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The further development of the use of NMR relaxation times 
in chemical, biological and medical research has perhaps 
been curtailed by the length of time these measurements 
often take. The DESPOT (Driven Equilibrium Single Pulse 
Observation of Ti) method has been developed, which reduces 
the time required to make a T1 measurement by a factor of up 
to 100. The technique has been studied extensively herein 
and the thesis contains recommendations for its successful 
experimental application. Modified DESPOT type equations: for 
use when T2* relaxation is incomplete or where off-resonance 
effects are thought to be significant are also presented. A 
recently reported application of the DESPOT technique to MR 
imaging gave good initial results but suffered from the fact 
that the images were derived from spin systems that were 
not driven to equilibrium. An approach which allows 
equilibrium to be obtained with only’ one non-acquisition 
sequence is presented herein and should prove invaluable in 
variable contrast imaging. 

A DESPOT type approach has also been successfully applied to 
the measurement of Ti. 7T1/’S can be measured, using this 
approach significantly faster than by the use of the 
classical method. The new method also provides a value for 
T1 Simultaneously and therefore the technique should prove 
valuable in intermediate energy barrier chemical exchange 
studies. The method also gives rise to the possibility of 
obtaining simultaneous Ti and 114 MR images. 

The DESPOT technique depends on rapid multipulsing at 
nutation angles, normally less than 90°. Work in this area 
has highlighted the possible time saving for. spectral 
acquisition over the classical technique (90°-5T1 )n. A new 
method based on these principles has been developed which 
permits the rapid multipulsing of samples to give Ti and Mo 
ratio information. The time needed, however, TSen OnLy, 
slightly longer than would be required to determine the Mo 
ratio alone using the classical technique. In 'H decoupled 
13C spectroscopy the method also gives nOe ratio information 
for the individual absorptions in the spectrum. 

NMR, DESPOT, T1 measurement, Rapid multipulsing, Spin-lock
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Tels Introduction 

Many atomic nuclei ‘behave as though they are 

spinning. AS a result of this spin the nuclei possess 

angular momentum and magnetic moments. These propeties were 

first proposed by Pauli (1) to explain some hyperfine 

splittings observed in atomic. spectra. Nuclei possessing 

magnetic moments will experience a torque when placed in an 

external magnetic field that causes them to preferentially 

align with the applied field. This alignment process can be 

observed indirectly by the ability of. the orientated 

magnetic moments to absorb energy from a magnetic field 

oscillating in the radio frequency region of the 

electromagnetic spectrum. This absorption of energy by the 

nuclear moments forms the basis of the nuclear magnetic 

resonance (NMR) technique. 

The magnitudes of nuclear magnetic moments were 

first measured by Stern and Estermann (2) in 1933, but it 

was not until 1939 that Rabi (3) and his co-workers actually 

observed the NMR phenomenon. They passed a beam of hydrogen 

molecules through an homogeneous magnetic field. Whilst the 

molecules were passing through the homogeneous’ field they 

applied radio frequency electromagnetic radiation to the 

beam of molecules. At a sharply defined frequency of the 

radiation, energy was absorbed and the molecular beam was 

deflected. The phenomenon was not detected in bulk matter 

until 1946 when Purcell and his co-workers (4) detected the 

proton NMR absorption of solid paraffin wax and Bloch and
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his co-workers (5) detected the proton absorption of liquid 

water. 

NMR techniques, however, attracted scant attention 

from chemists until it was discovered (6) that the precise 

resonant frequency of a particular nucleus was dependent on 

its chemical environment: Separate resonant positions for 

different protons in a molecule were observed in 1951 (7). 

It was realised at this point that the NMR technique could 

act as a sensitive probe to the structure of molecules and 

consequently the NMR technique has grown in the last 40 

years from a physical curiosity to arguably the most useful 

and diversely applicable analytical technique available to 

the modern chemist. 

Ta An Isolated Nucleus in a Magnetic Field 

Atomic nuclei which act as though they are 

spinning possess angular momentum. Angular momentum is 

quantized in units of th, where th is Planck’s constant (h) 

divided by 2m. It’s magnitude, P, can be written in terms of 

a quantum number, I, as 

P= h ¥ I(I+1) ee 

where I is the spin quantum number of the atomic nucleus. 

Angular momentum is actually a vector property and therefore 

the direction as well as the magnitude must be specified. 

This is accomplished by the use of another quantum number,
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m, such that the component of the angular momentum along the 

ZatreCtion, «Pz, 1s. given by: GCFig. 1.1) 

Pz = hm tT a2) 

Quantum mechanically it can be shown (8) that there are 

(2I+1) allowed values of m. These allowed values are as in 

Edn. 7.3 and: 11 lustrated: in Figy 1.1 

Mia ey Pe bane le sot C173:) 

If a charged body is in motion then it will have 

associated with that motion a magnetic field. As angular 

momentum on the atomic scale is quantised so is the 

magnetic moment, uw associated with it. The magnetic moment 

of a nucleus may be related to the angular momentum by Eqn 

1a 

u = YP (1.4) 

where Y is the gyromagnetic ratio and is a physical constant 

for a particular nucleus and depends on the charge, mass and 

a factor analogous to the Landé Spimttcing factor. for 

electrons. Eqn. 1.4 shows that similar equations to 1.1, 1.2 

and 1.3 can be written relating uw to the spin quantum 

number, I. 

In the absence of a magnetic field the allowed 

energy of an isolated nucleus is independent of the quantum
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number m. When a field Bo is applied in the z direction a 

magnetic moment uw will have an extra energy, U, relative to 

that in zero field given by 1.5 

U = w.Bo = —UzBo 455) 

where wz is the component of uw in the z_ direction. 

Combination of 1.5 with 1.4 and bearing in mind 1.3 and 1.2 

leads to 

U = - vYhmBo €% 64 

In the presence of the magnetic field the energy of the 

isolated nucleus is now dependent upon the quantum number m, 

(see Fig 1.2). It can be seen from Fig 1.2 that each energy 

- level is separated by hBo and in principle transitions 

between the levels may be induced by the use of 

electromagnetic radiation. These transitions will occur when 

the energy of the applied electromagnetic radiation is equal 

to the energy between the levels (U). Transitions, however, 

are only permitted between energy levels when Am = +1 (8) 

and consequently NMR transitions for a single nucleus are 

given by 

¥ Bo 
y,=>— 7) 

2m 

where v is the frequency of the electromagnetic radiation. 

1.3 The NMR Experiment
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The NMR experiment can be described both 

classically and by the use of quantum mechanics. The 

classical description is better suited to derive a physical 

picture of the experiment whereas the quantum mechanical 

approach deals with the expected absorption of energy during 

the experiment. 

1.3.1 The Classical Description of NMR 

A nuclear magnetic moment, uw, in a magnetic field, 

Bo will lie at some angle 8 with respect to the field 

direction (Fig. 1.1). The interaction between uw and Bo leads 

to a torque on the magnetic moment tending to tip it towards 

the field direction. As the nucleus is spinning the torque 

does not change 8, but causes the magnetic moment to precess 

about the field direction. 

The torque, L, is given (9) by 

dP 
L_="x B= — 1-8) 

Substituting from 1.4 gives us 

du 
— = Yu x Bo Lt .9 J 
dt 

Since the magnitude of wu cannot’ change the above equation 

describes the precession of a magnetic moment about the 

direction of Bo. This precession of uw with angular velocity 

given by @o can be expressed by
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du 
— = 0 xu C120) 

ac 

Comparison of 1.9 and 1.10 shows that 

io = -7Bo CiAlte) 

The precessional frequency of uw about Bo is given by 

wo ¥Bo 

y,=— => Ci 420) 
2 2 

The above equation is often called the Larmor equation. A 

vectorial representation of Larmor precession is given in 

Figwits3. 

If a second smaller field Bi is applied in the xy 

plane (Fig. 1.3) and is rotating in the same direction as u 

an interaction between uw and B1 occurs. If the field Bi and 

HW are rotating at different frequencies then the torque © 

experienced by uw due to Bi is constantly changing and all 

that occurs is a slight perturbation of the angle 6. When 

the field Bi is rotating at the Larmor frequency, large 

perturbations of the angle 8 occur as uw is tipped towards 

the xy plane. This corresponds to an absorption of energy, 

consequently, equations 1.7 and 1.12 are seen to be 

identical. 

In practice the rotating field is produced by 

applying an A.C. current at a frequency, ¥, through a coil 

Surrounding the sample. This corresponds to equal field
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components counterrotating in the xy plane. Only the field 

rotating in the same sense as wu will cause NMR transitions; 

the other field rotating in the opposite sense to uw is too 

far from the Larmor condition to be of significance. 

1.3.2. The Quantum Mechanical Treatment of NMR 

The energy of interaction between the magnetic 

moment and the applied field appears in the Hamiltonian 

operator, 

As =thBo . I Cixia) 

In this context I is interpreted as an operator. The 

solution of this Hamiltonian yields the discrete (2I+1) 

energy levels (8) for the system 

Em = -—YhmBo Ci a) 

where m can have the values I, I-1, wie g Sle Hence; as in 

Eqn 1.3, we can think of the system being described by 

(2I+1) discrete energy levels arising from different 

orientations of uw with respect to Bo (Fig. 1.2). The energy 

separation of the states is also linearly dependent on the 

magnetic field (Eqn. 1.6). 

Transitions are induced between the energy levels 

by the absorption of energy from the applied electromagnetic 

field. The presence of this extra field, Bi, is expressed by
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the addition of an extra term to the Hamiltonian. 

Reiss? 2uyRae- COS 2rvt (4501.53) 

where 2B1 is the amplitude and v is _ the frequency of the 

oscillating electromagnetic radiation in the x Hector By 

the use of transition probability theory C1032 the 

probability of a transition per unit time between the energy 

levels m and m’ is 

Pam’ = ¥? B12 |(m[Ix|m’)|? 5(ymm’-%) (1.16) 

where (m|Ix|m’) is the quantum mechanical matrix element of 

Ix between the energy states m and m’ corresponding to the 

absorption or emission of radiation. This element is zero 

unless the selection rule m=m’+1 is fulfilled. 68 is the 

Dirac 5 function which is zero unless Yam, = Y. The 

frequency Ymm’ is given by the Bohr relation previously seen 

in Eqns. 1.7 and 1.12. Three points should be noted from Eqn 

1.16. First the transition. probability is proportional to 

and Bi. Second, due to the selection rule only a single 

line is observed at a frequency v. Thirdly the 5 function 

predicts an infinitely sharp resonance line: This is 

unrealistic due to other factors and so the 6 function is 

replaced by a line-shape function g(v) which is 

gCV): dv = Cee 17.)
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Hence for nuclei of spin 4 Eqn. 1.16 becomes 

P = 477Bi29(7) (1.18) 

1.4. The Population of Spin States 

So far the case of one isolated nucleus has been 

treated, in a real sample however, there are many different 

nuclei, each possessing their own magnetic moment. For 

simplicity in this respect the case of spin # nuclei will be 

treated. One would expect the moments’ to preferentially 

align with the field direction in the lowest energy state. 

This alignment process is opposed by thermal motions which 

tends to equalise the populations of the two energy states. 

The actual equilibrium population between the states a (low 

energy) and B&B (high energy) is given by the Boltzmann 

equation. 

AE 
— = exp - —_— Cl. 9) 

kT 

where AE is the energy difference between the a and B energy 

states, k is the Boltzmann constant and T the absolute 

temperature. By combination of 1.2, 1.4 and 1.6, Eqn. 1.19 

can be rewritten as 

ne -2UBo 2'UBo 
— = exp 
Na kT kT 

    (1.20) zz —
 I 

Even for 'H which has a large magnetic moment, the predicted
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excess of nuclear moments in the a energy state is only 1.5 

x 10-5 at room temperature in a_ field of 2.35T (11). Hence 

it can be observed readily that the NMR technique is 

inherently insensitive. The excess of moments in the a state 

gives rise to a very small macroscopic moment directed along 

Bo , Du. This translates into a volume magnetic 

susceptibility Xo 

Nw? 

Xo = 12 45) 
kT 

  

where N is the number of nuclei per unit volume. 

This small paramagnetic nuclear susceptibility is ordinarily 

masked by the larger diamagnetic susceptibility of the 

electrons associated with the nucleus. Consequently, 

detection for the purposes of NMR is carried out using the 

resonance technique. Nuclear paramagnetic susceptibilities, 

however, have been measured directly in solid hydrogen at 

low temperature (12). 

