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ABSTRACT. 

A brief review of the principles and general experimental 

methods of nuclear magnetic resonance is given. A description 

.of the double resonance method is given in part I, and some 

specific examples of the application to the determination 

of chemical structure are described.In part II the 

development of a method of stabilising the magnetic field' 

to the radiofrequency is described, together with the 

construction of a linear,swept frequency audio-oscillator 

for use in a frequency swept nmr system. Part III concerns 

the employment of the apparatus previously described in 

the use of rf pulse experiments. An extension of the Carr 

Purcell method of spin-echoes is applied to some organic 

compounds, and an attempt is made to correlate the results 

with chemical structure. Some brief notes on constructional 

work, including a low field spin-echo apparatus, are given 

in the :appendices. 
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INTRODUCTION 

In recent years the use of physical methods in chemical 

analysis has increased considerably with advances in 

spectroscopic techniques.Most notable of these has been 

the discovery and application of spectroscopy in the 

radio-frequency band,which is now an almost essential 

part of molecular structural investigation.Oertain atomic 

nuclei posessing a non-zero angular momentum,when subjected 

to a static magnetic fieldl give rise to an interaction 

with electromagnetic radiation at frequencies which are 

typicallTin the radio-frequency range.The study of this 

phenomenon,nuclear magnetic resonance,(nmr),has its most 

important aspects,as far as the organic chemist is concerned, 

in its application to the hydrogen nucleus.Since hydrogen 

occurs in the majority of organic compounds,a considerable 

amount of information on organic structures can be Obtained 

by the study of this nucleus alone.Other nuclei also give 

rise to magnetic resonance phenomena,-for example fluorine, 

phosphorous,carbon 13,-but for the purpose of this thesis 

we shall be mostly concerned with the hydrogen nucleus, 

and all the foregoing remarks may be taken to refer to this 

unless it is specifically stated otherwise.The study of 

the hydrogen nucleus is further simplified by the fact 

. that it has no quadrupole momentl and so we are not concerned 

with considerations of effects due to coupling with 

electrostatic fields. 



It is the considerable advances in apparatus and techniques 

which have made magnetic resonance an invaluable tool in 

the examination of chemical structures,and therefore a 

brief review of some nmr techniques is given before going 

on to discuss the development of some specialised methods 

in further detail.To give a complete account of the present 

state of the nmr method would be an almost impossible task 

owing to the amount of literature that has been published 

on the subject in recent years.For a more extensive 

theoretical account and literature review,the reader is 

referred to several available reviews and texts.143 24'83' 
116,139,141,175,194. 

1. Basic Theory  

The basic theory of magnetic resonance is well known and 

has been adequately described in detail elsewhere.113'139  

Only a fairly brief review of the underlying principles is 

given here therefore. 

(i) Motion of a nuclear spin 

Nmr is concerned with the description of the properties of 

assemblies of atomic nuclei,posessing magnetic moments, 

when placed in a magnetic field.We start our basic picture 

by first considering the motion of an isolated spin. 

The problem can be treated both classically and quantum 

mechanically.The classical approach gives a particularly 

useful picture,and since it leads to the same result as 

the quantum mechanical viewpoint,will be the one considered 



here. 

The nuclear spin may be regarded as a particle posessing 'a 

quantised angular momentum J = I.,where I is the spin 

quantum number ( = 2 for protons ),and a magnetic moment /u.,  

parallel to each 'other so that /a = V.3 	' A,1 

y being a scalar called the magnetogyric ratio.If the spin 

is placed in a magnetic field H,the nucleus attempts to 

align itself along the direction of this field,but posessing 

a parallel spin,describes instead a precessional motion about 

it.(Fig A.1) 

Fry A. 1 

Equating the torque experienced by the nucleus to its rate 

of change of angular momentum,we obtain, 

dJ/dt 7/ax H 	 A-2 

SinceiA= yx, 

d/4/dt .  = y(px11) 	 A-3 

It is convenient to convert this to a rotating frame so 

that the moment is stationary within this new coordinate 

system.By a standard technique we obtain,168 

sivit 	63 	= 9`/de vocx v) A-4 

whereWis the angular velocity of the rotating system. 



Hence, • stAs = 1E/4  A-5 

That is, we can regard the effective field within the 

rotating frame,Eeff  , as being H +4:0/y , when the motion 

within that frame obeys the same equations as that in the 

laboratory system. 

The resonant condition can be found by equating Neff  to 

zero. Thus coix = -`6flik 
	

A-6 

The moment thus posesses a resonant condition at a frequency 

Y H called the Larmor frequency.The proton)/  has a value 

of 4.26 x 103  c/s per gauss (strictly,oersted).Thus for 

fields in common use,usually of the order of kilogauss,we 

find resonant frequencies of the order of 20 - 100 110/s, 

although experiments have been carried out in fields as 

low as a fraction of a gauss,when the frequency is in 

kilocycles per second. 40' 	' 41,61,120,135 144,184,185 186,192,193 

(ii) Effect of an alternating field.- 

To consider the effect of an alternating field on the spin 

system,we regard a linear oscillating field as consisting 

of two counter-rotating components, Hi(icoscdt i:ipincot), 

It can be shown that only one of these components will be 

effective in the region of a).depending on the sign of V. 31  

The rf field is applied perpendicular to H, when the 

rotating components will be perpendicular also in the 

rotating frame. Whencois far from coothe overall effect on 

the precession will be small.With coat the precessional 

frequency however, Eeff, = k(H + ayi) + 141) , 	A-7 
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will reduce to Heff  = H1'  so that there is a precessional 

frequency within the rotating frame itself Lot = If Hi-, 	A-8 
A LI  

FL9 A.2. 

Thus the spin periodically inverts itself with a frequency 

' H1. 

(iii) Macroscopic•aszests of a collection of spins. 

The viewpoint of a single isolated spin is not a very real 

picture of a spin system which consists of a very large 

number of these spins:We therefore find it necessary to 

consider the assembly of nuclei as a whole. With a nucleus 

of spin z there are two possible energy states when placed 

in a static field,equivalent to it being aligned with or 

against the field. The probability of spontaneous emission 

being in this case entirely negligable,the overall 

probability of absorption or emission should be zero. 

(The probability of an upward or downward transition being 

equal).Since the nuclear spin is not isolated from its 

surroundings,(or lattice),an upward or downward transition 

by the spin must be accompanied by' an equal and opposite 

transition within the lattice. (By the conservation of energy). 
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Thus the probability of a transition between the two spin 

states will depend on the probability that the lattice is 

in a state to allow the transition.Since the energy levels 
within the lattide are- arranged in a Boltzmann distribution, 

there will be an overall greater probability of absorption 

of an applied radiation.This coupling of the spins into 

the lattice can be represented by a tendency to regain 

equilibrium when this has been upset.We can write this 

tendency in terms of a rate equation, 

dn/dt = no  - n 

1 	A -9 

where no-is the equilibrium population difference between 

the two levels,and n is the actual population difference. 

21 is a characteristic time associated with the approach to 

equilibrium known as the spin lattice or longitudinal 

relaxation time.The rate at which the application of.a 

radiation field attempts to upset equilibrium can be shown 

to be13 dn/dt = - 2Wn (where W = the probability of an • 

upward,(or doWnwerd),transition.) 

At steady state this can be equated to the approach to 

equilibrium, so that n 
= 	2Wns 	 A- I 0 

where ns is the steady state population difference. 

Thus ns 	no/(1 + 2WT1) 
This equation says that as long as 2WT1  << 1, then 

T1  
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ns = no and the applied alternating field does not disturb 

the population levels substantially from their equilibrium 
occ. r 5 

values. (A state known as saturationphen ns r no). 

From standard radiation theory, 166  

w  = *42 H11(mlixi me )1 2g(y)  

where g (y) is the normalised shape function o f the absorption 
60 

i

g(y) dV = 	1 	 14 - 

0 

Since 1(m Ixim'  )12  = 	m)(I - m 	1) 

which for I = y 	= 1 

w 	zr2 H3.2 g()) 	 A-13 

and hence . (1 + 2WT1) 	(1 + i Y2 	T1 g(V) ) = Z 	A-14 

We use g(V) to define another function of the interaction 

within the spin system which can be used to define the 

resonant line width, namely T2  = "L-g(V)Ina,  

T2  is thus a representation of the spread of Larmor frequencie 

within a set of nuclei. It may be defined in a further way 

as in the Bloch equations.( p 13 ). A discussion on the 

concepts of T1  and T2  will be given in greater detail in 

part III of this thesis. For the moment we note that the 

saturation factor Z is a' maximum at a value given by 

Zmax 	(1 	v2 2 H1  T1T2)-1 

Looking at the sample as a whole we see that it will absorp 

power from a suitable rf source. The sample properties can 

thus be described in terms of a magnetic susceptibility . 

. )1C is the complex bulk susceptibility of the sample, 

7C-1,X,where Xgrepresents the absorption of the 

curve, 
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_,/ 
rf and Athe dispersion. 

The total magnetisation M, will be the vector sum of all 

the spins throughout the sample.Thus,since the application 

of an rf field at the .armor frequency has the effect of 

periodically inverting the spins,the total vector M also 

periodically inverts in the same way.That is, if a linearly 

oscillating field,of rotating components H1,is applied 

along the x axis perpendicular to the static field H in the 

z direction,then the total vector M appears to rotate 

about the x axis in the zy plane at a frequency Y113.  . 

The vector M will then make an angle with the applied field 

S 	at a time to  givenby e = YHite 	A-15- 

The application of an rf field at the Larmor frequency for 

a specific length of time,(i.e. as a pulse),will turn the 

magnetisation through an angle given by A-15  

Such a pulse will be termed a e°  pulse. 

(iv) The Bloch Phenomenological Equations. la,26t191 

These equations were originally set up by Bloch on a 

semi-empirical macroscopic basis to describe the behaviour 

of the total magnetisation in a bulk sample.Although they 

have some limitations and have to be modified when dealing 

with very low magnetic fields,lb  they generally apply,  to 

most of the conditions under which nmr experiments are 

carried out.The expressions are particularly useful in 

the description of transients. 

We start by considering the equation dn/dt = ( n - no)/Ti 
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Since the Z-magnetisation Mz  is proportional to n, it would 

be reasonable to expect the equilibrium to be established 

by a form, dMz/dt = -(E 	Mo)/T1 

where P o is the thermal equilibrium magnetisation.In 

addition,under equilibrium conditions,the magnetisation 

vector will point along the applied field Hand there will 

be no net transverse component of magnetisation. Thus 

any induced transverse component will tend to vanish at 

equilibrium,and this can be described by a further rate 

equation, 	diVix  dt 	Mx/T2 /dt 	= - My/T2 A 

where T1 and T2 are the characteristic times of the'rate 

equations. 

We make the assumption that these rates can be superposed 

on the motion of free spins,leading to the equation, 	fk-le 
dM/dt = ad x H) - Mici/T2  - Mra/T2  -(DiZ - Mo)k /T1  

These equations known as the Bloch equations,26  can be 

solved for the steady state by introducing the effect of 

an applied rf field 2Hicoscot, with rotating components 

H1. The effective field within the rotating coordinates for 

a free spin was shown to be H ff  = (H + 4/')k Hil 

eJocan be replaced by -1/H, and 6.)i  by -tH1  so that' 

Eeff = Uco- 	)is 	co13 /y 

The total vector equation for the magnetisation is now found 

by inserting the value for Heft" in equation Pr -18 

Thus, 	 Mx 	÷ My  . 	M
ok ycyl x Eeff),  

T2 	T1 
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where Mx ' and M are the transverse components in the 

rotating frame.If we carry out a vector multiplication 

u comes 

M..PC Cw  - k - colij 

and separating the components of i,j.,k, we obtain 

dEff /dt = 	Efix  /T2  ÷ (w-. copnlay  

diWy  /dt = .My  /T 2 	( w - 4-1)1k.ix  - Wi  Llz 	h 

didzAit = co,myt 	(mz Mo )/2  

At steady state dMx idt = dM t/dt =/dt = 0 

Solving for these equations,we then finally obtain, 

Mx 	
(co co„) 11,27 

• 
1 + ( 	(.00  )21122  + V 

2x1111112 

0 
 

VH1T2  

2-T2  2 M  ‘,„ 	, 

	

ct..)0 ) 	0 2HiT1T2  

1 	(44)-(..00 )24 	 Mo  
1 	(4) -600)2T22 	y 2H2iTa.T2  

The components Mx ' and 	can be related to the values 

M and M in the laboratory frame by transfering back from 

the rotating coordinates. 

Mx 	y iM = (Mx 	+ irly ')e-144-)  -  

= u cos co t± v sinwt 

•111 	= u sine.) t 	v coscAvt 

Thus, 
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where we have introduced the notation , 

	

MX 	=- u and coVic.A y' 

	

The susceptibilities, 	,,Ccan be computed from these 

equations by noting. that if the linear field is Hxo  cos t,3 t, 

then 2H1 = Hxo  and IV, M
y' are proportional to Hmo. 

Since Mo o  i  and, in the absence of saturation, 
2H2T1  T2 

 <4. 1 , we can put 

Mx (t) 	
, 

= 	( X cos C,,,t 	k sin Got )H xo 

From this we then obtain the susceptibilities since 

MX'/2H1 and "ly 1/2H, 

 

 

	

X0/2 coo  T2 	(4-)°-  ) T2  
+ 

	

Ao/2 (.4)0T2 	 
2 

.+ 	(to-coo)
2  T2  

On-plotting these susceptibilities against frequency, 

curves such as in fig.A.3 are obtained (often termed 

Lorentzian),which are representative of the dispersion (u) 

and absorption (v) modes of the output signal. 

Fe A .3 4: I C...11-2, 

Although the actual line shape mayrin practice deviate from 

truely Lorentzian,the BlOch equations have proved an excellent. 
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basis for the description of the macroscopic properties 

of a spin system.. 

(v) Chemical shifts.55,85,138,153 

In the description of the motion of nuclear spinS,the nuclei 

were dealt with as though they were a collection of bare 

protons;a situation which is not possible in such samples 

as we are considering.What is in fact measured in a resonance 

experiment,ara the properties of a collection of nuclei, 

each of which is surrounded by orbital electrons.The motion 

of these electrons in the magnetic field H sets up a further 

field which then adds to the applied field which is felt at 

the nucleus. This additional field results in variation of 

the larmor frequency aboUt H depending on.  the value of 

the additional field.This effect varies from proton to 

proton,depending upon the chemical enviroment,and is 

described in terms of a shielding parameter4 . tf is a 

tensor quantity such that the actual field felt at the.  

nucleus is given by Hact. 	(1 .-45)H wheredcan be 

of either sign.We see thatdis then given by if /H 

where A . 	H  Hact. Or in terms of the frequency shift, 

64/400 •4ffor protons covers a range of about 1 in 105, 

and to convert this to more convenient units,the shift is 

measured in. parts per million.(i.e. in c/s per Eb/s).Singe 

the absolute value of iS is not a practicallk useful parameter, 

the shifts are measured with respect 'to a standard. The 

relative chemical shift 6 in parts, per million(ppm) is then 
given by J-er , or 	shift frorn reference Zr)ite 

COO 
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The chemical shift(cis thus dependent on the applied field 

H,but the parameter will define this effect for all fields 

once the shift has been measured at any one field.In practice 

tetra methyl silane,(TMS),is usually used as the reference 

Compound,as it is chemically inert and has a strong 

single resonance line. Because chemical shifts are dependent 

on the electronic enviroment of the nucleus they can be 

used in the determination of chemical structures. The exact 

details of the formal chemical shift theory do not concern 

us here,and for further reference the detailed theory may 

be found elsewher lc,138 

The convention is noted here that chemical shifts in ppm 

are often converted toZvalues by defining ?'for TMS as 10. 

The spectra recorded in this thesis are calibrated in ppm, 

and theTvalues then quoted are 10 - ppm. 

(vi) Spin-spin coupling 

In addition to the phenomenon of chemical shifts,the 

individual lines of a spectrum are themselves often split 

into a fine structure 4ndependent of the value of the applied 

field.These splittings occur due to a reduction in the 

degeneracy of the energy levels arising from interactions 

between nuclei in the same structure.There are three 

distinct mechanisms by which these interactions can take 

place. 

a. Interaction of. orbital electronic currents with 

the nuclear magnetic moment, 
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b. Direct dipole-dipole interactions. 

c. Nuclear spin,electron spin interactions. 

In the case of the proton,the latter effect,(Fermi 

interaction61)may be considered as the predominant mode. 

The value of the coupling constants TAB  between nuclei 

and `B can be derived from considerations of the Hamiltonian 

of c. alone.Calculation of J has_beeircarried out by 

both the molecular orbital14,and valence bond approach.103  , 

Using the coupling constant TAB  the interaction Hamiltonian 

for the coupling of protons A and B is formed by, 

A - 2-3 

(vii) _Mvitiplicity due to spin-spin coupling  ld,85,92,115,139b  

A detailed calculation of the effects of spin-spin 

coupling is not-given here,as it is sufficient to show 

that splitting of the resonant lines takes place. 

in the simplest case,that of two coupled prOtons A and X 

in which the coupling T is very much less thah the chemical 

shift 	.In a liquid the random molecular motion is 

sufficiently rapid for direct dipole-dipole interactions 

to effectively average out.The total Hamiltonian of the 

system may then be written as, 

cYL = -1{0  + 1-C. 110 -turf, 

In terms of frequency units, iiltbecomes, 

(AU 4-4r0 	JI.S 	 A- - 

where I and S are the spin operators of nuclei A and X 

respectively. Calculation of the transition frequencies 
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is simple by substituting 17  and Sz  for I and S. For:the 

case of J comparable to 6 the Hamiltonian is written in 

terms of J and 6,and expending the spin operators I and S 

into the x,y,z componentsIthe matrix elements of the secular 

equation can be found using the Pauli matrix forms of Ixy* 

'The exact details are found in references 1"and 139. 

For the simple case;each-line is split into two,with 

separation J c/s, of equal intensity.For the more complex 

case we obtain a quartet,(AB auartet),which has frequencies, 

co. `7-+'  
+ 5 	31161  
4- 	-11- 1/.72- +61  

   

and relative intensities, 1±sint9 	( -bane= JA6 ) 

Much more complex cases do,of course,arise,but it is not 

necessary to make a detailed account of these. 

(viii) Summary of the effects of the immediate enviroment  

of the nucleus. 

It has been shown that the behaviour of a nuclear spin in 

a magnetic field is extensively modified by its immediate 

enviroment.The nucleus thus acts as a sensitive probe by 

which the e3Wtron bonding'etc. may be investigated. We can 

silinrciarieBy•stating that the resonance can be modified in 

two ways; 

a. by effects on the transition levels due to 

coupling with further nuclei., 

b. by effects on the local field felt at the 
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nucleus,which is the vector sum of the applied field and 

the field due to its surroundings.The field felt at the 

nucleus may be written as .H —4H. 	H(t)  

where H(t)  is the fluctuations of field due to variations 

of the enviroment. It is this time. dependent field which 

is responsible for the relaxation phenomena T1  and T2. 

Each of these effects should yield information as to the 

position of the nucleus in the molecule and the lattice of 

which it is part.Both spin-Spin splitting and chemical 

shifts.are used extensively in the determination of chemical 

structures,and we shall later give an example of how it is- 

. possible,to observe these effects even when the particular 

resonance of interest is obscured. 

The study of relaxation phenomenahas been very little used 

as a means of obtaining chemical information however, and 

there appears some justification for believing that the 

relaxation-inducing variations of field at the nucleus 

may also give some clue to its particular chemical enviroment. 

(Part III). 

