

This re act ion was c arried  out unde r  nitrogen 

( oxygen free ) . A so lut ion o f  3 . 2  g diphenylmethyl-

phos phine ( Maybridge Chemic al Company) , in hot ethano l 

and 2 . 08 g o f  anhydrous c obalt chloride als o in hot 

e thanol , we re combined togethe r .  The product ,  o n  b e ing 

fi lte red , was washed alt e rn at e ly with e t hyl ace t ate and 

ethano l . The complex was further dried on a vacuum 

line for two days . 

The complex w as then disso lve d  in fre shly disti l led 

chloro fo rm and filtered twice  to remove the impuriti es 

present . 
' 

Analyt i c al re sult s are reporte d
'
, fo r thi s c ompound : 

c alculat e d  

found 

c 

c 

58 . 86% 

58 . 34% 

H 

H 

4 . 90% 

4 . 90% 

The s e  an alys e s  were c arried  out b y  Dr A . E .  C ampbe l l  

o f  the Micro analyt i cal Laboratory a t  Ot ago Univers ity .  

5 . 1 . 2  D i s cus sion 

Pigno let and Horrocks84 have s tudied  l igand 

exchange for a range o f  t et r ahedral nicke l ( II )  and 

cobalt ( II )  tert i ary phos phine complexe s . The phosphine s 

us ed  b y  the se inve s t i gat o rs were t riphenylphosphine , 

t ri-p-t o lylphosphine , and n-butyldi phenylphos phine . 

I t  w as hoped t o  exte nd this wo rk using the 

comme rc i a l ly avail able diphenylmethyl and dimethylphenyl -

phosphine l igand s . A pre l iminary invest igation w as 

c arrie d  out using the ligand diphenylmethylphos phine . 

Us ing a concent rat ion o f  0 . 05 mo l 1-1 dichlorobi s  

( diphenylmethylphos phine ) cobalt ( I I )  i n  deuterochloro form , 



Fi gure 5 . 1  
Plot o f  the o b s e rv e d  chemi cal shi f t  o f  the me thyl pro t ons 

ver s lls the m o l e  frac t i o n  of li gand for 0 . 05 mo l 1- 1 
dichloro b i s ( di phenylme thyl pho s phine ) c o b alt ( I I )  
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a range o f  so lut i ons cont aining exc e s s  l igand was 

m ade up . Thes e  s o lut i ons cove red a l igand mole 

fraction range from 0 . 64 t o  0 . 97 .  

The re ason for choos ing the se p art icular phos ph ine s 

w as that the methyl protons provide a s imple AB 

exchange s yst e m . In c ont rast the aromat ic protons 

were not examined as the ir s pe ctra pro vide a co mple x 

and uninte rpret ab l e  exchange pat t e rn . 

In this part i cular system enormous chemic a l  shift  

e f fe ct s  were experienced .  Figure 5 . 1  give s the 

m a gnitude o f  the chemi c al shi ft s  experi enced by the 

methyl protons in t he mole  fract ion range over 0 . 9 . 

B e low the ligand mo le fraction range o f  0 . 9 the NMR 

s iBnal o f  the methyl protons was part i a lly obscured o r  

c omp letely ob literated b y  the NMR resonances o f  the 

phenyl ring pro tons • 

. 
' 

Beside s thes e  prob lems , the pho sphine c omplexe s 

with assoc i at e d  l igand de c ompo sed  w ith precipit at ion , 

a ft e r  only seve ral d ays . It was found that no m at t e r  

how c are fully  the s e  s amples  were made up ( the s ample s 

were prepared as in sect ion 4 . 1 . 3 ) decompos ition 

o ccurred . Pignolet  and Horrocks84 als o report e d  

de composition prob lems  with thei r  s ys t ems . 

From this init i al s tudy there we re two requirem ent s 

s e en t o  be ne eded in choos ing a p art icular Cob alt ( II )  

complex for study . The s e  were ; t he rmal  s t ab i lity  o f  

the l igand and complex , and an inte rpret able NMR 
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spec t rum . In choos ing a Cobalt ( II )  t e trahedral complex , 

a ligand was needed which cont ained only one or two 

d i fferent t ypes o f  proton . 



5 . 2  The ligand Trimethyl ars ine sulphide 

5 . 2 . 1  Preparat ion o f  t rimethylars ine sulph ide87 

A l l  glassware was prehe at e d  and f lushe d  with dry 

nitrogen . The re act ion w as c arried out in a 3-litre 

fl ask fitted with a doub le -surface condenser , a 

nit rogen inlet and a dropping funne l .  Methyl Iodide 

( 1 90 cm3 ) in dry di-n-but y l  ether ( 200 cm3 ) was added 

dropwise t o  magnes ium turnings ( 7 3  g) in one litre o f  

t he s ame s o lvent . The re act ion was init iat ed by  

adding iod ine and he at ing t o  50°C .  The tem pe rature 

o f  the re act ion was m aint ained between 50-70° with the 

use o f  an ice -b ath . On complet ion o f  the grign ard , 

the condense r  was rep laced by  a st irre r and the re act ion 

was c o o led t o  0°C .  Ars enic  t ri chlo�i de ( 50 cm3 ) in 

di -n-but yl ether ( 100 cm3 ) was then added dropwise 

o ve r  a peri od o f  t wo hours . Vigorous st irring was 
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needed t o  prevent so l idi fic at i on o f  the reac t i on mixture . 

This s t i rring was cont inued at room t empe rature  for an 

hour , after  which the s t i rrer and dropping funne l  we re 

removed and a fract ionat ing c o lumn was fitt e d . Owing 

to the he i ght re striction o f  the fume hood the co lumn 

did not prove t o  be very e fficient . Howeve r s o lid 

impurit i es  c arri ed over  in the disti l l at ion pro ce s s  

we re e liminated b y  us ing glass  woo l  in  the graduate d  

dropping funnel .  

A ft er the fractionat ing column had been fitte d , 

the t emperature o f  the re act ion mixture was gradually 

raised , using an oil  b ath , t o  160°C .  The ars ine very 

qui ckly di s t i l led o f f  at a tempe rature o f  70°C into a 

graduated dro pping funne l .  6 5  cm3 o f  t rimethylars ine 



were obtained . The arsine was added direct ly to  a 

3-necked flask containing 1 9 . 5  g o f  sulphur in 200 cm3 

o f "super-dry" ethanol .  The mixture was re fluxed fo r 

an hour and the excess sulphur then fi ltered o f f .  On 

cooling , white  crystals of  trimethylarsine sulphide 

( m . p .  1 83° l it . va lue 1 83 . 4° ) were obt ained . 

5 . 2 . 2  Preparat ion of dihalobist rimethylars ine sulphide 
Cobalt(II) Complexes . 

The above complexes were prepared by mixing two 
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hot ethano lic so lut ions o f  Me 3AsS and CoX2 ( X  = Cl , Br , I )  

in a 2 : 1  molar ratio . The complexes readily prec ipit at e d  

on cooling . 

5 . 2 . 3 Discuss ion 

With the requirement of only one type o f  proton 

s at i s fied , this l igand appeared to  be  very suitable . 

The ligand t rim�
,
thylarsine sulphide has been found to  

form a number  o f. t etrahedral Cobalt ( II )  complexes . 87 

The inducement to exam ine this hard to prepare l igand 

was through the reported solubilit y  o f  these tetrahedral 

complexes . The l engthy preparation o f  the 

trimethylars ine sulphide was carried out and a range o f  

halo Cobalt ( II )  complexe s was prepared . The arsine 

sulphide l igand was found to be quite  so luble in acetone 

and chloro form but the Cobalt ( II )  complexes prepared 

from this li gand were not . The iodo complex o f  

Cobalt ( II )  had a so lubility  in ace tone o f  only 0 . 01 mol I. -1 , 

this being the so lvent it was mos� so luble in . The 

s o lubility was even further reduced with the addition o f  

excess trimethylars ine sulphide . It was not possib le t o  

obt ain any NMR information on these inso luble  complexe s . 



Thus a further requirement , that of adequate 

so lubi lit y ,  must b e  added in the s e arch for a suit able  

Cobalt ( II )  tetrahedral complex.  

5 . 3 Pyrazo le type ligands 

The following series of compounds represent the 

most promising o f  the s ystems studied in this proj ect . 

These  particular l igands and their  assoc iated complexes  

have good so lubility  in  most so lvents . This property 

is further commented on in the discuss ion . The l igand 

preparat ions ( and thei r  Cobalt ( II )  c omplexes ) are 

cons idered in the fo llowing order : 

3 , 5-dimethylpyrazole ; 

1 , 3 , 5-t rimethylpyrazole ; 
. . 

4-bromo-1 , 3 , 5-trimethylpyrazol� ; 

3 , 5-dime thyl-1 -phenylpyrazole ; and 

1 , 4-dimethylpyrazo le .  

5 . 3 . 1  Preparat ion of 3.5-dimethylpyrazole88 

65  g ( 0 . 5 mol e ) o f  hydraz ine sulphate was dissolved 

in 400 cm3 of 1 0% NaOH in a one litre round-bottomed 

flask  fitted with separatory funne l ,  thermometer  and 

stirrer . The flask was immersed in an ice-bath and the 

mixture was cooled to 1 5°C .  50 g ( 0 . 5 mole )  o f  

acetylacetone was added dropwise ( t emperature be ing 

maint ained at 1 5°C )  over  a period o f  30 minutes  with 

subsequent stirring for an hour . 

The contents were diluted with 200 cm3 o f  water t o  

disso lve the precipitated inorganic s a lts  and then 

t rans ferred to a one l it re s eparatory funnel and shaken 

with 125 cm3 of ethe r .  The aqueous l ayer was further 
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extracted with 4 x 40 cm3 port ions o f  ether . The 

ether extracts were combined , washed with saturated  

sodium chloride solut ion and dried over anhydrous 

potassium c arbonate . 

The ether was removed by distillation and the 

re sidue was dried at reduced pressure . The m elt ing 

point obtained was 1 07°C ( l it .  value 1 07° - 1 08° ) .  

Pre arat ion o f  the dibromobis 
Cobalt(II) Complex5 

The complex was prepared by  mixing two hot 

ethano lic  ( " super-dry" ethanol )  solut ions of  the ligand 

( 3 , 5  dimethyl-pyrazo le ) and cobaltous bromide in the 

mo lar ratio o f  2 : 1 . On reducing the vo lume , dark b lue 

cryst als of the complex were obt ained . 
' 
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5 . 3 . 2  Preparation o f  1 ,3,5-t rimethyl pyrazole  ( m . p .  37°C )  

The procedure for this preparation is exactly  the 

same as that for 3 , 5  dimethyl-pyrazo le with 

methylhydraz ine sulphate be ing used  instead o f  hydrazine 

sulphate . The preparat ion o f  methylhydraz ine sulphate 

is listed b e low .  

Preparat ion of methylhydrazine sulphate9° 

( A )  Benz alaz ine 

The re action was carrie d  out in a 5-litre round-

bottomed flask fitted with a glass mechanical s t irre r .  

I n  this fl ask were placed 240 g ( 1 . 85 mole s )  o f  powdered 

hydraz ine sulphate , 1 800 cm3 o f  water , and 230 g ( 207 g ,  

3 . 4  mo les )  o f  28% aqueous ammon i a  ( sp .  gr . 0 . 90 ) . 

When the hydrazine sulphate was disso lved , 440 cm3 

( 460 g ,  4 . 3 5 moles ) o f  benzaldehyde was added ,  over a 

period  o f  5 hours , from a se parato ry funnel .  After the 



mixture was st irred for a further two hours the 

pre cipitated benzalaz ine was filtered with suction , 

washed with water ,  and pre ssed  thoroughly on a Buchner 

funnel .  This product was d i ssolved in 800 cm3 o f  

boi ling 95% ethyl alcoho l which  on coo ling pre cipit ated 

the benzalazine in  long ye llow needles . The yie ld o f  

360 g after  drying in a dess i c ator corresponds ve ry 

we ll  with the lit . value o f  350-360 g .  

( B )  Methyl hydraz ine sulphate 

200 g ( 0 . 96 mo le ) o f  the previously prepared  

benzalazine , 350 cm3 of  dry , thiophene-free benzene and 

1 00 cm3 ( 1 3 3  g ,  1 . 05 mole s )  o f  dimethyl sulphat e were 

mixed in a 3-litre round-bottomed flask , provided with 

a re flux condenser bearing a c alcium .. chloride tube . 

The reixture was he ated cont inuously ,  with oc c as ional 

shaking , on a water  bath to  gent le re fluxing for five 

hours . The mixture was coo led , and the solid  addit ion 

product was de composed by adding 600 cm3 of wat e r  

fo l lowed b y  shaking . The b enzene and the benzaldehyde 

were then removed by steam d isti l lation . The res idual 

l i quor , after  cooling , was t re ated with 20 cm3 o f  

benzaldehyde and left overnight . The res in and 

benzalaz ine were then filtered o ff .  The filtrate w as 

checked for unre acted hydraz ine sulphat e by the addit ion  

of  benzaldehyde ( 5  cm3 ) .  It  was  found t o  t ake about 

six cyc les  of fi lte ring , addit i on of benzaldehyde , 

fi ltering again to  remove any remaining unreacted  

hydraz ine sulphate . 

The t re ated filtrate was then evaporated under 

reduced pressure ( rot ary-e vaporato r)  unt i l  a viscous 
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mass remained which was further dessicated b y  

evaporat ing twice , i n  vacuo , with 5 0  cm3 portions o f  

abs o lute ethyl alcoho l . The crystalline mass was 

filtered and purified by d isso lving in 250 cm3 o f  

boi ling 80% ethanol .  On cooling , white cryst als 

o f  methyl hydrazine sulphat e precipit ated and were 

filtered and dried . The yie ld was 38 g ( 25% o f  

theore t ical ) with me lt ing point 142°C ( lit . value 

141 -142° ) .  