Bons: <7). to. predicts the probability of the 

absorption or emission of radiation. Spontaneous emission 

has been shown (13) to be dependent on the cube of the 

transition frequency. Due to the small energies involved in 

NMR transitions the probability of spontaneous emission is 

negligible (14). This contrasts with visible spectroscopy 

where spontaneous emission is the primary relaxation 

process.
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1.4.1 Intensity of NMR absorptions 

It was stated above that the NMR technique is 

inherently insensitive because of the small excess 

population of magnetic moments in the a energy state. The 

spin system can absorb energy from the Bi field at a rate, 

R, which is dependent on three factors. Firstly, the rate is 

dependent on the probability, P, per unit time of a 

transition being induced (Eqn 1.18). Secondly, the rate 

depends on the population difference between the energy 

states (Eqn 1.20). Finally, the rate is also dependent on 

the energy change appropriate to the transition (Eqn. 1.7). 

soneGertaka combination of the various equations shows that 

the rate of energy absorption is given by 

R @ ¥4Bo?#NBi29(7)/T (ig, 22.) 

where T is the absolute temperature. NMR spectrometers, 

however, do not detect R directly but Pecher the rate of 

induced magnetization change in the y direction. This turns 

out: “GO. be equal: to —=R/B1 and so the observed = signal 

intensity, S, is given by 

S @ ¥4Bo?7NBi1g9(7)/T C323) 

providing that na-ne remains relatively constant. Four 

points are worth noting from inspection of Eqn 1.23. The 

signal intensity is proportional to N and therefore NMR is a 

quantitative technique. Nuclei with low values of y¥ will
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give small signals due to the afantelcant depedence of S on 

y¥. The observed signal is also theoretically proportional to 

the square of the static field, hence the modern trend 

towards higher static field spectrometers. Inspection of Eqn 

1.23 also shows that the observed signal is inversely 

proportional to the absolute temperature. Spectra obtained 

at low temperature, though, often give broad lines due to 

increased solvent viscosity. 

1.5 Relaxation Processes 

Although this thesis win’ be primarily concerned 

with the use, measurement, and implications of relaxation 

processes it is necessary to give an initial indication of 

what relaxation processes are. Relaxation processes, their 

mechanisms and some of their uses will be discussed in more 

detail in Chapter 2. 

1.5.1 Spin-Lattice Relaxation 

For simplicity in the discussion the case of spin 

+ nuclei only will be considered. Spin-lattice relaxation is 

concerned with the establishment of the Boltzmann 

distribution (Sec. 1.4). When the sample is outside the 

polarizing magnetic field the energy . states a and B are 

degenerate and hence the populations na and ne are equal. 

When the sample is placed in the polarizing field the two 

different energy levels are created instantaneously but the 

Population distribution. 1s = not similarly achieved. As
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spontaneous emission is negligible the equilibrium excess 

number of nuclei in the & state must fall to the a state via 

interaction with their surroundings (the lattice). This 

first order rate process is characterised by a “rate 

constant" 1/T1 where 1T1 is known as the spin-lattice 

relaxation time. Let n = (na - se), no = (Na + ne), Was is 

the probability of a transition from the a to the 8 level 

and Wea is the probability of the reverse transition. The 

probabilities Was and Wea are not equal, but at equilibrium 

where the number of upward and downward transitions are 

equal Eqn 1.24 can be written. 

Na Wasp = Ne Wea (1 24:) 

From Eqn. 41 .20 

WaB ne 2uUBo 
    

Wea Na kT 

Now putting W = to the average of Was and Wea, we can write 

    

    

WaB NB eq Bo 
= = 1 -—“_ 

W no /2 kT 

CAve2 5) 

Wea Na eq Bo 
= =1.+e— 

W no /2 kT 

The rate of change of n is given by 

dn ~~ dina dne dna 
ia ms oan ma (4.26)     

dt dt dt dt
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From the definition of Wag and Wea 

dna 

  = neWea — NaWsa G27.) 

dt 

Hence by combination of 1.25 to 1.27 together with 1.20 it 

may be shown that 

dn 

— = 2W (neq - n) (1428) 

dt 

This is obviously a first order process with a rate constant 

equal to 2W. From Eqn. 1.28 the spin-lattice relaxation 

time, T1 is defined as, 

Byes LOW (1.29) 

Integration of 1.28 with respect to t and with the 

inclusion of 1.29 yields 

Neq - N = (Neq)tz=0 exp - = CT. 30) 
T1 

Hence T1 iS a measure of the time required to achieve the 

Boltzmann distribution of nuclei between the states a and 8B, 

and the reason for the name spin-lattice relaxation time 

becomes evident. Inspection of Eqn. 1.30 reveals that for 

the actual distribution to be achieved a time, t, of the 

order of 5T1’s is required.
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1.5.2 Spin-spin Relaxation 

Spins not only exchange energy with the lattice 

but they can also exchange energy amongst themselves. Unlike 

spin-lattice relaxation such an exchange of energy does not 

change the energy of the system and hence does not help the 

establishment of the Boltzmann equilibrium distribution. The 

quantum mechanical description of NMR in Sec 1.3.2 predicted 

infinitely sharp resonance lines. This was.’ stated to be 

impractical and consequently the line shape function was 

intraduced “imto: fon. 1. 01%.. It. can. be sedn from. ‘the 

discussion of 1.5.1 that resonance lines must have a finite 

width of the order of 1/T1 due to the uncertainty principle. 

In practice NMR lines are often broader than this and it is 

convenient to define another characteristic time Tz which is 

smaller than Ti to account for this. Tz is then defined in 

terms of the maximum value of the line shape function. 

Tacs SUGCVodeax = 1/173 Ae S44) 

where vs is the half height width of a Lorentzian NMR 

absorption 

The actual value of Tz is often equal to that of 

T1, however, where molecules are large or where solutions 

are viscous the value of Tz departs from the value of T1 

(See chapter 2). A relaxation parameter Tz2* often replaces 

Tz in Eqn 1.31 for practical NMR line widths. The parameter 

T2* accounts for the broadening of resonance lines due to
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inhomogeneity in the polarizing magnetic field. A further 

relaxation parameter T1* has a physical significance and 

will be discussed further in Chapters 2 and 7. 

1.6 Macroscopic Magnetization 

As pointed out in Sec 1.4, in a real sample we 

do not deal with a single nucleus but with an ensemble of 

identical nuclei. Even in the least concentrated samples a 

large number of nuclei will be present. In dealing with this 

it is helpful to define M as the sum of the individual w’s, 

M= wy . (3.32) 

As shown in Fig. 1.4 an ensemble of identical nuclei 

precessing about the field direction have’ random phase in 

the xy direction. This leads to a macroscopic magnetization, 

Mo, aligned along the field axis (usually taken as the z 

direction): This macroscopic magnetization is responsible 

for the small nuclear magnetic susceptibility in Eqn. 1.21. 

From the classical description of NMR presented in Sec. 1.3, 

the vector uw can now be replaced by M. For example an 

electromagnetic field oscillating at the Larmor frequency in 

the x direction will cause the magnetization vector M to be 

tipped towards the y axis. This will provide a magnetization 

component in the xy plane. Such a component corresponds to 

phase coherence along the y axis which was absent in the 

equilibrium condition (Fig.1.4). The decay of this phase 

coherence occurs via energy exchange between the individual
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Phase incoherence of individual moments giving rise to a 
total magnetic moment M along z axis 
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Phase coherence of individual moments when resonance occurs 

Fig. 1.4 Phase Coherence of Individual Nuclear Moments away 
from Resonance and at Resonance
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moments and is characterized by T2. At the same time the 

nuclei will lose the energy they absorbed from the Bi field 

to the surroundings (lattice) and Mz will decay back to its 

equilibrium value, Mo, in a time characterised by 7T1. 

1.6.1 The Bloch Equations 

Bloch (15) used the ideas discussed in Sec. 1.6 to 

successfully predict the behaviour of a macroscopic 

magnetization vector, M, in the presence of a fixed magnetic 

field, Bo, in the z direction and an oscillating rf field in 

the x direction. 

By sompination-of Eqn’s 1.9. and: 4.324..: Gon; «1.83 can be 

written 

dM 
— = 7M x B C1833) 

dt 

where B is the total magnetic field experienced by the 

macroscopic magnetization vector, M. Expansion of the cross 

product of Eqn. 1.33 reveals 

  

dMx 

= ¥(MyBz - MzBy ) 

dt 

dMy 

— = ¥(-MxBz + MzBx ) C1234 ) 

dt 

dMz 
  ¥ (Mx By - My Bx ) 

dt
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The field Bz can be equated to the fixed strong applied 

field, Bo. The fields Bx and By are the components of the 

rotating field along the x and y axes respectively given by 

Bxy = Bix cosit - Biy sing (1.35) 

It should be noted that the above equation only includes the 

component rotating in the correct sense for absorption to 

occur. Relaxation has to be accounted for in the equations, 

Bloch assumed that Mz would decay to its equilibrium value 

Mo exponentially (Sec. 1.5.1) with a time constant Ti, 

whilst Mx and My would decay exponentially to zero with a 

different time constant Tz. Overall then the Bloch equations 

can be written as 

  

  

dMx Mx 

= Y (My Bo + MzBi sin ®t) - eae 

Git T2 

dMy j My 

— = ¥(MzBi cos it - MxBo) - — (1 3363) 
atc T2 

dMz (Mz — Mo ) 

= -Y¥(MxB1 sin ®t + MyBi cos 4t) - -————“ 
dt T4 

1.6.2. The Rotating Frame of Reference 

The equations represented by Eqn. 1.36 take a 

considerably simpler form if they are related to a frame of 

reference (x’,y’,z) rotating at an angular velocity -# about 

the z axis. The components of magnetization perpendicular to
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the z axis will be designated u and v where u represents the 

component along the x’ axis and v represents the component 

along the y’ axis. 

u = Mx cos ®t - My sin ® 

Classi) 

v= Mx sin @t + My cos Gt 

Using these equations the Bloch equations (Eqn. 1.36) can be 

rewritten 

  

dMz (Mz - Mo ) 

= -YB1v - -— 

dt la 

du u 

— = (@0 -@)v- — (4.38) 
BU. T2 

dv v 

— = -(@#0 - ®)u + BimMz - — 

at T2 

It is worth taking some time to consider a physical picture 

of the rotating frame. The frame is considered to be 

rotating at an angular velocity, &, which means the Bi field 

is stationary in ‘this frame of reference. Moreover, the 

precessional rotation of the magnetization vector in this 

frame can be regarded as (#0 - @&) as opposed to @o in the 

laboratory frame. Recalling Eqn. 1.12 this corresponds to 

precession in an apparent field, Bapp, given by 

Bapp = (Wo - &)/Y = Bo (1- G/Go) (1.39)
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Now the total field, Bt experienced by Mz is the vector sum 

offs Bo vand Bi," buts as Bo >» Bi the approximation Bt ~*~ Bo 

holds in practice. It is useful, however, to define an 

afteckive field.s Barr .which. -1s.. the ~vector <sum ‘of. the 

apparent field of Eqn 1.39 and the field Bi (Fig. 1.5). In 

the rotating frame the magnetization eer M will precess 

about Berr. When &® and to differ. significantly Berr will 

tend to Bo and precession about the static field direction 

will occur. When ® tends towards jo precession about Berf 

will tend towards precession about Bi (i.e. M will precess 

at a rate YB in the zy plane). 81. witt>- only havea 

significant effect on Berr when & is close to to (i.e. 

resonance) and the difference (i) - wo) can be interpreted as 

an off-resonance parameter. As the signal detected in the 

NMR experiment is induced by the rate of change of My (Sec 

1.4.1) then a signal will be detected when @*i0 as the My 

component will be finite (Fig. 1.4). 

1.6.3 Steady State NMR Experiments 

If the time derivatives of Eqn’s 1.38 are equated 

to zero then the Eqn’s 1.38 can be solved to give 

Mo (1 + T2*(@0 - @0)?] 
Mz =   

2" (G0 °e= 0)? +9" * Ti Te 48+? 

Gta0;) 

Mo BiT2?(@o - @) 
  

aa™ (60. >: Os" el ok Ts 122 7 es*
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Fig. 1.5 Magnetic Fields in the Rotating Frame of Reference 
(See text) 
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Fig. 1.6 Shapes of u and v Mode Signals’ from Bloch Equations
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Mo BiTe2 
  

te Tt ta: fem 1 Ba (@o - @)? 

Figure 1.6 shows the shapes of the 

predicted by the Bloch equations when 

YB1«(T1T2 )-2 

proportional to 

212 
  g(v) = 

1 + 402 T2?2(v0o-17)? 

This is the lineshape factor mentioned in 

shows the relationship between the 

the relaxation parameter Tz (Fig. 1.6). Eqn 

that the observed line shape in NMR 

Lorentzian (15,17). 