2. General Experimental Techniques.  

(i) Detection of the nmr signal 

Basic to the whole principle.of the nmr method is the 

problem of detecting the effect of an rf source on the spin 

system.Of the methods available,only a resonance method 

is sensitive enough for an observable effect.The first 

successful attempts at obtaining a resonance signal were' 

carried out independently by two separate groups headed 
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by E.M.Purcell8152and F.Bloch,
30respectively.Each used 

a basically different method of detection which,however, 

give the same result.The method due to Purcell detects the 

change in the ballance condition of an .rf bridge,one arm of 

which holds the_apmple detecting coil.That of Bloch uses 

a detecting coil,.containing the samplelorthogonal to the 
• 

transmitter coils,and can be thought of as detecting the 

emf from the forced precessions of the nuclear spins. Both 

methods can be arranged to detect either the pure adsorption, 

pure dispersion, or any mixture of the two.A more complete 

review of detecting methods may be found in references 13 

.and 139: Other methods,such as the marginal oscillator,are 

of less interest and are generally little used. 

Although there are cases in which the detection of the . 

dispersion mode may have its adVantages,(e.g. when searching 

for an unknown resonance which may be easily saturated,since 

the dispersion mode is always present),the absorption is 

easier to interpret,and detecting systems are generally set" 

up for this particular mode. 

(ii) Methods of obtaining  a fte.c4IleTIO.Y uaDtzum. 

In the Previous discussions 1t was seen that the resonant 

signals may appear over a range of field for a• particular 

value of frequency and vice-versa. There are thus- two 

ways in which a spectrum can be obtained. 

a. The field can be set and the frequency altered,or 

b. the frequency can be set and the field altered. 
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- .Although both methods give  the same results for protons,the 

latter method is generally employed as it is easier to obtain 

a very stable radio frequency than it is to produce a very 

strong magnetic field of comparable stability. When using 

the frequency swept method it is necessary to provide 

extra stabilisation of the magnetic field.In both cases 

the sweep should be linear for ease of calibration of the 

resulting spectra. 

The appearance of the spectra from either of these methods 

is greatly dependent on the homogeneity of the static.field. 

The generation of large fields in excess of 5,000 gauss is 

an - extremely important part of the nmr method, and the 

development of-high resolution spectrometers is due to 

the improvements in magnet design.If there are variations 

of the applied field across the sample there will be a 

spread of Larmor frequencies4160of the same set of nuclei, 

corresponding to the spread of field H. 

If 41-1 is large,then it is not possible to observe fine 

splittings of the resonance lines as these then merge with 

one another.Field inhomogeneities thus have the effect of 

artificially broadening the line shape.Recent improvements 

in magnet design have reduced such inhomogeneities to a 

level where very near natural line .widths can be observed 

in many cases.For some aspects of specialised instrument 

design,including that of magnets,the reader is referred to 

the discussion by Ernst and Primas.62263 
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We note finally an important technique for reducing the. 

effective inhomogeneitiep of the applied field.This is 

the technique of sample spinning7,27  whereby the sample 

holder is spun rapidly enough for the nuclei to see only 

a time averaged result of the various fields they pass 

through.Much of the inhomogeneity is then averaged out, 

and a much better effective field is obtained.For.most values 

of 46, 1-1',("410-3  gauss),this will be as low as about 5 c/s. 

Such a rate is easily achieved by mechanical means,usually 

actuated by a stream of air. 

(iii) Multiple Resonance Techniques.20,97,156 

The methods described above have all been in terms of the 

effect of a single rf field on the spin system.However,there 

are several interesting effects that can be obtained by the 

application' of one or More rf fields in addition to the 

observing .rf field.We can distinguish three distinct cases 

of multiple resonance depending un the strength of the 

perturbing rf fields.For the moment we confine our attentions 

to.the simplest case of one other rf field' in addition to 

the observing rf at 	If the rotating components of the 

observing and perturbing fields are Hi  and H2  respectively, 

then we have, a. 1(112 > 217J - Spin decoupling 

b. 27TJ 	Z/I-12> 1/T2  -Spin "tickling` 
A-16 

2 
c. . 

s  1/`2372 = 1 - Nuclear.Overhauser effect. 

The procedure of double resonance involves the observation 
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of the proton resonance .A with a small rf field Hiswhile 

irradiating with a second perturbing rf field at the resonance 

of a proton X to which A is coupled. 

a. Spin decoupling8 2 20 238 2156 

We have already outlined how the various couplings between 

.different protons within a molecule cause fine splittings of  

the resonant lines.If the effect of this coupling can be 

removed,then the proton resonances can often be simplified -

to a single line.In the simplest case of proton A coupled:. 

to proton X with J X  (<6 ,then a very strong.rP field applied 

at the resonance of X effectively removes the coupling, 

allowing the simplified spectrum of A to be observed,in this 

case reduced to a single line.The technique can be extended 

to much more complex couplings,although it is not always 

possible to completely collapse the fine structure to a 

single line.However,since all that is often required is to 

determine the separation of A and X,it is then sufficient to 

observe where the maximum change in the spectrum occurs. 

It can be seen that here is a case where the frequency 

swept method has an  advantage over that of the field swept. 

When varying the static field H,only at one particular 

value will the separation of the observing and decoupling 

frequencies be correct,whereas with the frequency swept 

experiment the perturbing rf field can be set accurately 

on the resonance of X for all.values of 60,.This does not 

• .matter so- much for spin decoupling where the very strong rf 
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field will be effective over a range of several cycles per 

second but becomes, important when using small perturbing rf 

fields as in the technique of spin "tickling". Spin decoupling 

can be used to determine the position of a proton coupled 

to A by measuring the frequency separation at maximum 

decoupling. Thus it, can be. used to determine the postion of 

a proton X even when it is very weak or completely obscured. 

b..Spin "tickling" 8,9,71,72'73and INDOR1749  

The double resonance experiment described above can be 

refined by the application of a very stall second rf field 

at the resonance of proton X.The small value of H2 enables 

greater precision in determining the position of X than in 

the complete decoupling case.There are two ways in which 

the frequency spectrum may be scanned at a set field which. 

are worth considering Separately.As discussed above,it is 

necessary to. use the frequency swept technique for small 

values Of H2'  but since there are two applied frequencies, 

either of these can be scanned. 

(i) The perturbing rf field is set at the 

resonance of X and the spectrum scanned with the observing 

xf field H2.°  Any proton coupled to X will. snow by a splitting 
of the observed lines into further resonances,the exact 

form of which will be predicted by theoretical 'considerations 

of the double resonance effec
t.8;29,156 

(ii) The observing rf field is set at one of the 

lines in the spectrum of proton A, and the scan carried out 
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by sweeping the perturbing rf field.In. this case only those 

Protons coupled to A will be detected as6/Tesses across the 

resonances.The spectrum is formed by the variations in. the 

signal level of Hi  caused by the effect of the perturbing 

rf field through the spin-spin coupling.The technique has 

also been termed INDOR,(inter nuclear double resonance),17.i9 

although it is in fact similar to the spin tickling method,-

the differences lying in the value of H2.The INDOP experiment 

uses rather stronger values of the perturbing rf field,when 

there will be a contribution from nuclear Overhauser effects. 

Since only those nuclei which are coupled to the observed 

proton are detected,the method can be used to selectively 

pick out the resonance of a weak or obscured line.An example 

of this is the detection of the C13  resonance among the 

much stronger. proton signals.72  

c. Nuclear Overhauser effect.9'69,177 180 

In this method irradiation of the coupled proton X is used 

to change the relative inkensities of the line multiplets 

of A.This is due to a redistribution of the energy level 

populations.Multiplet structure is caused by transitions 

between the various energy levels of the coupled system. 

If the transition Probabilities of these can be altered, 

then the line intensities of the multiplet will also:alter. 

This is effected by irradiation of X such that there is a 

Partial_saturation effect,and the. population levels are 

changed,althoUgh-the intensity of the perturbing field is 
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insufficient for com-:,lete decoupling.The method can thus. be 

Used to investigate 	couplings by observing the effect of 

irradiating X on the spectrum of A.  

d. Spin modulation.6,10 

Since the effect of a perturbing rf field acting on proton.  

X can be observed in the spectrum of a coupled proton A,we 

would expect that changes in the perturbing rf field would 

also be reflected at A. This has been effected by modulation 

of cda.at a frequency x c/s (both amplitude and frequency) 

The procedure has two distinct effects. 

.(i) Removal of residual splittings.10 

(ii) Modulation of the signal from A at x c/s.6 

(i)- Simple double resonance can collapse the.structures 

of AXn• coUpled systems to a single line.Investigation
. of. 

more complex Systems,(Am show that simple double resonance 

will not remove all the transitions due to coupling,and some 

residual splitting will remain even in the limit of a very 

strong perturbing rf field.Modulation ofco,.produces side-

bands which introduce rotating components within the 

rotating coordinate frame of the spin system itself .If a 

further rotation operation is Carried out to bring these 

extra components stationary within a new frame of reference, 

examination of the transformed Hamiltonian shows'that it 

is possible to arrange the modulation _index of A,. to remove 

some of residual splittinga.In this way. residual splitting 

of A2Xn,A3Xn,AKXn  and AK2Xn  systems can be.removed. 
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In the simple double resonance experiment the residual 

splitting would be proportional to (dx H2)-1 in the limit 

of the strong perturbing field H2.Ebre complex couplings 

with this technique have residual splitting proportional 

to (*4x H9)-3 in the limit of H2.For-details of the analysis 

the reader is referred to the paper by Anderson and Freemanio. 

(ii) Tha_modulntion ilrecue_nc7 x c/s appears in the signal 

of A through the spin-spin coupling.Since only signals from 

nuclei coupled to the irradiated nucleus X bear the 

modulation,the method can be used in the selective detection 

of weak or hidden lines,in the same way as-Spin tickling. 

The spectrum is swept with .the small observing rf field, 

and the output is phase detected at x c/s.It can be.seen 

that only when a modulation at x c/s appears.  in the signal 

output is there a D.C.. output from the phase .detector.Thus 

only coupled nuclei have any effect.The technique has been 

used to observe C13signals amongst the more intense proton 

resonance lines.6 

e. Pulsed decoupling.119  

A further procedure by which a complete decoupling effect 

can be observed,without a continuous perturbing rf field, 

is that of applying a series of rf pulses at the resonance' 

of X.The pulse lengths can be shown to have a maximum effect 

equivalent to a 0 pulse of e= (2 + n)7772. 

Providing the pulses obey the above condition,then the choice 

of pulse widths t and separationZare fairly arbitary 'as long 
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. I as 	c 	t <4 T12;'• A-27 

A discontinuous Perturbing rf field at an arbitary pulse 

rate has also been employed,82 the effects found are half 

way between the coupled and fully decoupled cases. 

f. Transitory Selective Irradiation.(TSI)67'68'69'96  

Although also a transient techniaue,it is convenient to 

deal with this method under multiple resonance.The method 

employs the sudden.. application or removal of the very strong 

perturbing rf field.If a selected,  line is strongly irradiated, 

and a resonance to which it is coupled isobserved,in a 

time short compared to TilimmediatelY after removal of H2, 

then the J coupling can be observed through the changes in • 

the population levels.The intensity 	a line corresponding 

to a transition between levels p and q is given by, 

ip>q  = 	21112 Lpqi  2 ( 	Nci )0  ) 
6 

Since only N
P 
 N 

q
,(population levels of 

p 
and q),is 

effected,then the intensity changes can. be predicted,and 

the level arrangements found from the measured changes in 

the intensity ID-0q. 

In addition,if after sudden removal of the perturbing rf 

field H2'the line A is scanned continuously in a time short 

compared to T1,the change in signal level will reflect the 

changes in .the population levels of X as they approach 

eauilibrium.In this way the relaxation time Tl  of X can be 

found.The effect of a sudden application of the perturbing 

field is more complex owing to the presence of this field 

while observing„ 
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g. Dynamic .polarisation. (Overhauser effect) .133  

In the above discussions the field was limited to that of 

the coupling between nuclei.However,as we have already seen, 

the surrounding, electrons exert a large effect on the behaviour 

of the nuclear spin.The coupling between the electron and 

the nucleus pay be observed directly, by the effects of double 

resonance.Unpaired electrons exhibit Rn effect similar to 

that of a nuclear spin in that they posess a' resonant 

condition in a static magnetic field.This electron spin 

resonance,(esr), has typical values in the microwave region 

for magnetic fields of the same order as the magnetic 

resonance experiment.Because of the coupling between the 

unpaired electron and the nucleus in certain structures, 

(organic free radicals for example),it is possible tth drive 

transitions of the electron by irradiating the nucleus/ and 

vice-versa. The former technique belongs to the realm 

of esr spectroscopy.The latter technique canr however, be 

of importance in the study of organic free radicals.As in 

the case of the nuclear Overhauser effect, if the population 

levels of the-  electron are changed,the population levels of 

the nucleus will change accordingly. Thus in cases where 

there is a suitable value of the coupling between the. 

electron and nucleus,it is. possible to substantially increase 

the population difference in the nuclear spin levels,and 

produce a large enhancement of the signal. le • 

(iv) Enhancement of Signal to Yoise. 

The problem of increasing the intensity of the signal 
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compared to.  that of the noise level,is often a very real one 

in nmr spectroscopy.Sote improvements can be made to.  the 

existing apparatus by modification of the electronics,and 

particularly of the reamplifier of the detecting probe.62 

An important Method of obtaining large signal to noise with 

very dilute sample solutions is the C.A.T.Method. 

(Computor Addition of Transients). 

The princitle of this is that whereas noise has a random 

distribution in time,the signal has not.Therefore it should 

be possible to increase the signal above the noise on a 

probability basis.The C.A.T. method takes samples of the 

signal level at intervals while sweeping the spectrum. 

The information is stored,and the spectrum is swept again 

taking samples as before.At the end of n sweeps,(depending 

on the memory store of the system),the sampled signals are 

added.The addition is standardised by a sharp reference line 

so that samples from the same portion of the spectrum are 

added, and the combined voltages are recorded as a function' 

of the position on the sweep.The result is an enhancement 

of the signal,whereas the rsndom noise largely cancels out. 

The signal to noise improvement iS n2  times. A method 

which is equivalent to this is the use of very long sweep 

times over a spectrum.This method however,needs very 

high additional stabilisation of the magnetic field. 



(v) Transient -Techniques 

By transient is meant the sudden application or removal of 

a disturbing influence on the spin system.It is convenient 

to include in this section all those methods dealing with 

the measurement of relaxation tirs T1  and. T2  .(With the.  

exception of TSI). 

•a. Methods  of saturaticn13'35  

•The process of saturation is the departure of the population 

levels from their equilibrium values on the application of 

a rf field H1 such that Z = . 
	÷ 2H2T (1)1  • ) 	4 1  

The population difference n becOmes•increasingly small, 

and in the limit vanishes,both levels then being equally 

populated.'Saturation can be used to. study the process of 

thermal relaxation by either of two methods. 

(i) Direct saturation. A very strong rf field is applied 

at the proton resonance so that the signal vanishes,(essential 

complete saturation).0n sudden removal of the rf field •the 

pODulation levels will move towards equilibrium at 	rate 

given by A-q .By scanning the line at various intervals with 

a small observing rf field,the recorded signal will show the 

approach to equilibriumoThen, 

ao - at = aoe-t/T1 

where ao  is the steady state signal amplitude,at  is that at 

time t.From which Tl  can be found. 

(ii) .1Progressive saturation.35 When '7'1  is very short the - 

direct method will give a decay zhioh is too rapid from 

which arlaccurat 	 fled. 



In this case the. process of saturation itself provides a 

means by which T. can be obtained.Observing a signal in the 

usual way(absorfition)mOde) gives a function which is 

v"— - proportional to diaaH.ide can relate the.power absorped by 

a sample directly to the transitions between the spin levelS 

and compare this to the expression obtained from the 

magnetic susceptibilities.In this wFly an expression for 
C'  

is obtained in terms of the saturation factor Z. 

X."  = lk)C,7,M4Zg ) 
ftv• 
j

, 	_ 
From which d Ad_d. - G d

_ 
/do„) = 	( A 

If the gain of the receiver,A,is va ied so that H1A is 

constant,then the output signal of the rf phase detector E, 

Will be proportional to d "UdH 

The calculation of T1  from the results can be tedious, but 

two simplified cases can be distinguished. 

From which Tl  can be found.The method determines the relative 

relaxation times related by_ a constant of the instrument.The.  

results have to be calibrated by•measUring a T1  long 

enough to measure by the direct method.Fer details of the 

technique the reader is referred to reference 35. 

A method of measuring Tl  which is related to the progressive 

saturation method is that of the flowing sample technique. 

If a liquid sample flows through a tube round which 

the detecting coil is wound and irradiated with a strong 



rf field,th'e degree of saturation can be related to the 

amount of time a portion of the sample spends in the tube. 

In this way the signal strength can be related to the rate 

of flow.Making certain auproximations,the fractional 

increase in signal strength is given by the expression 

Vi 1P) where V is the velocity of the liquid flow, and is 
4  . 

the coil length.From which 1  may be found.13 91 0_ 

b. Adiabatic passari-e.6°132'c  

The adiabatic passage theorem states that if the direction 

of H is changedo-tkrata such that (H >>6), wherecorepresents 

the angular velocity of the rate of change of the direction 

of H,then magnetisation L.17111 always be aligned in the 

direction of H.As a simple proof of this we consider the 

	

spin system with 	and H initially parallel,and convert to 

a rotating coordinate frame as before,making the laboratory 

and rotating frames coincide at t = 0'6 

	

Then H 	= H 	(4)/y —eff 

Sri will thus precess about offmaking  with it an angle.  e 

such that. tan 8 = 60/1“1 

As long as yH>>6.)-therefore,id remains effectively parallel 

to H. 

Considering the case of a free spin,the field which changes 

direction is He11  „ across resonance, and at resonance is 

equal to 111,perpendicular to H. If the rate of change of 

direction of 	is,E,,then 

sin G , 	Hi  cot' 8, 	= de/dt 
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Then, dE/dt = Hd/dt cot,at) = 1).H1d/d0(cot&) 

=(d11/dt)sin29/H 	1; eff  = VHi_Lsine 

• IdE/dti<<IVH:L2sinGi 	 - 3 0 
The condition for adiabatic-passage to take place when 

passing across resonance is then h 	bHT (9 =1Tat resonance) 

If therefore one starts.witil the field H well away from 

.resonance,and passes across the line under these conditions, 

M will follow Huff  until at resonance 	is 90o to the. 

direction of H. Continuing across resonance,M is finally 

left pointingin- the negative z direction.In this way the 

magnetisation can be inverted.The principle of adiabatic 

Passage may be used to measure both T1  and T2.Since we 

require that relaxation effects be small during the passage 

across resonance, it is carried out usin5rapid sweep. 

(i) Measurement of m l. By passing across resonance M is 

inverted,and then,a time t later, inverted once more .by 

a passage in the opposite direction.M is thus turned back 

to its original direction.The amplitude of the signal 

obtained on the second reverse sweep will depend on how.  

much the magnetisation has- relaxed in the time t. For a 

long T1 
two consecutive sweeps may be sufficient,and for 

shorter-1
againstthe reverse signal amplitude is plotted against 

t.It is easily seen that the signal amplitudes are given 

by at  -= e. , (1 	2z7t/T) 
ok  and a graph of In a4  vs t yields 

a slope of -1/T1  
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A steady state method is also possible by using a symmetrical 

continuous sweeP.Two eaual and opposite signals result 

which correspond to a steady state magnetisation; 

lli 
	 1 - exp(-t/T1) 

1 --exp(-t/Ti) 

where t is the separation between consecutive passages. 

It is possible to use an asymmetric sweep so that one 

signal is zero. 139c 

(ii) Measurement of T2  .inhamogeneities of the applied field 

H will.generally prevent the direct measurement o.f T2 by 

observing the line widths in liquid samples. The field 

gradient &I can be overcome,however,by application of 

a very strong rf field Hi  such that Hi>>Aki 

IfIlfHp) 1/T1,1/T2  the steady state solutions (11' the 

Bloch equations at saturation are 
ccg,) 

"z 
If the initial magnetisation o  is turned into the 

rotating frame along the direction of H1  then the initial 

conditions on allowing this to relax are, 

— t= 	t  le TT - 0 yz 

From A-20is then obtained, Li 	= Moe-t/T2 

That is the observed signal decays exponentially with 

a time constant T2. 
There are two ways in which the eauilibrium magnetisation 

can be brought along H7 , 

a. Application of a SO°pulse brings 1>=o  

A -3 I 
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into the XT Plane of the rotating frame,but perpendicular 

to HI.An immediate pbase shift of 90°  of H1  brings the 

direction of Zo  to coincide with that of H1  when. 1-3) 

applies.179 

b. By the application of an adiabatic fast passage. 