5 . 3 . 3 Preparati on o f  4-bromo-1 ,3,5-trimethyl pyrazole 

7 . 7 5 g ( 72 . 5  mmo le s )  o f  1 , 3 , 5-trimethyl  pyrazole 

was dis s o lved in 50 cm3 o f  chloro form and was then 

s lowly mixed with 1 1 . 6  g ( 145  m moles ) o f  bromine in 

30 cm3 o f  chloro form under ice-cooling . 
'. 

After  refluxing for 90 minutes the solut ion was 

coo led and a saturated sodium carbonate solution was 

added unt i l  the mixture was co lourless . The chloro form 

l ayer with the pyrazo le was separated  and on removal 
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o f  the chloro form , 1 , 3 , 5-t rimethyl-4-bromo-pyrazo le ( m . p .  

32°C ,  lit . value 32-34°C )  was obtained . 

Preparat ion o f  dichlorobi s  (1 ,3,5-trimethyl-4 ,bromo ) 
-pyrazo le Cobalt(II) 

This complex was prep ared in a simil ar manne r t o  

the previous pyrazole cobalt complexes , with the l igand 

t o  complex mole ratio  2 : 1 . Dark b lue cryst al s  were 

obtained . 

5 . 3 . 4  Preparation o f  3,5-dimethyl-1 -phenylpyrazole91 

1 0 . 8 g ( 0 . 1  mole ) o f  phenyl hydrazine and a 

s o lution o f  5 , 7-dimethyl-2 , 3-benzo-1 ,4-diazepinium 

chloride dihydrate ( 9 . 78 g ,  0 � 04 mole ) in 400 cm3 o f  



water  was shaken vigorous l y .  The mixture was 

extracted with ether , and the extract was washed with 

aqueous so dium carbonat e  and then with water , dried 

over  sodium sulphate and evaporated . The res idual 

orange oil  was distil led at 269-270°C to give the 

dimethylphenylpyrazo le . 

Preparat ion of  dichloro bis(3,5-dimethyl-1 -phenyl 
pyrazole) Cobalt(II ) 

This  complex was formed from mixing two hot 

ethanolic  soluti ons of the l igand and anhydrous cobalt 

chloride ( mole rat ion 2 : 1 ) . A b lue complex was 

formed .  

5 . 3 . 5  Attempted Preparation o f  1 ,4-dimethyl pyrazo le . 

This  preparat ion was attempted .py two di fferent 

methods , both of which are de scribed in the fo l lowing 

sect ions . 

Method One92 

This first me thod i s  the re act ion o f  d -methyl-�

dimethyl amino-acrolein with methyl hydraz ine sulphate 

to  form 1 , 4 dimethyl pyrazo le . 

Preparat ion of  d-methyl-�-dimethylamino-acrole in 

To a 3-litre round-bottomed flask fitted  with 

dropping funnel  �nd mech anical  st irrer cont aining 1 83 g 

( 2 . 5  mole s )  o f  N ,N-dimethyl formamide dissolved  in 

400 cm3 o f  dichloroethane , 1 1 0 g ( 1 . 1  mo le ) of phosgene 

125 

was introduced under ice -coo ling and vigorous st irri ng .  

The result ing whit e  prec ipit ate  was diluted with 200 cm3 

o f  dichloroethane and then mixed dropwise over an hour 

with 1 32 g ( 1 50 cm3 ) o f  propionaldehyde ace t al ( s e e  the 

fo llowing sect ion for a description of the preparat ion of  



this compound) . 

The solution was slowly warmed to 7 5°C (bath 

tempe rature ) and maint ained at this t empe rature for 

fi fte en minutes . During this t ime the adduct 

disso lve d .  Thirt y  grams o f  ice we re now added , and 

1 2 6  

the s o lut ion was decompos ed with a concentrated  potass ium 

carbonate soluti on ( 1 58 g in 1 50 cm3 o f  water ) . A 

vigorous evolut ion of  fumes was observed initially .  

The re action mixture was l eft ove rnight and the 

fo llowing day was reduced in vo lume from approximately 

2 . 5  l itres to 500 cm3 . 

The now precipit ated  KCl was dissolved in 350 cm3 

H2o and was extracted with 7 x 1 00 cm3 porti ons o f  

chloro form . The chloro form was dried with anhydrous 

pot as sium carbonate and was distilled off . The 

remaining dimethyl fo rmamide was removed by vacuum 

dist illat ion ( wate r-pump) .  Less than 1% of  the expected 

pro duct was  obt ained . 

The phosgene used in the experime nt was a 20% 

so lut ion in to luene . The c onclusi on reached was that 

the exce ss  toluene ( vo lume used 550 cm3 ) quenched the 

re act ion . A furthe r attempt was made by boiling the 

phos gene out o f  the t oluene and into the re act ion mixture 

( the react ion mixture kept under cooling conditions ) .  

This  attempt was also unsucce s s ful . Further att empts 

were not possible as no other supply o f  phosgene was 

available  in New Zealand . 

Preparation o f  propionaldehyde acetal93 

In a 2 . 5  litre bott le , 525 g (650 cm3 1 0 . 85 mo les ) 

o f  95% ethanol and 1 00 g ( 0 . 9  moles )  o f  granular anhydrous 



calcium chloride were placed . The mixture was coo led 

to be low 8°C by an ice-b ath and 330 . 6 g (41 3 cm3 , 
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5 . 2  moles ) o f  propionaldehyde (B . D . H .  and R . D . H .  H anove r )  

was added slowly down the sides o f  the bott le so  that it 

formed a layer on the alcoholic calcium chloride . The 

bot t le was then tight ly stoppered ( cork-stopper)  and 

shaken vigorous ly for a few minutes . It was then 

allowed t o  st and  at room temperature with int e rmittent 

shaking for two days . 

The upper layer was then separated  and washed three 

t imes with 200 cm3 portions of w at e r .  The o i l  was 

dried by standing over 24 g of anhydrous pot assium 

carbonat e  and the fraction disti l ling at 1 23°C ( lit . 

value 1 23°C )  was collected  in good yie ld .  

Method Two94 

This method uses  the procedure o f  methylat ion o f  

the 4-methyl-3( 5 ) -pyrazo le carbonic acid e ster  b y  dimethyl 

sulphate ( freshly disti lled)  in a 20% NaOH solution . 

Several attempts at this method we re m ade without 

success . Methods o f  preparat ion fo r the compounds that 

were required to be made for this preparat ion are as 

fo l lows . 

Preparat ion o f  4-rr ethyl-3(5) pyrazo le carbonic estera 

1 0  g ( 0 . 1  mole ) o f  crotonic acid methyl esterb 

was introduced into an e quimolar amount o f  ethereal  

di azomethanec so luti on ( from nitroso-methyl ure ad ) .  

A ft e r  three hours an equimo lar amount o f  Br2 ( 16 g )  was 

dropped int o the cooled solution . The oxidat ion product 

precipitated as a co lourless past e ,  and was dige sted with 

sodium c arbonat e  solut ion and recryst al lised from diluted 

alcohol to give the est e r  o f  m . p .  1 70°C .  



Preparat ion of crotonic acid methyl e sterb 

1 00 g o f  crotonic acid was dissolved in 1 000 cm3 

This mixture was 

re fluxed for 3 . 5  hours . The excess  o f  me thanol was 

then removed by dist i l l ation and the e ster  l iberated b y  

the addit ion o f  water  ( 500 cm3 ) .  The e ster  was 

extracted by ethe r ,  washed with wat e r ,  and then dried 

over MgS04 • The ether was removed and t he re s idue was 

disti l led  yie lding 40 g o f  ester at 1 20°C .  

Preparat ion of di azomethane c 95 

1 00 cm3 o f  ether was added t o  30 cm3 of  40% KOH 

and the mixture was coo led t o  5°C .  To this , with 

cont inued cooling  and shaking , was added 1 0  g o f  fine ly  
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powdered nitrosomethyl ure a over a p�riod of  two minutes . 

The deep ye llow l ayer , containing 2 . 8 g o f  diazomethane , 

together with some disso lved impurities  and water , was 

then decanted . 

Preparat ion o f  nitrosomethyl uread 96 

In a tared 1 -litre flask , 200 g ( 1 . 5  mo le ) of 25% 

aqueous ( w/v) methylamine so lution was placed . To this 

flask concentrat ed HCl was added unti l  t he s oluti on w as 

aci d  to methyl red ( approximately  1 55 cm3 o f  acid w as 

required ) . Water was then added unt i l  the tot al 

we i ght was 500 g .  300 g o f  ure a was added , and the 

so lut ion was boi led gentl y  for three hours and vigorous l y  

for 1 /4 hour . The s o lut ion was coo le d  t o  room 

temperature , 1 1 0 g of NaN02 ( 98% NaN02 ) was disso lved 

in it , and the mixture was cooled to  0°C .  The mixture 

o f  600 g o f  ice  and 1 00 g of concent rated H2so4 in a 

3- litre be aker was surrounded by  a s alt-ice-bath mixture 



and the cold methyl ure a-nitrate soluti on was run in 

s lowly with mechanical  st irring such that the 

tempe rature did not rise above 0°C .  

The nit ro somethyl ure a rose to  the surface as a 

crys t a l l ine fo amy precipitate  which was fi ltered 

quickl y . The c rystals were stirred to a paste  with 

about 50 cm3 o f  c o ld w ater and sucked as dry as 

possib le . The product was then dried on a vacuum l ine . 

5 . 3 . 6 Discussion . 

The first  tet rahedral cobalt ( II )  complexes o f  the 

pyrazoles  were reported  in 1 970 . 89 The l igands that 

were used were 3 , 5-dimethylpyrazo le and 1 , 3 , 5-t rimethyl

pyrazo le . Bagley et al89 reported the so lubi lity and 

ret ent i on of  tetrahedral  configurat io,n in s o lut ion o f  

these complexes . The fai lure o f  the se  two ligands to 

give s ix-co-ordinate complexes was attributed to the 

steric  e ffects  o f  the subst ituents on the 3 and 5 ( o r  1 )  

pos it i ons . 

The 3 , 5-dimethylpyrazole  was the first l igand 

prepared and the dichloro cobalt ( i i )  complex made . An 

NN.R study o f  the c omplex and free l igand showed l igand 

exchange taking place as the re was no se parat ion o f  the 

free and co-ord inated NMR s ignal s . A l igand mo le 

fract ion range was made using a concent ration of 0 . 0 5  

mo l 1-1 for the complex . Figure ( 5 . 2 )  shows the 

results o f  this invest igat ion at one t emperature . 

As can be  s een from the figure , the plot o f  

observed chemi c al shi ft versus mole fraction o f  ligand 

was not l inear .  This me ant that informati on such as 

the chemical shi ft o f  the complex ( mo le fraction o f  

ligand equals z ero )  was unobt ainable . As  this  is  

1 2 9  
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Fi gure 5 . 2  

Pl o t  o f  the o b s erv e d  chemi c al shi ft o f  the me thyl pro t o n s  

v er s us the �o l e  frac t i on o f  l i gand f o r  0 . 0 5  m o l  1- 1 
di chlorobi s ( 3 , 5-dime thyl pyrazo l e ) c o b al t  ( I I )  

i n  d e ut ero chloro form at 53 . 5 °C 

0 . 6 0 . 7 0 . 8  0 . 9  

Mo l e  frac ti on o f  l i gand 



essent ial  to  obt aining accurate rate information this 

part icular l igand was not sui t ab le . 

A pos s ible c ause o f  t he curvature in Figure ( 5 . 2 ) 

i s  the e ffect o f  dimeriz at ion . Dimeriz at ion i s  known 

t o  occur in 3 , 5-dimethylpyrazo le resulting in chains o f  

l igands in so lut ion thus m aking uncertain the mo le 

1 30 

fraction o f  free l igand at any coucentrat ion o r  t empe rature . 

An import ant result o f  this study was t hat exchange 

was see n t o  t ake place in these  systems . The ligand , 

1 , 3 , 5-trimethylpyrazo le and its  assoc iated Cobalt ( II )  

halo-complexes were then made as the me thyl in the one 

pos ition would el iminate  the hydrogen bond asso ciat ive 

e f fects . 

For any tempe rature , s eparation o f  the free and 

co -ordinated  l igand s ignals  occurred in a deute rochloro form 

so luti on o f  dichlorobis ( 1 , 3 , 5-trimethylpyraz o le )  Cobalt (II ) 

containing excess trimethylpyrazole . The addit ion o f  the 

methyl group to pyrazo le i s  known to have an additive 

increment al  e ffect on the pKBH+ value97 ( in othe r words 

it makes the pyrazole a better  base ) . For the condit ion 

o f  " fast exchange " in an NMR experiment the ligand 

1 , 3 , 5-trimethylpyrazo le was non-labile . 

An attempt to reduce the b asicity  of  the 

trimethylpyrazo le was made by brominating the 4-posit ion . 

A new Cobalt ( II )  complex was formed , dichlorobis  

( 1 , 3 , 5-trimethyl-4-bromo-pyrazo le ) Cobalt ( II ) . Again , 

l ike the other pyrazo les , this. complex proved t o  be very 

s o luble . On a prel iminary NMR invest igation t his complex 

and exce ss l igand again showed separat ion of  the free and 

unco-ordinat ed ligand signals ( li gand non-lab i l ity ) . 



A last  att empt was made to  find a suit able l igand 

fo r a de finit ive study . With the pyrazo le t ype l igand 

re adily forming complexes and not suffering from the 

prob lems o f  chemi c al ins t ab i lity  and decompo s i t ion , the 

l igand 1 , 4 -d imethylpyrazo le was s e lected . With this 

1 3 1 

ligand the hydrogen bonding prob lems o f  the 3 , 5  dime thyl-

pyrazole should be eliminated . Also  the l i gand should 

prove to  be labi le in cont rast to the 

1 , 3 , 5-t rimethylpyrazo le as it  cont a ins only two methyl 

groups . 