1.6.3.1 Practical Steady State NMR Experiments 

It is worth at this point considering 

consequences of equating the time derivatives 

to zero. When using continuous wave 

scanning the frequency range 

(Sec. 3.1) the practical consequence of 

derivatives to zero is that the frequency or 

scanned very slowly. This is called the 

approximation and the resulting spectrum gives 

absorptions of the shapes predicted by Bloch. 

scanning the frequency or field very 

the 

is fulfilled. The absorption (v mode) signal 

experiments 

techniques 

slowly 

(1.40) 

u and v mode signals as 

condition 

is 

C141) 

Eqn (1.31) and 

observed line width and 

1.41 predicts 

is 

the practical 

of Eqn’s 1.38 

(1.e. 

at fixed field or vice-versa) 

equating the time 

field must be 

slow passage 

NMR resonance 

The upshot of 

is that the
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spectrum takes a very long time to record. If the field or 

frequency is scanned too quickly then the observed NMR 

ates caddie lines are distorted from the shapes predicted by 

Bloch. This distortion usually takes the form of wiggle 

beats on the upscan side of the absorption. NMR spectra can 

also be obtained by applying a square wave pulse of 

frequency close to the Larmor’ frequency along the x axis 

for a sample in a static field (Sec 3.1). The resulting 

interferrogram can then be fourier transformed to yield the 

NMR spectrum. Ernst and Anderson (16) showed that on fourier 

transformation the resulting spectrum gave absorptions a 

the shape predicted by Bloch and could be equated to a slow 

passage spectrum. Consequently, the use of fourier 

transformation techniques has increased rapidly in the last 

20 years (Chap. 3). 

1.6.4. Factors Affecting Line Widths 

Section 1.5.2 showed chat resonance lines have a 

finite width due to the uncertainty principle. It can be 

seen from Eqn. 1.41 that the lines should be Lorentzian in 

shape with the half height width being described by Egn. 

1.31. The resonance lines are often not Lorentzian in shape 

and their half height widths do not follow from Eqn. 1.31. 

There are several reasons for this which will be discussed 

below.



48 

1.6.4.1 Paramagnetic Species 

Paramagnetic species, be they unpaired electrons, or 

other magnetic nuclei cause fluctuations in the static field 

at the observed nucleus. These fluctuating fields are 

proportional to the magnetic moment, u, of the paramagnetic 

species and inversely proportional to the distance, r, 

between the paramagnetic species and the observed nucleus. 

The main etréct of this is to cause an increase in the 

efficiency of nuclear relaxation and hence a subsequent 

increase in the width of the resonance line. In cases where 

- is large (e.g. for an unpaired electron) the resonance 

line may not be observable at all. It is, therefore, of 

paramount importance to remove as far as possible al] 

paramagnetic impurities from the sample under investigation. 

The principles described above will be described more fully 

in Chapter 2. 

1.6.4.2 Quadrupole Effects 

Nuclei with spin quantum number, I, greater than 4 

possess a nuclear quadrupole moment arising from a non 

spherical distribution of nuclear charge. Quadrupoles may 

precess in the presence of an electric field gradient 

enabling transitions to occur among the nuclear quadrupole 

energy levels. This process is often more efficient than .the 

dipole relaxation processes (Chapter 2) exhibited by spin % 

nuclei. Consequently, the relaxation times are reduced and 

the resonance lines tend to be broad.
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1.6.4.3 Magnetic Field Inhomogeneity 

The NMR resonance condition depends on the value of 

Bo, if this value is not constant across the sample volume 

then. the resonance line will consist of a superposition of 

many resonance lines due to the value of Bo at particular 

points in the sample. As, in practice, NMR magnets are 

generally very homogeneous the observed line is 

approximately lorentzian in shape but with a half height 

width greater than that predicted by Eqn. 1.31. The observed 

half height width is related to the parameter Tz* which 

gives an indication of the homogeneity of the polarizing 

magnetic field. Spinning of the sample averages out the 

field gradients across the sample to a _ large extent thus 

increasing Tz* but can lead to the observation of spinning 

side bands in the spectrum. 

1.6.4.4 Digital Resolution 

Fourier transform NMR relies on the digitisation of 

an analogue signal to eventually yield the spectrum (See 

Chap 3). If there are an insufficient number of data points 

across the spectral width then the peak shape will be 

determined by the data point resolution to a large extent. 

1.7 The Chemical Shift 

Although this thesis is not primarily concerned with 

chemical shifts, the chemical shift is so important to the
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NMR technique that a brief discussion of its concepts will 

be given below. 

1.7.1 Nuclear Screening 

When a magnetic nucleus is placed in a magnetic 

field, the electrons surrounding the nucleus precess in the 

field in the opposite way to the nucleus (Lenz’s law). As 

electrons are charged this motion leads to a secondary 

magnetic field, opposing the static field, Bo, at the 

nucleus. Consequently the field “felt” by the nucleus, Berr, 

is smaller than the applied polarizing field and is given by 

Berr = Bo (1 - Go) (i242 ) 

where of is the screening or shielding constant. The 

screening constant is small and has different values for 

different nuclei. In general it ranges between the values of 

10-1000 ppm of the static field for NMR active nuclei in 

varying chemical environments. The screening constant, 

however, cannot be measured directly and so all measurements 

are taken relative to a reference compound. 

1.7.2 Spectral Referencing 

Chemical shifts are reported in ppm of the carrier 

Frequency on a fixed field spectrometer. As v determines Bo 

and vice-versa, the reported value in ppm is independent of
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the spectrometer field strength. For a fixed field 

spectrometer the chemical shift, 5, of a species, a, froma 

reference, r, in ppm units is given by 

Va - Vr 
6 = ———— x108 ~ (or - ca) x108 (1.43) 

Vr 

where ¥ represents the resonance frequencies of the sample 

and reference. The definition in Eqn 1.43 could have been 

reversed so that the value of 6 increases with increased 

shielding. For a long time both conventions were in 

exsistence but the definition above has now been approved by 

I.U.P.A.C. (18). The choice of a reference compound is 

important. For 1H and ‘13C spectroscopy a popular reference 

is T.M.S. (Tetramethyl] silane) whereas for 31P the usual 

reference is 85% phosphoric acid in water. Obviously 

different references are required for different applications 

and so the reference used should always be quoted. The 

referencing technique is also important ie, whether an 

internal or external reference is used. Internal referencing 

is possibly the most accurate but suffers from possible 

association of the reference with the compound under study. 

External referencing overcomes this problem but requires the 

chemical shifts to be corrected for volume magnetic 

susceptibility (19) and the disadvantage of this is that the 

volume magnetic susceptibilities are not always known. Homer 

(20) has accurately measured chemical shifts by dispersed 

phase referencing which combines the advantages of both 

internal and external referencing techniques.
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1.7.3. Use of Chemical Shifts 

The sheilding constant and hence the chemical shift 

is affected by the electron distribution around the observed 

nucleus. Theoretically, it is very difficult to predict a 

chemical shift and it is therefore necessary to rely on 

empirical correlations between observed chemical shifts and 

structure. Much work has been carried out on such 

correlations for many nuclei (21,22,23,24,25), allowing 

chemical shifts to be related to structure in most cases. 

1.7.4 Theory of Chemical Shifts 

Although in general NMR chemical shifts cannot be 

predicted with precision the effect of substituents and the 

chemical shifts of NMR active nuclei in differing chemical 

environments can often be understood. Ramsey (26) produced 

an expression for o which depended on two parameters. The 

first oa is called the diamagnetic term and is always >0O. 

This term takes account of nuclear screening resulting from 

the motion of electrons around the nucleus. The second op is 

the temperature independent paramagnetic term and is always 

negative. This term takes account of any mixing of low lying 

electronic levels of the same symmetry due to the presence 

of Bo and is therefore considerably affected by p andd 

orbitals near the nucleus. The fact that the 'H nucleus has 

no suitable low lying orbitals is primarily reponsible for 

its small chemical shift range. Apart from these two terms, 

an observed chemical shift can be affected by the
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electronegativity of neighbouring functional groups (27,28), 

magnetic anisotropy (29), induced ring currents (30) and 

solvent effects (31,32). 

1.8 Spin-spin Coupling 

NMR spectra, as may have been implied so far do not 

just consist of single lines at varying chemical shifts. NMR 

absorption lines often appear as multiplets. These 

multiplets appear due to interactions between nuclei that 

cause changes in the value of Berf at a particular nucleus. 

This interaction is known as spin-spin coupling and 

provides valuable information on chemical structure and 

stereochemistry (33,34). As for chemical shifts the basic 

concepts will be outlined below. 

1.8.1 Origin of Spin-spin Coupling 

Spin-spin coupling is independent of the Bo field 

strength and is not averaged out by rapid random motion of 

molecules in solution as are the interactions due to the 

presence of other magnetic nuclei surrounding a particular 

nucleus in solution (Sec 2.4.1). Ramsey and Purcell (35) 

explained spin-spin coupling on the basis of the spin 

orientation of nuclei being transmitted through the 

electrons forming the chemical bond. Consider two magnetic 

nuclei, A and B, of spin 4 chemically bonded via a covalent 

bond. If A is aligned parallel with the Bo field then an 

electron close to nucleus A will tend to align in the anti-
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parallel fashion. An electron close to nucleus B but in the 

same orbital as the electron close to nucleus A will align 

in a parallel fashion due to the Pauli exclusion principle. 

Consequently nucleus B will tend to align anti-parallel with 

the Bo field and thus the spin orientation of A _ is 

transmitted to B via the bonding electrons. The difference 

in energy between A and B_ being anti-parallel as opposed to 

parallel with each other is small and therefore the observed 

lines tend to be of equal intensity. The coupling constant, 

Jap, iS measured in Hertz. 

1.8.2 First Order Analysis 

When first order conditions are fulfilled a nucleus 

coupled to n nuclei of spin I will have its resonance split 

into 2nI + 1 lines. For the case of I=% the intensities of 

the n+1 lines correspond to the coefficients of the binomial 

theorem. The lines are separated by J Hz, the coupling 

constant. Spin-spin coupling is. only observed between 

magnetically non-equivalent nuclei. For first order analysis 

to be applicable the criteria |(Y¥a-%b)|>Jasa must be 

fulfilled and departure from this criterion results in the 

distortion of the intensities from the expected binomial 

distribution. 

1.8.3 Use of Coupling Constants 

As with chemical shifts the theoretical calculation 

of the magnitude and sign of coupling constants is not



55 

realistically possible. Coupling constants are affected by 

the hybridisation of chemical bonds (36), dihedral bond 

angles (37) and the electronegativity of substituents (36). 

As for chemical shift values extensive tables of structural 

moieties with their observed coupling constants have been 

prepared as an aid to structural analysis. Recently, 

coupling constants have been used to great effect in 

spectral editing techniques such as D.E.P.T. (38) and 

13¢-13¢ coupling constants have been obtained (39) as an aid 

to the structural determination of the carbon skeleton of 

peptides.
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ool Introduction 

In Sec. 1.6 the rate of transfer of energy between 

the nuclear spins and _ the lattice were found to be 

instrumental in governing NMR line widths. In this chapter 

the mechanisms leading to NMR relaxation will be discussed 

in pore detail. A survey of the use of relaxation times in 

solving chemical, biological and medical problems will also 

be presented. 

2.2 The Origins of Relaxation for Spin # Nuclei 

Transitions between nuclear spin. states (a and £8) 

for spin # nuclei can only be induced by magnetic fields. In 

order to establish the Boltzmann distribution of Eqn. (1.20) 

in a liquid sample, fluctuating magnetic fields must be 

present in the bulk of the sample. Such fluctuating magnetic 

fields are present within the sample due for example to the 

thermal motion of molecules containing nuclei possessing 

magnetic moments. This randomly fluctuating field may be 

resolved into frequency components via fourier analysis and 

may be further divided into contributions parallel and 

perpendicular to the static field, Bo. As would be expected 

from the discussion in Sec. 1.3, the component of the field 

fluctuating at the Larmor frequency, perpendicular to the 

Btutic field, induces transitions similar to those -induced 

by an electromagnetic field, thus causing relaxation towards 

the Boltzmann distribution. The component of the fluctuating 

field perpendicular to the static field also causes T2
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relaxation by changing the average life time of a moment in 

the a or B state and hence, via the uncertainty principle, 

effecting the line width and Tz (Sec. 1.5.2). It should be 

noted that fluctuations in the x and y directions can effect 

T1 whereas a component My can only be affected by 

fluctuating fields at the Larmor frequency in the x 

direction. Hence from fluctuations perpendicular to the 

applied field alone we would expect Tz = 2T1. However, there 

is a further contribution to Tz relaxation from the 

component of the fluctuating field in the z direction. This 

has no effect on T1 relaxation but causes Tz relaxation by 

causing an inhomogeneity in the applied field (Sec. 