Startina. at H well away from resonance,the sweep is stopped 

exactly on resonance when 1,20  is aligned along H14The 

difficulty with this technique is the sudden halt of the 

sweep exactly on resonance.A method of carrying this out 

accurately is suggested by considering a frequency swept 

experiment under adiabatic conditions. If the field is locked 

(Part II),and we develope a side band of the carrier which 

is swept over the line under adiabatic conditions,then it 

a relatively simple natter to set the sweep exactly to 

the limits required by adjustment of the oscillator giving 

the side band. 

323,76,77,101 c. Fast non-adiabatic passar4e,(Wig a ice Beats) 

If the passage across resonance is carried out rapidly so 

that the adiabatic conditions do not apply,then the magnetis 

-ation is not able to completely follow the effective field 

H.Once H has passed beyond the resonance peak therefore —eff 

a transverse component of the magnetisation still remains 

precessing at Go = .1(H 

Hence a beating pattern is obtained of cobeating with c)o. 

The decay of the wig le-beat envelope shows the normal 

free precession decay. 



d. Free pre-cession.26891135 

If a transverse magnetisation is induced in •a sample by 

some means or other,such as a rf pulse,and then allowed to 

relax back to equilibrirm othe nuclei,freely precessing 

about H,induce 	emf in the detecting coil proportional 

to LI .Thus the decay of the transverse magnetisation is 

seen directly from the induced signal. 

The decay will have an exponential form, at  = aoe
-t/T2 

where 1/T2  = 1/T 	1/T21 . —T21 - - represents the -  

characteristic time of decay due to field inhomogeneities. 

If the field gradient were accurately known,then T2  could 

be found directly from the free decay'.However,it is not 

normally possible to estimate field inhomOgeneitios very 

accurately. 

If l/TP << l/T2  then it is a reasonable approximation ' 

to assume that -2 
This is limited by the accuracy with which T2  can be 

estimated from the rapid decays associated with shortrelax- 

ation times.Inclusion of a. standard line does suggest 

itself as a possible means of. estimating T2i.If a reference 

line has an accurately known-2'  found for example from. 

spin echo measurements(see.later),then the absolute T2 in 

the presence of .field inhomogeneities could be estimated 

for an tinknown line l by comparison of the two decay 

envelopes° Such a method would only be of vale for medium 

values of T2 
since for short T2 field effects could-  be 

2 • (Good fields, short T2) 
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neglected o and for large T2 	'::ould be difficult to estimate 

• with any accuracy the exact contribution of 1/T2 compared to 

I/T2i.Since the method could be extended, to the rapid 

Passage 'wiggle-beat' decay,it would possibly provide a 

simple means of estimating 112  7:ithout extensive almaratus. 

The various lines of the spectrum must,of course, be 

sufficiently widely spaced for their decay tails not to 

interfere.In all experiments in which the natural line 

width of the resonance is being obtained,the sample must 

be deoxygenated, as paramagnetic substances very much shorten 

the . trueT2 decay. n estimate of T21 
could be' important 

in such eXperiments as spin-echos,where diffusion effects 

or exchange.phenomena .are being studied. (Part III) 

e. Rotary echoes.'78 

The method of rotary echoes enables T2 to be measured 

without complications from the effects of field.inhOtho-

-geneities.A strong circularly polarised rf field is 

suddenly-applied at the resonant frequency, and at .times 

t Wit ,'1 	... (2n 	1)t, the rotating field is reversed. 

Because of differences in the P±ecession frequencies 

throughout the sample,the spins cuickly lose phase after 

the applicatiOn of the rotating field.On reversing the 

direction of the rotation i the differences in precession 

rates which made the spin vectors get out of phase,are 

also reversed.The spin vectors are thus refocussed at 
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times 2t 14t,6t,..,The echo envelope will show the decay 

due to T2  relaxation only,the effects of field inhomogeneity 

being cancelled out. 
4..Z. 

f. 	Spin-echo cs--'
90  

The method of spin echocsis an extremely important one in 

the study of 'relaxation times,particularly 912* As this method - 

willipe dealt with in greater detail in part III of this 

thesis,only a very brief description is given at this point. 

If a transverse magnetisation is induced into a spin system, 

this magnetisation decays due to loss of phase by relaxation 

and field inhomogeneity effects.In the previous example of 

rotary echo ,the effects of field inhomogeneity are reversed 

by changing the direction of the rotating rf field.In.spin- 

. echoes.this process is carried out by the application of a 

1800  pulse .The exact details are given in part III and will 

not be dWelt on. here.The decay of the echo amplitudes are 

independent of inhomogeneity of the applied field,and is 

.due only to relaxation;  tithe effects of diffusion and exchange 

being for the moment neglected), The amPlitude.of the nth 

echo is then given by, 	all 	a e-2nt/T2 	A-3i •  

We note here that it is possible to achieve refocussing by 

means other than the two just described.There are two further 

possible ways in which this might be achieved. 

i) Reversal. of'the st cic . fieldH.. To do this with - fields 

of the order of kilogauss in a matter of even milliseconds 

is virtually impossible,but.is conceivable with very low fields 

of no more than a few gauss. 



-42- 

(ii) Reveraal_ofthe field inhomogeneities.This could be 

arranged by having a large very homogeneous field in 

which a small coil is used to set up the field gradient. 

Reversal of the current through the coil would then reverse 

the gradient. 

A 90o pulse may also be simulated by a coil round the 

sample with its axis perpendicular to both the detecting 

coil and the main field H. If H is small a very much stronger 

field produced by the polarising coil induces a magnetis-

-ation in the 'sample which is effectively perpendicular to 

the direction of H.(Fig A.41-) 

Sudden removal of the strong 

polarising field leaves the 

magnetisation aligned 

perpendicular to H and free 

to precess about it.Such a procedure is the basis of the 

low field free precession experiment.61,135,185 This 

suggests a method by which spin echoqccould be carried out 

without the use of pulses at all.lf the sample is first 

polarised as described above,and the field then suddenly 

cut off,reversal of the direction of H at times t,3t,5t , • • 

would produce echoes at 2t,4t,6t,.... Providing the 

inhomogeneities arise mainly from outside of the coil 

system.This is usually the case with low field apparatus in 

the laboratory. A discussion of the development of a low 

field nmr apparatus for use in spin-echoes is given in 

Appendix I. 



PART I 

Double Resonance  Techniques.1g,20,156 

In the introduction some aspects of double resonance 

were discussed in general terms.In this section some 
examples of the application of simple double resonance 

applied to chemical structure are given. 

1. Theoretical aspects. 

It has already been briefly shown how coupling between 

nuclei arisesi and how these couplings induce transitions • 

resulting in the resonant lines being split further into 

a fine structure.The general methods of dealing with 

multiple resonance spectra have been discussed in detail 

in the review by Baldeschwieler and Randall.20  We therefore 

restrict ourselves to a fairly simple treatment of the 

double resonance case. 

The effect of a perturbing rf field on proton X to which 

a proton A is coupled can be thought of very simply as' 
a rapid rotation of the nuclear spins o. X at a frequency 

Y112. (commonly referred to as tstirring').The effect has 

to be much more rapid than that of the coupling J for 

complete removal of splitting. prB:21.>"> JA1. 38  

As an example of the computation of the transitions 

arising from coupling,we take the simplest case of the 

AX system, with IS >.> I. In the absence of the perturbing 

field H2  the. Hamiltonian of the coupled systom-AXis 
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s 	TI.S 

Taking the :simplest case and neglecting relaxation effects, 

we can write -the perturbed Hamiltonian to a first order as, 

(...)4I + 43S +JI.S + (02.(Sx  + --1; Ix  )coscot + (Sy  + 	iY  )Sinw -ti ex 	 7,;( til  

wherb H2  is the amplitude of the rotating component of 

the perturbing rf _field. 

We transform to a rotating coordinate system by the 

application of a unitary transform, U 
-1-/ 

ofrt-U - =: -W 

(U = exp(itc.-19z) 	
66  '''' 	-6') 

Then, 

= 	2 C4'0% 4" LS z 	(4)2S • Z 	 X 
This could be solved by forming the secular equation but 

would be tedious.We note instead that the spin S is now 

quantiZed along the x and z directions with values of 

and A±  2J respectively.To solve we can consider a rotation 

about the y axis through an angle 13±, such that tan 8±= _ co  

(Fig I.l)Formally this would be by the application o 

a unitary transform U = exp(ie*Sy) 

'{6 2: I +.6.S + JI.S +4x  -161(Ixcoswt - I sincoq 
))1c 

This can be simplified since cois very different from (4),‹  

and so the last term may be neglected. 

= t9liz  + 	Sz  JIzSz  co,Sx  

For nuclei of spin * .)4 4."  = z 64; + 4S. +4.ISZ  + coLS z 2.  
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Thi's can 'be 'seen as equivalent to turning the resultant of 
z - 

S into the z axis: 

FZ9 

The component of Sz  is then 	/4,02-4  ( ± 4za-)2 	a4. 

Then ',PC+ = Sa+  -+ *C4,4 = Sa 	Z- COA 

From which the eigenvalues are,E+ 	+ *CA)A 

C..) - 2 A 

= -a+  + 40.4 

The eigenvectors may be obtained by noting that 

le 1 ) 	E 

Since 	= 

U-11-eUl ) " El ) and hence X ID-1 ) = 

Thus U I ) are the eigenvectors we require. 

By expanding the exponential and using the Pauli matrix 

form of S we obtain, Y 
zt 	cos .9+14-0 4. s itt 8+1+ —) 

2. ' 
46..4 = COS e- 1.4) + 

""  
104.-) 	cos 24. 14....) 	si ns*  I++) 

I  
cos -  e- 1_7) 	siate. 1_4.) 
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1-1--)representing a state in which spin I = + is  spin S = 

Thus four transitions are expected withciat the origin. 

a+ + a_ , a - _ a_ a- a+  -(a+ + a ) 

The above- theory gives a reasonable prediction of the 

.expected line positions and the effect of 2S and H2  on the 

spectrum of Abut it cannot predict line shapes at all. 

quantitatively without taking relaxation effects into 

account. To do so it is necessary to introduce a further 

time dependent Hamiltoniangerepresenting the random 

fluctuations of local field.To complete the total Hamiltonian 

it is also necessary to add the effect of the small 
A 

observing rf field Hi  at frequency tal  in the region of 4.3A, 

The formation of the Hamiltonian iigt •can be simplified 

by the omission of IxSx  Iy3y  terms and, of terms 

involving the direct coupling of H2  with I and Hi  with S. 

(Assuming (C444-441>>(C42.1•Jawil). 

+ &3cSz 	z + JI S + (S cosot + S sincot) 

(Ixcoskit + I1sint4t) 

Tho solution to the 'problem may be obtained by setting up 

the equation of motion for the density matrix including the 

'relaxation term.The algebra involved. is rather lengthy, 

and for a detailed account the reader' is referred to 

the text by Abragam.1  To briefly summarise the results 
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of these calculations,four possible transitions are 

shown, with. )„, 
1 (7) 	= 4+4._ 

1/TA  + 1/4Tx  

1/TA 1/4Tx  

t3 

is 

- cos (0+7-G-

cos(49.1.- 

where TA  = relaxation time of spin A 

Tx  - relaxation time of spin X 

If the perturbing rf field vanishes, 	+ e., = 0 

and only the transitions 044p-I p4.4p- can be observed. 

The widths of the lines of the doublet is then given by 

1/TA  + 1/2TB  which agrees with the expression obtained 

in the absence of strong rf perturbing fields. At resonance 

• 

only 

1 
T central  

and then, 

cos 29 
A • 	TX 

are observed 

As the stirring field increases 8-",7172 and the width of 

the central line becomes independent of Tx 	i.e. 

complete decoupliiig. 

The theory aan be extended to more complex cases,AX AX 2 	2 2 

etc., and for more than line TeatUrbing field. A more 

complete account of these dan'be found in Abragam.lf  

We can predict from the cOnsiderations above that in the 

simplest case we can collapse, a.multiplet completely by 

- double resonance to the:single line it. would show in the 
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absence of coupling.We also predict that even for more 

complex cases,the effect of perturbing rf fields mill 

be easily detected even if some residual splitting should 

remain. 

2. General experimental techniques. 

A fairly full account of experimental techniques in 

multiple resonance may be found in the review by 

Baldeschwieler and Randall.20  There are basically two 

methods by which the additional perturbing rf fields can 

be produced. 

Et. By using a separate oscillator at the frequency of X. 5 

b. By modulating the frequency or field43  to develop 

sidebands of the carrier Prequency.This latter technique 

can itself be separated into more than one method.There 

are three basic ways in which "the developed sidebands can 

be used. (1)- We can use a large carrier frequency field 

as the perturbing field, and a small tideband as the 

observing frequency.100  (ii) The small carrier is used 

as the observing field and the sidebands used as, the 

perturbing frequency. (iii) The sidebands developed from 

the carrier may be used as both perturbing and observing 

rf fields. An illustration of the various frequency 

spectra that may be used for multiple resonance experiments 

is shown diagramatically in fig 1.2 
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3, Application of double resonance to a chemical structure  

determination  

(i) Apparatus.  

The apparatus used was a single sideband supressed carrier 

modulator already described,190  in conjunction with a 

Varian 4311 spectrometer unit and 12'inch elctromagnet 

system. The apparatus develops a strong single sideband 

at a frequency separation from the carrier determined by 

the frequency of a two phase oscillator, (Solatron B05-Pr) 

which allows either sideband to be developed.The small 

residual, carrier provides the observing rf field. 

(ii) The structure of Nimbin  

Nimbin,a naturally occuring compound isolated from various 

parts of the Nim tree 123,124,176has  been the subject of 

previous chemical investigations127,169  and the molecular 

formula C30 600H3 	
127 confirmed by mass spectroscopy 16 

More recently the compound and some derivatives have been 

128 investigated by further nmr studies 93 1 	and a total 

structure(I)p = Mb R' = Ac ),hasbeen proposed.128  

The structure would appear to be related to limonin and 

thus belongs to a group of naturally occuring terpenes 

having a similar tricarbocyclic arrangement.15'81'95  

The proposed structure for nimbin (I) is based upon a 

biogenetically feasable synthesis from apoeuphol Ioy 
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cleavage of.ring C between C12  and C14.128  

The problem to be solved by double resonance was the 

confirmation of the assignments for the various couplings 

observed in the nmr spectra of nimbin and its derivatives, 

and the location of obscured protons through their observed 

coupling.The couplings were determined by observing that 

part of the spectrum of interest while irradiating with 

the strong single sideband in the region of the suspected 

coupled proton resonance.The optimum position was found 

by reducing the sideband power to a level barely sufficient 

to observe essentially complete collapse of the multiplet 

structure,and the separation of carrier to sideband adjusted 

to maximum effect by 'varying the modulation frequency from 

the Solarivon two phase oscillator. The frequency separation 

was then converted from 56.4 to 60 Mc/s.(the result'is the 

chemical shift between the two protons at 60 Mc/s), and 

measured onto the recorded Varian A60 spectra. A schematic 

representation of the spectra and couplings found are shown 

in Fig 1.3. The numbers I - VI refer to spectra obtained 

from the corresponding structures, fig 1.4. 

Some examples of the collapse of multiplet structure on 

irradiation of coupled protons,are shown in fig 1.4. 

( + = upfield).All the spectra were obtained in CDC13  

at room temperature. 

The structure initially proposed on the basis of the 

decoupling experiments95 agrees with that of (I) for rings 
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A and Blbut the remaining fraction of the structure,(furan 

ring excepted),was not firmly established owing to the rather 

disapointing results obtained from the A60 integration spectra. 

Further examination now indicates that the structure (I),can 

be supported on the grounds of the dOuble resonance results 

alone. 

Results and Discussions. 

In most of the spectra a typical AB auartet can be seen at 

low field,(in niMbin1r3.62,4.1,1 = 10 c/s),and is attributed 

to H2 and H3 which are vinylic and would be expected at such 

positions.These are not further coupled in nimbin as they 

appear as sharp lines,but in (II) the AB quartet is now 

coupled to a proton which is itself coupled into the methyl 

region.This would support the relation H2,H3,H4  with H4  

coupled into the 04-Me.In (I) there are two doublets present 

at1t6.4,(J = 12 c/s), andlt5.94,(Z u 3 c/s).Although obscured 

in nimbin,the doublet,(X 12 c/s),becomes clearly visible in 

(V) where the obscuring resonance is shifted downfield.Double 

resonance shows that the proton T6.4 is causing the wide 

splitting,(12 c/s),and that at 'x5.94 the small splitting, (3 c/s 

of the double doubletir4.1' .This double doublet is thus due to 

a proton flanked by two hydrogens which are attributed to H5,  

(1`6.4),and H7'(r5.94).The relation H5 ' H6' H7  is then confirmed 

In (III) the doublets assigned to H5,H6,H7 are replaced by two. 

sharp singlets,(T.64511C P6 ),which can be assigned to H5 and 

H7 as expected from structure (III). In (III) there is also 

shown the complete collapse of the multiplet at 176.7 

when irradiated 43 c/s upfield, and is attributed 
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to H11  coupling to the single proton H9.Formation.of 

gives the position of the second methoxy carbonyl group. 

An AB quartet'is again clearly present from H2  and H3:  but 

now the multiplet at T4.2 is shown to be coupled upfield 

to the same proton as coupled to H6. This proton must then 

be H5. H3 is probably also further coupled into the 04  

methyl.(r7.83).Fram these results it can be concluded that 

C10  is tetra-substituted,and C5  is trisubstitutedtand 

supports the cleavage of ring C to provide the carboxyl 

function for enol-lactonisation. 

'The remaining two oxygens are located at position 6 , 

(acetoxyl),and 7,(ether),by the'formation of the enol-

lactoneY=lactane (IV).The furan ring was saturated during 

the formation of (IV):  93 and the furanoqt lines are thus 

.missing from the spectrum. The XAB system shown to be 

B$116'H7 is again present and implies the stereochemistry 

shown,and tnat 08  and 010  are tetra-substituted.In addition)) 

the coupling is again shown of Hu  to H9.(1-  6.15:1'8.25) * 

Since H3 is no longer vinylicove would .expect the proton 

H2 to be coupled to a'proton a long way upfield.This is in 

fact shown by double resdnances putting H3  at 1'7.5 which 

would be expected for such a 0H2 group. 

The nmr decoupling experiments thus strongly support the 

part structure of rings A and B. and the presence of the. 

furan ring1(for which a decoupling is.shown in (VI) ), 

The main query concerns the assignment of the remaining 
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C6  H7 
 fragment.The couplings not already accounted for 

must therefore belong to this part of the molecule. In 

all the spectra a doublet t8.3 is shown,) = 2 c/s,virtually 

unshifted throughout.This supports it belonging to the 

unaltered part of the molecule on formation of the 

derivatives.This resonance is shown coupled to a single 

proton atl!- .3 also in that part of the molecule.The final 

clue to the structure lies in the results of the double 

resonance experiment shown in the spectra (V) and (V4The 

low field proton in WI) is coupled into a region at 27.7 

which is itself coupled into a single proton at 2'6.15. 

In (V)this proton becomes observable at 26.3 between the 

doublet of %sand is coupled upfield into a proton at 

There is thus a low field proton 	coupling into a 

proton1r7.7 which is coupled(from VI) into a low field 

doublet 2'4.7 splitting the doublet atr8.3.This latter 

doublet appears to integrate to CH3  in some of the 

derivatives,although uncertain in nimbin itself. The 

final assignment now comes from spectrum OLHere there 

is a low field proton,24.7,coupled to the same high • 

field doublet(28.3)This proton is also coupled into 

the region of H5.It is known that protons .such as the 

one ascribed to H15  in .(I) - (VI) can appear at very 

low fields94 130and this would agree with the assignment 

of H15 as being the, resonance at 24.7.The proton in the 

region of H5 would then be H16  as expected for >CH 2 



and coupled to H16  would be H17  which would be takendown 

field by the furan ring,and hence must be the resonance at 

2'6.85.The doublet at 2'8.5 we now ascribe to the C13-Me 

split by long range coupling 137 to the H15  proton. 