As c an be s e en from the prep arat i ve sect ion , 

several at t empts were made t o  pre pare this l igand without 

success . Another pyrazo le was m ade at the s ame t ime , 

3 , 5-dirrethyl-1 -phenylpyraz o le . 98 T�i s  ligand forms a 

tet rahedral complex with anhydrous c obaltous chloride 

but unfort unat e ly the excess  l i gand ( impurit ies in the 

o i l ) re act s with the complex in m aking up s amples  for 

NMR me asurement . 

5 . 4  Conc lusions 

In finding a suit able Cobalt ( I I ) t etrahedral 

c o mplex for an NMR rate study a numbe r  of prob lems aro se . 

Firs t l y  the c omplex and l igand must b e  re asonab ly so lub l e  

and s t able . In p art i cular t he comple x  must be s t ab le 

and s o lubl e  in the pre s ence o f  a s igni fi c ant exc e s s  o f  

the free l igand . The se cond point i s  that the complex 

must remain in a t e t rahedral confo rmation over a large 

temperature range and in the pres e n c e  o f  exces s  l igand . 

The fina l po int re lat ing t o  the ligan d  i s  that i t s  NMR 

spectrum must be int e rpret ab le , th at is  the ligand should 

not c ont ain more than two t ypes o f  pro t on . 



With these  re quirement s ,  the pyrazoles  seem t o  

b e  the most  sui t able ligands pre se nt ly ava i l ab le . 

I f  the prob lem o f  obt aining a s at i s factory method 

1 3 2  

o f  pre parat ion for 1 , 4-dime thylpyrazo le i s  so lved , 

pe rhaps a new l igand exchange system invo l ving Cob alt ( II )  

will  be found . 



APPENDIX 1 

INPUT FOR PROGRAM DENSITY MATRIX 

The dat a cards are as fo llows : 

Fi rst card : Thi s  card cont ains t he c ase numbe r ( NCASE)  

1 3 3  

s i gn i fying the numbe r o f  j obs  and an identi fying name , 

e . g .  4-NITROSO-K-SALT IN D20 Aug , 74 .  NCASE m ay be 

between 1 and 99 . The FORW�T o f  the c ard i s  ( I2 ,  1 9A4 ) . 

Se cond c ard : The coupling cons tant s ( AJ1 2 , AJ1 3 , AJ14 , 

AJ23 , AJ24 , AJ34)  are punched on thi s  card . 

( 8F 1 0 . 6 ) . 

FORMAT 

Third c ard : Thi s  c ard c ont a ins the chemi c al shi ft s  

( W1 , W2 , W3 , W4) . FORMAT ( 8F1 0 . 6 ) . 

Fourth c ard : The inverse o f  the spin-spin re l axat ion 

rat e TTWO is  re ad on this card . FORMAT ( 8F1 0 . 6 ) . 

Fi fth card : The lower ( WI )  and upp e r  ( WU )  l imits  o f  the 

frequency range, for whi ch the dens ity matrix i s  t o  

calculat e  a theore t i c a l  spect rum i s  re ad o n  this c ard . 

Also  read is  DELTA . DELTA i s  the amo unt by  which the 

frequenc y inc re ase s  fo r e ach success ive dat a p oint t i l l  

WU i s  re ache d . FORMAT ( 8F1 0 . 6 )  

S ixth card : This c ard re ads RTOR ( inve rse t ) o r  the 

rot at i onal rate . FORMAT ( 8F1 0 . 6 ) . 

I f  di ffe rent frequency range s and rot at ional rat e s  

are w ant ed ( a  range o f  t he oret ical  s pe ctra ) , this i s · 

s igni fied by  the c as e  number . Thus i f  there i s  more than 

one j ob the s eventh c ard c ont ains ( WI ) ' , ( WU ) ' , and 

( DELTA ) ' .  The e ighth ( RTOR ) ' • • •  e l e venth c ard ( WI ) " , 

( WU ) " , ( DELTA ) " ,  twe lth card ( RTOR ) " and so  on t il l  the 

numb e r  o f  c a s e s  i s  fin i s hed . 

An END OF JOB c ard s i gni fies  the e nd o f  the run . 



STRUCTURE OF THE PROGRAM 

St atement number 
or comment (C) 
C READ IN INPUT DATA 

500 

501 -503 

C SET UP ��TRIX 

1 050-1 051 

1 020-1 021 

1 008-1 037 

1 1 00 

10 10-1 01 3 

Comment 

Fo l lowing this the d at a are re ad 

in from punched c ards , chemic a l  

shi ft s , coupling const ant s , e t c . 

Print instructions for  out put ; 

he adings , frequenc i e s  and 

c a l cu l at ed int ensit i e s . 

As  ment ioned in Chapter �hree the 

1 1 2  x 1 1 2  mat rix is d ivided into 

four m at ri c e s  for so lving . Here 

the first 8 x 8 mat rix is  s et up . 

This  is  setting up the B m at rix 

as dis cus sed in Chapt e r  Three  for 

the AB c ase ( AX = B ) . The t e rm s  

in t h e  m atrix can be s e t  e qual t o  

one a s  this me re ly a lt e rs the 

s c ale o f  the the oret i c al s p e c t rum . 

The fi rst A mat rix ( 8  x 8 )  is  set  

up by  init i al l y  sett ing a l l  the 

e lement s of the mat rix to zero 

and then bui lding up the mat rix . 

Thi s  ho lds the A and B mat rice s 

for s o lut ion b y  the sub rout ine 

SIMQ whi ch is  a st and ard mat rix 

inve rs ion pro gram . 

SUM( L ) i s  the so lut ion o f  the 

mat rix inve rs ion ( X  = A-1 B )  : 
fo r the 8 x 8 matrix thi s is  

B ( 2 )  + B ( 4) + B (6)  + B ( 8) . Fo r 

a part icular fre quency , this is  

the intensit y .  

Thi s enab le s  the fi rst 8 x 8 
matrix t o  be so lved f o r  the who le 

frequency range . 



St at ement number 
or  comme nt (C) 

201 1 

2020 

2021 - C SOLUTION • • • 

2008-2037 

2 1 00 

201 0-201 3 

C ORI GINAL KWJ02 

301 1 

3050 

99 

20-44 

t o  C ORI GINAL KWJ01 

3008-3016 

31 00 

Comment 

Thi s  is the commenc ement o f  the 

s e c ond 8 x 8 matri x . The 

frequency is  reset  t o  WI . 

1 3 5  

The matrix e lement s are s e t  equal 

to 0 . 0  for A .  

The second 8 x 8 A mat rix is set  

up . 

The subrout ine SIMQ so lve s 

(X  = A-1B ) . 

SUM( L) is  the addit ion o f  the 

intens itie s plus t he previous 

SUM( L)  from the fi rst mat rix . 

The se cond 8 x 8 m at rix is so lved 

for  t he frequency range WI to WU .  

Thi s is the c ommencement o f  the 

third matrix ( 48 x 48 ) . All  the 

e lements o f  the B m at rix are set  

at  0 . 0 .  

The B matrix i s  set  up . 

The 48 x 48 A matrix is  s e t  up with 

a l l  e lement s e qual t o  0 . 0 .  

The third A ( 48 x 48 ) mat rix i s  

s et up . 

The thi rd matrix is  so lved by  
matrix inve rs i on ( SI MQ) . 

The intensit y SUM( L)  is  found . To 

this is added t he previous int ens i t y  

found for that part i cular frequenc y .  



St atement number  
or comment (C) 

301 0 
3007-3006 

C PDB02 
401 1 

239 

266 - C ORI GINAL 
PDB01 

4008-401 6  

41 00 

WRITE ( 3 , 4) W , 
SUM( L )  

4010-4006 

501 1 -501 2 

·, 

SUBROUTINE S IMQ . 

PROGRAM LISTING 

Comment 

Thi s  enab les  the frequency  range 
( WI-WU ) to be solved .  

This  fourth B matrix i s  set  up 
fo r the final 48 x 48 A m atrix . 
The frequency is init i al i zed at 
W I .  

The A matrix e lement s are s et  
equal  t o  0 . 0 .  

The final A matrix i s  set  up . 

SIMQ s o lves  ( X  = A-1 B ) .  

The t ot al intensity  for e ach 
frequency is found by SUM ( L ) . 

The re sults  are printed out o f  
fre quency  with corres ponding 
intens i t y . 

The fourth mat rix is so lved for 
the fre quency range WI t o  WU . 

I f  the number of  cases  i s  
finished the results are 
printed . I f  not the next j ob 
invo lving  a new frequenc y r ange 
and rot at ional rate i s  commenced . 

Thi s  subrout ine is  a matrix invers ion 
program . 

The list ing o f  DENSITY ��TRIX appe ars on the 
remaining pages o f  thi s  Appendix . 



F" l l [  

F' l l [  

c 

2 • l t N E I � P U T O A T A , U N l T • R E A D E R  

3 = l i � E O U T P U T O A T A • U � l T 3 P � I N T E R  

O R I G I J' U l  I< W J 0 3  

I N T E G E �  G 

I N T E G E �  P 

1 3 7  

O I M E N S l O � A ( � 3 0 4 ) , � A ( 2 3 0 4 ) , d ( 4 R ) • R R ( 4 6 ) , S U � ( 5 0 0 ) , N A M E C 1 9 )  

N C A S = t  

C R E A D  I N  I N P U T  O A T A  

R E A 0 ( 2 , 2 0 0 0 ) N C A S E , � A M £ 

R E A D C 2 , 1 ) A J 1 2 , A J 1 3 , A J 1 4 , A J 2 3 , A J 2 4 • A J 3 4  

R E A D  ( 2 , 1 ) W 1 , W 2 • W 3 , W 4  

R f A O C 2 •  t > T T w n 

5 0 0  R [ A 0 ( 2 , 1 ) W l • W U , D E L T A  

R E A D ( 2 , t > R T O R 

C W R I T E P R E L I M I N A R Y  D A T A  

I F" C N C A S • 1 ) 5 0 2 • 5 0 2 , 5 0 1  

5 0 1  W q i T E ( 3 , 5 5 0 0 ) N C A S , � T O R 

G O  T O  5 0 3  

5 0 2  W R I T E < 3 • 2 5 0 0 ) N A M E 

W R I T E < 3 , 3 0 0 0 > 

W R I T E C 3 1 4 0 0 0 ) W 1 , w 2 , W 3 , W 4 

W R 1 T E < 3 • 7 0 0 0 ) 

· '  
' 

W R I T E C 3 , 6 0 0 0 ) A J 1 2 , A J 1 3 , A J 1 4 , A J ?. 3 , A J ?. 4 , A J 3 4 

W R I T E C 3 • 5 0 0 0 ) T T W O , � T O �  

5 0 3  W � I T E ( J , 6 0 0 0 > 

C S E T  U P  M A T � I X  

D O  1 0 5 0  J :. t , s  
1 0 5 0  B A C I > • O . O  

0 0  1 0 5 1 J a } , � , 2  
1 0 5 1  B B C I > • t . o  

W • W I  

8 J l 2 11 0 • 5 • A J 1 2  

B J 1 3 = 0 · 5 • A J 1 3 

B J 1 4 = 0 · 5 • A J 1 4  

B J 2 3 :a 0 . 5 • A J 2 3  

B J 2 1PI 0 e 5 • A J ? 4  

B J 3 4 = 0 . 5 • A J 3 4  

D O  1 0 :? 0  I • t , 6 4 

1 0 2 0  A A ( J ) : 'J • O  

D O  1 0 2 1  1 = \ , 6 4 • �  

1 0 2 1 l A ( J ) : • T T W O • R T O R  

A A ( 3 ) • f H O R  



A A ( 1 2 ) w � T O R  

A A ( 1 7 > = R T O R 
A A ( 2 6 ) a � T O �  
A A ( 3 9 ) • 1 H O R  
A A C 4 6 ) :a i H O �  

A H 5 3 ) :r � T O �  
A 4 ( 6 2 ) • R T !l �  
A A C 4 > = 9 J 3 4  
A A ( 6 ) • 9 J 2 4  
A A ( 8 ) • � J 1 4  

A A < t t > • • B J 3 4  
A A C 1 3 ) :s • 8 J 2 4  
A A ( 1 5 ) • • B J \ 4 

A A C 1 6 ) a o J 3 4  
A A ( 2 2 ) • B J 2 1 
A A C 2 14 ) • B J 1 3 
A A ( 2 5 > • • B J J 4  
A l\ ( 2 9 ) s • f3 J 2 3  
A A ( J l ) :r • B J 1 3 
A A ( 3 4 ) • B J 2 4  
A A '  3 6 ) a f3 J 2 3  
A A ( 4 0 ) : "J J 1 ?.  
A A C 4 1 ) :a • R J � 4  

A A ( 4 3 ) z • f:i J 2 3  
A A C 4 7 ) : • B J \ 2  
A A ( ') Q ) a � J \ 4  
A A ( 5 2 ) :r 8 J 1 J 
A A ( 5 4 ) :r B J 1 2  
A A ( 5 7 > = • R J 1 4 
A A ( 5 9 ) = • B J 1 3 

A A  ( 6 1 > = • B J  1 ?.  
A A ( ? ) S • 9 J 1 4 • B J 2 4 • B J 3 4 + w • W 4  
A A ( � ) : • A A ( ? )  
A A C ?. O > = • B J l 3 · � J 2 3 · � J 3 4 + w • w J  
A A ( 2 7 ) : • A A ( 2 0 )  
A A C 3 8 ) = • 8 J 1 2 • B J 2 3 • R J l 4 + w · w �  
A A ( 4 5 ) : • A A ( 3 6 )  
A A C S 6 ) • • B J 1 2 • B J t 3 • A J 1 4 + W • w t  
A A ( 6 3 ) = • A A ( '5 6 ) 