1.6.4.3). For a mobile liquid this extra contribution makes 

T1*T2. 

2.3 The Theory of Relaxation 

For simplicity we will consider a system of isolated 

spins being acted upon by an isotropic random magnetic field 

in a time varying fashion. The x component of this field 

may be written as 

Bx 1 B°xif(t) C2..14 

where f(t) has an average equal to zero and a root mean 

square average of unity. B°x1 is the rms amplitude of the 

field. A similar expression may be written for the y 

component of the field. The interaction Hamiltonian may be 

written as
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Res —V Rie Be Gt) (2..2') 

where B’(t) = ¢ (Bxi2? + Byi?) 

Perturbation theory (10) shows that this induces transitions 

at a rate 

W = #7? [B°x1]JU(wo ) (2553) 

where J(®#0) is the power available from the fluctuating 

magnetic field at the Larmor frequency to. W is_ the 

transition probability used in Eqn. (1.29). Combination of 

2.3 with 1.29 reveals 

os = 2W = v*(B°x1]: J( do) | (2.4) 
v1 

Further development of the theory requires some information 

about the nature of the fluctuations. Under certain 

specialised conditions it is possible to make use of the 

theory of Brownian motion. This procedure was first adopted 

by Bloembergen et al. (40) who considered the fluctuating 

field B’(t) to arise from the rotational and translational 

motion of individual molecules perturbed in time by 

molecular collisions. For the Brownian motion approximation 

to be valid many such collisions must occur during the mean 

time it takes a molecule to rotate or translate through a 

distance characteristic of one molecular spacing. In the 

liquid state this is a reasonable approximation. In the
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gaseous state however, the approximation is invalid. The 

nature. of the -fluctuations is governed by f(t). The 

important point in the discussion is the "memory" which is 

expressed in terms of an auto-correlation function G(T), 

defined as 

G@(t) = F(t)f (ttt) 62.95 ) 

where the horizontal bar denotes an ensemble average. The 

function is independent of t but indicates how f(t) changes. 

The value of G(t) must decay with tt, as “memory” is lost. 

The term “memory” requires some explanation ai can perhaps 

be best explained in terms of a_ given molecule. Suppose a 

molecule is at a certain position (x,y,z) in space ata 

certain time (t). At a time (t+t) the molecule will have 

moved to another position (x’,y’,z’). The “memory” expresses 

the dependence of the co-ordinates (x’,y’,z’) on (x,y,z). If 

the time t is large there will be little dependence whereas 

if the time t 1S small the co-ordinates (x’,y’,z’) will be 

more dependent ik the original co-ordinates (x,y,z). 

Bloembergen et al assumed that this decay of “memory” was an 

exponential process 

G(t) = exp -(T/Tc ) C2. 563) 

where te is the correlation time and is a characteristic 

time representing the decay of the "memory". In the case of 

Brownian motion controlled processes this eadeh yy 

corresponds to the time required for a molecule to move 

through one radian. Obviously a more mobile solution will
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have a smaller value of Te. Extending Debye’s theory (41) 

Bloembergen et al (40) related the correlation time to the 

viscosity of the solution by assuming that the molecule was 

a sphere of radius, r, turning in a viscous fluid. 

4nmnr3 
tc = 2 ay 

3kT 

  

where " represents the viscosity of the medium 

- The auto-correlation function G(t) is obviously a time 

domain function which by fourier transformation (42) 

corresponds to J(@). 

J(O) >= [ G(t) exp (-i@t) dt (2.8) 

Substitution: «of Ean, 236 into Eqn. 2.8 followed by 

integration reveals a Lorentzian form for J(@) 

J(O). = 2te/(1 + O* te*) (2.9) 

Further substitution into Eqn. 2.4 gives 

1 2Tec . 
— = 7? [B°x1 J? i ly ee rR 2241 0;) 

Te 1 + @o?te? 

Figure 2.1 shows a plot of the form J(®#) against log (W). 

The plot is noticeably flat in the region where 1 >» tc, and 

this is known as the extreme narrowing condition. In this 

region Eqn. 2.10 can be rewritten as
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2.1 Plot of Spectral Density (arb. units) as a function 
of frequency tj/rad s-' (a) in the extreme narrowing 
region, te=30ps (b) away from extreme narrowing, 
Tce =30NS
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Tees 29-2 [B9 x7 1] 2tc C2:274-) 

Molecular tumbling in mobile solutions giveS Te a value of 

approximately 1 x 10-12 secs., so for the usual magnitude of 

resonance frequencies the extreme narrowing condition holds. 

Eqn. (2.11) predicts that T1 will fall as te increases i.e. 

as mobility falls or as the temperature is decreased. If, 

however, Tc becomes long so that the extreme narrowing 

condition no longer holds then 71 must’ be predicted from 

Eqn. (2.10). This predicts a minimum value for T1 when the 

condition te = @o-'! is fulfilled (Fig 2.2). This condition 

can realistically occur for macromolecules in solution and 

Ti (min) can be predicted from Eqn. 2.12 

Ti Cin) }. = 7? (Be J* Oe [2 2) 

Equation (2.12) clearly shows that hi (min) will <= be 

dependent on the spectrometer operating frequency and hence 

as the static field Bo increases the minimum value of 71 

increases (Fig. 2.2). Fig. 2.2 shows the Variation in Tz and 

Ti/’ with. the log tec also: It was stated in Sec 2.2 that Te 

also depended on the fluctuating fields perpendicular to the 

static: -fileidd;.Bo, and consequently the Tz curve follows the 

T1 curve whilst the extreme narrowing condition holds. Ta2 

also depends on the fluctuations in the z direction which 

cannot effect 71; this contribution involves no energy 

exchange, and the appropriate spectral density function 

describing it is J(0). The influence of the J(0) term causes 

Tz to decrease monotonically as Tc increases in contrast to
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logio 
(He Teeter) Se 

  
  

eal   
Fig 2.2 Plot of logio0(7T;1 ,.72,71/) against logio(tc) solid 

curve represents Yo =100 MHz, dotted curve Yo = 400 MHZ. T1/ curves are based on Y¥B1 /2m=40 KHz. RMS_ random field based on 0.2 mT.
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T1. Ti 4 also shows a minimum but at a much longer 

correlation time than Ti, this is because Ti/ depends on the 

spectral density function J(Q) where Q = YBi. As Q lies 

between zero and tio, Ti’ represents the situation between T1 

and Tz. The parameter 1T1/ is very useful in_ chemical 

exchange and large molecule studies as it effectively 

extends the extreme narrowing region. Proton Tz measurements 

are often not possible due to spin-spin coupling 

(Sec 7.2.1). The equations for T1/ and Tz used in the 

derivation of Fig. 2.2 are presented as Eqn. 2.13 and 2.14 

respectively. 

1 1 
— Y? {[B°x1 ]?+[B°y1 ]*7+[B%21 ]* }{I(Q) +5 (wo )} (2.13) 

1 1 1 
— = — + — vy? [B%1]? J(0) (2.14) 
Ta 271 2 

2.4 Relaxation Mechanisms 

2.4.1 Dipolar Relaxation 

In Sec. 1.6.4.1 it was stated that other magnetic 

nuclei in a system could lead to line broadening and hence 

relaxation. At a molecular level a given magnetic nucleus 

will be affected by the local field due to its neighbours. 

This field of course will be constantly changing due to the 

motion of the nuclei relative to each other ina liquid 

sample both intra-and intermolecularly. 

Consider the relaxation of a nucleus’ I by another



66 

magnetic nucleus S (an ‘unpaired electron or another 

nucleus). The local field, B94, due to S§ at I is given 

classically by 

Bod = tus (3 cos? @ -1) r-3 (2615) 

where r is the distance between I and S and ®@ is the angle 

between the static field and the axis joining I and S. These 

local fields are quite large (larger “than those due to 

chemical shifts or coupling constants) but as a rule have no 

bearing on high resolution spectra as the molecular motion 

results in the averaging of Baa to zero (43). In solids and 

liquédceryetnas such averaging does not occur and large 

splittings due to the dipoles are observed. It should be 

emphasised that the mean squared value of Baa, however, is 

non zero. As dipolar interactions occur mutually between the 

spins they cannot strictly be treated via the random field 

model of Sec 2.2. Solomon (44) treated the case of two spin 

+ nuclei with a scalar coupling constant Jis«d3is and showed 

that the rates of relaxation were mutually dependent on each 

other. 

d<Iz>/dt -/*4[<Iz> - Io] - of[<Sz> - So] 

(25 16) 
d<Sz>/dt -/s[<Sz> - So] - of[<Iz> - Io] 

The terms * and of are defined in terms of transition 

probabilities previously described in Sec. 1.5.1. 

ra 2Wit + Wo + Wes 1/712 

2WiS + Wo + Wa 1/T18 (2-47) >
 

o ul 

Got We Wo = 17 T1489
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where the subscripts on the W’s' represent the change in the 

quantum number, m, involved in the transition between the 

energy levels. The terms Wo, Wi*+, and We have been 

calculated in terms of the correlation time, te (45) 

  

  

    

te een te. 
Wit = — 

20 rs {+e te* 

1 q4itV et he Te 
Wo. = —_— C218) 

10 r6 1 +(0i + Os )? Tc? 

3 Vie Ves = he Te 

W2 = _ 

5 r6 1 + (01 + Ws )* tc? 

When the extreme narrowing condition is fulfilled the 

frequency terms in the denominator can be neglected. 

The four energy level system is’ presented in Fig. 

2.3. Several points should be noted from eqn’s 2.16. The 

selection rule aAm=+t1 is not obeyed for dipole-dipole 

relaxation in contrast to transitions occurring between 

energy levels due to r.f. pulses (Sec. 1.2). T1 relaxation 

iS now no longer a single exponential process, indeed in 

coupled systems T1 has no particular meaning at all. For the 

relaxation to be exponential the cross relaxation term, o, 

must to be zero and then equation 2.17 reduces to equation 

1.29. This only occurs when there is no coupling between the 

spins I and S. Equations 2.16 represent a set of coupled 

differential equations whose solutions depend on _ the 

boundary conditions used (46). In the case where only the I 

(or S) spins are excited the recovery is_ strictly non



68 

    
(a) Heteronuclear case 

  

  

  

(b) Loosely Coupled Homonuclear Case 

Fig. 2.3 Energy Level Diagrams and Transition Probabilities 
for_a Two Spin System, I. and oS. OF ap in # tm) 
Heteronuclear Spins and (b) Homonuclear Spins
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exponential. Noggle et al (45) have shown, however, that 

where /i*/s with |/1 - /¢s|«o and where /*: # /s with 

Lea Sted >» o, the recovery is essentially exponential. 

Campbell et al. (46) have shown that the initial rate of 

recovery is approximately exponential as long as ot«1 where 

t is the recovery time. Ti ‘in the above instances is given 

by Eqn. 2.19 

1/T1 = fi = 2W1 + We + Wo (2.139) 

In the case where the I spin is observed with the S 

spins continuously irradiated (as is common for 13C 

spectroscopy) the recovery of the I spin has been shown to 

be exponential (46) with 1/T1 = ?*i. Saturation of the §S 

spins causes Sz in Eqn 2.16 to equal zero, at the steady 

state when dIz/dt equals zero, Eqn 2.16 can be rearranged to 

give Eqn 2.20 as YiSo = YsIo 

(Iz = Io) YsO 
eee a ree Ceu2Q) 

Io ace 

  

where 1 is the nuclear Overhauser enhancement (n.0.e) so 

called due to the discovery of the effect, in metals when 

the spin resonance of the electrons was’ saturated, by 

Overhauser (47). The n.0O.e. which has great potential in NMR 

spectroscopy is ae purely dipolar effect and has a 

theoretical maximum of ¥s/27i for spin +4 nuclei. In cases 

where the saturated spin (S) has a high vy value, of the same 

sign as Yi, and the relaxation is predominantly dipolar in
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origin, the effect can lead to a large enhancement in the 

observed signal. In the case of 13C spectroscopy with the 

coupled 1H spins strongly irradiated, the maximum value of " 

is approximately 2. As the effect is only due to the dipolar 

relaxation mechanism (see below) then the observed value of 

the n.O.e. is dependent upon the relative amount of dipolar 

relaxation as shown in Eqn 2.21. 

Ys Pad 
LS vn (QI 24.) 

275 p 

  

where “aa is the dipole-dipole relaxation: rate and ” is the 

total relaxation of the I nucleus. 