The decoupling experiments thus substantiate the proposed 

structure (I) for nimbin. Although the proton resonance 

assigned to H15  was reported to appear as a broad triplet 128 

the spectra obtained did not resolve this well enough to 

remove any residual doubts.It is felt that a really high 

resolutionshigh sensitivity spectrum, (e.g.. a 100 Mc/s 

with C.A.T.),would do much to remove any doubts by 

confirming the expected splittings which should appear 

in the H15 spectrum from the position assigned to it. 

The experiments very clearly illustrate the method of 

assigning a hidden proton,(e.g. H9),by double resonance. 

(iii) Double resonance in the detection of very small  

couplings. 

In many compoundslthe couplings between nuclei may not 

always be obvious,and the resonance,instead of being 

resolved, into aubsiduary'fine structure, appears merely 

as a broadened peak.The broadening could in some cases 

be misleading and poSsibly result in a false assumption' 

as to its true.nature.In.particUlar the effects of long 

range coupling may not always be'clear.For exatple,the 

multiplicity.  of the methyl resonance of 22',  dimethyl . • 
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diphenyl ether was originally reported as being due to 

restricted rotation.172  This was in fact later shown to 

,be caused by a long range coupling to the ring protons.187  

A number of workers have since shown that this phenomenon 

is of quite COMMOA occurence and can take place over a 

fairly wide range of bonds.14,51 84,137,163,187  

Where a line broadening is observed this could thus be 

due to long range couplings;it may however possibly be 

due to relaxation effects in the particular chemical 

enviroment.(cf part III).An even more complex situation 

would be that in which both effects play a part in the 

line broadening.In such a case a double resonance 

.experiment would probably be the only sure way of proving 

this. 

Small couplings have been measured quite accurately by the 

method of rapid sweep.(Wiggle beats)159  This method could 

be used to observe a small coupling abut is limited by ,  

the separation of the lines in the spectrum,and by a very 

small coupling where a'beating due to J.  would be very 

difficult to observe.A possible method of demonstrating 

long range coupling in the presence of short T2,where the 

decay of the wiggle beats would be too short to show the 

small couplingswould appear to be a double resonance 

experiment to determine whether. any change in line shape, 

(as shown by changes in the .wiggle beat pattern)l occurs. 

For comparisOn the methyl group of p tdluidine was obserVed 
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in a simple double resonance experiment to confirm the 

suspected coupling to the ring protons.163 The very slight 

sharpening of the line could only just be observed. The 

compound chosen for the double resonance wiggle beat 

experiment was p-nitro toluene in which a similar coupling 

of the methyl had also been suspected.163  

A. Theoretical  

The transient wiggles occuring on rapid passage were first• 

noticed during the pioneering work of Bloembergen,Purcell 

and Pound on relaxation.35 The correct qualitative reasons 

for the beat patterns were given,and later a simple 

quantitative treatment was proposed by Bloembergen.32  A 

more exact approach based on the Bloch equations was given 

by Jacobsohn and Wangsness.101  It is sufficient for our 

purposes to consider only the very simple treatment. 

We first consider the effect of a rapid passage across a 

doublet of separation J.  c/s. If the static field is swept 

linearly at a rate dgidt, the rate of change of Iarmor 

frequency will belyidVdt = 0..This will then be a constant 

throughout the sweep.At a;time t after passing through 

resonance, the angular velocities of the rf field H1  and 

the Larmor precession will differ by' at =-AG1The phase 

angle between the transverse component Mx  and H1  must . 

then be 
	

1
460.dt 	cl.t2  (• 	0 at t = 0) 

Including a factor for thei decay of the transverse component 

of magnetisation by relaxationswe find the signal V(t)  is 
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proportional to (e- t/T2)(00  s2at2) 

Considering two signals from the peaks of- a doublet, 

= V.0 e
-t/T2 cos iTat 2 Vi(t)  

(t-to)/T2 cos2a(t-to)2  V2(t) = V.0 

the time t0  being that taken to pass from one peak to 

the other,i.e. I/ 

Combining the two signals, V( t) = V 	+ V 1(t) 	2(t) 

Vo e
-t/T2 cos*at2 	Voe-(t-to)/T2  cos*a(t-t0)2 

If to is small compared to T 1  then e.
(t-to)/T2 -24 e-t/T2 

Then, ) = o 
-t/T r A. 2 	2N 
e 	2 Aposga 	cosga(t-to) 

e-t/ T2.cos(2at2  -,Lattoo).  

cos(iatt - *at2) 

•The expression contains two cosine terms, the first• 

representing the wiggles ..a:fOr a single signal,and the 

second a beat modulation of.those wiggles, the time between 

maxima being 1/a%.The separation of the beats is thus 

1/J. Reilly159  has extended this treatment to the general 

case of a multiplet of.n equally spaced lines, separation 

= X.c/s.For sufficiently small to  he finds, 

v(t)_ = on-117. ..."t/%10 	 (n-1)117t) 

(cosh-litSt ) 

and thus the period between maxima is still 1/X seconds. 
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The more rigorous treatment of Xacobsohn and Wangsness 

covers the wiggle phenomena over a wider range of sweep 

rate.They find that for a rapid passage(H1  small),similar 

solutions to the above apply,but for smaller values of a, 

the wiggles become less prominant,and vanish at a.<<-.L• 1/T22  

If we consider a double resonance experiment of the rapid 

passage technique,we first note that for the coupled 

case we expect a non-exponential decay in which the'," 

coupling is superposed on the free decay.In the double 

resonance experiment we have seen how the line width for 

a multiplet tends towards that of the unsplit line width 

in the limit of very strong perturbing rf fields.The rapid 

sweep in this case should produce a decay approximately 

given by exp(-t/T2) where 1/T2 	 1/1i2i  + 1/T2(A)  

and T21  . is the characteristic time of the inhomogeneity 

broadening,and T2(A)  represents the limit of the line width 

with a very strong perturbing rf field.We therefore expect 

that the ordinary rapid passage wiggle beat decay will be 

non-exponential,while the double resonance case will be 

an approximately exponential decay the difference between 

them showing a beat which would appear on the, decay if the 

appropriate rapid passage experiment had been carried out, 

(Which,as we have mentioned previously,'is not always 

possible) 

b.EXperimental  

Pure recrystallised p-nitro toluene (M.P. 51°  Lit. 51.3°), 
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was investigated in a 16 solution in C014  with the 

double resonance apparatus previously described. 

The Varian spectrometer was set to automatic continuous 

rapid scan; andthe methyl resonance was set to the centre 

of the oscilloscopestreen.The sweep rate was adjusted so 

that with the best available field a smooth unresolved 

decay envelope was obtained. The separation of the 

decoupling sideband was set to approximately that of the 

aryl resonances,and then varied in steps so that it passed 

across them.The spectra were recorded on a Sanborn 151 

recorder,and the resulting wiggle beat patterns are shown 

in fig 1.5.Two sets of recordings were chosen representing 

the coupled,( -.200 c/s) and the decoupled ( - 290 c/s) 

cases, and the amplitude of the envelopes plotted as a 

function of time on a log-linear scale.(On the recorded 

charts 1mm = 1/20 second).The resulting curves are shown 

in fig 1.6.The differences between the two curves,41.is 

shown as a function of time 'in fig 1.7 

Results and discussions  

The effect of-the perturbing field on the wiggle beat 

patterns is veryclearly seen in the recorded spectra 

fig.1.5 The ease of observing the effect of decoupling 

compared to that of the simple double resonance experiment 

indicates its value in detecting very small couplings..  

The extremely linear plot resulting from the decoupled 

wiggle decay, (fig 1.6) shows that we are justified in 

assuming a Lorentzian line shape in the absence of the 
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coupling.Asexpected,the other curve shows a non-exponential 

decayl and the plot of the difference between them as a 

function of time should show the J modulation that is 

present.Since only part of the modulation envelope will 

be observed,the method cannot be used for very accurate 

determination of the values of T. In fig 1.7 we can see 

only a small part of a cycle of the modulation, so that 

the estimation of J is at best only very approximate.However 

comparing the resulting Avs t curve with a cosine function, 

we find that the most closely fitting cosine curve 

corresponds to a J value of about 	S/5 (.This is 

certainly in accordance with the observed sPectrum,where 

such a splitting will be at the limit of the resolution 

pf the instrument used.No particular care was taken to 

accurately optimise the position of the decoupling side-

band,as it was mainly hoped to use the method as a means 

of detection only.However, the difference between the 

linears decoupled,logarithmic plot, and the very clearly 

non-linear result in the coupled case, shows that the 

technique could be used as a means Of estimating J couplings 

below 2 c/s,(although with no great accuracy‘; 
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PART II 

The Swept Frequency Technique  

1.'Fiald/frequency stabilisation,  

In the introduction,tvo possible ways of recording a 

spectrum were discussed in brief.In certain double 

resonance experiments,(e.g. spin "tickling",INDOR),it is 

necessary to record the spetrum by sweepin3with the 

frequency rather than the field, as the perturbing rf field 

must remain exactly at resonance throughout the sweep. 

It is normally much easier to provide a linear sweep of 

the field and a very stable radio-frequency,than the' 

opposite,and with the frequency swept method we are forced 

to consider additional stabilisat'ion of the magnetic field. 

In magnetic fields in common use,(5 - 20 kilogauss),small 

variations and drifts of local field across the magnet poles 

occur over a period of time.Design of the magnet determines 

largely the inhompgeneities and fluctuations of field across 

the sample.However,even with the best magnet design 

producing high homogeneity62  fluctuations due to temperature 

and ambient field changes invariably occur.In most modern 

nmr spectrometers,the magnet is fitted with a flux 

stabilising device to control such variations.Either permanent 

or electromagnets may be used, and in the apparatus on 

which these experiments were carried out the latter is 

employed.in- the Varian electromagnet system fitted to 
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this particular instrument,the flux stabilising device, 

-(superstabi,liser),works on the principle of an error 

signal deriVed froh a change of field.Coils. are situated 

between the magnet poles connected to a D.C. amplifying 

device.When a field change occurs ,the small emf induced in 

the coils is'fed to a sensitive galvoknometer.The deflection 

of the galvq4ometer coil is measured by photocell detection 

of a beam of light reflected from a mirror on the suspension, 

and an error signal derived from this is fed to the magnet 

power supply and to coils on the magnet poles to correct 

this error. While able to handle short term field changes, 

such a device cannot detect a very slow drift of field,and 

to overcome this a device known as field—frequency 

locking was devised. 

The idea of magnetic field stabilisation by means of a 

feedback function derived from a proton resonance arose 

quite early in the development of nrnr  spectroscopy.9
8,134, 

140,150, (cf 75).Recently,the use of an error signal derived 

from an auxiallaryi  proton sample in the magnetic field to 

'lock' the field to the frequency of the sample resonance 

was described by Baker and Burd.18  This system has since 

been employed commercially in the Varian A60 nmr spectrometer. 

More recently still,a'very simple device was described by 

Primas 150  in which the field was locked to the frequency 

of a reference contained within the sample solution itself. 

In this method,the dispersion mode signal of .a sharp reference 
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line,(TMS),was used as the error signal fed back to the 

superstabiliser galvonoLaeter.Since such a function,(fig.II.1),. 

is zero at the centre and of opposite polarity either side, 

when applied in the correct sense to the galvonoMeter it 

will tend to 'pull' the field to a value which takes the 

frequency exactly to the centre of the line. 

F:9 rat 

The field and frequency of the reference line are thus 

'locked' togethei.Variations of this scheme have been 

employed using a sideband of the carrier to develop the 

locking signal.9,10,20,71,72,73 The advantage of using 

a reference compound within the actual sample solution 

itself is that the reference 'locks' the same field as 

seen by the sample,whereas with an auxiliary reference it 

is not necessary that changes in the reference part of the 

magnet exactly reflect those seen at the ssmple.The advantage 

of the auxiliary probe system is that the sample need 

not be in place for the field to be locked,and thus the 

system can be kept permanently in a stabilised condition. 

It has been found,however,that the field can be made to 

relock onto a TES reference in the sample solution 

whenever this is introduced by leaving a dilute solution 

of TES spinning'in the probe when the instrument is not 

in use.72 In these methods the field 
	

locked to the 
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frequency of the reference line and the search frequency 

is generally a small sideband of the carrier which is 

passed across the spectrum.The value of the frequency at 

any position on the recording chart is thus always-accurately 

known from the separation of the carrier to sideband;which 

is usually developed by means of a swept audio-oscillator, 

Preferably linear for ease of interpolation.The value of 

the field H is thus always accurately related to the 

radio-frequency.Since the spectrum is recorded by a side- 

band of the carrier,the spectrum of a particular compound 

will be identically reproduced as long as the field H 

and frequency of the reference sample are locked together. 

Thus the field to frequency locking could be carried out 

by controlling the radio-frequency to compensate for changes 

in magnetic field.Provided that the frequency change was 

limited to a few hundred cycles,when chemical shift 

changes etc. are negligable,sucha system would effectively 

control field and frequency fluctuations,but has the 	. 

disadvantage of being limited in the extent to which it 

can hold the field changes; i.e. to the maximum possible 

variation of the frequency.A far better method is to feed 

the error signal to both transmitter and superstabiliser 

galvonometer.Such a procedure is stated to eliminate tendency 

to 'hunt' about the locking positiOn.72  

A more refined method of locking was investigated in which 

a slightly different method of using the iefe-ierice. 
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line was employed.In the method of Primes,150 the locking 

function is derived from the dispersion mode of the 

reference iine,whereas the ideal error signal is one in 

which the signal is proportional in amplitude and Sign to 

the error to be corrected.Considering the properties of 

the reference compound required to approach such a function, 

we note that it is not readily derived from a very narrow 

line.We require the response time of the system to be, 

ddeally,infinitely small,whereas,(apart from electronic--

components),this will be limited by the value of T2  of 

the reference sample.In addition the range over which the 

error function will be effective depends on the width of 

the reference line.Both these requirements would seem to 

be better met by-using a small value of T2  than a large one, 

and it was therefore decided to examine the possibility 

of a wide line reference as the 'basis of a locking function. 

If we consider the carrier frequency elcoswit,which is 

modulated at a frequency e2cosc.o2t,we have a resultant, 

Em = e1e2coscoit cos(4 

= 	ele2 [cos 	co2.)t+-c' Gs( 

This represents. the two sidebands of the supressed carrier. 

If these sidebands are fed into theprobe and are close 

enough to excite the same set of nuclei in the sample,  

we have, after coming from the' probe, 

Eg(V)cos(0.+(4)t Eg(licos(C4,-6),)t 
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where g(9) represents the line shape,and E is a'constant• 

of the instrumentation.Demodulation with e1  sinw it then gives, 

E g(V) cos (caf+ 	eisinc,‘)it xE g(1i)cos 	t eisincol t 

= 	*eiE g (V) gin (26)1+ c..)0t - sin (4),-0 

g(VH)Esin(2c4-wi)t sinc..);] 

Filtering out the higher frequencies,we obtain, 

2elE[i(V)sinco2t - gbhsinc4 

which represents the sum of the two sitkbands after rf 

phase detection from the Varian instrument. 

Phase detection at the modulation frequency l.(6),),should 

now give a signal depending upon the position of the 

sidebands. 

*e 1  EE(V")sinw„t 	 coltg(y)sin 	2  e sinco,t 

- 	• 	 • 
-4-e1e2Eiip)sln2 	- Wat gt1) )sin2  Wit 

le2E[i(v) - g(V) + g(V i )cos2GoIt - g(1))cos2w2 

Filtering out the A.C. components then gives a D.C. signal 

V = C E(") - g()] 

where C is a constant of the instrumentation.By arranging 

that the shape function is symmetrical,we can adjust for 

V to be zero at the line centre and of opposite polarity either 

side. A method by.which this can be achieved is to set the 

carrier frequency onto the centre of a very broad line, 

and arrange the sideband separation to be equal to the 
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width at half height.At centre the output will be zero, 

providing the line is symmetrical,( g(V) = g(V") ),while 

the output changes sign either side.If we measure the 

phase relation alone,a function such as in fig. 11.2 

will be obtained. 

Ft ILI 

This can be achieved by using a constant output amplifier 

between the rf phase detector and the demodulation with 

sinoAp.A circuit bf an amplifier used for this purpose 

is shown in fig. II.9 

Experimental  

The sinple procedure of feeding the dispersion mode signal 

of reference sample,(H20),direct to the transmitter crystal 

was first examined.As expected,the stability depended 

greatly on the amplitude of the feedback signal,which 

controls the maximum available frequency swing obtainable 

from the modulation input.The extent to which field drifts . 

are checked is governed by the properties of the 

transmitter modulation circuit,which is. controlled by 

a voltage variable capacitor,and this proved to be very 

good over'a limited range.This simple etnerimeht indicated 

the possibility of field to frequency stabilisation by ' 



-74- 

control of.the frequency alone,provided the extent of the 

field drifts was limited. 

The variation of the frequency of the Varian transmitter 

with a D.G. voltage fed to the modulation input 

was measured by noting the swing of the resonance of 

a reference line when a known voltage was applied. 

This was carried out by setting the line of a TMS sample 

to the centre of the Varian oscilloscope screen,-and 

measuring the change of frequency on the application 

of a measured D.C. voltage,by modulating the field .  

with a frequency. that brought the sideband to the bentre 

of the screen.The reference line was reset to the Screen 

centre each time to minimise the effects of field drifts. 

The result of the measurements is shown 

For the wide line locking system it was initially 

decided to try about 5 c/s for the modulation frequency, 

requiring a reference line about 10 c/s width at half 

height.It is possible to arrange a modulation of the 

• carrier so that the two sidebands,of separation 10 c/s, 

are themselves separated from the carrier by x c/s at their 

midpoint.(x being decided by the frequency of the 

further modulation to the carrier).However 'six-16e it 

was desired to keep the 'instrumentation as simple as 

possible,the'carrier frequency was decided upon as the 

actual locking position. This entailed finding a proton 

resonance well out of the way of the normal spectrum 
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which is also a very broad line.Acidic or enolic systems 

spring to mind as being at very low field and generally 

rather broad resonances. Investigation of the spectra of 

various compounds,(Varian Handbook of Nmr Spectra, Vols 

1 and 2),showed that the choice of a general reference 

compound,suitable for inclusion in the sample solution 

itself,was not really possible for such systems. It was 

therefore decided to use an external reference sample. 

There are two possible ways of achieVing this. 

a. _The reference sample can be contained in a central 

capillary tube co-axial with the sample tube..  

b. The reference may be contained in a tube fitted round 

the outside of the detecting coil of the probe. 

Methoda was found to generate spinning sidebands when 

not perfectly co-axial and produced a rather weak signal. 

Since the line has to be broad,there is no need for thb 

reference sample to be spinning,and the second method 

was thus chosen as the most promising of the two. Since 

the reference compound was to be sealed into a glass tube, 

the choice was not limited by considerations of chemical 

activity, and a system based on a very strong acid was 

decided upon.The chemical shifts of concentrated hydro-

6hloric,sulphuric l and trifluoracetic acids were measured, 

by noting the frequency separation from the resonance of 

a TMS sample sealed into a capillary tube placed in the 

sample solution.These were found to be greatest for 
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sulphuric and trifluoracetic acids.( 640 and 620 c/s from 

TMS at 56.4 Mc/s respectively. HC1 = 600 c/s) 

The effect of some readily available salts of metals, 

giving paramagnetic ions in solution,on the resonant 

lines of these two acids was examined. An excess of the 

salt was added to the pure acid to give a saturated 

solution which was left' for several days before the line 

width was measured. (Stationary sample,but as good a field 

as otherwise obtainable ),The line widths were estimated 

by recording with the addition of sidebands of a known 

frequency. The results are set out in the table below. 