C S O L U T I O N O F'  T H E  M A T � I �  A N D  P R I N f  O U T  Q F"  T H f  S O L U T I O N 
N = tt  
L z O 

1 0 0 8  D U  1 0 0 9  J = t # 6 � 
1 0 0 9  A ( J ) = � A ( J )  

o n  1 0 3 7 .J = l , B  
1 0 3 7  B < J > = � � ( J )  

C A L L  S I � Q ( A , B # � , � S ) 

2 



I F  C K S >  9 9 9 1 1 1 0 0 1 9 9 9  

1 1 0 0  L • L + 1  

S U M C L > • B C 2 > + 8 ( 4 ) + 8 ( 6 > + B C 8 > 
P • 2  

W • � h O E L  T A  
t r c w • w u > 1 0 t O I 1 0 l 0 1 2 0 t l  

1 0 1 0  A � C P ) • A A C P ) + O E L T A  
I F C P • S S > 1 0 0 7 1 1 0 \ 4 1 1 0 1 4  

1 0 0 7  P • P + 1 8  

G O  T O  1 0 1 0  
1 0 1 4  P • 9  

1 0 1 2  A A ( P ) • A A ( P ) • O E L T A 
I F C P • 6 2 l 1 0 l l 1 1 0 0 8 1 1 0 0 6  

1 0 1 3  P • P + l 8  
G O  T O  1 0 1 2  

C O R I G I � A l  K W J 0 4  
2 0 1 1 C 0 N T I N tJ E 

W • W I 

O D  2 0 2 0  1 • 1 1 6 4 
2 0 2 0  A A < I > • O • O  

0 0  2 0 2 1 1 • 1 1 6 4 , 9  

2 0 2 1 A A C I ) e • f T W O • R T O R 

A A C 3 ) • � T O R 

A A. C t 2 > � R T O �  
A A C t 7 > z R T O �  

A A C ?. 6 ) :a R T O �  

A A C 3 9 ) :  R r'o R 

A A ( 4 8 ) a � T O R  

A A ( 5 3 ) • R T O R  
A A C 6 2 ) :r f H O R  
A A C1t> • • B J 1 2  

A A C 6 > = • B J 1 3 

A A C 8 > = • B J 1 4  

A A C 1 1 ) • B J 1 2  

A A ( t 3 ) = R J 1 3 

A A ( 1 5 > • B J 1 4  

A A C 1 8 > • • B J 1 2  

A A C 2 2 ) • • B J 2 3 

A A C 2 4 > • • B J 2 4  

A A C 2 5 > • B J 1 l'  

A A C 2 9 ) • ti J 2 3 

A A C 3 1 > • H J 2 4  

A A ( 3 4 ) • • B J 1 3  

A A C 3 6 > • • S J ?. 3  

A A C 4 0 ) :. • ij J 3 4  

A A ( 4 1 > • 8 J 1 3  

A A C 4 3 ) :a B J 2 3  

1 3 9  

3 



A A C 4 7 ) = 13 J 3 4  
A A C 5 0 ) : • B J 1 4  
A A (  5 2  > = • B J 2 4  
A A < S 4 > = • B J 3 4  
A A < 5 7 ) = !3 J 1 4  
A A C 5 9 ) : B J 2 4  
A A < 6 1 ) = R J 3 4  
A A < 2 > = � J l 2 + � J 1 3 + B ..J l 4 + w • w l 
A H 9 ) a: • A A C ? > 
A A ( 2 0 ) :: B J 1 ? + B J ?. 3 + R .J 2 4 + W • W 2  
A A ( 2 7 ) = • A A ( 2 0 )  
A A ( 3 8 > = B J 1 3 + B J 2 3 + B J 3 4 + w • w 3  
A A ( 4 5 l = • A A C 3 8 > 
A A ( 5 6 > = H J 1 4 + B J 2 4 + B J 3 4 + W • W 4  
A A l 6 3 l = • A A < 5 6 ) 

C S O L U T I O N O F'  T H E  M A T R [ X  A N O  P l-( l � T  O I J T O F  f H E S O L u T H N  
L e O  

2 0 0 6  0 0  2 0 0 9  J :: t , 6 4  
2 0 0 9  H J > = A A C J )  

0 0  2 0 3 !  J : l , R  
2 0 3 7  B C J > = B A C J >  

C A L L  S J � Q ( A , R , N , � S ) 
J f ( K S ) 9 9 9 , ? 1 Q 0 , 9 9 9  

l 1 0 0 L = L + l  

2 0 1 0  

2 0 0 7 

2 0 1 4  
2 0 1 2  

2 0 1 3 

c 
3 0 1 1  
.i 0 5 0  

S U � C L > = B C ? ) + H ( 4 ) + � ( 6 ) + � ( tl ) + S � � ( L )  
P = 2  -. 

W a: W + D E L T A  
I F" < w · w u > 2 0 1 0 , ? 0 1 0 , 3 0 1 1 
A A ( P ) = A A ( P > + O E L T A  
I F C P · 5 � > 2 0 0 7 , 2 0 1 4 , 2 0 1 4  
P = t-' + 1 8  
G O  T O  ? 0 1 0  
p :: �  
A A C P > = A A C P > • O E L T A  
I F C P • 6 ? > 2 0 1 � , ? 0 0 8 , 2 0 0 8  
P • P + 1 8  
G O  T O  ? 0 1 ?  

0 � I G I �u L � w J 0 ? 

D O  3 0 5 0  I = \ , 4 8 
B B < I ) a: o . o  
B B < 2 > = t . O  
B R C 4 > = 1 e 0  
8 8 ( 8 ) = 1 · 0  
8 8 ( 1 4 ) = 1 · 0  
B R < t B > = t . O  
8 8 ( 2 2 ) = 1 . 0  
B � H 2 6 > = t . o  

1 4 0  

4 



8 8 (  3 0 ) = 1 · 0  

B B ( 3 6 ) : t . o  
5 

8 8 ( 4 4 ) = 1 . 0 
8 8 ( 4 6 ) = 1 · 0  
8 8 ( 4 8 ) = 1 · 0  
w :a w t 
D O  9 9  (1 : 1 , ? 3 0 4  

9 9  A A < G > c o . o  

D O  2 0  11 =  3 t h  5 2 8 •  9 R  
2 0  A A < G > = · � J 1 4  

D O  2 1 G :a 8 5 , 5 7 5 , 9 8 

2 1 A A C G > =  li J 1 11  

D O  2 2  G = 2 6 , ':> 1 6 , � 6 
2 l  A A < G > = • B J 2 q  

D O  2 3 G = 7 3 , 5 6 3 , 9 B  
2 1 A A < G > = � J 2 4  

D O  2 4 G = 6 1 4 , 1 1 0 4 ' 9 � 

2 4  A A ( G > = • 8 J 1 3 

D O  2 5  G = 6 6 t , t l <; t , 9 '\ 
2 5  A A < G > =  q J 1 3 

D O  2 6 G = t 4 , '5 0 4 , 'i1 8 
2 6 A A ( G ) = · � J 3 4  

D O  ? 7  G = 6 t ... s � t , 9 1i  
2 7  A A < G > = ri J 1 4 

o n  2 8 G = 6 0 ? , 1 0 9 t? , 9 '\  
2 6  A A C G > = • H J 2 .j 

D O  ') 9  G = 6 4 9 , t 1 3 9 , 9 'i 
2 9  A A C G > = B J � 1 

o n  3 0  G = 1 t � O , t 6 d 0 , 9 �  
3 0  A - C G > = · � J l ? 

0 0  3 1  G = l :? .H - 1 7 ? 7 , 9 .� 
3 1  A A C G > =  � J l 2  

D O  3 2  G = 1 7 i 1J ' ::> ? ?.  0 ,  � �� 
3 ?.  A A C G > = · � J l 4  

D O 3 3  G = t 7 7 7 , 2 ? 6 7 ' � � 
3 3  A A C G > =  � J 1 4  

D O  3 4  IJ = 1 1 5 4 , 1 6 4 4 , 9 S 
3 '•  A A { G ) : • q J 2 4  

D O  3 5  G = t 2 0 l , 1 6 'l 1 , 9 8 
3 5  A A (  G ) =  ii J 2 4 

D O  3 6  G = t 7 4 ?. , 2 ? 3 2 , Q 8  

3 6  A A ( G ) : • �j J \ 3 

D O  3 7 IJ = 1 ! 13 Q , '?. ? 7 9 , Q M 
3 7  A A < G > =  A J 1 1 

D O  3 8  IJ = 5 7 1i , 1 0 6 8 , 9 1i 
3 8  A A ( G ) = "' B J J 4  

D O  3 9  IJ = 6 2 5  1 1 1 1  ') , 9 �  



3 9  A A < G > = B J 3 4  

o n  4 0  G = t t 6 6 , 1 6 ) 6 , � �  

4 0  A A ( G ) • • B J 2 3  
D O  4 1  G = t 2 1 3 - t 7 0 3 , 9 �  

4 1  A A ( G ) • B J :? l 
D O  4 2 G • 1 7 5 4 , ? � 4 4 , 9 8  

4 2  A A C G > = • 8 J 1 2  

0 0  4 3  G = 1 8 0 1 , ? ?. � 1 , 9 � 

4 3  A A < G > = B J l :?  

D O  4 4  G • 1 , ? 3 0 4 , 4 � 

4 4  A A ( G ) • • T T W O • R T O R  

A A C 4 > = B J 2 3  
A A ( 6 ) c B J 2 4  
A A ( 6 ) :  B J 1 3 

A A < l O ) : B J 1 4  

A A C 5 t ) :a • B J ? 3  
A A C r; 3 ) :a • B J 2 4  

A A < r; 5 ) = • B J 1 3 

A A ( 5 7 > = • 8 J 1 4 

A A ( 9 6 )  = �. .. • 
A A ( t 0 2 > = b � J 4  
A A ( 1 0 4 > = B J t �  

A A < 1 0 8 > =  B J 1 4  
A A < 1 4 5 l = • B J 2 3 
A A C 1 4 9 ) :z • B J 3 4  
A A ( t 5 1 ) = • B J,t ? 

A A <  1 S 5 > = · B J 1 4  

A A < t 9 4 ) :  B J ? 4  
A A ( 1 9 6 ) :  B J 3 4 

A A < ?. 0 2 > =  B J 1 ?. 

A A < 2 0 4 > =  H J 1 3 

A A ( � 4 1 > = • B J 2 4  
A A < 2 4 3 > = • B J 3 4  

A A ( 2 4 9 l = • 8 J l :?  

A A C 2 5 1  > = • H .J 1 3 

A A < 2 9 0 > =  B J 1 3  

A A < 2 9 2 > = B .J 1 ? 

A A ( 2 9 6 ) =  H J 3 4  

A A ( ) U Q ) :  B J 2 4  

A A ( 3 3 7 > = • 8 J t 3 

A A C 3 3 9 > = • B J t 2  

A A ( 3 4 5 ) = • B J 3 4  

A A C 3 4 7 > = · B J ? 4  

A A ( 3 6 6 > =  B J 1 4  
A A ( 3 9 0 l =  R J t :? 

A A C 3 9 2 > =  B J 3 4  
A A C 3 9 6 > =  B J ?. 3  

1 4 2  
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A A C 4 3 3 > = • B J 1 4  

A. A ( 4 3 7 ) : • B J 1 2 

A A C 4 3 9 > = · � J 3 4  

A A C 4 4 3 > = • B J 2 .3  

A A C 4 8 4 ) :  8 J 1 4  

A A C 4 8 6 > =  8 J 1 .3  

A A C 4 8 8 > =  B J ::> 4  

A A ( 4 9 0 > =  B J 2 3  

A A < 5 3 1  > = • B J 1 4  

A A < 5 3 3 > • • B J 1 3 

A A ( 5 3 5 > • • B J ? 4  

A A ( 5 3 7 > = • B J 2 3  

A A C 5 9 2 ) :z  B J 2 3  

A A ( 5 9 4 l =  B J ? 4  

A A C 5 9 6 l =  � 1 1 3 

A A ( S 9 8 ) :  B J 1 4  

A A ( 6 3 9 > = • B ,J ? 3 

A A < 6 4 1  l = • B J ? 4  

A A ( 6 4 3 l = • B J 1 3  

A. A ( 6 4 5 l = • B . l 1 4  

A A C 6 8 6 ) =  8 J 2 �  
A A < 6 9 Q ) :  H J 3 4 

A A. C 6 9 2 ) :�  8 .1 1 ?  
A A < 6 9 6 ) =  B J 1 4  

A A. C 7 3 3 > = • B J 2 3  

A A C  7 3 7 > = • B J 3 4  

A A C 7 3 9 ) = • B J 1 ?.  

A A ( 7 4 3 l = • t3 J 1 4  

A A < 7 8 2 > =  B J 2 4  

A A ( 7 8 4 l =  B .J 3 4 

A A C 7 9 0 > =  B J t ?.  

A A C 7 9 2 ) =  B J 1 3 

A A C 8 2 9 l = • t3 J 2 4  

A A C 8 3 1 > = • B J 3 4  

A A ( 8 3 7 > = • B J 1 2  

A A ( 8 3 9 > = • B J 1 3  

A A C 6 7 8 > =  B J 1 3 

A A ( 8 6 0 ) :  B J 1 2  

A A ( 8 6 6 ) =  B J 3 4  

A A C 6 6 6 > =  B J 7. 4  

A A ( ., 2 S > = • B J 1 3 

A A. C 9 2 7 > = • B J 1 ?.  