The third boundary condition that requires 

discussion as a result of the Solomon equations is the case 

where both the I and S spins are excited simultaneously, 

this case is very common in tH FTNMR. In this case the 

equations of 2.16 are added together and providing that “i = 

fe; T1018 given. by<(45) 

1/hite Poo = en 2 i222.) 

provided relaxation occurs via the dipole-dipole mechanism 

only. In cases where other relaxation mechanisms” are 

possible, recovery is once again non exponential (46). 

So far the discussion has implicitly suggested that 

only intramolecular dipole-dipole relaxation occurs.
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Dipole-dipole relaxation can: however, Qeccur 

intermolecularly also. The most common source of such 

relaxation is due to paramagnetic impurities in solution 

(40), especially oxygen (48). The solvent, however, can also 

provide some intermolecular dipole-dipole relaxation, Kaiser 

(49) observed an intermolecular n.O.e. between the protons 

of cyclohexane and chloroform. For intermolecular relaxation 

the term, r;.in Eqn. 2.15. and the: correlation time tc have 

to be redefined. Nuclei are considered whose distances lie 

between r and r+dr from the central molecule. te is then 

estimated as the time a molecule takes to diffuse across a 

relative distance r. This is estimated from the diffusion 

coefficient, D, which can be related to the viscosity of the 

solution by the Stokes-Einstein relation (60), .. The 

intramolecular, heteronuclear, dipole-dipole relaxation 

contribution to T1 relaxation in a two spin system is 

  

  

1 v4 “a4 he a Ale ho 
— ct ———- {Jo (Os -i )+341 (Hi )+6J2 (Hs +i )} aS oe a ee 

Ti 20r8is trian 

20 Wo 

where Jo(Ws-Wi) = 
K2 

40 Wri 2253) 

J1(01) = 
3K? 

10 We 

J2(®stbi) = 
3K? 

where K is given by YsvYihr-3is 

Similar equations for Tz and T1/, both homonuclear and 

heteronuclear, are given in (51). The equations have also 

been extended to systems of many nuclei by Gutowsky and
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Woessner (52). 

Nuclei of small magnetic moment such as 13C are 

primarily relaxed by intramolecular interaction with nearby 

nuclei of high 7, usually protons (53). It has been shown 

(54), however, that intermolecular dipole-dipole relaxation 

for 13C can be significant. Protons, on the other hand are 

relaxed both inter-and intramolecularly depending on the 

distances involved. The inter-and intramolecular 

contributions to dipole-dipole relaxation were originally 

separated via dilution studies (55,56). However, recent work 

by Homer et al. (54) has facilitated the separation of the 

inter-and intramolecular dipole-dipole contributions by the 

use of intermolecular 1H-1H n.0O.e’s. 

2.4.2 Electron-Nuclear Relaxation 

As mentioned above paramagnetic ions such as Mn?+ 

and Cr3+, as well as organometallic complexes of these or 

other metals with unpaired electrons can provide very 

efficient intermolecular dipolar relaxation in solution. 

Chromium (acac)3 and Fe (acac)3 are particularly useful 

reagents for 13¢C NMR spectroscopy; the non labile 

trisacetylacetonate (acac) ligand increases the solubility 

of the complex in organic solvents and prevents interaction 

of the metal with the sample. Paramagnetic pseudo-contact 

shifts are not observed with these complexes. Initial 

studies using such complexes (57) were involved with the 

reduction of the n.0O.e. for quantitative 1'13C NMR and in the
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‘observation of 15N NMR where Yn 1S negative. Electron 

nuclear dipole-dipole relaxation becomes more efficient with 

increasing paramagnetic complex concentration. 13C NMR 

relaxation data for organic molecules in Cr (acac)3 doped 

solutions have been obtained (58). The electron-nuclear 

relaxation observed in these solutions is different to that 

observed in diamagnetic solutions. Abragam (59) gives an 

equation derived (hele dipole-dipole electron-nuclear 

relaxation between hard shell spheres of equal size, as 

1 161? 7 *n 
—— = =e N*h* 6(St1) 
T1 15 kT 

  (2,245 

where N is the density of the paramagnetic species per unit 

volume, N*h*s(s+1) represents the square of the magnetic 

moment of the paramagnetic species, Y is the gyromagnetic 

ratio of the nucleus being relaxed, " is the viscosity of 

the solution, k is the Boltzmann constant and T is the 

absolute temperature. The interesting aspect of Eqn. 2.24 is 

that there is no distance dependence as there is for normal 

dipole-dipole relaxation. The equation has been verified for 

13C relaxation in several organic compounds, even where 

nuclei are quite inaccessible (58). 

2.4.3 Spin Rotation Relaxation 

The fluctuating magnetic fields associated with this 

mechanism arise from magnetic fields generated at a nucleus 

by the motion of a molecular magnetic moment due to the
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electron distribution in the molecule. Consider a nucleus 

with an associated electron at a distance, r, from it. The 

rotational frequency, V, of the molecule, which is 

considered to be in its Jth rotational state, is given by 

Veet) AOTC. C2%.25:) 

where I is the moment of inertia of the molecule. 

The current, i, generated by the electron due to this motion 

is then 

4. = (e/o)V (2.26) 

where e is the electronic charge and c the speed of light. 

The magnetic moment, uj, associated with this current is 

then 

Mj = i(wr?) = (eh/2mMc)J = und 2067) 

where M is the nuclear mass and wus is the nuclear magneton. 

The motion of the electron thus causes a magnetic field at 

the nucleus’ of approximate magnitude wndr-3. Molecular 

collisions which cause changes ina both. :direction and 

rotation will modulate this field and provide a relaxation 

pathway. As there is no mutual interaction between the 

electron and the nucleus, the random field model of Sec 2.3 

is applicable. For molecules undergoing isotropic molecular 

re-orientation the spin-lattice relaxation due to this
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mechanism is 

Techs =. QnIkh/h? Creer tj (2°28) 

where C*erf 1S the average component of the spin-rotation 

tensor and tj is the angular momentum correlation time, 

which is a measure of the length of time a molecule spends 

in any given angular momentum state. tj can be related to 

the isotropic molecular correlation time by (60) 

Ye Rico BS Eee L (2,292 

From Eqn. 2.7, tj can be seen to be inversely proportional 

to sample viscosity and is consequently proportional to 

sample temperature. The temperature dependence of the 

spin-rotation mechanism is therefore the reverse of that 

predicted for the dipole-dipole relaxation mechanism (Sec. 

2.3.1). wy is seen to be proportional to the rotational 

velocity, V, and therefore the spin-rotation interaction is 

of prime importance for small symmetric molecules’ with 

little or no intermolecular interactions. 

Spin-rotation is very significant in the gas 

phase (61) and at high temperature. Spin-rotation 

interactions are also important for nuclei with Jlarge 

chemical shift ranges (62) as both chemical shift range and 

spin-rotation interactions depend on the electronic 

distribution within the molecule. The mechanism has been 

shown to be important in 13C spectroscopy where it is the
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primary relaxation mechanism for 13C in CS2 (63) at low 

fields and high .temperatures. The mechanism is also 

important for '3C in methyl groups (64) which reorientate 

rapidly, even in large molecules. 

2.4.4 Chemical Shift Anisotropy Relaxation 

In Sec. 1.7 it was noted that the nucleus. was 

effectively screened due to the electron density around the 

nucleus. This screening was quantified in terms of a 

screening factor, o, in Eqn. 1.42. o is a tensor property 

and the anisotropy in oOo was shown to. have a pronounced 

effect on the observed chemical shift (Sec. 1.7.4). The 

anisotropy in o may also furnish a mechanism for relaxation, 

since as the molecule tumbles in’ solution, the field at the 

nucleus is constantly changing in magnitude. As discussed in 

Sec. 2.3 the components of random tumbling motion at the 

Larmor frequency can then lead to nuclear relaxation. 

If go is axially symmetric, (the general case is 

discussed by Abragam (65)) then Ti is given by, 

1 2 Tec 

— = — Y*Bo? (o]] - ot)? —_——_——_ (2.303 
ie To 1200 4tc* 

where oj) and ot refer to the components of the shielding 

tensor parallel and perpendicular to the axis of symmetry. 

The mechanism is unusual in two ways, in the extreme 

narrowing region T2 =. 6T1/7. and. 1/Tas is quadratically 

dependent on the size of the applied field. The chemical
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shift anisotropy is obviously dependent on the chemical 

shift range of the nuclei under examination. Hence it is not 

likely to occur in 1H NMR- but has been reported for several 

nuclei with large ranges of chemical shift (31P and 113Cqd). 

In 13C spectroscopy the mechanism is usually very 

inefficient (66), but has been reported to be significant 

for diphenylbutadiene (64) and in CSz at high fields and low 

temperatures (63). With the increasing use of high field NMR 

the mechanism is likely to become more important. T1’s and 

nOe’s for several large molecules have been measured at two 

different fields (67). The results show the expected 

quadratic dependence on field strength and result in 

reasonable values for the shielding anisotropy. The chemical 

shift anisotropy mechanism can be a nuisance at high fields 

by causing unacceptable broadening of resonance lines. A 

typical case is that of the 2°95T1 linewidth for MezTINO3 in 

D2O. In a field of 9.4T the linewidth is 140 Hz which falls 

quite markedly to 4 Hz in a field of 1.41T (68). 

2.4.5 Scalar Relaxation 

Consider two spin 4 nuclei I and_ S which are spin 

coupled witha coupling constant J. As noted in Sec: 4-8, J 

determines the magnitude of the magnetic field at I due to 

the orientation of S with respect to the applied field. As §S 

relaxes, I experiences a fluctuating field and vice-versa. 

Similarly if J changes, due to the covalent bond being 

broken between I and S, such as in chemical exchange, I
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experiences a similar fluctuating field. If this fluctuation 

occurs with a frequency of the order of the Larmor frequency 

then relaxation can Beit: There are three situations where 

relaxation: may-.occur. due to perturbation .of a scalar 

coupling. 

If a spin 4 nuclei, I, is coupled with a moderately 

large coupling constant to a quadrupolar nucleus, S, that 

relaxes rapidly (Sec. 2.4.5), then the scalar contribution 

to the relaxation of I is 

    

1 Sane J2 pe 
—- S(S+1) po%54") 
T1 3 1 + (04 °— Ge )* 1122 

oo 4m? J? T18 
    — st s(s+t)| T1* + 

T2 3 

C2 63m 

1 Car = Ged* Th St 

The mechanism only becomes significant for T1 relaxation 

when Gi * ®s. The situation is_ rare but has been observed 

between 13C and 79Br where Gc-Wepr=0.054 MHz. Por exaitle in 

bromobenzene (64), scalar relaxation leads to..-a- Snon 

exponential relaxation process for Carbon 1. This is because 

the scalar relaxation of 13C by 79Br is more efficient than 

the corresponding scalar’ relaxation of 18¢ by e1Br. 

Consequently, the observed relaxation rate is a combination 

of the two exponential decays. A similar situation occurs in 

bromocyclohexane (64). except that in this case the 

dipole-dipole relaxation mechanism competes with the scalar 

relaxation for the 79Br bonded '3C but dominates the 

relaxation of the 8'Br bonded 13C. Once again the observed
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relaxation rate of the ipso carbon is non exponential. In 

bromomethanes (69) both the 79Br and &®'tBr bonded 13C 

relaxation rate is dominated by scalar relaxation due to the 

inefficiency of the dipole-dipole relaxation mechanism for 

rapidly tumbling small molecules. 

Tz relaxation is generally more readily affected by 

the scalar relaxation mechanism. Inspection of Eqn 2.32 

shows that the Tz relaxation rate depends on a second Wo 

term which does not contain (@i - @s) in the denominator. 

This differential significance of scalar relaxation is well 

known as it accounts for the broad lines which are often 

observed for protons attached to nitrogen. Freeman and Hill 

(70) measured 13C T1 and Ti/ for ortho-dichlorobenzene, the 

proton bearing carbons had values of T1 approximately equal 

to Tif (Sec. 2.3). The Ti for the chlorine bearing carbons 

were long (66 s) due to inefficient dipole-dipole 

relaxation, however, the T1/ value for the chlorine bearing 

carbons was_” short (4.2 s) due to efficient scalar 

relaxation. 

The contribution of scalar relaxation to carbon Tz 

relaxation is important especially where 1H decoupling is 

used. From Eqn. 2.31 if, as is normal, (T1H)-' « Jon? then 

T2zC must always be shorter than T2H. For example in 

13CH3sCOOCDs where J=130HzZ 1T1H=12.5 Ss, 11C=19.2 s, T2C only 

equals 6.1 s (71). The 13C T1 and Tz relaxation rates would 

have been expected to be equal if relaxation was only due to 

the dipole-dipole relaxation mechanism. At low decoupling
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powers where T1H~' * J, the carbon resonance lines become 

very broad. At higher decoupling powers, however, T1H-!' «J 

and the scalar relaxation mechanism once again becomes 

inefficient causing T1C=T2C (71). 