Table 11.1 

Trifluoracetic acid  

Salt 	 Width at half height. c/s  

.Ferric Chloride 	 34 

Manganous Sulphate 	 3 

Cobalt Nitrate 	 39 

Chrome Alum 	 3 

Copper Nitrate 	 16 

Sulphuric Acid  

Chrome Alum 	 47 

Copper Sulphate 	 90 	4' 

4-  - Copper sulphate.  will not dissolve readily in 

concentrated H2  soA  The procedure used here was to 
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add the acid carefully to a saturated solution of the 

salt,and allow to stand when about 96,  H2SO4. The clear 

solution was then decanted. 

The system based on sulphuric acid is much easier to handle 

than solutions of trifluoracetic acid,and since it also 

provides a larger signal,(twice the number of protons), 

this former acid was chosen in preference.Since the solution-

of copper ions not only had the greatest measured line 

width,but appeared also.to  be the most stable,(as expected 

from the stability of its oxidation state),the latter 

system was finally selested.The procedure of adjusting the 

line width was to add small quantities of the standard 

solution,prepared as above,to the pure acid,measuring the 

line width each time.In this way almost any desirable 

width between about 5 and 90 c/s,at half height,could be 

obtained. Initially the solution was adjusted to a line 

width of 10.  c/s at half height,to correspond to. the 5,c/S. 

modulation.Howeverlthe system was found to be awkward because 

of the diffiCulty of filtering after 5 c/s phase detection. 

(The power supply to the phase detector had also to be 

specially decoupled with. the circuit fig. II.66) 

The arrangement did,however,yield the expected phase 

relations which could be varied by adjusting the Varian 

rf phase control.(Effecting g(V) ).Since the reference line 

could be broadened considerably more than 10 c/s,the 

apparatus was altered to use an arbitary 19 c/s modulation 
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and the line width adjusted to 40 c/s at half height. 

The reference solution,by virtue of its bulk susceptibility, 

could possibly effect the homogeneity of the applied field, 

and it was therefore sealed into an annular glass tube 

fitting round the detecting coil of the probe,so that it 

was symmetrically situated with respect to the sample. 

(Fig. 11.4) 

Sck.rnple 

refer-evxcQ 

Detecting 
coZI. 

A recording of the reference line in relation to a spectrum 

of, a l0 solution of ethanol in 0014  is shown in fig. 11.5 
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The apparatus was based on the existing single sideband 

supressed carrier modulator already described,modified to 

accept bZaZ.nced signals from a 19 c/s oscillator and 

an audio-frequency swept oscillator,to be described in the 

next section.(Fig. 	The 19 c/s frequency is added 

symmetrically to the carrier modulator,and the output from 

the Varian receiver is fed through a 19 c/s selective 

amplifier,(fig.II.8),to the 19 c/s phase detector,the 

output of which is smoothed by a filter.(Fig.II.7)..This 

Produces the error signal. The system was also tried with 

the constant'output amplifier,fig.II.2,before the phase 

detector so that only the phase relation of the signal 

was measured. 

A recording of the reference linel together with the changes 

in the 19 c/s modulation output on sweeping across the line, 

iS shown in fig. 

Fil 
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The phase control of the Varian spectrometer effects the 

phase of the 19 c/s output as shown from the recordings 

taken below..(Fig.II.13) 

The recorded error functions'obtainable from the apparatus 

are shown in fig. 11.14 .2. and b. 

7,:z; tar  

In practice the circuit shown in fig.II.7 was used. In this 

the signal is limited to 15 v pp into the phase detector.By 

adjusting the 19 c/s input to the modulator, and the attenUat-.  

ion after selective amplification,the way in which the 

error signal is 'clitped' can be controlled,so that an 

output varying between fig. a1.14 a. and b. can be selected. 

(Fig. 11.15) 
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The ideal method of control is feedback to both the 

Varian transmitter and the superstabiliser galvanometer. 

The modulation input to the transmitter,which feeds a 

"varicap" capacitor across the oscillator crystal,was found 

to have too low an impedence,and this was increased from 

530 to 100k ohms.The galvonometer proved to be extremely 

sensitive to the very sharp function fig.II.l4 b. which 

was first used,and as the galvonometer and the crystal 

control's are in the opposite sense,it was decided to 

employ frequency control alone,to examine the advantages 

• .of this system before arranging a modification to enable 

both the controls to be fed from a bat-anced phase detector. 

The present phase detector output has a maximum of *.0.5 v, 

which can be considered as approximately x 2/3 when 

feeding the crystal.Thus the maximum., control range with 

feedback to the modulation input alone is approximately 

40 c/s.(From fig.II.3).The response time of the 

apparatus is relatively slow, (probably of the order of 

second)mainly owing to 'the 19.c/s filter circuit after 

the phase detector.In this sense it may be advantagous to 

use an even wider reference line.Certainly a modulation 

frequency double that of the present case is possible. 

Even so,the response time of the system will be limited. 

by the low value of modulation frequency unless a method 

of smoothing which has a much shorter response time can 

be found.The response to a variation-  of field was measured 
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by 'modulating the field with a low frequency so that it 

continually moved back and forth across the reference line. 

The output from the phase.  detector was viewed on an 

• oscilloscope screen with-the x-sweep driven by the 

frequency of the field raodulation.The phase relations 

with variation of frequency were then observed,a shift- of 

180°  occuring at 2.3 c/s ,agreeing with the estimate of 

approximately l: second for the response time.The pulling 

effect of the feedback to the crystal can be. seen _from 

the recording,fig.II.16.The diagram shows'the appearance 

of the 19 c/s output as vieweaon the Varian oscilloscope 

.screen:. At the centre of the reference line there is 

virtually no 19 c/s' signali•the effect of a deliberate 

introduction of a slow field drift is shown,the arrow 

indicating the position at which the drift was introduced. 
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Performance'of the locking system  

The locking system was estimated to have a feedback loop 

gain of about 5:1.  with its normal setting,and feedback to 

crystal alone.This was at the position where the arrange-

ment seemed most stable.A higher gain tended to introduce 

a small oscillation about the locking position,and this 

is most probably due to the particular time constant of 

the feedback loop.The short term stability of the system 

seemed fairly good,(cf fig.II.16),in that the field and 

frequency were held in lock for field changes equivalent -

to about 25 c/s either side of the locking line.Over- this, 

a notable shift from- the actual centre was observed. 

This was overcome in the experiments for which the locking 

system was used by the circuit arrangement shown in fig.II.8. 

This circuit was set into a small unit containing the 

sensitive micro-vdltmeter M.The meter was used to indicate 

the'state of lockfloy measuring the feedback to the crystal, 

thereby showing when the control is at the end of its 

effective range.The ordinary field shift control of the 

Varian instrument was then used to bring the reference.  

back to exact centre.(i.e. zero reading on the meter). 

Although this needed constant attention,the resulting. 

stability was sufficient for the techniques to be • 

described in part III,and so it was - decided to dispense 

with the galvonometer feedback.The instrumentation was 

thus not brought up to the full extent of its capabilities 
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that would .be expected from inspection of the recorded 

locking function,fig.ii.14b.,but this could be simply 

obtained by using feedback to the galvonometer as .well as 

the crystal. This would mean replacing the phase detector, 

fig.II.7, with a balanced version, as the controls are in 

. the opposite sense. 

The system is sensitive to the 'balance condition of the 

probe as thiS effects the - phase of the signal. It is also 

effected by the phase adjustment of the Varian receiver. 

(Fig.II.13 ). If these are carefully set, then the only 

remaining condition which effects the balance is the 

homogeneity of the static field. If this is not very good, . 

then an asymmetric reference line may result which will not 

give a balance at the exact centre.A balance is still obtained, 

but is shifted from the central position.This does,however) 

• suggest a method by which field homogeneity could be 

optimised.That is,by setting the separation of a TMS line 

exactly at a set frequency, and optimising for this separation 

each time.Once the magnetic field had become fairly steady). 

there is no further trouble from changes of homogeneity. 

Comparison with other systems. 

When making. comparison to existing field lock systems, it 

must be taken into account that the feedback was only 

applied to the crystal and not to the superstabiliser. This 

has the effect of limiting the long term stability, and also,. 
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since the galvonometer is extremely sensitive,of greatly 

reducing the overall loop gain.It has been mentioned 

elsewhere that crystal feedback alone is generally 

insufficient.72 The Possible advantages of the system 

are;-The reference sample tube can be replaced or removed . 

when needed,and can be left permanently in position if 

necessary.It,can be used in experiments without sample 

spinning,or even in fairly inhomogeneous fields,an essential 

of the experiments to be 'described in part III. The 

reference can be made permanent,but still in the same field 

as the sample,and in this respect is a compromise between 

the two previously described systems.18,150 

A possible interesting addition is to use the wide line 

reference for feedback to the galvonometer,and a sideband 

at the internal TMS.reference for feedback to the crystal. 

One to cover a wide range of slow drifts,and the other 

to control any sudden changes in frequency or field. 

Such a system could probably be made to have very good overall 

stability,and be kept under permanent lock by the wide line. 

reference. 

2.  The swept frequency oscillator. 

For ease of calibration of the spectra,the oscillator which 

is used to develop the search .frequency sideband should be 

linearly controlled.The development of a simple wide range 

linearly swept oscillator presents many problems.It was 

decided to investigate the use of RL networks,in which the 
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phase shift. can be made linear with resistance. (Appendix II) 

Thus a simple phase shift oscillator based on an RL 

network can be made having the .frequency linear with 

respect to a - change in resistance. The difficulty with 

this type of oscillator is that the amplitude of the 

oscillations increase with frequency when altering the 

resistance,and therefore the output amplitude has to be 

controlled.Iri practice it was found that the 'circuit is 

greatly dependent on the quality of the inductors,and 

with thOse finally chosen there was a tendency to parasitic 

oscillation.This coUld,hOwever,be overcome by including 

a small capacitor across part of the network,without any 

drastic effect on the linearity.The output amplitude. 

.was initially controlled by a thermistor in the oscillator 

circuit,but with this arrangement the amplitude Was 

unstable,.and tended to oscillate when the frequency was 

suddenly chhngedThere was no detectable deviation from 

linearity of the control over the whole range of the 

oscillator.( 15 - 1200 c/s).An AGO control based on the 

non-linear characteristic of the oscillator valve,(EF 86), 

was devised,and the final circuit is shown in- fig.II.17. 

The valve is placed on the correct part of its characteristic 

curve by the AGC feedback,and so the oscillations have to 

be initiated by.brief connection of the grid-I to the -30v 

line.Once started the oscillations are strongly self maintained. 

and the amplitude is controlled,t0±5% over the whole 
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of its effective range.(25 - 1100 c/a). The plot of .  

frequency versus the reading of a revolution counter 

attached to. thetriple-ganged potentiometer shaft is 

shown in fig.II.18.The deviation from linearity only 

starts to occur well past 600 c/s and can therefore be 

considered linear over the whole of the normal spectral 

range.The overall quality of the oscillator depends 

basically on the inductors,(which in this case could most 

certainly be improved):The accuracy depends upon both the 

inductors and the 'triple-ganged potentiometer,which in 

the present apparatus is a three ganged,ten turn "ilelipOt'. 

The observed deviation from linearity is caused by the 

addition of the AGO line,and is probably due to the. large. 

D.C. feedback at high frequencies,causing the valve 

conditions to suddenly reach a 'bend' in the, characteristic 

at about '600 c/s. It seems that greater stability could be' 

obtained by alloying the oscillator to run freely,.and. 

controlling the, amplitude after this,by a circuit as in 

fig.II.9.The circuit as it was used was sufficiently linear 

.for all the present experimental purposes. 

The main ,difficulty with.the use of inductors lies in the 

possibility of unwanted pick-up of stray frequencies, 

particularly that of the' 50 c/s mains.In practicea small 

amount of 50 c/s ripple appeared on the.output due to 

pick-up from the power supplies,although more adequate 

screening would probably eliminate this. The amount of 
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ripple was however,too small to have any detectable effect 

'on the spectra recorded using the oscillator,and probably 

amounted to not more than about 4t.The other trouble arises 

from the use of. inductors in close proximity of a -very 

strong magnetic field. The inductance,and thus the 

oscillator frequency, depend to a small extent on the 

magnetic enviroment,and a small dependence of frequency 

on the position of the apparatus with respect to the 

magnets was observed.Once the apparatus had been left to 

settle down this effect would eventually stabilise,but 

it seems best to use the apparatuS as far from the magnets 

as possible. The three ganged potentioteter was driven 

through a'step down worm gear by a modified Klaxon motor 

powered as shoWn in fig.II.6a .The gearing was arranged' 

so as to give a maximum sweep rate of about 5 c/s per second. 

The motor speed was variable down to a sweep rate of about 

1 c/s per second. 

The estimated performance of the oscillator is, 

Linearity: •••• 
	Within 0.4% ( 25 - 600 c/s) 

Range: 	*6** 	25 to 1100 c/ 

Amplitude stability: ..,. Within 	5ic 

Short term stability: ...'. 	0.2 c/s 

Pe'rcentage ripple: 	041041,  ^+ 4%'  

aPerformance of the frequency swept system. 

Some examples of spectra recorded with the total field/ 
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frequency stabilised,swept frequency system are shown in 

figs.II.20.,A - D. The output to the recorder is taken from 

the phase detector shown in circuit form in'fig.II.19, The 

low pass filter circuit fig.II.10 was used to smooth the 

output. The double resonance experiment'on ethanol was 

carried out by using the strong single sideband for 

decoupling exactly as described in part I,except that the 

field was locked and the spectrum scanned with the, side-

band from the sweep oscillator. The result-  of the double 

resonance experiment carried out is shown in fig.II.20,A and 

B.The spectrum of, the ethanol triplet was recorded first 

in the absence of the decoupling rf field,A, and then the 

frequency sweep was reversed with the perturbing rf set 

at the quartet resonance.In general this tended to be 

troublesome to record owing to the interference from the 

very strong decoupling sideband.This could be minimised by 

careful zeroing of the probe ba;.ance controls,an essential 

requisite throughout with -this type of apparatus.Once the 

apparatus had bee4 carefully adjusted however,such decoupled 

spectra could be consistently recorded. 

The sharp lines in the recorded triplet of ethanol (Fig.II. 

20,D) show that an adequately homogeneous field can be 

obtained with the reference sample previously described, 

and there seems. to be virtually no difference with or with-

out this in place.The original intention had been to 

calibrate the instrument by means of the revolution counter. 
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attached to the shaft of the three ganged potentiometer, 

but this was in fact eventually carried out by using a 

. frequency counter.(Advance TC1).The signal to noise ratio 

was generally not as good as the ordinary field swept 

spectra,although this may have been due to the fact that 

some experiments were carried out without adequate filtering 

of the output from the phase detector.(Fig.II.19) 

The base line stability was,however,much better,obviously• 

due to the fact- that the phase detector output is not 

effected by changed in D.C. level.The spectra recorded 

through a fixed sideband of the oscillator,(with the field 

lock off),gaVe the same results as for the ordinary field 

swept spectra,except that the base line was much more stable. 

It seems therefore that the general procedure of recording 

through a sideband system,whether field or frequency swept, 

has much advantage to offer.Relocking is carried out by 

altering the field until the reference line is about centre, 

and then turning up the 19 c/s modulation and adjusting 

for- the correct phase.A better idea for a frequency sueep 

unit is one which can be swept by a voltage. Such a device 

has been considered,and would show some promise for use 

in such systems.(Appendix,II). 
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PART III  

Pulse Methods in Nmr. 

In the introduction some general methods of dealing with 

the response of a spin system to the application of a 

transient were discussed.Such techniques are essential 

to the study of relaxation phenomena and the measurement 

of relaxation times T1 and T2.  Although such information 

is,in principle,contained in high resolution nmr spectra, 

there are other effects,-such as field inhomogeneity, 

chemical exchange,-which prevent the information being 

obtained directly.Transient techniques are thus extremely 

important in the study of magnetic resonance,and in this 

section it is intended to examine in more detail some 

aspects of the use of a particular type of transient, 

that of intermittent application of the radio-frequency 

field, i.e. in pulses. 

1. Theoretical aspects of rf pulse technioues. 

The effect of the sudden application of an rf field was 

examined by Torrey,1 
88  whO made a detailed study of the 

solutions of the Bloch equations under these conditions, 

and found an approach to equilibrium which was oscillatory 

in character.Such considerations are complicated by the 

effect of the presence- of the rf field during the approach 

to equilibrium.A simpler situation is that considered by 
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89,90 Hahn, 	who examined the effect of applying a rf pulse 

and observing the nuclear signals after the rf field was 

removed.The solutions to the Bloch equations are then -• 

uncomplicated by the presence of the rf field ,111: 

We have already seen how the application of a rf field 

twill turn the magnetisation vector 

8 =1(Hlt.Hahn examined the effect of 

m'a/2.(Termed a 90°  pulse) 

rf field,the vector M is left 

direction of the applied field H, 

when it decays according to a characteristic time T. 

T2 is not in fact the same as the T2 of the Bloch,  equations 

as there is an additional effect to relaxation due to 

the inhomogeneity.of the applied field H. If we transfer 

our view to the rotating coordinate system XYZ,we see, 

immediately after the pulse,a total vector M in the Y 

direction perpendicular to Hi.Previous to this pulse,all 

the precessions about H throughout the sample were entirely 

random,and the vector sum of the moments was then zero. 

The application of a 90°  pulse introduces a phase coherence 

into these precessing moments so that a predominance of 

the individual precessions can be regarded as in phase 

in the Y direction in the rotating frame,the vector sum 

Of these, moments producing the total transverse vector 

M.If there are variations of the field H present over the 

H
1 
 ,for a finite time 

M, through an angle 

a rf pulse such that 

After removal of the 

perpendicular to the 
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sample ,then various spins throughout this volume will 

have varying precession frequencies .depending on the local 

static field.After removal of the rf pulse,these differing 

precession rates_ mean that some spins precess faster and some 

slower than the mean vector Lin the rotating frame this 

will be seen as a fanning out of the individual vectors, 

(or spin isochromats 89)90).M thus decays not only by the , 

relaxation T2%  but by a further process of dephasing due to 

field inhomogeneity.(As was previously discussed for free 

precession).To find the contribution of T2  to the total 

decayswe define a shape function of the inhomogeneity 

broadening, g(dc44),where g(664-'4.d(Acoo) represents the 

probability of a particular spin having a frequency deviation 

between 064.10andeNW d(A 4,0).After a time t,a spin vector 

will make an angle to the mean vector, (A00)t l and including 

the effect of relaxation the total moment will then be 

proportional to, 

H 

-t/ T2 	g Woo) os (Af4)t d(ago) 

-" 
n9 	assumed an explicit form for g (A140 of, 

g (Aw.) 
1 + (444.10T21)2  

T2i being the characteristic time of the width of the 

inhomogeneity broadening, T21  = 2/(41.4)0).! and (460-34 

is the width at half height of the function g(LIC4), 

From which it follows by integration of 7M -A 

2T2i 	• 
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1 	1  . 
T2 	T2 	T2i 

which was discussed briefly in the introduction. 

Since the rf field is required to turn all the spin 

isochromats through the same angle in a time t l it follows 

that it must be intense enough to overcome these differences 

in the precession rates, i.e. 113.>>.a.H. 

Hahn90  then examined the effect of a further rf pulse 

applied a time t seconds after the first, and found that 

a signal,which he termed an echotwas produced a further t 

seconds after the second pulse.The amplitude of this echo 

is a function of the time separation t.In fact echoes may 

be obtained from various pulse sequences of arbitary 8. 

It is beyond the scope of this thesis to give a complete 

description of the effects of a general echo sequence. 