A A ( 9 3 3 > = • B J 3 4  

A A < Y 3 5 l = • B J 2 4  

A. A ( 9 7 4 > =  B J 1 4  

A A ( 9 7 6 ) =  B J 1 2  

A A C 9 6 0 > =  B .J 3 4  

7 



A A ( 9 6 4 > •  B J 2 3  

A A ( 1 0 2 t ) :z • A J 1 4  

A A ( l 0 ? '; ) : • 8 J 1 2  

A A C 1 0 ? 7 > = • H J � 4  

A A (  1 0 3 1  > = • R J 2 3  

A A ( 1 0 7 ?. l =  A J 1 4  

A A C 1 0 7 4 ) = A J 1 3  

A A ( 1 0 7 6 ) :t  � J ?. 4  

A A < t 0 7 $! ) :  B J � 3  

A A ( l l 1 9 > = • B J 1 4  

A A ( 1 1 2 1 > = • A J 1 3 

A A <  1 1 2 3 ) : • A J :? 4  

A A C 1 1 ? 5 > :a • 8 J ?. 3  
A A C 1 1 6 0 > =  q J ?. 3 
A A ( l 1 6 2 ) =  H J 2 4  
A A C 1 1 � 4 ) :  A J t 3  

A A < 1 1 6 6 ) :a  B J 1 4  

A A < 1 2 ? 7 > = - � J 2 3  

A A C 1 2 2 9 > = - � J ? 4  

A A (  1 2 3 1  ) : • fi J 1 3  

A A ( 1 2 3 3 > = • B J 1 4  

A A ( 1 2 7 4 > = + � J ? 3  

A A ( l 2 7 � > = + R J 3 4  

A A ( 1 2 6 0 > = + A J t 2  

A A ( 1 2 6 4 ) = + i-i J 1 4  

A A ( 1 3 2 1 ) = • �,J ? 3 

A A ( 1 3 ? 5 > = • B J 3 4  

A A ( 1 3 t' 7 ) : • A J 1 2 

A A < 1 3 3 1 > = · �J J 1 4  

A A ( t 3 7 0 ) :  Fl J ? 4  

A A < t 3 7 2 > =  � J 3 4 

A A C 1 3 7 8 > =  R J l ? 

A � ( 1 3 B O ) :  Fl J 1 3 

A A < t 4 1 9 > = • A J 3 4 

A A < 1 4 2 S > = • A J 1 2 

A A C 1 4 ? 7 > = • H J 1 3 

A A ( 1 4 6 6 > =  B J 1 3 

A A C 1 4 6 8 > =  f.» J 1 2 

A A ( 1 4 7 4 ) = � J :i 4 

A A ( 1 4 7 6 > = � J ?. 4  

A A < 1 5 1 3 > = • 8 J t 3 

A A ( 1 5 1 5 > = • A J 1 2  

A A ( 1 5 2 1 > = • B J 3 4  
A A C 1 5 2 � > = • 'i J � 4  

A A C 1 5 6 2 > =  13 J 1 4  

A A C 1 5 6 6 > =  � J \ 2  

A A < 1 5 6 8 ) = � J :i 4 

1 4 4  

8 



A A ( t 5 7 2 ) •  R J � J  

A A C 1 6 0 9 ) • • B J 1 4  

A A ( 1 6 1 3 > • • A J 1 2  

A A C 1 6 1 5 > • • B J 3 4  

A A < t 6 1 9 ) • • B J 2 3  

A A C 1 6 6 0 > = B J 1 4  

A A ( 1 6 6 2 > =  B J 1 3  
A A C 1 6 6 4 > •  B J � 4  

A A ( 1 6 6 6 ) ::�� B J 2 3  

A A < t 7 0 7 > • • B J t 4  

A A ( 1 7 0 9 > • • B J 1 3  

A A (  1 7 1 1  > • • B J 2 4  

A A C 1 7 1 3 ) :a • B J ? 3  

A A ( 1 7 6 6 ) :a  A J 2 3  

A A C 1 7 7 0 > =  R J ? 4  

A A C 1 7 7 2 > •  B J 1 3  

A A C 1 7 7 4 ) a  B J 1 4 

A A (  t 8 1 5 > = • B J 2 3  

A A C 1 8 1 7 > = • B J 2 4  
A A ( 1 8 1 9 ) :a • 8 J t 3 

A A ( 1 8 2 1 > • • B J t 4  

A A C 1 8 6 2 > =  R J 2 3  

A A <  1 8 6 6 ) :  B J 3 4  

A A ( 1 6 6 6 ) •  B J t ?. 

A A ( t 6 7 2 > = A J 1 4 

A A C 1 9 0 9 ) • • 8 J 2 3  

A A ( t 9 1 3 > • · � J J 4  

A A ( t 9 1 5 ) = • R J 1 2 

A A ( 1 9 1 9 > = · � J 1 4  

A A C 1 9 5 6 ) : R J :? 4  

A A ( 1 9 6 0 ) :a  � J 3 4  

A A C 1 9 6 6 ) •  B J 1 2 

A A C 1 9 6 6 ) a  B J 1 3  

A A C 2 0 0 5 ) a • B J 2 4  

A A C 2 0 0 7 > = • A J 3 4  

A A ( 2 0 1 3 > = • B J 1 2  

A A ( 2 0 1 5 > = • B J 1 3 

A A C 2 0 5 4 ) :a  R J 1 3  

· A A ( 2 0 5 6 > =  B J l ?  

A A C 2 0 6 2 ) •  8 J 3 4 

A A ( 2 0 6 4 l •  B J 2 4  
A A C 2 1 0 t > = • B J 1 3 

A A ( 2 1 0 3 ) a • R J 1 2  

A A ( 2 1 0 9 ) : • B J 3 4  

A A < 2 1 1 1 ) • • R J 2 4 

A A C 2 1 5 0 ) a  B J 1 4  

A A ( 2 1 5 4 ) =  8 J 1 2  

9 

', 



A A < 2 1 5 6 > = B J 3 4  
A A ( 2 1 6 0 ) s  B J 2 3 
A A ( :? 1 9 7 > = • 8 J 1 4 
A A C 2 2 0 1 > • • B J 1 2  
A A C :? 2 0 3 > • · � J 3 4  
A A C 2 2 0 7 > = • A J 2 3  
A A C 2 2 4 8 ) :s  B J \ 4 
A A < 2 2 5 0 ) :  � J \ 3 
A A C 2 2 5 2 > =  8 J 2 4  
A A ( 2 2 5 4 > •  B J ? 3  
A A ( 2 2 9 5 ) : • B J 1 4  
A A < 2 2 9 7 > = • 8 J t  3 
A A ( 2 2 9 9 > = · � J 2 4  
A A ( 2 3 0 1 > • • 13 J :? 3 
A A < 2 > = R J 3 4 • B J ? 3 • B J 1 3 + w • w 3  
A A C 4 9 ) • • A A C 2 >  
A A < t O O > = B J 2 4 • 8 J 2 3 · � J l l + w · w 2  
A A C t 4 7 > = • A A C t O O > 
A A ( 1 9 8 ) • B J 1 4 • B J t 3 · � J 1 2 + w · � 2 · W 3 + W 4 
A A C 2 4 5 > • · A A ( 1 9 � ) 
A A ( 2 9 6 > = B J 1 4 • B J t ? · � J 1 3 + w · w t  
A A ( 3 4 3 ) • • A A ( 2 9 6 ) 
A A ( 3 9 4 ) • R J 2 4 • A J 2 3 · � J 1 2 + w • w t • W J + w 4 
A A ( 4 4 1 ) • • A A ( 3 9 4 ) 
A A C 4 9 2 > • A J 3 4 • R J t 3 · � J 2 3 + w · w t · w 2 + w 4  
A A ( S 3 9 ) • • A A C 4 9 ? ) 
A A ( 5 9 0 ) = 8 J 3 4 • B J ?. 4 • 9 J 1 4 + w • w 4  
A A < 6 3 7 ) a: • A A C 5 9 0 ) 
A A C 6 8 6 ) : 8 J 1 3 • B J 1 2 · � J l 4 + w • w ? • W 4 + w 3  
A A < 7 3 5 > = • A A C 6 6 8 ) 
A A C 7 6 6 ) a: B J 2 3 • B J t 2 • 8 J 2 4 + w • w 2  
A A ( 6 3 3 > • • A A C 7 8 6 ) 
A A C 6 6 4 > = B J ?. 3 • R J 1 2 • q J 2 4 + w · w t • w 4 + w 3  
A A ( 9 3 1 > = • A A C 8 6 4 > 
A A ( 9 6 2 > • B J 1 3 • B J t 2 · � J 1 4 + W • w t  
A A ( 1 0 2 9 > = • A A C 9 8 2 )  
A A ( 1 0 6 0 > ::  R , J  3 4 • R J 2 4 • B J 1 4 + W • W 1 •  W 2 + W 3 
A A ( 1 1 2 7 > = • A A C 1 0 8 0 ) 
A A ( 1 1 7 6 ) a � J t 2 • R J 1 3 • � J 1 4 + W • w J • w 4 + W 2  
A A ( 1 2 2 5 > = • A A C 1 1 7 8 )  
A A ( 1 2 7 6 > = B J ? 4 • 8 J 1 4 • B J 3 4 + W • W 4  
A A ( 1 3 2 3 > = • A A C 1 ? 7 6 ) 
A A ( 1 3 7 4 > • B J ? 3 • 8 J 1 3 • 8 J J 4 + W • w 3 : 
A A ( 1 4 2 1 > = • A A ( 1 3 7 4 ) 
A A ( 1 4 7 2 > = B J ?. 3 • A J 1 3 • 8 J 3 4 + W • w t • w 4 + W 2  
A A ( 1 5 1 9 > • • A A C 1 4 7 2 )  
A A C 1 5 7 0 > = B J 2 4 • A J 3 4 • B J 1 4 + W • W t • W 3 + W 2  

1 4 6  

1 0  



A A ( 1 6 1 7 > • · � A C 1 5 7 0 ) 

A A ( 1 6 6 6 ) • B J 1 2 • B J 1 4 • B J 1 3 + W • W 1  

A A C 1 7 1 5 ) • • A A ( 1 6 6 6 ) 

A A C 1 7 6 6 > • B J t ? • R J ? 4 • B J 2 3 + W • w J • w 4 + W 1 

A A C 1 8 1 3 ) • • A A C 1 7 6 6 ) 

A A C 1 8  6 4 )  • B .J 1 3 • A J 3 4 • B J 2 3 + W • �1 2 • W 4 + W 1 

A A ( t 9 1 1 > = • A A C 1 � 6 4 ) 

A A ( t 9 6 2 ) • 8 J l 4 • A J 3 4 • B J 2 4 + W • w 2 • W ) + W 1  

A A C 2 0 0 9 ) • • A A C 1 9 6 2 )  

A A ( 2 0 6 0 > • B J 1 4 • A J 3 4 • A J 2 4 + W • W 4  

A A ( 2 1 0 7 ) • • A A C 2 0 6 0 )  

A A ( 2 1 5 8 > • B J 1 3 • B J 3 4 · � J 2 3 + W • W 3  

A A C 2 2 0 5 > = • A A ( 2 1 5 8 )  

A A C 2 2 5 6 > • B J 1 2 • B J 2 4 • B J 2 3 + W · � 2  

A A C 2 3 0 3 > • • A A C 2 2 5 6 ) 

A A ( l ) ) a R T O R  

A A C 6 2 > • R T O R  

A A (  1 1 7 > = R T O R 

A A ( t 6 6 ) • R T O R 

A A ' 2 1 1 > = R T O R  

A A C 2 6 0 > = R T O R  

A A C 3 0 5 > • R T O R 

A A C 3 5 4 > = R T rt R  

A A <  3 9 9 ) = R T 11 R  

A A C 4 4 6 > = R T O R  

A A ( 5 0 3 ) a: R T O R  

A A C 5 5 2 ) : R T O R  

A A C S 7 7 ) • R T O R  

A A C 6 2 6 > = R T O R  

A A C 6 8 1  > = R T O R  

A A ( 7 3 0 > = R T O R  

A A '  7 7 5 > = R T O R 

A A C 6 2 4 > = R T O R  

A A C 6 6 9 ) • R T fi R  

A A C 9 1 8 > = R T O R  

A A < 9 6 3 ) • R T O R  

A A ( 1 0 1 2 > = R T O R 
A A C 1 0 6 7 > = R T O R  

A A C 1 1 1 6 > = R T O R 

A A C 1 1 6 9 ) : R T U R 

A A C 1 2 3 !\ ) = R T O R 

A A C 1 2 9 3 > • R T O R  

A A ( t 3 4 2 ) z: R T O R 

A A ( t 3 6 7 > = R T O R 

A A ( t 4 3 6 ) = R T O R 

A A ( 1 4 t H > = R T O R 

A A C 1 5 3 0 ) : R T O R  

. ' 
' 

1 1  



c 

U C 1 5 7 5 ) • R T O R 

U C t 6 2 4 > • t H O R  

U ( 1 6 7 9 h R T O R  

U C t 7 2 8 > • R T O R  

A A C 1 7 5 3 > • R T O R  

U C 1 8 0 2 > • R T O R 

U < 1 8 5 7 > • R T O R  

U C t 9 0 6 ) • R T O R  

U C t 9 5 t > a R T O R  

A A  ( 2 0 0 0 ) • R T O R  

U C 2 0 4 5 > • R T O R  

U C 2 0 9 4 ) • R T O R  

U < ?. 1 3 9 > • R T O R  

U C 2 1 8 8 > • R T O R  

A A <  2 ?. 4 3 )  • R T O R  

U C 2 2 9 ? > • R T O R 

O R I G I � � L  K W J 0 1  

N • 4 8  

L • O  

3 0 0 8  0 0  3 0 0 9  J • 1 , 2 3 0 4  

1 0 0 9  A C J > • A A < J >  

0 0  3 0 1 6  K :z t , 4 8 

3 0 1 6  B C K > • B B C K >  

C A L L  S I M Q C 4 ' B ' � � K S >  

I F C K S )  9 9 9 1 3 1 0 0 1 9 9 9 

3 1 0 0  L • L + l � 

1 2  

S U M ( L ) • � < 2 > + B C 4 ) + B C 8 ) + B C 1 4 ) + B ( 1 8 > + 8 ( 2 2 > + � ( 2 � > + A C 3 0 ) + 8 ( 3 6 ) + 8 C 4 4 ) + 8 