J can become a function of time as bonds are made 

and broken in chemical exchange reactions causing J to 

fluctuate between J and zero. This is in effect identical to 

the situation discussed above, with the exchange rate Te 

replacing TiS in Eqn’s 2.30 and 2.31 above. 

2.4.6 Quadrupolar Relaxation 

For nuclei with a spin quantum number greater than 

or equal to one, the quadrupolar relaxation mechanism 

usually dominates its relaxation. This mechanism is not 

available to spin # nuclei directly (see Sec. 2.4.4) as it 

depends on the nucleus having a non spherical nuclear charge 

distribution. Spin = nuclei have spherical charge 

distributions whereas nuclei with spin quantum numbers 

greater than #4 can have prolate or oblate charge 

distributions (72). This non-spherical charge distribution 

results in the nuclei possessing a quadrupole moment, @. In 

the presence of an electric field gradient they precess 

about the nett electric field causing the normal NMR energy 

levels to be perturbed by the modification of the 

interaction hamiltonian (Sec. 1.3.2.). The electric field 

gradients are modulated by molecular motion which gives rise 

to relaxation amongst the modified energy levels. The
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expressions for 71 and Te relaxation in the extreme 

narrowing limit are presented as Eqn 2.33. 

1 1 S 21s e* qQ* 
— ee (t+ 7/8) 
T1 T2 AQ 31? (2-1) h 

  Tc Ce oe. 

where 1 is the asymmetry parameter and q is the electric 

field gradient at the nucleus. The electric field gradient 

at the nucleus is actually a tensor property and” is a 

measure of its anisotropy. The term e*qQ?/h is referred to 

as the quadrupole coupling constant where @Q, is a constant 

for a particular nucleus and values for the more common 

nuclei can be found in reference (72). The e*q part depends 

on the electric field gradient at the nucleus and can show a 

range of values even for the same nucleus’ in different 

compounds. For example in the highly symmetric '4NH4a+ ion 

the quadrupolar coupling constant is Zero... (73). and 

relaxation occurs via the dipole-dipole relaxation mechanism 

giving a T1 of approximately 50s. On the other hand in 

CH3C14N, the quadrupole coupling constant is 4 MHz, and the 

14N relaxation is dominated by the quadrupolar relaxation 

mechanism, and Ti equals 22 ms (74). 

Quadrupolar relaxation rates are extremely sensitive to the 

electrical symmetry of the molecule. A case in point is the 

AsMe4+ ion. In aqueous solution the arsenic relaxation time 

is fairly long due to the low value of the quadrupolar 

coupling constant. In chloroform, however, the arsenic 

relaxation time becomes very short, implying a  Jarger 

quadrupolar coupling constant. This was explained (75) by



82 

the formation of the ion pair AsMe4s+ X- in chloroform which 

lowered the electrical symmetry of the molecule. When 

quadrupolar relaxation dominates the relaxation process, it 

can provide a good measure of te from Eqn. 2.32. if the 

quadrupolar coupling constant is known. Such measurements 

can often be made using NQR spectroscopy. 

2.5 Applications of NMR Relaxation Times 

Much has all ready been stated on the potential use 

of relaxation processes in the above description of the 

various mechanisms of NMR relaxation. In most cases the 

relaxation of a nucleus is governed by more than one 

relaxation process and the total rate of relaxation, Rr, for 

a given nucleus is given by 

Rr = Rintra + Rinter + Ren + Rsr + Rosa + Rsc +Ra CE. 34) 

where R is the relaxation rate and the subscripts represent 

the relaxation mechanisms discussed above. The contributions 

from the various mechanisms can often be isolated from the 

total relaxation rate due to the different properties of the 

various mechanisms. For example the dipole-dipole relaxation 

rate can be separated from the total relaxation rate by 

measuring the nuclear Overhauser enhancement (Eqn. 2.21). 

The inter and intra contributions can be separated by 

dilution studies (55,56) or by intermolecular 'H-'H n.0.e’s 

(54) (Sec 2.4.1). The electron nuclear relaxation rate may 

be determined by subtraction of the observed relaxation
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rates in non doped and doped solutions (Sec. 2.4.2). 

Contributions to the total relaxation rate due to a 

spin-rotation interaction can be determined due to its 

unique temperature dependence (Sec. 2.4.3). Similarly a 

chemical shift anisotropy contribution can be determined due 

to its unique field dependence (sec. 214.4). Scalar 

relaxation can often be confirmed by its differential 

effects on 171 and T2 measurements (Sec. 2.4.5). If 

quadrupolar relaxation is present the mechanism is very 

efficient and is likely to dominate the relaxation rate (Sec 

2:49) - 

2.5.1 13C-1H Dipolar Relaxation 

Many of the applications of NMR relaxation have 

arisen from studies of '13C-'H dipolar relaxation times. Such 

applications have become popular due to the dominance of 

dipolar relaxation for the 143C nucleus and its’ ease of 

separation from other relaxation mechanisms via the n.O.e. 

Intermolecular dipole-dipole relaxation for 13C is often 

inefficient and does not therefore contribute to the n.0.e 

significantly (Sec. 2.4.1). In general applications of the 

dipolar relaxation rate fall into three categories: the 

determination of molecular structure, molecular dynamics and 

molecular interactions. 

2.5.1.1 Determination of Molecular Structure 

In 13C spectroscopy carbons bearing attached protons
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are often solely relaxed by the intramolecular dipole-dipole 

Contribution from the attacned “oroton  (€Sec. 2.4.41); In the 

case of more than one attached proton, Eqn. 2.23 can be 

modified to 

1 nv?H 2c h2 
—_—=> ——— Te ‘ IS 
T1 r§cH 

“where all the symbols have their usual meaning and n 

represents the number of attached protons. In a 'H noise 

decoupled 13C spectrum, therefore, the measurement of the 

relaxation times can provide information on the number of 

attached protons for each resonance. If n=0 the observed T1 

is considerably longer as relaxation is dominated by another 

mechanism (Spin rotation). In cases where the molecule 

tumbles isotropically in solution CH, CHz2 and CH3 carbons 

can, in principle, be distinguished due to the expected 

3:2:1 ratio of their relaxation times. This method, however, 

assumes isotropic rotation which is not often realistic and 

has been superseded by spectral editing techniques such as 

O.E.F.. 7 (38). Caemparison. of the relaxation times of 

non-protonated carbons can be used to correlate the '3C NMR 

spectrum with the structure based on the distance of a 

non-protonated carbon to a C-H dipole. Such reasoning 

facilitated spectral assignment for codeine and  brucine 

(76). In cholesterol chloride, Al lerhand (77) observed ring 

tag 11 SOF: the order 251. for: for... the ‘CH and Che ring 

carbons. The CH3 side chain carbons, however showed longer 

than expected Ti’s. This was attributed to rapid internal
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rotation of the CH3s group, thus modifying the te for CH3. If 

a proton on a 13C nucleus is replaced by a deuteron then the 

measured '3C relaxation time will increase due to the small 

magnetic moment of the deuteron. Such isotopic substitution 

will effect the T1 values of non-protonated carbons close to 

the isotopic substitution site. This technique has been used 

in the spectral assignment of alkaloids (78). 

The use of electron-nuclear relaxation agents can be 

used as an aid to assignment. Eqn. 2.24 can be rearranged to 

define a quantity [Ri®] which is the specific 

electron-nuclear relaxation rate (1/T1® divided by the 

product of the viscosity and concentration of the 

paramagnetic species, where 1/T1® is the spin-lattice 

relaxation time due to electron-nuclear relaxation). For the 

paramagnetic relaxation agent Fe (acac)3s ,[Ri®] is usually 

of the order of 50 units, but this value can increase quite 

significantly when there is a significant amount of 

intermolecular interaction present. | Intermolecular 

interactions result in the effective increase in the 

concentration of the paramagnetic additive at the site of 

intermolecular interaction. In _ such cases a collision 

complex is formed and the value of [Ri®] is expected to fall 

with distance from the complexation site. Borneol (79) was 

studied using this technique and a full spectral assignment 

was possible on the basis of the variation of the value of 

[Ri®] with distance from the OH group.
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2.5.1.2 Molecular Dynamics and Interactions 

Many small molecules tend to tumble anisotropically 

in solution. Preferential tumbling along a particular axis 

may result from inertial, electrostatic, or intra-and 

intermolecular interactions (80). Peripheral molecular 

fragments in large molecules may have shorter correlation 

times than the overall correlation time of the whole 

molecule because of rapid internal rotations. -This was 

observed for the peripheral methyl groups in cholesterol 

chloride (77). Monosubstituted benzenes show anisotropic 

tumbling in solution (65) with Sat hinntint: tumbling 

occurring about the C2 symmetry axis. This observation was 

based on the consistently shorter 71 values for the para 

carbons in monosubstituted benzenes over’ the ortho and meta 

carbons. Rotation about the C2 symmetry axis does not lead 

to any modulation in the dipole-dipole interaction of the 

para carbon and its associated proton. However, such 

rotation does lead to longer relaxation times for the ortho 

and meta carbons because the C-H bonds make angles of 60° 

and 120° with the C2 axis. Levy et al (65) were able to 

calculate the approximate preferential tumbling ratio about 

the C2 axis in monosubstituted benzenes from the ratio 

Tiortho/Tipara. They concluded that the anisotropy in the 

tumbling increased with the size of the para substituent and 

that in the limit of much faster rotation about the C2 axis 

the ratio Tiortho/Tipara would equal 64. Tumbling anisotropy 

has been used to study solvation processes on molecular 

motion. For example when phenol is diluted with CCl4 the
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phenol molecular aggregates begin to dissociate, this was 

demonstrated by the increase in the 13C relaxation times 

(i.e. lower tc) and the decrease in the ratio Tiorthno/Tipara 

with increasing dilution (81). Anisotropic tumbling has also 

been used in the study of “ring whizzing” in organometallic 

sandwich complexes (82). 

T1 measurements also provide a way of studying 

localised motion along aliphatic chains. Segmental rotation 

has been observed in 1-decanol (83) and along some shorter 

chains in some aliphatic amides and oximes (84). To observe 

segmental motion the local motion must be equal to or 

greater than the overall motion of the molecule. It is 

possible to calculate tcert for the individual carbons along 

the chain provided that the C-H internuclear distance is 

assumed constant. Hence tcerf for C1 in decanol is seven 

times longer than tcerr for C10. This is attributed to 

intermolecular hydrogen bonds restricting the motion of the 

hydroxylic end of the alcohol chain, and thus the method may 

prove of use in the study of intermolecular interactions. 

Studies of the ion n-BuNH3* CF3COz- in various solvents (85) 

showed that in non polar solvents the ion pair anchored the 

molecule, consequently the measured 1T1’s were low. and 

segmental rotation was pronounced in the butyl] chain. In 

polar solvents, however, the 1T1’s increased and the amount 

of segmental motion in the butyl chain decreased. This was 

attributed to the higher dielectric constant of the polar 

solvent more effectively separating the ion pairs.



88 

2.6 Relaxation Times in Exchanging Systems 

The measurement of exchange rates in NMR has been 

counted by the method of total lineshape analysis. With 

the advent of pulsed NMR the use of relaxation times in the 

determination of exchange rate constants has increased. 

Methods have been developed which can supplement lineshape 

analysis and extend the range of rate constants measured by 

the NMR technique. A review article by Lambert et al (86) 

has examined the applicability of relaxation data to dynamic 

NMR. 

2.6.1 Intermediate Energy Barriers 

Ti1/ studies are potentially useful in the 

intermediate energy barrier region as they are sensitive to 

exchange processes occurring at rates governed by Bi as 

opposed to YBo for 1T1. In such studies the parameter 

T1*(exch) is measured which is given by Eqn. 2.36. 

1 1 1 
ee ee) ee ee (2.36) 

Ti’? (exch) Ti /(obs) T1 

For exchange between two sites with equal populations, the 

net Ti/(exch) is related to the spin-lock frequency, #1, the 

mean lifetime, t = 1/k, of a molecule in one of the sites, 

and the chemical shift difference between the exchanging 

sites Av where k is the rate constant. The measurement of 

the rate constant at various temperatures allows’ the 

thermodynamic properties of the system to be calculated.
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ale waiter (AY )* Per see St) 
-T1 /( exch) +e Pa 

It is not, however, as implied in Eqn. 2.37 necessary for 

the exchange rate to be in the slow exchange region. A plot 

of Ti/’(exch) against #17 will give values for t and Av from 

the slope and intercept. Stilbs et al (87) have obtained the 

energy barrier to amide rotation in urea and by variation in 

the temperature were able to measure AY well above the 

coalescence temperature using the technique. The ring 

reversal barrier in cis-decalin (88) has been measured as 

has the C-C rotational barrier between the aldehyde group 

and the phenyl moiety in benzaldehyde (89). The practical 

kinetic range for the method is about 102-108 s-1! and thus 

it slightly extends the lower field limit of lineshape 

methods. Due to its high accuracy and its applicability to 

fast kinetics without the necessity of slow exchange the 

method should gain wide spread use in the future. 