Such studies have been made by Das and Roy
156 Jaynes,102 

36 	21 50 57,58 78 
Bloom, 	and others. / 	' Hahn gave a fairly 

detailed of the several echoes obtainable from 90°  pulses 

in physical terms.90 It is proposed to consider further 

only the most generally usefull of these sequence's,that 

due to Carr and Purcell.44  These workers studied the effect 

of 90 and 1800  pulses on the spin system.There are two 

pulse sequences due to them which can be used for measuring 

T2  or Ti  and.we give first a description of the method of 

measuring T26 
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2filCarr Purcell method of measuring T2  

The pulse sequence applied in this case consists of a 4900  

pulse followed at time 1.7 by a series of 180°  pulses of 

separation 21` .The first pulse produces a state exactly 

as we discussed for Hahn's experiment.The application of 

the 180°  pulses at. times T, 32-, 5t, etc., produces echoes 

at 224226T., • • • • ,the reasons for which permit of a simple 

physical picture shown diagramatically in fig.III.1. 

The 90° pulse puts the vector M into the Y direction of the 

rotating coordinates.(a).(The rotating rf. component H1  is 

assumed to lie in the direction of X: each time). The vectors 

then start fanning out,(b) and after a time "r a 180°  pulse 

is applied (c) which tips the whole plane about the direction 

of H16 The vectors are then left in the opposite half of 

the plane but still travelling in the same direction.. (c) 

Thus they now move together at the same rate as they were 

formerly moving apart,and so become refocussed at a time 

2T-.(d).The isochromats nowfan out once more as they 

continue moving in the same direction. (e). The application 

of a 180 pulse'at 3't nowturns the whole plane over as it 

was previously,(f),and since the individual vectors are still 

moving in the same direction become refocuLssed at a time 

41`. (g).The spins will now once more fan out,and the 

process can be repeated for as long as the 180°  pulses 

are applied. We can see that the echo maximalcorresponding 



(s-) (h) 

Fi 
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to the completely refocussed spins,occur at 2'rl4T',6/r, etc. 

The echoes also lose phase by the relaxation process T2, 

which,unlike the field inhomogeneity,is irreversible.Thus the 

amplitudes of the successive echoes decay exponentially 

according to the usual T2  rate process, 
- an m aoe
2n /T2 

where an = amplitude of the nth echo. 

In the above picture of the echo sequence it was assumed 

that the rotating field H1  is applied along the X direction 

each time.This means a definite phase relation between 

each successive pulse.(i.e. a coherent radio-frequency 

signal),If incoherent pulses are applied,a randomly varying 

phase difference between H1 and X will occur at each pulse. 

Providing.however,the echo has died completely away and the 

rf is applied at a time when all the spin vectors have 

spread out completely,such a phase error will not cause 

any interference with the echo. This implies that 

for incoherent rf pulses, 

A further development of the technique was devised by 

Meiboom and Gi11.117  Any deviation from a true 180°  pulse 

in the above sequence produces errors in the echo amplitudes 

which are eumulative.If the rf of the 90°  and 180°  pulses 

is applied 90°  out of phase,then the rotating component of 

the rf of the 1pe pulse is now applied in the Y direction 

in the rotating frame.The plane now tips over about the Y 

axis each time, and the echo series then becomes as shown in 
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fig.III.1 g,h,i. The vector M starts to spread out as. 

before,and at timerthe 180°  pulse is applied which now 

tips the plane over about the Y axis.(h).The vectors which. 

were formerly moving apart,now start moving together again, 

at the same rate,and thus become refocussed at 211- (i). 

The sequence g,h,i, is thus repeated continually as long 

as the 180°  pulses are applied.The errors in this 

modification can be shown to be effecting only every other 

echo.117 ( cf 170).The phase relation between the echo 
and the applied rf is constant in this experiment, whereas 

in the previous case the phase relation is alternately 

inverted.This technique thus enables the use of phase 

detection of the echo signals.117 

'The Carr-Purcell sequence of echoes relies on. the fact that 

field inhomogeneities are constant during the experiment, 

allowing complete refocussing of the spin vectors after 

each 180°  pulse. A condition akin to changes of field 

gradient during a pulse sequence is caused by the effects 

of diffusion or chemical exchange processes.3'197  If a 

nucleus moves to a region of differing magnetic field. 

between consecutive pulses,then the spin vector will not 

move towards refocussing at the same rate as it previously 

spread out.The-phase error produced thus causes a decay 

of the echo envelope in addition to that of the relaxation 

Process.For the moment we will leave the discussion of 

chemical exchange and consider only the effects of diffusion. 



SM —(;t) 
bt 
( D = Diffvsi.on Consto,"0 

M 	M 1-- 	y T2 
- M .  
T1  

V
2 
M 

(11 x Ecr,t ) 

-109- 

30The effects of diffusion on spin-echoes.197  

In the original Hahn two pulse experiments a notable 

deviation from an exponential decay was found in many 

cases.90 This was correctly ascribed to the effects of 

.diffusion and for, the echo decay Hahn found, 

an  - a exp-2i/T2  - k(.2 1)3} 

• 	 where the term-  - k(22' )3 represents the decay due to 

diffusion.Carr and Purcell calculated the effect of diffusion 

'in spin echoes by a random walk process.44  A general 

expression for the Bloch equations including diffusion -

terms was also given by Torrey189 which he used to derive 

the diffusion effects in spin echoes. The treatment given 

here is essentially that due to Torrey. 

If we consider the diffusion current density for nuclei of 

spin * in a solution,we can derive an expression for the 

diffusion of the x,y,z components of magnetisation.From this 

can be derived an expression for the change of magnetisation 

due to diffusion,which is added to the, other terms in the 

Bloch equations. In terms of M which is a function of space 

as well as time we can write, 

( We ignore the small space dependence of Mo  sqH ) d-r 

is fairly small in volume we can write If the sample 



dt 

A ( 2nT) 

G2 r 3n  
exp (1/3 D 

110 - 

to a first approximation, Hz  = H 	(G.r) where G is the 
vector field gradient across the sample. 

We make the transformation to a. complex function m = M + icy  

Then, 6m/ot = ic4m - m/T2  i 	(G, r) D V2  M 

Introducing the function) by definia3 m = )kexp(i 	t/T2  

	

W6t 	y (d.rqk Dv2fr 	an- 13 

We wish to find the diffusion effect between the 1800  

pulses, i.e. between the times (2n 	1)76' and (2n + 1)Z-
In the absence of diffusion terms the solution of IEC-6 
is 	Aexp 	y (G.r)(t 	2nt )7/ 
If A is assumed to be a function of time only,then, 

d/dt [Aexp(- )(t - 2n1")} 

112 	 DV 2X.  

Whence dA/dt 	-AD 2 G2 (t - 2n1")2 

By integrating between (2n + 1)7-  and (2n - 1)1".  

(i.e. between two consecutive 180°  pulses), 

A(2n + 	A(2n - 	D - 2/3 D 2  G2 31 [ 

We can extend this by induction to, 

A(2n + 1)Z' 	.11( 	exp 1-2/3  D 1/2 G2 

Integrating between 2nt-  and (2n + l)t- 
A (2n + 1)1, exp. 	2  (1/3  D  



Artlexp -1/3 D y 2  -3(2n 

Putting n =.1), Ao = Art. )exp11/3 D 1(2 G2 3 1.̀  

ThereforeA (2nT ) = Aoex (-2/3 	 3n}  

Since diffusion effects must be zero at t = 0, Ao  = 1. 

The attenuation occuring at the nth echo is then 
,-3 1 exp (-2/3  Dr 2 G2 t-- 

and since 2n T. = t, this becomes exp (- 1/3 D y2  G2t. 2t1 

which represents an exponential decay of rate constant 

1/T2D  = 1/3 D 	G21- 2  
This could in principle be made arbitarily small by 

adjustment of 1C- ,altholigh limited in practice. 

.In the case of the two pulse method,the diffusion 

constant k 	D g2  G2  144  so that for this technique 

 

Y  2 G2t3 exp D  
12 

 

the diffusion decay is 

 

  

which is much faster and non-exponential. 

3. Measurement of T1 

As we have shown,the application of a 90°  pulse produces a 

free precession decay signal.The amplitude of this signal 

obviously depends on the value of Mz  on which the pulse 

acts. Thus we can use a 90o  pulse to measure the value of 

M_ at a time *b. 

T1 can be obtained by first applying a 180 pulse,which 

turns the vector M into the negative z direction, and a 
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further 90°, pulse after p time t. The amplitude of the 

free precession signal on the application of the 90" pulse 

is proportional to Mzsand so the decay of LI:z can be followed 

by plotting the maximum amplitude of the decay tail, at  , 

against t. At the position where N:z is zero there is no 

decay tail on the application of a 90°  pulse,and then 

T1 	to/1n2 where to is the time separation of the null 

position. 

4. The extent of the validity of spin-echo conditions. 

The prime requirement of the spin-echo experiment is 

that the applied rf field should be able to cover the 

frequency widthiV0=10.H. This means that 1-13.>>11H.This 

could also be achieved by applying a frequency spectrum 

of narrowly separated lines of width greater than ypli 

but is not a very practical proposition. Apart from. this 

criterian,there are several variables which can be varied 

independently.These are the pulse width,( t') pulse 

separation T', and field homogeneity. The pulse width controls 

the value of Hvand so there is a limit to the width t' 

for a particular AH.As far as the pulse separation'tis 

concerned,we require it to be much less than T
2 
 for observ- 

-ation of sufficient number of echoess and much less than 

T1  for the precession to be kept effectively in the XY • 

plane.Since, T24 T1  it is sufficient to state thatr4. T2. 

The effect of T1  between the pulses is that of attempting 

to 'lift' the precession out of the XY plane,resulting in 

a thickening ,of.the XY plane dUring successive 180°  pulses. 
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Providingltis much less than TI  this should not cause very 

much of an effect .on the echo train.The use of fairly wide 

pulse separation with T2  of several seconds should thus be 

possible.Considering the echo width,with coherent rf pulses 

it does not seem essential that all the spin vectors should 

completely cancel out before application of the next 1800  

pulse and so it seems possible to alter 	to be small, 

resulting in an echO train as in figIII.2 
Echoes . 

clor  *rdse 1  go" posses 

Generally,we can consider that the optimum conditions .for 

observing the echoes will be that in which the echo has...just 

died away before the application of the next'180°  pulse. 

Fi-.1 111.2 

(Fig.III.3) 

goo 	1a 

In such a situation we have 1(46.Ht• 	41T 

QI 	G.r and hence, .)(G.rrail 41T • 

F:9  111.3 

For the diffusion term therefore, 

exp ( —1/3  D K2  G2  la2 ) 	exp ( —1/3  D 	Tr/r) 

where K is 

exp(-10)t 

a constant. 'Thus this technique will have the 



result of standardising diffusion effects throughout the 

measurements.The parameters which we can vary are not 

entirely' independent of one another, as each can effect 

the choice of the others.Thus if we makeeirl small,we make 

rlarger,(for the above condition.),But withilH small we . 

are also allowed a smaller H
1 
 which corresponds to a wider • 

pulse. The choice of pulse width will be limited by the 

relaxation effects taking place during the pulse. • ' 

Considering the' 90°  pulse width, t'sif 	<<T2  we can 

consider the vector Mz as though it were turned instantaneously 

into the XY plane with very little error involved.For the 

180o pulses the errors will be cumulative,but we can 

assume that they will be of the order ttfrt- 

If we consider a spin echo experiment of 180°  pulse width 

of 10 milliseconds and pulse separation about one second, 
a we would expect an error of'the order of lic,which is 

easily tolerated in comparison to systematic:errors which 

may be as high astld.We find therefore that it should be 

possible to use fairly wide pulses and still get meaning-

full results from the spin echo experiment. We may hope that 

the total errors may also be approximately the same for 

a series of experimentslso that - a direct comparison of 

values for various compounds could be made. 

We make the final observation that the effect of diffusion 

can be standardised by making Gra constant.This could be 

arranged by Making 4/r  a constant,where 6 is the echo 
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width.When using spin echos in the study of diffusion and 

.chemical exchange it is often quite difficult to keeya . 

standard gradient,and anomalous results are possible.113  

It is suggested that the above method may be advantagous 

in such studieS.Possibly also the field homogeneity could 

be standardised by adjusting OH so that a reference line, 

(e.g. TMS),is a set width at half height. 

In measuring T1  it can be seen that neither field 

inhomogeneity nor diffusion have any effect on the result. 

We merely make the restriction that 111 >L1H,but since pH 

can be made small,then H1  may be correspondingly reduced 

also.This would mean relatively wide pulses,but for the 

null point method this would make very little difference 

as long as t' is small 'compared to T1. 

5. Extension of the spin echo conditions.  

In the the above discussions we have tried to show that 

the spin-echo measurements by 90°  and 180°  pulse sequences 

may be extended to rather greater pulse widths than used 
22 42 46 107 110 157 164 1671 previously,(usuallyc. msec 	 1 " 	' 	, 

with tolerable errors for the resulting Tl  and T2. The 

value of such a technique lies in the related value of H 

If we use the much smaller H1 corresponding to the wider 

puises,then it is possible to seliictively irradiate a single 

species of protons in a complex structure with negligable 

effect on the other nuclei.In this way the value of the 

relaxation times of a single proton could be found. Although 

the technique may suffer in some respects from errors due to 
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t'//:- we note that the larger value oftwould mean fewer 

echoes,thus cutting down the cumulative effect of errors.in 

the 180o puIses.The procedure of trying to measure the 

individual T2 values from the results- of a compound containing.  

more than one kind of proton is very inaccurate owing to 

the difficulty of estimating the individual contributions 

from the sum of two or more exponential decays.Alexander 2  

has devised a method of dealing with this problem in a two 

line spectrum by offsetting the rf,so that while one set of 

spins is turned through 180c:ti the other is turned thrOugh 360°. 

Obviously such a method is limited in use. 

While it is possible to measure the Tl  values of individual 

protons, (by adiabatic fast passage for example),use of very 

intense rf pulses does not allow the measurement of the.  

individual T2 values in'a many line spectrum.The significance 

of measuring such individual T2  lies in the possiblity of 

using these values as a means of chemical investigation. In 

the present case we measure the effects felt at any one 

particular proton rather than over the molecule as a whole. 

In' addition,the turning of an individual spin should allow 

the measurement of transverse relaxation in the absence of 

J coupling.Spin echoes have been used as a means of obtaining 
53,146 149 J values, 	but to obtain T2  values in the absence of 

such coupling is not generally possible with very short rf 

pulses.By turning a single spin into the XY plane and then 

'flipping' this over with the 180°  pulses such that 22-41/J, 
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( cf 'pulsed' decoupling), it should be possible to effectively 

remove the T coupling. The spin-echo envelope should then 

show the decay of the transverse magnetisation of.the 

effectively isolated spin. It must be noted that turning the 

spin into the XY plane does not of itself remove the J 

coupling,as this can be considered as an equal mixture of 

the two spin states10) and IP).To cover a wide multiplet 

one could irradiate the coupled proton strongly and carry 

out the spin-echo measurement on the collapsed structure. 

If 21'(1/j,then the perturbing rf field can be removed after 

starting the pulse train,thus enabling the echoes to be 

recorded in the absence of the very strong decoupling rf 

field.Such- an experiment would be limited by the relation 

of t' to r. We note finally that the measurement of 

relaxation times using relatively wide rf pulses restricts 

the procedure to T values of several seconds. 

6. EXperimental  

(i) Measurement of T2  

The apparatus used was basically as described in the previous 

section.( Part II ). The decoupling sideband of the modulator 

output was used to develop the pulse train by switching the 

audio-frequency input. A diagram of the switching arrangement 

is shown in figs.III.4 and '6.The output pulse trainsfig.III.5, 

has independently adjustable pulse widths a and b . The 

pulse generator consists of digital pulse circuits controlling 
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a transistor. switch,( Tr 10 ), which feeds the modulator 

input.Addition of a further switch connected separately to 

the 90o pulse would have enabled the Meiboom-Gill modification 

to be used by feeding the two switches with audio-frequency 

90°  out of phase.However,as only the two phase oscillator, 

( Solartron B0561), has a sufficiently low frequency to 

drive the pulse repetition rate, ( 1 c/s ), a Muirhead -

-Wigan decade oscillator, (D-69PA), was used for developing 

the audio pulses instead.It can be seen that the switching 

arrangement produces coherent rf pulses. 

The general procedure used was to place the sample tube in 

position and after carefully balancing the probe,the field 

was locked as desci.ibed in part II. The field homogeneity 

was generally set to as good, as possible while retaining 

a completed echo between pulses. The swept frequency 

oscillator was used to scan the spectrum until the desired 

proton resonance was observed,and the frequency noted on 

the counter.( Advance TC1 ). The oscillator was allowed -to 

run on until offset by about 30 c/s from the line position..  

The swept oscillator output was then reduced to zero , .and 
the. IMuirhead-Wigan oscillator set to the observed line 

frequency. The reset switch of the pulse generator was then 

opened, starting the pulse train.The unsmoothed phase 

detected output was recorded on ,a fast recorder, (Sanborn 151 

appearing as a 30 c/s beat frequency in the shape of the 

echo envelope. The pulse widths were initially set to a 20, 
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b I' 40 milliseconds, and the amplitude of the pulsed side-

band optimised byrunning.a series of spin-echo experiments 

on a deoxygenated solution of acetone in CS2. The optimum 

value of the sideband amplitude during the pulse,( A ), 

was estimated from the appearance of.  the recorded echo trains. 

Errors in the setting of A show as defects in the echo train, 

( Fig.III.7). 
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These defects are very noticable attlOVerror in A, but 

.within thiso the differences in the total length of the decay 

envelope become less pronounced,althOugh faults can be 

observed in the echo envelope as close astgck of the optimum. 

(Fig. 111.8 ) 
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Running a series of these experimentd thus enabled the 

amplitude A to be set to within 2% of the optimum by 

choosing the value of A which yielded the longest and 

most smoothly exponential decay.( Fig.III.9 ). 
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The pulse repetition rate was generally set to one per 

second, although a few results were also run at 1.5 pps 

for comparison. An attempt was made on acetaldehyde with 

a :z 10, b 1= 20 milliseconds. The pulse amplitude was ' 

calibrated by means of the circuit shown in fig.III.10. 

The modulator voltage output is measured at 20 pps 

'repetition rate, enabling A to be reset accurately when 

changing the pulse widths. ( 	whiltikitte4fues49 17 ,TO 
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The recorded echo amplitudes were measured and plotted as 

a function of time on a log-linear scale, the slope then • 

being equal to -1/T2  

The mean value- Of a number of consecutive runs was taken. 

Some examples of the resulting echo trains are shown in 

'fig.III.11 . Examples of the form of the resulting graphs 

. are shown in figs.III 12 and 13. In these the slopes have 

been offset by multiplying the amplitudes of each series of 

echoes by a differing fraction. This enables the slopes to 

be compared directly without points from various lines 

overlapping. In the examples shown it can be seen that there 

is a group of lines having nearly identical slopes. In all 

the compounds,studied the resulting logcarithmic plots were 

very close to parallel. The lower results were discarded as 

the most likely to be in error. From the closeness and 

linearity of•the majority of the sets of graphs, it can 

be concluded that the echo trains are reproducible to within 

10416. ( The average maximum deviation of the slopes from 

the mean value.) One therefore concludes that systematic 

errors in setting up the experiment are of this order. 

.(ii) Measurement of T1  

The above procedure was adopted except that the appiaratus 

was set with a = 20, b 'ex 1(Ymilliseconds, with the pulse 

amplitudes set•forthat of optimum spiliecho conditions 

( a = 10, b is 20 milliseconds). The triggering,instead of 
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being controlled by a low frequency oscillatorowas* 

actuated by the circuit as shown in fig.III.l4 below. 

Sr 

1 

	To 	er ingot 

After opening the reset switch,reversing Sr triggers the 

180°  pulse,and reversing this once more ,a time t afterwards, 

produces the 90°  pulse. The results were recorded as for 

the T2 
measurements above. The time separation of the 180o 

to the 90o pulse was found from the known chart speed. A 

series of measurements of varying t on each resonance was 

taken so that the null point could be accurately estimated. 

The null position was either found directly by carefully 

adjusting t about the null point, or by plotting the 

amplitude of the 90°  precession tail against time on a 

log-linear scale and extrapolating to zero. The results 

were calculated from, T1  sa to/121'2,  

where to is the time at the null position. 