1 ( 4 6 ) + 8 ( 4 8 ) + �U M ( L )  

P • 2  

W • W + D E L T A  

I r < w • w u > 3 U 1 0 , J 0 1 0 1 4 0 l 1  

3 0 1 0  � A C P ) • A A ( � ) + O E L T A  

3 0 0 7  P • P + 4 7  

A A < P > • � A C P > • D E L T A 

I F < P • 2 3 0 0 > 3 0 0 6 1 3 0 o a , J o o 6  

3 0 0 6  P • P + 5 1 

A A ( P ) • A A C P > + D E L T A 

G O  T O  3 0 0 7  
C O R I G I N A L  P O B 0 2  

4 0 1 1  8 8 ( 8 ) • 0 . 0  

8 8 ( 1 0 > • 1 · 0  

8 8 ( 2 2 ) • 0 • 0  

8 8 ( ? 4 ) • 1 · 0  

8 8 ( 4 0 ) • 1 · 0  

8 8 ( 4 4 ) :1 0 • 0  

W • W I 

0 0  2 3 9 L • 1 , 2 3 0 4  



2 3 9  A A C L > • O • O  1 3  
0 0 2 6 6  L • 3 4 , 7 2 0 , 9 8 

2 6 6 A A C L > • • 0 . 5 • A J 1 4  

0 0 2 1 7 L • 8 1 , 7 6 7 ) 9 8  

2 1 7  A A < L > • 0 • 5 * A J 1 4  

0 0 2 1 8  L • 2 6 , 3 2 0 , 9 8 

2 1 8  A A C L > • • 0 • 5 • A J 1 3 

0 0 2 1 9  L • 7 3 , 3 6 7 , 9 8  

2 1 9  A A C L > • O • S • A J 1 3 

0 0 2 2 0  L = 8 1 0 , 1 1 0 4 , 9 B  

2 2 0  A A ( L ) • • O • S * A J 1 3 

0 0 2 2 1 L • 6 5 7 , 1 1 5 1 , 9 8  

2 2 1  A A < L > • O . S • A J 1 3 

0 0 2 2 2  L � 1 8 , 1 4 6 8 , 9 6  

2 2 2  A A C L > • • O e 5 * A J 2 4  

0 0 2 2 3 L = 6 5 , 1 5 3 � , 9 6 

2 2 3 A A < L > • O e 5 * A J ? 4 

0 0 2 2 4  L = t 0 , 3 0 4 , 9 8 
2 2 4  A A C L ) z • o • 5 * A J 2 3  

o o 2 e s  L • s 7 , 3 5 1 , 9 8 

2 8 5 A A C L > • 0 . 5 • 4 J ? 3  

0 0 2 8 6  L = 4 0 2 , 6 9 6 , 9 8 

2 8 6  A A ( L ) c • 0 . 5 * A J 3 4  

0 0 2 2 7 L = 4 4 9 , 7 4 3 , 9 8 

2 2 7  A A C L ) • 0 • 5 • A J 3 4  

0 0 2 2 8 L • 1 1 � 6 , 1 4 8 0 , 9 8  

2 2 8  A A ( L ) • • 0 • 5 • A J 3 4  

0 0 2 2 9  L = 1 2 3 3 , 1 5 2 7 , 9 8  

2 2 9  A A ( L ) • O • S • A J 3 4  

0 0 2 3 0  L • 1 5 l 8 , 1 8 7 2 , 9 8  

2 3 0 A A C L > • • 0 • 5 * A J 2 3 

0 0 2 3 1  L = 1 6 ? 5 d 9 1 9 , 9 8 
2 3 1  A A C L > • 0 . 5 • A J 2 3  

0 0 2 3 2  L = 1 5 3 8 , 2 2 2 4 , 9 8  
2 3 2  A A C L > = • O . S • A J 1 4 

0 0 2 3 3  L • 1 5 B 5 , 2 2 7 1 , 9 8 

2 3 3  A A < L > • 0 , 5 • A J 1 4  

0 0 2 3 4  L • 1 1 5 4 , 1 4 4 8 , 9 6  

2 3 4  A A < L > • • 0 • 5 * A J 1 3 

0 0 2 3 5 L = 1 2 0 1 , 1 4 9 5 , 9 6  
2 3 5  A A ( L ) • 0 • 5 • A J 1 3 

0 0 2 3 6  L = 1 9 3 6 , 2 2 3 2 , 9 6  

2 3 6 A A ( L ) • • O • S • A J 1 3 

0 0 2 3 7  L • 1 9 8 5 , 2 ?. 7 9 , 9 6  

2 3 7  A A ( L ) • 0 • 5 • A J 1 3 

0 0 2 3 8  L = 7 7 0 , 2 2 4 0 , 9 6 

2 3 8 A A C L ) • • O • S * A J 1 2  



0 0  1 2 3 9  L = R 1 7 , 2 2 6 7 , 9 8  

1 2 3 9  A A C L > • O , S • � J 1 2  

0 0 2 4 0  L 2 3 8 6 , � 8 0 , 9 8 

2 4 0  A A ( L ) • • O , S • A J 2 3  

0 0 2 4 1 L s 4 3 3 1 7 2 � , 9 8 

2 4 1 A A ( L ) • 0 • 5 * A J 2 3  

0 0 2 4 2  L s 7 7 8 , t 0 7 2 , 9 R 

2 4 2  A A ( L ) = • 0 • 5 * A J 3 4  

0 0 2 4 3  L •  6 2 5 , 1 1 1 9 , 9 B 

2 4 3  A A < L > • O . S • A J 3 4  

0 0 2 4 4  L • 1 5 6 2 , 1 8 5 6 , 9 8  

2 4 4  A A < L > = • 0 • 5 • A J 3 4  

0 0 2 4 5  L = 1 6 0 9 , 1 9 0 3 , 9 8 

2 4 5  A A C L > = O , S • � J 3 4 

0 0 2 4 6  L = 1 9 5 4 , 2 2 4 8 , 9 6  

2 4 6  A A < L > • • O e 5 • A J 2 3 

0 0 2 4 7  L • 2 0 0 1 , 2 ? 9 5 , � 8  

2 4 7  A A < L > = 0 . 5 • A J 2 3  

0 0 2 4 8  L = t , 2 3 0 4 , 4 9 

2 4 8  A A < L > = • q T o � · T T W O 

A A C 6 ) • 0 . S • A J 1 3 

A A ( 8 ) • 0 . 5 • A J 1 4  

A A ( 5 3 ) : • Q , 5 • A J 1 3 

A A C 5 5 ) a • O • '> • A J 1 4  

A A C 1 0 2 ) • 0 , 5 • A J ?. 3  

A A <  1 0 4 ) :. Q , ') • A J 2 4  

A A C 1 4 9 ) • • o . � • A J 2 3 

A A ( 1 9 4 ) = 0 . 5 • A J 1 3 

A A C 1 9 6 ) • 0 , 5 • A J ? J  

A A C 2 0 0 > = o . 5 • A J 3 4 

A A < 2 4 1 ) = · o . 5 • A J 1 3 

A A ( 2 4 3 > = · 0 · 5 • A J 2 3  

A A < 2 4 7 > • • 0 e 5 * A J 3 4  

A A C 2 9 0 ) = 0 • 5 • A J t 4  

A A C 3 3 7 > = • 0 · 5 • A J 1 4  

A A ( 3 4 1 > = • 0 e 5 * A J 3 4 

A A < 4 > • 0 . 5 • A J 1 ?.  

A A C 5 t ) :c • 0 , 5 • A J 1 2  

A A ( 9 8 ) :a O e S * A J 1 2 

A A C 1 4 5 ) • • 0 e 5 • A J 1 2  

A A C t 5 t } :a • Q • 5 * A J 2 4  

A A ( 2 9 2 ) = 0 e 5 • A J 2 4  

A A C 2 9 4 ) = 0 . 5 • A J 3 4 

A A ( 3 3 9 } = • 0 e 5 • A J 2 4  

A A ( 3 9 6 ) :c 0 , 5 • A J 1 2  

A A C 3 9 8 ) = 0 e 5 • A J 1 3 

A A C 4 0 0 > • 0 . S • A J 1 4  

15 0 

1 4  



A A ( 4 4 3 > • • 0 • 5 * A J 1 2  

A A C 4 4 5 > • • 0 e S • A J 1 3 

A A C 4 4 7 > • · o . s • � J t 4  

A A C 4 9 0 ) :a O e S • A J 1 2  

A A C 4 9 4 ) s O e 5 * A J :? 3  

A A C 4 9 6 ) :a O , S • A J 2 4 
A A C S 3 7 > = • 0 • 5 * A J 1 ?.  

A A C 5 4 t > • • O o 5 * A J 2 3  

A A C 5 4 3 > = · 0 · 5 • A J 2 4 

A A C 5 6 6 ) • 0 e 5 • A J 1 3 
A A C 5 8 6 ) : 0 , 5 • A J 2 3  

A A C S 9 2 ) • 0 . S • A J 3 4  

A A C 6 3 3 > • • o , S • A J 1 3  

A A C 6 3 S > • · O · S • A J 2 3  

A A C 6 3 9 l = • O , S • A J 3 4 

A A C 6 8 2 > = 0 , S • A J 1 4  

A A C 6 6 4 ) s 0 . 5 • A J 2 4  

A A ( 6 8 6 ) • 0 e 5 • A J 3 4 

A A C 7 2 9 > • • 0 o 5 • A J 1 4  

A A C 7 3 1 > = • o e 5 * A J 2 4  

A A C 7 3 3 > = • 0 • 5 * A J 3 4 

A A C 7 8 8 > = 0 . S • A J 1 ?. 

A A C 7 9 0 ) • 0 . 5 • A J 1 3  

A A C 7 9 2 > = 0 e 5 • A J 1 4  

A A C 8 3 5 > = • 0 • 5 • A J 1 2  
A A C 8 3 7 > = · � · 5 • A J 1 3 

A A ( 6 3 9 ) • • 0 o 5 * A . l 1 4  
A A C 6 8 2 > = 0 e 5 • A J 1 2  

A A C 8 8 6 l = O . ') • A J ? 3  

A A C 8 8 8 > • 0 . S • A J 2 4  

A A C 9 2 9 ) s • o . s • A J 1 2  

A A C 9 3 3 ) • • 0 o 5 * A J ?. 3  

A A ( 9 3 5 ) : • Q , S • A J 2 4  

A A C 9 7 8 ) : Q , S • A J 1 3  

A A ( 9 8 0 > = 0 e 5 • A J ? 3 

A A ( 9 8 4 ) : 0 , 'l • A J H  

A A C t 0 2 S > = • O , S • A J 1 3 

A A ( 1 0 2 7 > = • 0 , S • A J 2 3  

A A ( 1 0 3 1 ) :. • 0 . S • A J 3 4  

A A C 1 0 7 4 > = 0 o 5 * A J 1 4  

A A C 1 0 7 6 ) = 0 • 5 * A J ? 4  

A A ( 1 0 7 R > = 0 • 5 * A J 3 4 

A A C 1 1 2 t > = • O o 5 * A J 1 4  

A A C 1 1 2 3 > = • o , S • A J 2 4  

A A C 1 1 2 5 > = • U , S • A J 3 4  

A A ( 1 1 8 0 > = 0 • 5 * A J 1 2  

A A C 1 1 8 2 > :a o , S • A J 1 3 

1 5 1 

1 5  



A A C 1 1 6 4 > • 0 • S • A J 1 4  

A A C 1 2 2 7 > • • 0 , S • A J 1 2 

A A ( 1 2 2 9 > = • 0 e S * A J 1 3 

A A C 1 2 3 t > � · O , S • A J 1 4 

A A C 1 2 7 4 > • 0 • 5 * A J 1 2  

A A ( 1 2 7 8 > • 0 • S • A J 2 3  

A A ( 1 2 6 0 > • 0 • 5 * A J ? 4  
A A ( 1 3 2 1 > = • 0 , S • A J 1 2 

A A C 1 3 2 � > = • 0 , 5 • A J 2 3  
A A C 1 3 2 7 ) z • O , S • A J 2 4  

A A ( 1 3 7 0 ) • 0 • 5 • A J 1 3 

A A ( 1 3 7 2 > � o . S • A J 2 3  

A A ( t 3 7 6 } • 0 • 5 * A J 3 4  

A A C 1 4 1 7 > = • o , 5 • A J 1 3 

A A C 1 4 1 9 ) 2 • 0 , S • A J ? 3  

A A C 1 4 2 3 ) : • 0 , S • A J 3 4 

A A ( 1 4 6 6 > � o . S • A J 1 4  

A A C 1 4 6 8 ) 2 Q e 5 • A J 2 4  

A A ( 1 4 7 0 ) • 0 • 5 • A J 3 4  

A A ( t 5 1 3 ) z • O , S • A J 1 4  

A A { 1 5 1 5 > = • 0 , 5 • A J ? 4  

A A ( 1 S t 7 > = • 0 , 5 • A J 3 4  

A A C 1 5 7 2 > = 0 • 5 * A J 1 ?.  