2.6.2. High Energy Barriers 

In a two spin system saturation of one resonance (S) 

causes magnetization transfer to another nucleus (I) ina 

chemically exchanging system. Forsen and Hoffman (90) showed 

that analysis of the perturbations ay ot “can provide 

relaxation and exchange data for the system. The rate of 

magnetization change at (I) can be written as 

dMz?! Mz? t(0) Mz? (t) 
S = C2. 38.) 

dt : Ti! til 

 



90 

  

where tr is the reciprocal of the rate constant and Ti! is 

the -spin-lavucice. relaxation. time. of 1. @Ean.. .2:38: can “be 

solved to give 

t11 til 

C2739) Mz? (t) = Mz!I(0) —— exp (-t/tit) + — 
or Til 

Hence from values of Mz?(t) at various values of t and an 

independent measure of T1, Tr can be obtained. A similar 

experiment but with the I spin saturated permits the value 

of ts to be obtained. The method did not become popular 

until the advent of pulse techniques due to experimental 

difficulties (86). For !3C applications in Fourier transform 

spectroscopy, instead of saturating the resonance S a 

selective 180° pulse is applied to it. This places a limit 

on the experiment that T1!=T1%8, despite this Boekelheide 

(91) measured the barrier to ring reversal in 

[2,2]metaparacyclophanes from 1H NMR-~ and Mann (92) measured 

the ring reversal rate in cis-decalin. Mann (93) has also 

extended the method to provide exchange data when 171!#T1S. 

With the possibility of selective spin saturation on 

spectrometers for nuclei other than ‘'H the method should 

prove useful in the determination of exchange rates that do 

not attain the fast exchange lineshape regime. 

2.7. NMR Relaxation in Medicine
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In the early 1970’s Damadian (94) established that 

there were significant differences in the measured 1H NMR 

relaxation times (T1 and Tz) of normal and malignant tissues 

in: rate... It: was. 4iso established in this series of 

experiments that each soft tissue organ had its own 

characteristic Ti and consequently the idea of NMR body 

scanning was born. Similar observations were reported in 

human tissues 095.) Damadian (95) explained these 

observations by concluding that tumour tissue had less 

intercelluar water structure than normal tissue, and 

consequently there ts more diffusion and hence’ longer 

relaxation times. Weismann et al (96) showed that the 

measurements could be made in vivo as well as in vitro ina 

study on mice. Zaner et al. (97) have extended the study to 

the 31P nucleus and showed that the measured T1 values were 

genenatis longer than those observed for. protons. A full 

discussion is beyond the scope of this thesis but from the 

early investigations, NMR body scanning on human subjects 

has become a reality, and a aetik non invasive diagnostic 

tool. Damadian (98) has edited a collection of early papers 

on the subject. 

2.8 Conclusions 

The discussion in Sec. 2.3 presented a simplistic 

view of relaxation processes. In particular the use of Eqn. 

2./ to define ‘tc. has: been. much criticised (565,99) and 

improved theories investigated. Eqn. 2.7 assumed isotropic 

rotation of a sphere of radius, r, in a medium of viscosity
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n. It has been shown in Sec. 2.5.1.2 that isotropic motion 

is not a reality. Woessner et al. (100) have treated the 

case of an anisotropic system based on rotational diffusion 

about a C3 axis and equal rotational diffusion about the two 

perpendicular axes, (a symmetric top molecule). The 

approach has been further extended to anisotropic rotation 

about three perpendicular axes (an asymmetric top molecule) 

(101). Using Woesnner’s equations Grant et al (102) were 

able to obtain the diffusional rotation constants about the 

three perpendicular axes and show that adamantane is an 

isotropic tumbler, bicyclooctane a symmetric top molecule 

and trans-decalin an asymmetric top molecule. Woessner et al 

(103) have also treated the case of rapid internal motion 

imposed on isotropic overall motion for a methyl group. This 

approach has allowed the rate of internal rotation for 

methyl groups to be calculated. In cases where the methy! 

group is not a free rotor temperature studies have allowed 

the potential barrier to methyl] rotation to be calculated. A 

review of such calculations and its further extension to 

symmetric and asymmetric top molecules is given by Lambert 

et al (86). The applications presented in this chapter are 

by no means exhaustive but serve to illustrate the great 

potential use of NMR relaxation times in chemistry, biology 

and medicine. The routine use of NMR relaxation times, 

however, tends not to be popular due to the excessive time 

these measurements often take (Chap 4). This thesis is 

primarily concerned with the reduction in this time and the 

consequent use of NMR relaxation data in routine NMR.
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CHAPTER 3 

POURIER TRANSFORM NMR
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Nuclear magnetic moments can absorb energy from an 

oscillating electromagnetic field applied perpendicular to 

the direction of the static field, Bo, provided that the 

Larmor condition of Eqn’s 1.7 and 1.12 is fulfilled. For 

most practical static magnetic fields the Larmor condition 

is fulfilled when the applied electromagnetic radiation is 

in the radio frequency range of the electromagnetic 

spectrum. 

From the Larmor expression it is evident that if the 

field is swept whilst the frequency is kept constant or 

vice-versa then at a certain combination of field and 

frequency the Larmor condition will be fulfilled. At this 

point energy will be absorbed from the electromagnetic field 

and an NMR signal observed. If the field or frequency are 

swept through the chemical shift range of the nucleus being 

observed then absorptions will occur at different fields or 

frequencies governed by o for each chemically shifted 

nucleus in the molecule (Eqn. 1.42). Hence, using these 

continuous wave techniques it is possible to observe a high 

resolution NMR spectrum. In order for the time derivatives 

of Eqn. 1.38 to equal zero and consequently give the 

lineshape represented by Eqn. 1.41, the sweep of the field 

or frequency has to be very slow (slow passage). Faster 

sweep rates result in line distortions and hence the 

continuous wave excitation method is very time inefficient.
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Tt 1S OPVi0UsSTY better” 1fs--ins a static field, al] 

the frequencies in the chemical shift range of the nucleus 

can be applied to the sample at the same time. Bloch et al. 

(104) realised that this was possible by subjecting the 

sample to a short intense electromagnetic field pulse, 

perpendicular to the static field, of frequency close to 

that predicted for the Larmor condition to be fulfilled for 

the observed nucleus. Provided that the duration of the 

pulse is sufficiently short, such a pulse provides all 

possible excitation frequencies across the chemical shift 

range of the nucleus (Sec. 3.3.1). This approach, although 

considerably more efficient than the continuous wave method 

produces a comp1]icated interferogram (Free Induction 

Decay,(FID)) composed of all the precessional frequencies in 

the rotating frame (Sec. 1.6.2) corresponding to the various 

chemically shifted nuclei in the sample. The FID decays with 

a time constant equal to Tez*. Initially, therefore pulse 

(free precession) techniques were not useful for high 

resolution NMR, but found use in the study of relaxation 

times (105). The FID contains the same information as the 

high resolution, slow passage, continuous wave spectrum (16) 

but the observed signal is .a variable of time rather than 

frequency. Ernst and Anderson (16) showed that the FID and 

the high resolution spectrum were a fourier pair and hence, 

one could be obtained from the other by the technique of 

fourier transformation (Sec Seed. The mathematical 

requirements for a fourier transformation can be readily 

handled by a computer and, consequently, since about 1970 

pulse fourier transform NMR spectrometers have superseded
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continuous wave spectrometers. This has opened the way to 

make the NMR technique possibly the most versatile 

analytical technique available to the modern chemist. 

3.2 Fourier Transformation 

The Fourier transformation between the time domain 

and the frequency domain can be expressed as 

+0 

EC Vers | F(t) exp (2mivt) dt C34) 

The converse transformation between the frequency and time 

domains is given by 

+o 

f(t) = F(v) exp (-2mivt) dt (scan 
ae 

where f(t) is the time domain function and F(v) is the 

corresponding frequency domain function. If he time domain 

function only exists for a finite time then the situation 

can be further simplified. 

  

C+ 0 

TA) = Fe(v¥) cos 2nmvt dt (37739) 

(+ 0 

F(t) = Fe (V)Sin 2nyt: dt C3.4) 

where 
(+o 

Fe(v¥) = FC t)<cos 2tvs dt (3*.5") 
J-@ 

(+0 

Fs(v) = TCC) Sin 2s dG (3, 6) 

Fe(v¥) and Fs(¥) are known as the cosine and sine
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transformations of f(t). These transformations are very 

important in pulsed NMR as-'- the cosine transformation of the 

time domain signal gives the v mode signal and the sine 

transformation gives the u mode signal (Sec. 1.6.3 and Fig. 

1.4). Several other properties of fourier transforms are 

worth noting:-— 

1) Change of Origin 

If the zero time of a function is changed by an amount Bt, 

then the twin function is multiplied by exp (2mivdt) 

f(t+5t) = F(v) exp (2nivdt) (3.7) 

2) Area 

The total area under a function is equal to its transform at 

the origin 

| F(v) dv = (0) (3.8) 

3) Digitisation 

Lt <a, Function Flt) ' “ts sampled and can therefore be 

considered as a series of 685 functions ts apart then its 

transform is also a series of 5 functions 1/t Hz apart 

a 1 a 

2 O(t=nt) f(t) = = x F(v-n/t) (3.9) 
n=-o T n=-o 

Hence, if the time domain function is digitised then the
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resultant is simply a digitised frequency domain function. 

4) Addition and Subtraction 

The addition or subtraction of. two functions g(t) and f(t) 

inthe. tame demain -1S. equivalent cor the “addition. or 

subtraction-of. the — two corresponding frequency domain 

functions. 

Petree t g(thi = -Fifethi + Fle ct)3 £37104 

5) Multiplication 

The multiplication of a time domain function by a constant, 

a, results in the multiplication of the corresponding 

frequency domain signal by a. 

FATT) = "er ( tts?) (eit 

The above results are important when one considers the 

fourier transform of the FID (time domain) to give the slow 

passage NMR spectrum equivalent (frequency domain). Time 

averaging of signals in one domain is equivalent to time 

averaging in the other domain [4]. If the size of the FID is 

doubled then so is the signal in the frequency domain [5]. 

The value of a function at zero in one domain is equal to 

the area under the function in the co-domain [2], hence the 

choice of the origin is very important [1]. In FTNMR the FID 

is never immediately sampled (Sec. 3.4.5) and hence from [1]
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this introduces a phase shift in the time domain signal. On 

fourier transformation the resultant . spectrum cannot’ be 

observed directly as its sine and cosine transformations, 

and hence as u and v_ mode signals, without this phase shift 

being corrected (Eqn’s 3.3 to 3.6 and: Seo. Sr4.g).: 

3.2.1 Digital or Discrete Fourier Transforms 

The FID is converted into .a regular series of 

discrete values when it is digitised. Such digitisation is 

nacee dee in order for a computer to carry out the fourier 

transformation. The continuous function f(t) can therefore 

be rewritten as 

N-1 

F(t) = = fn 36(t-0t) (8% .12.) 
n=0 

where fn is the digitised function, N the number of sampling 

points and tT represents the time between sampling points. 

Sampling theory dictates that for a frequency domain 

spectrum AHZ wide, t=(24)-1, and hence for a specified 

number of data points, N, the total acquisition time (Tac) 

can be defined. Eqn. 3.9 showed that such a discrete 

function in one domain could be fourier transformed into the 

co-domain. The integration must now be replaced by a sum 

over ~a - finite. series. of values: (NN), “and..the— fourrler 

transformation is thus rewritten as 

N-1 

ECY) = ANG E(t) exp. (2 ny AND (eartee") 
n=0 

The finite nature of the sampling time now results ina
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limiting resolution which is observable in the fourier 

transformed spectrum. The spectral resolution, Sres, is 

given by 

Sres = 2A/N (3.14) 

This defines the frequency interval between each data point 

in the fourier transformed spectrum. The fourier transform 

is normally carried out using the fast fourier transform 

(FFT) method of Cooley and Tukey (106). This depends on 

symmetrising a matrix and thus carries out the calculations 

more quickly. The Cooley-Tukey algorithm dneate up a fourier 

transformation of a 32K (N=32x1024) data matrix by about 

1500 times. The only limitation is that N=2"9 where n is an 

integer, this is not really a problem as computers are 

binary based. One note of caution is that the transform is 

usually carried out in place and therefore it will overwrite 

the FID; it” 1s “  gransforming:: If signal «to =noise = (S/N) 

enhancement or resolution enhancement (S6G.°. Si 479) 78 

required then a copy of the FID must have been previously 

saved. 

os Pulsed Excitation FTNMR 

nae Pulsed Excitation in the Rotating Frame 

It was stated in Sec 3.1 that a short intense radio 

frequency pulse of frequency, vc, close to the Larmor 

frequency of the observed nucleus was sufficient to cause
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the individual chemically shifted magnetic moments to absorb 

energy. For this to occur it is apparent from Eqn. 1.42 

combined with 1.7 that the pulse must contain frequency 

components across the entire chemical shift range of the 

observed nucleus for a fixed static field. This can be 

understood by the fourier transformation of a square wave. 