Some examples of recorded spectra by this method are shown 

in fig.III.15. 

(iii) Preparation Of samples.  

All the materials used were commercial specimens except for 

methyl pivalate. This was obtained by refluxing pivalic acid 

with excess methanol in the presence of concentrated 

sulphuric said. The excess methanol was removed by washing with 
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vacuum. 

Results and discussions. 
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water,and the remaining oil neutralised,washed,dried and 

distilled.All liquids were refractionated to constant 

boiling point.Solids were recrystallised to constant melting 

point.A list of the compounds with their physical properties 

is given in Table.III.1. The samples were deoxygenated by 

the freeze-pump-thaw method,105,132  which was repeated six 

or seven times for each sample. It was found convenient to 

freeze the neck of the sample tube while thawing the bulk, 

and vice-versa, otherwise there was a tendency for loss of 

solvent to occur. The sample tubes were finally sealed under 

(i) Results. 

A list of the results is given in Table 111.2. Not all the 

compounds investigated yielded usable results. These are 

marked with an asterisk. The Tl  list is not complete as 

the main investigation concerned the measurement of the 

individual T2 values. The T1 
 measurements have been carried 

out for comparison in the most interesting eases. 

(ii) Estimation of errors. 

The effect of wide pulses has already been discussed, and 

we have assumed an error of the order of t',4 which for 

the pulse trains used, ( 	20 milliseconds, it' f's i second), 

is approximately1t6. We have previouslY estimated the 

systematic errors as being of the order of*100. For the 

T2  results therefore lwe can put the errors as being of tha 
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Acetaldehyde 	B.P. 

Acetone 	B.P. 

Allyl benzene 	B.P. 

Anisole 	B.P. 

Benzene 	B.P. 

Benzyl acetate 	B.P. 

Benzyl alcohol 	B.P. 

Benzyl phenyl acetate 	B.P. 

t-Butyl alcohol 	B.P. 

Cyclohexane 	B.P. 

1:2 Dimethoxy ethane 	B.P. 

sym-DiphenY1 acetylene 	M.P. 

Diphenyl methane 	B.P. 

Durene 	M.P. 

Furfuryl alcohol 	B.P. 	174-6 	175-7 

Mesitylene 	B.P. 	164 	164.7 

Methyl t butyl ketone 	B.P. 	106 	106.2 

2-Methyl coumarone 

Methyl formate 	B.P. 	31 	31.5 

Methyl pivalate 	B.P. 	100 	102 

•p-Eltro toluene 	I4i.P. 	51 	51.3 

n-Octane 	B.P. 	125 	125.8 

Phenanthrene • M.P. 	99 	100 

Table III.1 

Compounds  
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Compound. 

Table 111.1 (Cont.) 

B.P./M.P.°C Lit .°C 

Phenyl acetylene B.P. - 180 ,  183 

p-Pinene B.P. 154 154 

Pivalic aldehyde B.P. 73.5-74.2 74-6 

Tetralin B.P. 207 207.2 

p-Thio cresol M.P. 76 77 

Toluene B.P. 110 110.6 

p-Xylene B.P. 220. 220.7 
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Me 30 21 

Me 	6 	4f' 

Me 

-0Me 

Me 

.LOMe 

7 Clii-

-Olde 

22 	16 

11 

122 

•. 19 	14 

20 	17i 

8 

114 

t-Butyl Aloohol 

Table xrr.. 
RELAXATION TIMES FROM SPIN ECHOES 

Relaxation t 
times, seconds 

Compound 	ConcaSolvent .  Proton 	T1 . T2 

Methyl Formate 	2M CS2  

Acetaldehyde 	 2M CS2  
Acetone 	 2M 0P2 
Methyl Acetate. 	Pure 

2M CS2 

34.2 Dimethoxy Ethane 2M CS.  2 

. _ 
Pivalic Aldehyde 	2M CSC 	Me 	15 	12 

Aldehydic - 20 

Methyl Pivalate 	2M CS2 	Me 	72 9 

-0Me 13i 11 

Pinacolin 	2M CS2 	t-Bu 10 12* 

• Me 	6* 14 

2M CS2 	Me 	52 5z 

n-Octane 	 2M CS2 	-CH2  -  

Cyclohexane 	 2M CS2  
ig-Pinene 	 2M CS2  

2M CS2 

2M CCI 4 
.25g/ml CS2  

>CH2 .  

almCH2  

17 	14* 

22 

632 33(20),. 

31* 16 

14* 



- 

- 

- 

16 

1B2 

14 

16 

17 

10 

Aryl 37 4 

Me 15i 11 

Aryl 14i 4i 

Me 	. 7 6 

Aryl 2

Me 	/Li 

Aryl 34i-  
1 14.15 

Lie 82 8i 

Aryl 202 22 

Me 7 6 

Aryl 

Me 5,t 

-Gale 10 9 

Me 9 6 

Aryl 14i, 

Ye '7 
Aryl 4 Allyl Benzene 	2M 	CS2 

Toluene. 

P-Xylene, 

Mesitylene 

.35g/m1 CS2 

.45g/ml CS2 

.55g/m1 CS2  

.25g/ml CC l4  

.45g/m1 CC14  

.65g/m1 CC14  

2M 	CS2  

Pure 

Pure 

2M 	CS2  

2M 	CS2  

.5g/m1 CS2  

Anisole 	2M 	CS2- 

p7Thio Cresol, 	2M 	 CS2:. 

p-Nitro TOluene: , 	-.2M 	CS2 
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RELAXATION TIMES FROM SPIN ECHOES (Cont.) 

Relaxation 
times, seconds 

Compound 
	

Conc/Solvent Proton T1 T2 



Compound 

Phenyl Acetylene 

Benzyl Alcohol 

Conc./Solvent 

2M CS2  
2M CS2  

2M CS2  Benzyl Acetate 

2M 

Aryl 

Aryl 

1  
Sym-Diphenyl Acetylene 2M 

DiphenylMethane 

Furfuryl Alcohol 

Phenanthrene 

Tetralin 

-CH2  - 	 5 

-OCH2- 	- 	 5-1 

92 22 

21 short 

	

7 	52 

	

25 	3 

1' 

• 41-̀ 
1. 

24 

- Methyl 3 

44 
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RELAXATION TIMES FROM SPIN-ECHOES (Cont‘) 

Relaxat ion 
times, seconds 

Proton 

Acetylenic 
1 

39 

T2 

Aryl 162 

-CH2 32 

Aryl 24 5-1-  

Me 11 10i- 

-OCH2- 10i 8i 

.Aryl Benzyl Phenyl Acetate 2M 	S2  



IMO 

dm* 

SIM 

5 

5. 
 1  

5 

5 

• 5 

52 

Compound 	Conc./,Solvent 	:-Proton 	T1 	T2 

12.4 CS2 	Aryl' 

Me 

CS2  25%' 	Aryl 

Me 

50. CS2 	Aryl. 

Me 

Aryl 

Me 

Me 

Sample Spinning 

Toluene/Meth,' Formate 50/50 v/v Mixture 

p-Xylene 

6 

Aryl(To1)-; 

Me (To1)-

Me(MeFOrmate) 

2 

ei 
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RELAXATION TIMES FROM SPIN ECHOES (Cont.) 

Relaxation 
times, seconds 
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order ofkle;i). For T1  these will be less as errors arising 

from the cumulative effecit:of relaxation during the pulses 

.will not be present. The errors should then be of'the order 

Of the systematic errors, i.e.dt10%. 

The systematic errors should be very much reduced by the 

use of the field locked,pulsed sideband"system. However there- 

are errors arising from the'instrumentation,such as over- 

-loading of the final stage amplifierswhich can give misleading 

results. Most of the' errors arising from :the instrumentation 

seem tracable to the Varian instrument itself or the 

modulatOr unit. The-spin-echO arrangement is somewhat 

sensitive to the behaviour of these units,and some.trouble 

arose with them di6ing the course of the measurements. Use 

of wide pulses and a slow repetition rate obviously limits 

the use .of the experiment to fairly' long relaxation times, 

and the results for relaxation times of less than two or . 

three seconds may be in somewhat greater error. 

A single adiabatic passage measurement of Ti for p-xylene 

was carried out as a comparison to the pulse method. The 

result found was 14 and 7 seconds,(t1 sec ), , for the aryl 

and methyl resonances reapectivelyl in excellent agreement 

with the results of the pulse measurements, (1.4*, 7 ), and 

the literature,129  (14 271;A:lsec). 

in .compounds such as p-nitro toluene where-a group of lines, 

(in this case the aryl's) his to be covered, then the result 
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can only be very approximate as Hi for a 40 millisecond 

1800  pulse,(0/.6 milligauss),is too small to adequately 

cover .a range of even a few cycles per second. 

7. The chemical significance of relaxation. 

In the introduction the total magnetic field felt at the 

nucleus was summarised as H + 6 H + 

where Ht  is a fluctuating magnetic field responsible for 

the' relaxation effects. The physical .reasons underlying 

relaxation phenomena in magnetic resonance were first 
nt 

clearly formulated in the ideas of Bloeibergen, Purcell and 

Pound.(BPP).35  BPP examined the possible ways in which a 

nucleus'could couple into its surroundingsl and concluded 

that only theinteraction with magnetic fields was sufficient 

to leaplain the observed values of relaxation times. Since 

then a number of workers have studied the 'effects of 

relaxation phenomena. For further details of various aspects 

of this study, both theoretical and practical, the reader is 

referred to the following papers. 5,11,12,23,33,34,35,37,39, 

45,48,49,52,54,59,64,65,79,80,99,104,106,109,111,118,121,122 

126,129,131,132,142,143,145,147,148,157,158,160,161,162,171, 

177,180,182,183,198. The detailed theory of relaxation tends 

to become rather involved,lh  and may even be an encumbrance 

when dealing with complex Molecules in solution. We therefore 

consider only the very simple viewpoint,so that a simple 

picture of the causes of relaxation effects can be built up. 

, 
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The fluctuating magnetic field experienced by the nucleus 

may be separated into its x, y and z components in the 

laboratory frame. If we consider the x and y components, 

since these are perpendicular to the static field they will 

have rotating components which could effect the nuclear 

precessions. Since the fluctuations of field are random, 

the Fourier spectrum.will consist of a large number of 

frequencies and in particular will contain a component at 

the Larmor frequency itself. .Thus these fluctuations will 

produce static components within the rotating frame which 

can effect the magnetisation either perpendicular or • 

parallel to the static field. The former is obviously a 

T2  procesa while the latter will be responsible for T1. 

Regarding the z component of the fluctuating magnetic field, 

this will have the effect of causing a variation of 

precessional frequency with time. The process of causing 

a spread of Larmor frequencies 'is again a T2  effect which 

will add to the effect of the transverse components. The 

fact that T2 has a contribution from the z component of 

fluctuating field,will in general mean that T2< Tl. If the . 

variations in' the z component are extremely rapid we may 

expect this. process to 'average' out l and thent in the limit, 

T2  T1. Such is usually'the case for non-viscous,  liquids, 

when the random fluctuations are likely to be in frequencies 

/ of the order of 1 12  cis. To calculate the effect of the 

fluctuating field on the magnetisation it is necessary to 
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form the Fourier transform of the randomly varyingfield 

so that the components effecting the magnetisation can, be 

picked out. The component at the 'Jambi' frequency itself 

will obviously have the greatest effect, but those atGo.= 0, 

and 2t4 may also be involved.35  We make here the assumption 

that the mean value of the component of fluctuating field 

is given by, 	
H 	 tAt., 
q(t)Hq(t + ir ) q 

where q x,y,z andlris a particuiar - parameter known as the 

correlation time. The correlation time may be thought of as 

the mean time between collisions of the molecule with another 

in the solution. Using this assumption we can derive from the 

.semi clasS'ical treatment of. relaxation by Redfield,157  

Although more complete expressions may be obtained by 

detailed considerations of specific compounds, for the 

very complex systems that we are considering s the above 

terms will be sufficient to discuss the possible relation 

between relaxation effects and chemical structure. 

It must be noted thattis a property of the particular 

solution of the compound under consideration. The estimation 



of correlation times for the calculation of relaxation 

effects is often the crux of whether the theoretical 

value approaches experimental results. The calculation of 

correlation times can itself become somewhat involved..
181 

In a dilute solution of a compound in a non-polar solvent,-

we can consider that the motion will be complex and rapid.136' 

.147,148,181,198 The inter-molecular effects must be small 

for such a system, so only intra-molecular contributions 

,need be considered. The main cause of the random motion can 

be considered as being due to collisions of the solute with 

the solvent molecules. Thus the intra-molecular fluctuations. 

of magnetic field can be considdred as being controlled by 

its enviroment, and the same compound may have a different 

value of relaxation time in different solvents, depending 

upon their viscosities, whether or not non-polar, the 

temperature of the solution 'etc. However, in a dilute 

non-polar solvent which is kept at a constant. temperature, 

different relaxation times for different compounds, must 

be a product of the differences in the structure of these 

various compounds. We can then,perhaps,hope to relate in 

some way certain aspects of chemical structure to these 

variations in.relaxation times. Moreover, in a particular 

structure which contains 'more that one kind of proton:  

having different relaxation times, then it may also be 

possible to make a direct comparison of the two relaxation 

times, and obtain information as to the relative positions 



of the protons in the molecule. We now have to consider in 

what way variations in relaxation times can indicate 

differences in structure. 

In the expression III-R above, there are three variables 

which will determine the values of the relaxation times.  

T1 and T2  ; • namely H
2 , T' and G4,. Since the measurements 

are carried out at the same value of static field, Womay 

be taken as constant,and hence it is the parameters H2 

and which will be responsible for the differences in 

relaxation. Thus we have to correlate the values of H2 and 

T to chemical structure. If we consider the various protons 

within ..a molecule, we expect the fluctuations of field that 

they experience to be modified by their own particular 

motions within the structure. Thus each proton can be 

thought of as having its own particular value of 

While for many compounds the various protons experience 

a fluctuating field almost entirely governed by the overall 

motion of the molecule in the solution, a complex organic 

molecule will almost certainly have small variations of 

correlation times throughout the structure. For example, 

a methyl group which is allowed to rotate freely may have 

.a smaller value oftthan a methyl group in the molecule 

which has a hindered motion.In addition the shape'of the 

structure may mean that some protons are more accessible 

to the solute molecules than others, and thus the collision 

probability may vary throughout the structure. 



In an isotrtmic compound we.expeCt that HI 	H2 

Calling this value Hk  then 	reduces to, 

1 2'- 2 
T.  1 	

00 
	k 1 + 40.21'2  

,,2 H-2- 	+  
v k 

(.4- 1!"2  

1 
T2  

The difference 3. 
2 • 

then becomes 
3 

y 2H2 	 
k2 2 1 	Wo it 

Thusrlcii.e173  which, inthe limit of very small Z̀ '  

approaches zero, and then 1/T, se 1/T2  . With chemically 

similar groups the parameter 7 would possibly provide a 
quantity by whichl`'can be correlated with chemical structure. 

We can see that the difference 1/T1  - 1/T2  is governed by 

the value of I". A small value of ? means that 1/T2  approaches 

1/T1, and conversely, the larger the value of ,the more 

1/T2  deviates from 1/T1  .In this way may provide a 

parameter by which ?couldbe related to chemical structure. 

In the case of an anisotropic compound, 1"1c. 
	

Hy ' 	z 
and 1/T2  'd 1/T1  even for small 1`. The shielding parameter, 

being a tensor, will have the greatest effect in the 

z direction, and a large z fluctuation is thus introduced 

by the molecular reorientation, meaning a more efficient T2  

relaxation process.. In this case we would expect a large 

difference between • 1/T An4 .1/T 1 	2 
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Summarising; we see that the fluctuating field may vary 

over a molecular structure in both orientation,( H 	H2 

H2 not equal), and spectral density,(variation in 1-  and H
2 ). 

Although the absolute values of relaxation times TI  and 

T2 
 may not always be of use in studying chemical structure 

owing to the complexity of the molecular motion within the 

solution, the differences between them may be, and a 

comparison of T1  and T2  may provide a guide to relative 

structures within the same molecule. Thus perhaps a hindrance 

to rotation might be indicated, or some degree of molecular 

anisotropy revealed. 

7. Discussions.  

The results of the measurements are remarkable in many 

respects for the very large values found for the relaxation 

times. It is difficult to think of many causes of error 

which could lead to a result greater than the true value. 

Only possible overloading of the output amplifier stages 

could in any way lead to such a state. However, the 

consistently high results, and the appearance of the 
.• 

recorded spectra,(fig.III.11 ), indicate that these are 

truly representative of this method of measuring. One 

possible cause of greater relaxation times for T2  is that 

selectively turning one group of protons into the XY plane 

may remove some of the effects of dipolar coupling. This 

would not effect the T1 
 measurements however, and one 

questions whether nearer the true values of relaxation 
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times are being found. Some of the earlier results had to be 

discarded as the apparatus seemed -to.be unstable at one 

period. However most of the results obtained seem fairly 

consistent. 

In general T.44(4.1 and hence any increase in the value of t

will increase the component at the Larmor frequency in the 

spectrum of the random fluctuations felt at the nucleus; 

Thus a slowing down of the overall motion of a proton would 

be expected to decrease the relaxation times. In examining 

the results of the measurements listed in Table 111.2 

only the relaxation times from compounds in identically 

molar solution in CS2  can be compared directly. 

Considering the series methyl formate . to-  methyl acetate in 

Table 111.2; leaving the discussion of acetaldehyde until 

later, there is a general decrease in relaxation time alOng 

the series. For methyl formate, being a small molecule, we 

expect a fairly long relaxation time as 'r' will be. small. 

(Rapid motion). In addition, the methyl,being attached to 

an oxygen,will have an additional mode of motion due to 

rotation about the C-0 bond as well as the 0-Me bond. Thus,. 

methyl formate methyl protons have the longest relaxation 

times of the group.( T1  m 30, T2  = 16 seconds). With 

acetone, although there is not very much difference in size 

of the moleOUlelthere is not the additional mode of rotation . 

about the oxygen bond, and so we expect a shorter relaxation 

time than for methyl formate.This is in fact found.( T1  = 22, 
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T2 = 16 seconds). With methyl acetate,we note that 

contributions from inter-molecular effects will become more 

.prominent in the case of the pure liquid.We' would thus 

expect the relaxation times to be smaller in the pure liquid 

than in solution. This is clearly shown from the T2 results. 

(T2  pure, Me -. 11, OMe - 122, T2  soln., Me - 14, OMe - 174 

seconds).0ne can see that the relaxation times for the 

methyl protons are shorter than for those of acetone. This 

would be expected on the basis of molecular size. Since 

the -0Me group protons have an additional motion due to 

rotation about the oxygen bond we would expect the relaxation 

times to be greater for this group than for the methyl 

protons. This is also indicated by the results. These 

particular results show how a comparison of relaxation times 

of protons within the same molecule may'give a clue as to 

their positions in that structure. 

With dimethoxy ethane, we have two resonances only about 

10 c/s apart, showing the value of this technique in 

measuring the relaxation times of individual species of 

protons. Some interference from the other proton resonance 

was noticed in measuring,but two different results were 

obtainedjshowing that the meth'oxy has a greater value of 

T2 than the CH2 
 - as expected on the basis of the previous 

remarks. 

In comparing the series, pivalic aldehyde to t-butyl alcohol, 

we note a long time for the aldehyde proton, 
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although the accuracy may not be very high in this case as 

the sighaI.was very weak. We expect this large T2  may be 

due to ease of rotation about the C-CHO bond. The tertiary 

methyl protons generally have a shorter value of T1  and T2  

than the ordinary methyl, presumably due to the large mass 

slowing the overall motion. The methoxy of methyl pivalate 

Again shows a longer relaxation time than the C-Me protons.  