A A ( l 5 7 4 > = 0 • 5 • A J 1 3  

A A ( 1 5 7 6 > = 0 · 5 • A J 1 4  

A A C 1 6 1 9 ) : • o , S • A J 1 2  

A A C 1 6 2 1 > = • 0 , S • A J 1 3  

A A ( 1 6 2 3 } : • Q , 5 • A J 1 4  

A A C 1 6 6 6 > = 0 • 5 • A J 1 2  

A A ( 1 6 7 0 > = 0 e 5 * A J ? 3  

A A ( 1 6 7 2 > = 0 • 5 * A J ? 4  

A A < 1 7 1 3 ) : • Q , S • A J 1 2  

A A ( t 7 1 7 ) : • 0 , S • A J 2 3  

A A { t 7 1 9 > = • 0 , 5 • A J ?. 4  

A A C 1 7 6 2 > = 0 • 5 * A J 1 3 

A A C 1 7 6 4 ) = 0 · 5 • A J 2 3  

A A C 1 7 6 � > = 0 · 5 • A J 3 4  

A A ( 1 8 0 9 ) : • Q , S • A J 1 3  

A A ( t 6 t t > = • O , S • A J 2 3  

A A C 1 6 1 S > = • O , S • A J 3 4  

A A ( t 6 5 6 l = 0 • 5 • A J 1 4  

A A ( 1 6 6 0 ) • 0 • S • A J 2 4  

A A ( 1 6 6 2 ) = 0 • 5 * A J 3 4  

A A C 1 9 0 ; > = • o , S • A J 1 4  

A A C 1 9 0 7 > = • 0 , 5 • A J ? 4  

A A C 1 9 0 9 ) • • 0 , 5 • A J 3 4 

A A ( 1 9 6 4 > = 0 • S * A J 1 2  

15 2 

1 6  



A A ( 1 9 6 6 > • 0 • S • A J 1 3 

A A C 1 9 6 A > = 0 · 5 • A J 1 4  

A A ( 2 0 1 1 ) • • U e 5 * A J 1 � 

A A ( 2 0 1 3 > • • 0 e 5 * A J 1 3 

A A C 2 0 1 5 > = • 0 e 5 * A J 1 4  

A A C 2 0 S 8 > = 0 • 5 * A J 1 2  

A A ( 2 0 6 2 > = 0 • 5 * A J 2 3  

A A C 2 0 6 4 > = 0 • 5 • A J 2 4  

A A ( 2 1 0 5 > = • 0 o 5 * A J 1 2 

A A ( 2 1 0 9 ) : • o , s • A J 2 3  

A A < 2 1 1 1 ) • • 0 . 5 • A J ?. 4  

A A ( 2 1 5 4 ) = 0 • 5 * A J 1 3  

A A ( 2 1 5 6 ) = 0 • 5 * A J 2 3  

A A l 2 t 6 0 > = o . s • � J 3 4  

A A ( 2 2 0 1 > = • 0 • 5 • A J 1 3 

A A < 2 ?. 0 l > = · O . S • A J 2 3  

A A ( 2 2 0 7 ) : • 0 , 5 • A J 3 4 

A A C 2 2 5 0 ) : Q , S • A J 1 4  

A A < 2 2 5 2 > = 0 · 5 • A J ? 4  

A A C 2 2 5 4 > = 0 . S • A J 3 4  

A A ( 2 2 9 7 ) : • 0 e 5 * A J 1 4  

A A C 2 2 9 9 ) : • 0 , 5 • A J 2 4  

A A ( 2 3 0 t > = • O , S • A J 3 4 

A A ( ? ) = • 0 . 5 * ( A J t 2 • A J 2 3 • A J ? 4 ) + W • W ?  

A A C 4 9 ) = 0 • 5 * ( A J 1 2 • A J 2 3 • A J 2 4 ) • W + � 2  

A A < t O O ) : • O e 5 * ( A J 1 2 • A J 1 3 • A J 1 4 ) + W • W 1  

A A ( t 4 7 ) : 0 , 5 • C A J 1 2 • A J 1 j • A J 1 4 ) • w + � t  

A A < t 9 8 > = · o . s • C A J 3 4 • A J 1 4 • A J ? 4 > + w + w 3 - w 2 · w t  

A A ( 2 4 5 > = 0 a 5 * ( A ,J 3 4 • A J t 4 • A J 2 4 > • w • w 3 + W 7 + w 1  

A A ( 2 9 6 ) : • 0 e 5 * C A J 3 4 • A J 1 3 • A J 2 3 ) + w + W 4 • W 2 • w t 

A A ( 3 4 3 l = 0 , 5 • ( A J J 4 • A J 1 3 • A ,I 2 3 > • w • w 4 + W 2 + w l 

A A < 3 9 4 > = M o . s • < A J t 3 • A J £ 3 • A J 3 � ) + w · w 3  

A A ( 4 4 t ) : Q , S • C A J t 3 • A J 2 3 • A J 3 4 > • w + w 3 

A A C 4 9 2 > = · o . s • < A J ?. 4 • A J 1 4 • A J 3 4 > + w + w ?. · w l · w t 

A A ( 5 3 9 > = 0 • 5 • C A J 2 4 • A J 1 4 • A J 3 4 ) • w • w ? + W 3 + W 1  

A A ( 5 9 0 ) = • 0 e 5 * C A J 1 3 • A J 1 ?. • A J 1 4 ) + W • W t  

A A ( 6 3 7 > = 0 a 5 • ( A J t 3 · � J 1 2 • A J 1 4 > • w + w 1 

A A C 6 8 8 > = · 0 · 5 • C A J 2 4 • A J 1 2 · � J 2 J ) + w + W 4 • w 3 • w t  

A A C 7 3 5 > = 0 , 5 • C A J 2 4 • A J t l • A J 2 3 > • w • w 4 + W 3 + W l  

A A C 7 6 6 ) : • o . s • C A J 1 4 • A J £ 4 • A J 3 4 ) + W • W 4  

A A ( 6 3 3 ) • 0 . 5 • C A J t 4 • A J 2 4 • A J 3 4 > • w + w 4  

A A ( 6 8 4 ) : • 0 o 5 * ( A J 2 3 • A J 1 3 • A J 3 4 ) + W + W 2 • w 4 • w t 

A A ( � 3 1 ) = 0 , 5 * C A J 2 3 • A J l j • A J 3 4 ) • w • w 2 + W 4 + W l 

A A ( 9 8 2 > = · o . S • < A J ?. 3 • A J 1 2 • A J 2 4 ) + W + W 3 • W 4 • W l 

A A ( t 0 2 9 ) s O e 5 * ( A J 2 3 • A J 1 2 • A J 2 4 ) � W · W 3 + W 4 + W l  

A A ( 1 0 6 Q ) : • Q , 5 • C A J 1 4 • A J l ?. • A J 1 3 ) + � · W 1 

A A ( 1 1 2 f > = 0 . 5 • C A J 1 4 • A J 1 2 • A J t j ) • w + � l  

1 5 3 

1 7  



A A C 1 1 7 6 ) • • 0 , S • C A J 1 4 • A J 2 4 • A J 3 4 ) + W + W l • w 3 • W 2  
A A C 1 2 ? 5 ) • 0 • 5 * C A J 1 4 • A J 2 4 • A J 3 4 ) • W • W t + W 3 + W 2  
A A < t 2 7 6 > • • 0 t 5 * ( A J 2 3 • A J t 3 • A J 3 4 ) + W • W 3  
A A ( 1 3 2 3 > • 0 • 5 * ( A J 2 3 • A J 1 3 • A J 3 4 ) • W + W 3 
A A ( 1 3 7 4 ) z • O , S • C A J 2 3 • A J t 2 • A J l 4 ) + W • W 2  
A A C  1 4 1 7 l = • R J 2 4  
A A ( 1 4 2 1 ) • 0 • 5 * ( A J 2 3 • A J 1 ? • A J 2 4 ) • W + W 2  
A A C 1 4 7 ?. > • • 0 , S • C A J 1 4 • A J 1 ?. • A J 1 3 ) + W + W 4 • W J • w 2  
A A C 1 5 1 9 ) • 0 e 5 * C A J 1 4 • A J 1 2 • A J 1 3 > • w • W 4 + W 3 + W 2  
A A. C t 5 7 0 > • · o . s • C A J t 3 • A J ?. 3 • A J J A > + w + w t • w 4 • w 2  
A A C 1 6 1 7 > • 0 · 5 • C A J 1 3 • A J 2 J • A J 3 4 ) • w • w t + W 4 + W 2  
A A. ( 1 6 6 6 ) � · 0 e 5 • C A J 2 4 • A J 1 4 • A J 3 4 > + w • W 4  
A A ( t 7 t S > = O • S * < A J 2 4 • A J 1 4 • A J 3 4 ) • W + W 4  
A A C 1 7 6 6 > • • 0 e 5 * C A J 1 3 • A J 1 2 • A J 1 4 ) + W + W 3 • w 4 • W 2  
A A C t 6 1 3 > • 0 • S * C A J 1 3 • A J 1 2 • A J 1 4 > • w • W 3 + W 4 + W 2  
A A. ( t 8 6 4 ) • • 0 , 5 • C A J 2 4 • A J t 2 • A J 2 3 ) + W • W 2  
A A ( 1 9 1 1 l = O • � * ( A J 2 4 • A J 1 2 • A J 2 3 ) • W + W 2  
A A < t 9 6 2 ) s • O , S • C A J 1 2 • A J 2 3 • A J l 4 ) + w + W 1 • W 4 • w 3 
A A < 2 0 0 9 > =  Q , S • C A J 1 2 • A J 2 3 • A J 2 4 ) • w • w t + W 4 + W 3  
A A C 2 0 6 0 ) : • 0 , 5 • C A J 1 J • A J 1 1 • A J 1 4 ) + W + w 2 • W 4 • w 3  
A A C 2 1 0 7 ) :  O e 5 • C A J 1 ? • A J t l • A J 1 4 ) • w · w � + W 4 + W 3  
A A ( 2 1 5 8  ) :a • 0 , 5 * ( A J 3 4 • A J 1 4 • A J 2 4 > + w • W'4 
A A ( 2 2 0 5 ) :  0 , 5 • C A J 3 4 • A J t 4 • A J l 4 > • w + W 4  
A A ( 2 2 5 6 ) : • 0 , � • C A J 3 4 • A J 1 J • A J 2 3 > + w • W 3  
A A ( 2 3 0 3 ) z  O e S * ( A J 3 4 • A J t 3 • A J 2 3 ) • W + W l 
A A ( J ) • R T O R  
A A C 5 2 ) z R T O R  
A A C 9 7 l • � T O !l  
A A C 1 4 6 ) :a R T O R  
A A C 1 9 9 l = R T !l �  
A A. C 2 4 8 ) = R T I I �  
A A < ?. 9 3 > • t H U R 
A A <  3 4 2 l • R F l R 
A A C 4 1 9 ) a R T i l H  
A A C 4 6 8 > • R T O R  
A A < 5 1 3 l = R T fl R  
A A ( 5 6 2 ) = f H O R 
A A C 6 1 5 ) z R T O � 
A A ( 6 6 4 ) � R T f1 �  
A H 7 0 9 > = R T O R 
A A C  7 5 8  > = t H O R 
A A C 7 9 5 > • t H ! l R  
A H  8 4 4  > = R T O R 
A A ( 8 8 9 > � R T U R  
A A ( 9 3 8 ) 2 R T O R  
A A C 9 9 1  ) 2 R T IJ R  
A A ( 1 0 4 0 > � R T O R  

1 8  



c 
4 0 0 8  
4 0 0 9  

4 0 1 6 

4 1 0 0 

4 0 1 0  

4 0 0 7 

4 0 0 6  

A A q o e o; > • R T O R 
H ( 1 1 3 4 l • R r O R  
U < 1 1 7 \ l • R T O R 

U C  1 2 2 0 > ::� R T O R  
U C 1 2 6 5 > • R T O R 
U < t 3 1 4 ) ::� R T O � 

U ( 1 3 6 7 ) • 1 H O R  
U C 1 4 1 6 ) ::� R T O R 
U C  1 4 6 1  > • R T O R  
U C  1 5 l O > • R T Cl R  
U { 1 5 4 7 > • R T O R  
U ( 1 5 9 6 > • R T O R 

A A ( 1 6 4 1  > • R T O R  
A A <  1 6 9 0 l • R T O R  

U < t 7 4 J ) ::� R T O R  
U (  t 7 9 ?. > • R T O R  
U ( l 8 3 7 > • R T O R  
U (  1 8 8 o l • R T O R  
U C 1 9 6 :n ::� R T O R 

U ( 2 0 1 ? > • R T O R 
U ( ? 0 5 7 > • R T O R 

A A C 2 1 0 6 J = R T O R 

H < ? l 5 9 > • R T O R  

H ( 2 2 0 R J • t H O R 

U C ?. 2 5 l > = R T O �  

H < 2 3 0 2 J ::� R T O R  

O R I G PU L  P O R O l  

L ::� O  

D O  4 0 0 9  J • 1 , 2 3 0 4  
� ( J ) • A � ( J )  
D O  4 0 1 6  K • 1 , 4 8 

B C K > • B � C K >  

C A L L  S I � Q ( A , 8 ' � ' K S >  
l f C K S l  9 9 9 , 4 1 0 0 , 9 9 9  

15 5  

1 9  

L • L + l  
S U M C L > • R C 2 l + B ( 4 ) + 8 ( 1 0 l + R ( t 4 > + 8 C t 8 > + � ( 2 4 J + B C 2 6 J + � ( J U > + R C J 6 > + B ( 4 0 ) +  