The results for methyl t-butyl ketone. seem somewhat 

anomalous,Here T2> T1  for the BO-CO protons. In most other 

cases where this arises in the results listed in Table 111.2, 

it is within the range of experimental error. This is not so •: 

in this case.One hesitates to suggest a situation in which 

T2) .TI. In.the expression for 1/T2  and 1/T1, 

2 '< this could only be possible if H 	Hy 	a situation ,  HZ 	" 
,77x2 
' 

which cannot arise in a molecule undergoing'random motion 

within solution.Even accounting for possible differences 

due to selectively turning a spin through 90°, this 

particular result must be regarded as anomalous, and will 

have to be discarded. 	a very large group there will also 

be considerations of surface area presented to the solute-

molecule, so that the collision frequency, increasing with 

molecular size, may in part compensate for the slowing of 

the molecular motion due'to the mass of the group.Thus the 

decrease in\relaxation times in a particular series, may 

'flatten off' beyond a certain size of the solute molecule. 

However, as the results for this particular series of 

compounds is rather uncertain, it is. difficult to draw any 
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definite conclusions about the general behaviour of the 

large -C(Me)3  group. 

The CH2 protons of n-octane show a considerable reduction in 

T2. Possibly a flexing of the chain allows effects of 

fields other than from the immediate neighbour to be felt 

at the nuclei. The fairly high values of relaxation times 

for cyclohexane, (T1  - 17, T2  - 14* seconds), may be due to 

interchange amongst the stereoisomers as being an additional 

mode of motion.The small T2  relaxation times of fl-pinene 

-CH2- we put down to restriction of movementdue to its 

particular bridge structuret and overall size. The =CH2  is 

obviously also restricted in its motion within the 'molecular 

structure; and so this too would be expected to have a low 

value for the relaxation time. This is born out by the results. 

( T2 = 3 end 22 seconds respectively). 

The results for benzene are not all consistent. The T1 result 

of 632 seconds is surprising. HoweVerlthere is no reason 

why this result should be at fault, and this must be very 

near the true T1  value in this particular solution. With CC14 
as, the solvent,we might expect the magnetic properties of 

the chlorines to exert some additional influence on the 

fluctuations of field felt at the aryl protons. This is 

supported by the T1  value being almost half of that in CS2  

The T
2 

results in varying concentration seem puzzling in that 

the value for the 2 molar solution in carbon disulphide 

seems out of proportion compared to the other results. 
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It would be predicted that the relaxation time of the 

benzene protons would show a dependence on concentration, 

as the intermolecular effects would increase due to the 

strong anisotropy of the benzene ring. Below a certain 

dilution,we would expect the relaxation time to be independent 

of concentration.From, the results,it would suggest that 

there is a sharp decrease in the dependence on concentration 

beyond a certain point,.which occurs between about 4 and 2 

molar. However, it would be advisable to repeat these 

results very carefully before drawing any firm conclusions 

as to the exact dependence of the relaxation times of the 

benzene protons on the solvent- and concentration. 

The results of the aromatic derivatives are,however,fairly 

clear.Considering first the series toluene to durene in 

table 	note that there ,is generally a long value 

for the Tl  of the aryl protons, but a short T2. The T1  for 

the methyl is much lower than that of the aryl protons,but 

the T2  is not very different from the,T1  value.In general 

there is a decrease of relaxation time along the series 

with increase of molecular size, as would be expected on the 

basis of our previous discussions. In an aromatic compound, 

we can regard the aromatic proton as being stuck in the 

plane of the ring. If we consider the field fluctuations 

to be mainly due to the effects of the ring currents, we 

see that there will be a large z component of fluctuating 

field, but the x and y components will be relatively small. 
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We would therefore expect a fairly large value for the .T 

relaxation time, but a much lower .value for the T2. 

This is very clearly shown in this series. 

For the methyl group,since this rotates out of the plane of 

the ring,we would expect a greater effect from x and y 

components of fluctuating field. In addition,the protons 

are much further removed from the ring than the aryl protons, 

and we would expect less effect from the anisotropy. Thus, 

it would seem reasonable for.the methyl protons to have a 

smaller value for the T1  relaxation time than the aryl protons, 

but that the T2 and T1 results would be similar. This is 

clearly supported by the results of the present measurements. 

For the measurements on pure mesitylene, we would expect 

them to reveal a smaller value of relaxation time as the 

contribution from intermolecular effects should be greater. 

Comparison of-.the results in Table 111.2 shows that this is 

so.( T2  pure, Ar - 2 1  Me - 42-, T2  soln., Ar - 4i, Me:- 82 

seconds).The measurements on pure p-xylene cannot be 

compared directly,but we note that the difference between 

the T1 and T2  for the aryls is not as great as the general 

trend of the other compounds in solution. This would be 

expected,as it is the anisotropy of the ring which is causing 

the large additional effect,on the T2  relaxation proceis, 

and we would expect this to be mainly intramolecular. 

The results of the measurement on a more concentrated 



-150- 

solution of'durene in CS2' (0.5 g/m1 ---,4M) may possibly 

show some concentration dependence,but the results could be 

idehtical within experimental error and we can therefore 

draw no absolute conausions from these measurements. 

For the other aromatic derivatives listed in the Table, 

(anisole to phenanthrene, Table 111.2) me note that the same 

remarks apply. The methyl protons generally have a Smaller 

• value of Tl  than the aryl protons, with T2  not very much 

different from T1. The aromatic protons again show a large 

value of T1 but a rather smalLT The acetylenic proton of 

phenyl acetylene we would expect to behave very much,  as 

aromatic.It is in the plane of the ring,and will feel a large 

effect from the anisotropy of the acetylenic bond conjugated 

into the benzene ring. The results are in good agreement 

with this.( TI  = 32, T2  = 3 seconds).The small value'of 

the relaxation times of the -CH2- of furfuryl alcohol we 

put down to restricted motion due to hydrogen bonding,the 

very low T2  being due to the effects of the ring currents 

in addition to the restricted motion.In general for these 

compounds,we notice that -0Me has a greater T1,T2 than C-Me, 

which is about the same Or slightly greater than -0-CH2-

protons, which itself has a larger T1,T2  than -CH2- protons. 

In all the results T1. T2  for the methyl protons and 

generally these values are quite close for all except aromatic 

protons. The results of the measurements of T2  on benzyl 

alcohol did not yield an exponential decay of the echo 

envelope, and the results would have to be repeated before.  • 
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any definite conclusions could be made.Possibly this vas due 

to fast exchange processes in the system. 

The results of the measurements of the T2 r'elaxation times 

for p-xylene in varying concentrations. in CS
2 

were among 

the first obtained with the present teChnique.There may be 

some uncertainty in the errors of these measurements 

therefore. However, they seem to indidate that the T2  values 

are not greatly'dependent on concentration. This suggests 

that T2 for aromatic compounds is predominantly an intra-

-molecular effect. The result that the T2  for the methyl 

protons. in a 36 solution . of p-xylene in CS2  is the same 

for a spinning sample as a stationary one seems surprising. 

However,this ,can be put down to the rotation of the sample 

not being random. It may be that the particular sample 

rotation rate and pulse repetition were such that the sample 

had approximately returned to the same position at the 

application of each. 1800  pulse. 

For the mixture of toluene and methyl formate, this was 

carried out to see whether there would be any value in 

the use of relaxation times to distuinguish a particular 

resonance in a mixture. In this case the chemical shifts of 

the constituents were known and the particular resonances, 

were easily distinguished. We note that the methyl formate 

methyl prbt6ns have a considerably reduced T2,whereas the 

methyl protons of the toluene do not. A solution of similar 

composition with CS2  replacing methyl fOrMate showed a.T2 
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for the toluene methyl protons almost the same as for the 

mixture. This result again indicates the predominantly 

intramolecular causes of the T2 relaxation Process. 

The case of acetaldehyde,the discussion of which we 

previously postponed, is rather different from the majority 

of the compounds which have been studied,in that the methyl 

protons have a J coupling to the aldehyde proton of about 

3 c; s. If we are correct in the assumption that the effect 

of J coupling is present as long as 2t>1/J, then spin-

echo measurements at a "Li• value of 11-  second,(180°  pulse 

repetition rate of 1 per second.); should -show a beat dUe 

to the J coupling on the echo envelope, and on'the individual 

echoes themselves. In this measurement the pulse widths 

were reduced to half that of the other measurements4 10 	20 

milliseconds), so that the methyl multiplet could be 

adequately.  covered. The resulting echoes clearly show that 

the beating is in fact,still present.(Fig.III.l6) 
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The use of relatively large pulse widths unfortunately 

prevents the measurements being carried out at much above 

a pulse repetition of about 2 sec-1  ,srld it vas thus not 

possible to obtain a good recording of the echo train at 

a pulse repetition rate greater than I c/s which should 

.show the removal of the effect of X coupling. In this, 

respect it'would be convenient to set up the spin echo 

apparatus with adjustable pulse widths and amplitude 

coupled by a single control. This is simply achieved by 

coupling the potentiometers controlling the 900,1800  pulse 

widths and the pulse smplitude.Once preset, it should be. 

potsible.:bo select any desird pulse width to within the 

accuracy of the potentiometers. In this way the optimum 

conditions for a particular proton,with respect to width 

ofmultiplat to be covered and separatiori from other lines 

in:the spectrum,could be fairly readily obtained. 

In' our previous remarks the.way in which T2  approached T1  

was mentioned as a possible parameter by whiCh the motion 

of chemically similar.groups could be compared. For the 

sake of completeness some values for the parameter.y are 

given below in Table 

Compound.( 2M'' in CS 

Methyl formate Me 	. 0.017 

Acetone 	Me 	0.017 
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Table 111.3 (Cont.) 

Compound.( 2M in CS2) 

Methyl acetate 	pie 	0.015 

-0Me 	0.008 

Pivalic aldehyde 	Me 	0.016 

Methyl pivalate 	-OMe 	0.016 

Cyclohexane 	CH2 	
0.011 

The above results are generally quite close, and it seems 

that the differences in the absence of chemical anisotropy 

may be too small to observe without far greater accuracy 

in measuring the relaxation, times. However 7 could 
certainly be used to indicate molecular anisotropy or a 

very large restriction on rotation. A far greater number 

of results would be necessary before any conclusions 

could be made as to a definite variation of)/ with chemical 

structure, 

8. Conclusions..  

The method of wide pulse spin-echoes provides T
1 and T2  

parameters which show promise of being of value in 

examining the structural positions of protons within the 

same molecule. The method would also appear to be of 

value in comparing the structures of a related series of 

compounds in dilute,identically molar solution. 



The results.obtained,(Table III.2),show generally a. good 

qualitative agreement with predictions based on the known 

chemical structure.Improved accuracy in measuring may 

therefore mean that the method could -be used to investigate 

an unknown structure. We note finally that a number of 

compounds could not be used because of insufficient 

solubility in CS2,and one would have to calibrate the 

effects of different solvents for the technique to be 

generally useful. One also wonders whether a standard 

compound might not be used to study the properties of 

different solvents by this technique. 
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APPENDICES.  
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Appendix I 

A Low Field S in-Echo'Apparatus. 

Low field spin-echoes have previously been obtained by 

Powles and Cutler 144 who used an extension of the low 

field free precession experiment. In this section a brief 

description of the development of a low field spin-echo 

apparatus not included in the main body of the thesis is 

given. The general arrangement of the apparatus is shown 

in figs.IV.1 to IV.6. In the method of, Powles and Cutler 

the echoes.were obtained by.a rapid cut-off of the 

polarising field,followed after a time t by a 180. pulse. 

(Or series of 1800  pulses in the case of Carr-Purcell echoes). 

The difficulty with this method is the timing of the pulses, 

as the sharp cut-off of the polarising field is controlled 

by the ctr;ert9 across the relay contacts.(Due to the large 

back emf from the polarising coil). This arcing also causes 

wear on the relay contacts which may change the cut-off 

characteristics. In the present apparatus the field 

instead of being cut off rapidly is alloWed to decay.  

.relatively slowly on opening the relay contacts,by the 

addition of a small resistance across the polarising coil. 

The resulting collapse of the polarising field is then 

sufficiently long, (^+ 300 msecs in the present case),for 

the adiabatic passage condition to apply to the rate of 

'change of direction of the resultant of the polarising 
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and remanent fields, Providing this time is small compared 

to the sample relaxation times, after complete collapse 

of the polarising field a large' magnetisation is left 

pointing in the direction of the remanent field. That is, 

the cut-off time is made sufficiently long for the 

magnetisation to follow the direction of the resultaht 

field,but small enough for relaxation effectS not to' 

decrease the magnitude of the magnetisation substantially 

from that in the polarising,field. The cut off time can be 

made shorter than in the present case which was a compromise 

to enable the.output amplifier to feed across an impedance 

of 15 ohms.Application of the usual 90°  - 180°  pulse 

sequence immediately after cut-off will give an echo train 

having a much enhanced signal compared to that carried, 

out on a sample in the small remanent field alone. The 

starting of the echo sequence can be timed by a delayed 

'relay set to open exactly on complete collapbe of the 

polarising field. However,providing any errors in timing 

the start - of the pulse train are small compared to.  the 

sample relaxation ilmelthis.need not be accurately timed. 

Thus in practice it was found quite sufficient to actuate 

the pulse reset switch by hand.. The shimming coils on 

the apparatus were used to adjust the field hOmogeneity 

to .the beat'conditions for observing llhe echoes. It was 

in fact possible to obtain a fairly.  long free precession 

decay in the laboratory with this arrangement.(--i second 
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with undeoxygenated water). The apparatus is constructed 

of metal almost throughout,except for the coil formers, 

and all clOsed loops parallel to the polarising coil axis 

had to be carefully opened with insulation at the joints, 

otherwise the induced currents on cut-off of the polarising 

field completely ddstroyed the predessional sighal. 

The slot cut-off has a further advantage in the reduction 

of the back emf across the polarising coil,and the pulse 

induced in the detecting coil due to leakage.(i.e Coupling 

with-the polarising coil due to slight deviation from 

perfect orthogonality). The leakage of the coil assembly 

was balanced by means of a flat copper sheet wrapped round 

the polarising coil,(Fig.IV.2). The ends of the sheet are 

not joined and the stray leakage is zeroed by turning the 

sheet so that the slot, position alters. The optimum echo 

conditions were found by trial and error after setting 

the frequency and pulse amplitudes to the calculated values. 

The - fie;.d position was kept constant by use of the 

galvonometer circuit in fig.IV.5. The drop.in voltage 

across the resistance R is compared to the voltage across 

a resistance, supplied by.a standard cell.This is adjusted 

'so that the galnometer has zero reading at the desired.  

field setting.The final 'field used was equivalent to a 

proton frequency.of 16.2 kc/s.( ,̂3.8 gauss). The pulse 

generator used has been previously described in part'III of 

this thesis. The pulse widths were set to 1 and 2 msecs for 
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the 900  and 1800  pulses respectively. 

The samples. examined in the apparatus,tetralin and 

fluorobenzene,(redistilled, B.P. in agreement With literature) 

were deoxygenated by bubbling nitrogen through the warm 

liquid.(Although this is very inefficient compared to the 

freeze-pump-thaw technique). The result of a pulse sequence 

on tetralin is shown in fig.IV.7. The resulting logrithmic 

plot of the amplitudes against time for the echoes is,shown 

in fig.IW.The result cannot be compared to the high field 

measurement as this is on the pure liquid,and also deoxygen-

-ation will not be complete. 

The relaxation times will be field dependent,and this field 

dependence must obviously be controlled by the shape of the 

Fourier transform of the random field fluctuations felt at 

the nucleus. Since we generally expect 1-<4.3; , the less we 

make409the larger the value of the relaxation time.Thus the 

low field result should be larger than that for the high 

field. Unfortunately,this particular result cannot be compared 

directly, but is given as an example of the rather excellent 

echo trains that may be obtained from the apparatus. 

Thb results for fluorobenzene are shown in figs.IV. 8 and 9. 

We can consider in this case that the proton resonance is 

sufficiently far removed from that of the fluorine for the 

spin of the proton to be selectively turned through 90°  on 
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the application of the first pulse,and we thus have a 

situation very similar to the high field measurement on 

'acetaldehyde. In the case of fluorobenzene we have a coupling 

of about 5 c/s so that if we were right in our previous 

assumptions that T coupling remains as long as 21-> 1/T, 

a slow .pulse repetition rate should show a beating on the 

echo train due to J,whereas a rapid pulse repetition such 

that 21- < 1/T should show that the effect of the T coupling 

has now disapeared.The reproduction of these two 'echo 

sequences is not as good as that for tetralin,but inspection 

of the echo train does indeed indicate that this is in fact 

so. This thus shows that the choice of pulse repetition 

rate for systems ,of widely separated resohances,a coupled 

nuclei is not an arbitary one. 



Fig.IV.1 

General layout 
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Fig.IV.2 

Detail of coil arrangement 
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Appendix II  

Some Notes On Electronic Circuitry. 

During the course of the work described in this thesis 

an amount of construction of apparatus was undertaken, 

not all of which was suitable for inclusion in the main 

body of the thesis.We note here some aspects of this 

construction which has relevance to some of the work 

previously. described. 

1. Analysis of EL oscillators. 

In part II a swept frequency oscillator was described 

which is based on l a. EL phase shift circuit. We give here 

R9  IT.1. 

0 
0 	  

In the circuit of generalised impedances above,(fig. V.1), 

the voltage,current relationships are, 

Vo  = i3Z2 

1 Vi  iZ1 
 + i2Z1 + 13Z1  + Vo 

0 = i21  Z + 

3Z 1 +13Z2 + (i  3 	2
)Z
2 = 

( i2 - 13 ) z2 "'" ( i2 



Solving for these equations we find, 
3 

V./Vo  = transfer function T = 	Z2  

With Z 	R and 	= jto 	(we use j for ri".. here) 

W3 L3 

C.,)3 	- 5R24..31., - 6R Go2L2j + R3j 

Calling.  11/4.1L = k 

T = 	 1 
1 - 5k2 - 6k j 	k3j 

At 	balance .  the unreal part 

i.e• k3 - 6k = 0 

k2  = 6 = R2/400  
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- Z3 + 6Z1Z2 	5Z 2 	 1 

Hence C.)0= RAF L, 	and the oscillation :frequency is 

thus Linear with resistance. 

For sustained oscillation, T = 1/A where A is the gain of 

the oscillator valve. 

A = 1 - 5k2 = -29 .• 
Thus a gain of 29 is needed to sustain oscillation,v2hich 

is easily obtained in practice. 

A possible improvement in ,  this design would be the use of 

a selective amplifier using a twin T RI. network in the 

oscillator feedback loop. (Fig.V.2). 



atcillab•r 
Attenwitor 

	 T- netus•rh 

selective 0.0nriif ier  

• Rq.v. 2. 	-170- 

1.14.  T-tv2.b.uorik 

z z 

vo 

O 

The balLance condition of the twin T. network is easily 

obtained by consi,dering the generalised impedance network 

fig.V.3. Fe, 'AT. 3 

By equating the voltages across the closed loops to zero 

and forming the series of simultaneous equations into a 

.determinant,we find the general result for the balance 

condition is,, 

Z4 2z2z3z4  + Z224  = 

With the network shown in fig.V.3 therefore we obtain, 

L)4= J 2 RA 

2. Voltage controlled swept frequency oscillator. 

A better idea for the swept frequency,  pscillator is one 

which has a frequency output proportional to a control 

voltage, as electronic cicuits producing a very linear 

voltage sweep are well known. A circuit which was devised 

for such an instrument was not completed for use in the 

apparatus described in part II,but is briefly mentioned 

here as it may be of possible use in such systems. 

The basic unit is shown in fig.V.4. 
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The principle of the oscillator is that the effective 

inductance of the coil system depend6 upon the feedback 

.from G2  which is controlled by the voltage onThe 

unit was designed to operate at about 10 kc/s when a., 

frequency shift of approximately ,1 kc/s is possible.This 

shift is approximately proportional to the control 

voltage. By using two of these unitS,carefully matched, 

'back to back',as a beat frequency.oscillator, it is . 

possible to construct an audio-oscillator of range' 0 - 1 kc/s 

which .has a very linear voltage/frequency relation over 

the whole range. 
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