1 8 ( 4 6 ) + R C 4 8 ) + S U � C L >  

S U M C U • • S U 'I ( l > 
W R I T E C J , 4 ) W , S U � C L >  

P • 2  
W • W + O E L  T A  
I f < w • w u > 4 0 1 0 , 4 0 1 0 , 5 0 1 1 

A � < P > • A A C P > + O E L T A  

P • P H  7 
� A ( P ) • A A C P > • n E L T A  

t r < P • 2 J O O > 4 0 0 6 , 4 o o s , 4 o o s  

P • P + 5 1  



15 6 

A A C P > • A A C P > + D E L T A  20 
G O  T O  4 0 0 7  

5 0 1 1  l f ( N C A S E • 1 ) 6 0 1 1 1 6 0 1 1 1 5 0 1 2  
5 0 1 2  W R I T E C 3 1 9 0 0 0 > N C A S  

N C A S • N C A S + l  
N C A S E • N C A S E • l 
G O  T O  S O O  

9 9 9  W R I T E < � � 1 0 0 0 ) 
6 0 1 1 W R I T E C 3 1 9 0 0 0 l N C A S  

1 F O R M A T C 8 F 1 0 e 6 )  
4 F O R � A T ( 2 2 X I t 6 e 2 1 3 5 X I t 1 0 e J l  

1 0 0 0  F O R M A T C 1 1 S I � G U L A R  S E T  O F  E Q U A T I O N S ' >  
2 0 0 0  F O R M A T C I 2 1 1 9 A 4 l 
2 S O O  F O R M A T C 1 H l 1 3 0 X 1 1 9 A 4 / / ) 
3 0 0 0  F O R M A T C S X 1 1 C H E M I C A L  S H I F T S ' I 2 0 X • ' 1 ' • 2 0 X • ' 2 ' • 2 0 X ' 3 ' • 2 0 X ' 4 ' ) 

4 0 0 0  F O R M A T C 3 6 X • F 6 e 3 • 3 C l 3 X I F 6 • 3 > >  
5 0 0 0  F O R M A T C / / S X • ' I � V E R S E  T C 2 > = ' � F 8 o 3 / / / 5 X • ' R E L A ( A T I O N � A T E • ' • F l 0 a 3 / / l 
5 5 0 0  F O R M A T C 1 H l • S X • ' S T A R T  O F  C A S E  ' • 1 ? / / S X • ' � E L A ( A T I U N H A T E  ' F l 0 o 3 / / ) 
6 0 0 0  F O R M A T C 2 0 X • ' F R E Q U E � C Y ' • 1 5 X , ' I N T E N S I T Y ' > 
7 0 0 0  F O R M A T C / / S X • ' C n U P L I N G C n N S T A N T S ' • l 7 X , ' 1 2 ' • 1 U X 1 1 1 3 1 • 1 0 X 1 ' 1 4 ' • 1 0 X • ' 2  

1 3 1 • 1 0 X • 1 2 4 ' • 1 0 X • ' 3 4 1 ) 
8 0 0 0  F O R � A T C 3 8 X • F 6 a 3 • 5 < 6 X • F 6 a 3 ) )  
9 0 0 0  F O R � A T C / / / / S X 1 ' [ N O  O F  C A S E 1 1 1 2 )  

C A L L  E )( l T  
E N D  



c 

S U B R O U T I N E S I M Q ( A , q , N , K S J 

D I M E N S I O N � ( 1 ) , � ( 1 )  

f O R i U � D  S O L L I T I 0 '4  

T O L • O . O  

K S • o 

J J • • N  

D O  6 5  J :.q , � 
J Y • J + t  

J J • J J HI + 1 

B I G A • O  

I T • J J • J  

D O  3 0 J a J , N 

C S E A R C �  f O �  � A X I � u M  C n E F F I C I E � T  I �  C J L U M N  

I J • I T + I  

I f C A B S ( q J G A > • A A S C A C I J > > >  2 0 , 3 0 , 3 0  

2 0  B J G A • A ( J J )  

I M A  X •  I 

3 0  C O N T I N U E  

C T E S T  f O �  P I V O T  L E S S  T H A N  T D L E R A � C E  < S I N G U L A R  M �  
l f ( A � S C A I G A ) • l o L ) 3 5 , 3 5 , � 0  

3 5  K S • l  

R E T U R N  

C I N T E � C H A N G E R O W S  I F  N E C F. S S A q y  
4 0  t t • J + N • C J • ? > 

I T • t M A X • J  

D O  5 0  l( a J , � 

I l • I t + N 

1 2 • 1 1 + 1  r 
S A II E • A < I t > 

A C I 1 > = � C I 2 >  

A < I ?. > = S A II E  

C O I V I 0 E E Q U A T I O N  A Y  L E A O T N G C O E F F I C I E N T  

5 0  � C l t > = A C I 1 > 1 8 I G A 

S A V E • B <  1 '4 A ' O  

B C I M A X > • B C J )  

B C J > • S A V E / R I G A 

C E L I ... I N A T E N E X T  V A R I A � L E  

l f ( J • N ) � 5 , 7 0 , 5 5 
5 5  I Q S • N • C J • 1 > 

D O  6 5  I X • J 'f , � 

I X J • I Q S + I X  

I T • J • t x  

0 0  6 0  J X = J Y , N  

I X J X • N • C J X • t > + J X  

J J X • I X .J X + I T 

6 0  A C I X J X > • A C I X J X ) • C A C I X J ) * A C J J X > > 

1 5 7  

2 1  



6 5  B C I X > • A C I X > • C B ( J ) * � ( l X J ) )  

C B A C K  S O L U T I O N 

7 0  N Y • � · t  

I T :a N * N  

D O  6 0  J = l , � Y 

I A � I T • J  
I B • N • J  

I C • N 

0 0  8 0  )( :a t , J  

B C I B > • A C i d l · � C I A ) * B C I C > 
I A • I A · �  

8 0  I C • I C • t  
R E T U R � 

E � D  

15 8 

22 



APPENDIX 2 .  

LAOCN3 

The pro gram has two c apab i l i t i e s , d i re c t  

c alculat ion and i t e r at i ve c a l cu l at i o n . 

Fo r a t r i a l  direct  c a lculation the pro gram 

accepts  as d at a  a c as e  numbe r ,  the numb e r  o f  s pin 

nuc l e i  in the s ystem , an i dent i fi c at i o n  tit l e , the 

range o f  fre quenc i e s  o f  t rans i t ions o f  i nte re s t , 

the i s otopi c vari et y o f  e ach nuc leus , a set o f  

chemi c a l  sh i ft s  and coup l i ng const ant s (Hz ) and 

cont ro l  vari ab le s , ( i )  s pe c i fying that no  

i t e rat i ve fitting i s  to be  done , and ( i i )  whethe r  

ou tput o n  punched c ards i s  requi red . The program 

yi e lds for out put , a l l  i nput dat a  and a tab le  o f  

t rans i t ions wi th an, ident i fyin g numb e r  fo r e ach 

t rans it ion , its frequenc y , and its int en s i t y . 

Punched c a rds with t he s e  fre quenc ie s and i nt e ns it ie s 

c an also  b e  pro duced i f  s o  de s i red . 

I f  the t ri a l  c a l cu l at ion has yie lded a 

c a l cu l ated spe ct rum be aring a re s emb l ance to an 

ob s e rved s pe c t rum , an i t e r at i ve c a lcu l at i on c an b e  

attempted . 
· ·  

The program fo r an i t e rat ive c a l c u lat i o n  require s 

the s ame data as the t ri a l  c a lcu l at i on plus 

s pe c i fi c at i ons on whi ch s e t s  o f  paramet ers a re to b e  

vari ed . A l s o  expe rimen t al frequenc ie s co rre s pondin g 

t o  l ine  numbe rs obt ained in the pre l iminary t ri a l  

d i r e c t  c al c u l at i on mus t  b e  f e d  in . 

As output the pro gram yie lds t he ro ot me an s quare 

e r ro r  in f i t t ing o f  as s i gned l ines  fo r the t ri a l  

c al c u l at ion  and a ft e r e ach c yc le o f  ad justment , a 

t ab le o f  t he prob ab le e rrors a s s o c i at e d  with t he value s 

o f  e ach pa rame t e r  s e t  with the t ab l e  o f  the adjusted  

paramete rs . A t ab l e  cont aining fo r e ach t ran s it i on the 

l ine i dent i fi c at i on numb e r , the a s s i gn ed e xpe riment a l  

fre quenc y ,  the c al culated fre que nc y ,  t he c alculated 

int e ns it y ,  and the error i n  f it t in g ,  i f  an e xpe rimen t a l  

f re quency w a s  gi ve n , i s  a l s o  given a s  output . 
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Be st  Vnlu e  C B. s e s  

Compoun d ( 1 )  = N ,  N -d im e t h y l - p -n i t ro s o an i l i n e  

Com pou nd ( 2 ) = N ,  N - d i e t h y l -p-n i t ro s o an i l i ne 

R 

4 

3 

N = 

Comnound (1 ) 

1 

2 

0 

The program re qu i re s the 

chem i c a l  sh i ft s  in t h i s  

s e q ue nc e . 

in acet one-d 6 

W(  1 )  = 420 . 387 + . 01 5  

W( 2 )  = 535 . 804 + . 01 4  

W( 3 )  = 397 . 067 + . 058 

W( 4 )  = 402 . 688 + . 056 

A ( 1 , 2 )  = 9 . 04 3  .± . 02 0  

1. ( '1 ' 3 ) = 0 . 1 55 .± . 058 

A ( 1 , 4 ) = 2 . 8 3 5  .± . 059 

A ( 2 , 3 ) = 2 . 497 .± . 04 3  

A ( 2 , 4 )  = 0 . 040 + . 042 

A ( 3 , 4 )  = 9 - 5 3 3  .± • 0 3'+ 

I t e rat i on 3 Rl\';S e rror = . 04 5  

Compound (2) i n  n c e t one -d6 

W(  1 )  = 42 3 . 950 .± . 01 8  

W ( 2 )  = 5 3 3 . 6 1 9  + . 01 6  
-

'N( 3 )  = 399 . 607 + . 06 5  
-

W(4) = 4 06 . 31 6  + . 081 
-

A ( 1 , 2 )  = 9 . 1 1 3  + . 024 

A ( 2 , 3 ) = 0 . 055  .± . 060 

A ( 1 , 4 )  = 2 . 862  + . 062 

A ( 2 , 3 ) = 2 . 4 55 + . 050 

A ( 2 , 4 )  = 0 . 002 + . 050 
-

A ( 3 , 4 )  = 9 . 41 1 + . 04 5  
-

I t e r at i on 3 RMS e rr o r  = . 052 

1 6 0  



1 6 1 

Compound (1)  i n  chloro form-d1 

W( 1 )  = 409 . 291 + . 049 

W( 2 )  = 534 . 393 .:t . 021 

W(  3 )  = 407 . 049 .:t . 0 36 

W( 4)  = 391 . 6 1 6  .:t . 026 

A ( 1 , 2 )  = 8 . 920 .:t . 050 

A ( 1 , 3 ) = -0 . 01 8 .:!: . 055 

A( 1 ,  4 )  = 2 . 6 38 .:!: . 042 

A ( 2 , 3 ) = 2 . 377 .:!: . 044 

A ( 2 , 4 )  = -0 . 047 .:!: . 034 
A ( 3 , 4 ) = 9 . 546 + . 041 

I t e rat ion 3 RMS erro r = . 066 

Com:gound (2) in chloro form-d1 

W ( 1 )  = 409 . 704 + 
-

. 030 

W ( 2 )  = 531 . 7 59 .± . 024 

W ( 3 )  = 41 0 . 44 7  .± . 028 
W( 4 )  = 392 . 304 .± . 028 

A ( 1 , 2 )  = 9 . 025 .:!: . 039 

A ( 1 , 3 ) = o . o  
• 

A ( 1 , 4 )  = 2 . 528 .£ . 042 
A ( 2 , 3 ) = 2 . 394 .:!: . 037 

A ( 2 , 4 )  = o . o  
A ( 3 , 4 )  = 9 . 492 .± . 035 

I t e rati on 2 RMS e rror = . 088 



C o mpou nd (2) i n  t o lue n e -d8 

W (  1 )  = 360 . 44 1  + . 01 5  -
W ( 2 )  5 37 . 450 + - . 01 5  

W( 3 )  = 404 . 326 + • 01 9 
W (  L� ) = 340 . 42 5  + . 01 6  -

A ( 1 , 2 )  = 3 . 993 + . 022 
A ( 1 , 3 ) = -0 . 06 3  + . 02 3  

A ( 1 , 4 )  = 2 . 667 + . 022 

A ( 2 , 3 ) = 2 . 371 + . 02 5  

A ( 2 , 4 )  = -0 . 064 + . 022 

A ( 3 , 4 )  = 9 . 508 + . 025  -
I t e rat ion 2 RW.S erro r  = . 0 5 3  

p-n i t ro s ophe n o l  i n  1 N K2co 3 ( in n2Q2 

W( 1 )  = 3 9 3 . 31 7  + . 044 

'.V ( 2 )  
W (  3 )  
'N ( 4 )  

A ( 1 , 2 )  

A ( 1 , 3 ) 

A ( 1 , 4 )  

A ( 2 , 3 ) 

= 478 . 077 + . 024 

= 442 . 522 + . 024 
= 387 . 22 2  � . 047 
= 9 . 599 � . 047 
= -0 . 04 1  + . 044 
= 2 . 220 + . 048 
= 2 . 691 + . 0 34 

A ( 2 , 4 )  = 

A ( 3 , 4 )  = 

-0 . 084 + . 042 

9 . 643 + . 0 51 

Ite rat i on 3 RMS e rro r = 0 . 076 

N . B .  The a c t u a l  erro r  i n  t he s e  parame t e rs as 

dis cu s s e d  in Chapte r Pour , i s  + 0 . 2  Hz . 
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