Fig. 3.1 shows that the fourier transformation of a square 

wave of amplitude, Bi and duration t gives a sinc curve in 

the frequency domain. The effective range of frequencies 

covered by such a pulse is 1/t, which for a pulse of 10us is 

equivalent 105 Hz. This is easily enough to cover the entire 

1H or 13C chemical shift range. A. flat distribution of Bi 

over the frequencies of interest is required and so it is 

usually prudent to allow t-! to be one or two orders of 

magnitude greater than the chemical shift range under study. 

From sec. .1.6.2.; -when “the rotational Velocity of = the 

rotating frame is equal to wo, then resonance occurs and the 

on resonance magnetization component along the z axis is 

tipped through the zy plane at a frequency 7B1. For a pulse 

of t s in duration the total flip angle, 8 in radians, is 

given by 

Ova. VBC (3). 15°) 

When t is such a length that @=n/2 the on resonance 

magnetization component will lie along they’ axis of the 

rotating frame. Such a condition is called a 90° pulse. 

Similarly after a 180° pulse the magnetization component 

will lie along the -z axis (Fig. 3.2). Obviously after a 90°
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Fig. 3.1 (a) A Square Wave Pulse of Radiation at Frequency 
Ve in the time domain (b) Its Fourier Transform in 
the Frequency Domain 

(a) Zz Bo (b) Zz Bo 

  

  

    
Fig. 3.2 The Effect of (a) a 90° Pulse and (b) a 180° Pulse 

On_a Magnetization Component, Mo, ina Frame of 
Reference Rotating at 41
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pulse the rate of change in My will be greatest and a 90° 

pulse will give the maximum v- mode signal. In pulse NMR all 

chemically shifted nuclear moments are flipped away from the 

z axis, but off resonance moments (ie those precessing about 

the field direction at rate different to that of the 

rotating frame of reference) (Sec. 1.6.2 and Fig. 1.5) are 

nutated about Berr (the resultant field in the rotating 

frame of reference) (Sec 1.6.2 and Fig. 1.5) by an angle a, 

which is larger than 8, during the period t. As Bett is not 

coincident with the x’ axis then when a=90°, off resonance 

vectors do not lie along the y’ axis but are flipped towards 

the x’y’” plane (Sec 5.3.2) and thus the detected signal will 

be a mixture of u and v mode signals. In pulse NMR the 

angular frequency of the rotating frame is identical to the 

frequency of the electromagnetic field which is gated to 

produce the pulse. The departure of off-resonance 

magnetization components from the y’ axis’ of the rotating 

frame is usually small unless the chemical shift is 

exceedingly large. Consequently, the use of pulses enables 

the magnetization, M, to be placed in any chosen direction 

Without any relaxation during the pulse provided t«Ti ,T2*. 

3.3.2.The Free Induction Decay (FID) 

Folowing a nutation pulse the Boltzmann equilibrium 

is restored via relaxation processes (Chap 2). The Mz 

component of the magnetization after the pulse Mz+ relaxes 

exponentially towards Mo and after a time, t, the Mz magnet- 

i1Zation, Mz(t) is given by,
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Mz(t) = ‘Mo -— (Mo - Mz+) exp(-t/T1 ) (32:76) 

Similarly the My component immediately after the pulse, My?t, 

will decay exponentially with a time constant Tz* towards 

zero. The My component after a time, t, My(t) is given by, 

My (G) = My*. exo (-—t/Te* ) C2443 

where 1/T2* = 1/Tz + 1/Tinhom and 1/Tinnom is the rate of 

decay of the My component due to inhomogeneities in the 

static field, Bo. Immediately after the pulse ie beberved 

signal induced in the detector coil will be proportional to 

My*+, which will be attenuated as transverse (T2*) relaxation 

occurs. If the component represented by My is on resonance 

then the plot of signal against time (the FID) will be 

simply an exponential decay. If the component represented by 

My is off resonance by v Hz then the observed plot of signal 

against time will be an exponentially decaying sinusoidal 

wave of frequency yY ae In cases where there are several 

off-resonance components the exponentially decaying 

sinusoidal waves will constructively and destructively 

interfere causing the production of a complicated 

interferogram. 

3.4 Instrumental Considerations 

The spectrometer used for the work in this thesis 

was a Jeol FX 90Q spectrometer (107). This section on 

instrumental considerations will therefore be based on the
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Jeol FX 90Q spectrometer. 

FTNMR spectrometers have many common features and 

hence much of what is written in this section is applicable 

to other spectrometers. Rig. ae showS a_ schematic 

representation of the basic units in the Jeol FX 90Q 

spectrometer. 

3.4.1 The Magnet 

An NMR magnet must provide a stable and homogeneous 

field Pies tne sample. The homogeneity of such a field 

must be of the order of 1 in 109. The magnet in the Jeol FX 

90Q spectrometer (107) is a water cooled electromagnet which 

provides a field of 2.11 T and enables a proton resonance to 

be observed at a frequency of 90 MHz. The magnetic field is 

produced by passing a current through wires wrapped around 

an iron core. The largest field that can be produced by an 

electromagnet is approximately 2.3 T due to saturation of 

the iron core. To achieve the required homogeneity the 

magnet is temperature stabilised via the cooling system. 

Also, the diameter of the pole caps must be considerably 

larger than the sample length and they must be 

metallurgically uniform and almost optically flat. Even with 

the appropriate engineering the required homogeneity cannot 

be achieved. The homogeneity of the field is inc Peased by 

opposing any field gradients present in the principal field 

with field gradients produced by varying the current
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flowing in coils geometrically placed in the pole pieces of 

the magnet. Such coils are called Golay shim coils and can 

correct -first order (<> 27) gradients, second order 

Gradients X¥e yee XZ 2* eG and higher order gradients. 

Homogeneity is further increased by causing the sample to 

spin rapidly (>15 Hz). about the -y axis; this can cause 

modulation of any residual field gradients and lead to 

spinning side bands in the spectrum. The use of the 

procedures outlined above allows the required homogeneity to 

be achieved. The quality of the resulting NMR spectrum is 

very sensitive to field inhomogeneity along the y axis and 

so the Jeol FX 90Q spectrometer has a resolution stabilser 

which constantly adjusts the y axis field gradient to retain 

the homogeneity of the field. 

The magnet must also be stable over long periods of 

time with the field required to be constant to about 1 part 

in 108/Hr. Such stability is achieved for an electromagnet 

in three stages. The first stage is by the use of a high 

precision current stabiliser which maintains a constant 

current flowing through the coils of the electromagnet. The 

second stage is via the use of a flux stabiliser. Pick up 

coils are mounted on the pole caps, the voltage induced in 

the coils due to fluctuations in the field are amplified, 

integrated and fed as a correction signal to the current 

stabiliser. The final stage of stabilisation is via the use 

of a field-frequency lock which is discussed below.
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3.4.2 The Field-Frequency Lock 

The field-frequency lock on the Jeol FX 90Q 

spectrometer (107) operates by observing the NMR signal of a 

heteronucleus. On the Jeol FX 90Q spectrometer a_e lock 

oscillator at a constant frequency observes the dispersion 

mode signal of either a deuterium or lithium nucleus. The 

deuterium lock is called an internal lock as separate coils 

on the probe assembly (Sec. 3.4.3) sweep the field through 

the deuterium resonance of the NMR solvent contained in the 

sample tube on a time-share basis. Initially the signal is 

brought to the centre of the oscilloscope screen by 

adjusting the field, Bo. The lock circuit is then switched 

on and receives a voltage corresponding to the signal 

strength at the centre of the oscilloscope screen. Owing to 

the shape of the dispersion signal (Fig. 1.4), deviation of 

the resonance from the centre of the oscilloscope screen 

will cause a positive or negative voltage to be detected. 

This voltage is converted to a current which is then fed to 

the current stabiliser and hence provides a correction to 

the’ Bo ifteld. and brings the= lock* “signal back to exact 

resonance. The. lithium lock operates in a similar way except 

that it is an external lock. The resonant lithium nucleus is 

Situated away from the analytical sample tube and hence is 

external to the sample. This’ provides a correction ina 

similar way but due to the difference in distance between 

the lock and the sample the correction is not as accurate. 

External locks are useful when the sample contains no 

deuterium. It should be noted that field-frequency locks can
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only compensate for small variations in stability and the 

above three stage correction procedure is required to 

maintain sufficient overall stability. 

3.4.3. The Probe 

The etn funcbIon, Of ~the. =probe «= 1S.to postition the 

sample between the poles of the magnet. The probe on the 

Jeol FX 90Q (107) is of the “omni” type and is composed of a 

fixed permabody section, replaceable rf modules and a sample 

insert. The fixed permabody section is non magnetic and 

houses replaceable rf modules for external lock, observation 

and double irradiation. The permabody section houses a 

double walled dewar for variable temperature studies on 

which the double irradiation coils and a thermocouple are 

mounted. An air line is also provided which acts ona 

turbine placed on the sample tube to spin the sample; a 

photosensor mounted close by records the spinning rate. On 

either side of the permabody section the current shim boards 

and the external lock sweep coils are attached. The probe 

body is maintained at a constant temperature by the 

circulation of cooling —wateraround..1t... Tne  Jdeol EX. 900 

system used in the current work was the broadband 

multinuclear model and as such has ae_etuneable rf module. 

Different tuning ranges plus coarse and fine tuning controls 

are provided to enable’ the transmitter/receiver coil to be 

tuned over a wide range of frequencies. The sample insert 

supporting the transmitter/receiver coil and the deuterium 

lock coils, plugs directly jnto the permabody section. The
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advantage of such a probe is' that different sample inserts 

for 5mm, 10mm or low frequency operation can be plugged into 

the probe without having to change the whole assembly. The 

permabody section also houses a ‘'H irradiation module which 

is used for tuning the irradiation circuit. Due to the high 

powers required for pulse spectroscopy (100 W) the probe 

must be very carefully designed to avoid over heating and 

pulse break through in the observed NMR signal. 

3.4.4 The RF Transmitter 

In multinuclear instruments the resonant frequency 

is synthesised by a frequency synthesiser. The output from 

the frequency synthesiser is phase locked (to provide 

stability) to the master clock unit which consists of a 

highly stable RF crystal oscillator in which temperature 

effects are internally compensated for. Due to the range of 

frequencies required for multinuclear NMR it would be 

necessary to have an independent rf amplifier for each 

nuclear frequency. This problem is circumvented by 

amplifying the rf signal at an intermediate frequency. An rf 

signal of correct frequency and power is Besos to the 

transmitter coil by frequency modulation of the intermediate 

frequency signal with a local signal for the nucleus being 

studied. This approach would require a separate local 

oscillator for each nucleus studied but the local signal can 

be derived from the frequency synthesiser fom. the 

observation nucleus. In order to provide tock and double 

irradiation facilities separate local oscillators for these



functions are used. 

3.4.5. The Receiver Circuit 

The probe on the FX 90Q . spectrometer is of the single coil 

type (transmitter and receiver use the same coil). The Bi 

field normally has a value of ca. 1073 T whereas the field 

induced in the receiver coil due to the precession of the 

nuclear magnets is ca. 10712 T. Hence before a nuclear 

Signal can be detected the field due to the transmitter 

pulse must have decayed towards zero. This is achieved by 

the introduction of a delay time after the pulse and prior 

to detection. There are several problems associated with 

this viz (1) the FID decays with time constant Tz* and 

‘consequently signal is lost, (2) the area under the 

frequency domain function is determined by the value of the 

time domain function at the origin (Eqn. 3.8) and (3) the 

change of origin (Eqn. 3.7) results in the mixing of the 

sine and cosine transformations and hence’ in a mixture of 

dispersion and absorption signals in the transformed 

spectrum. The delay time can be reduced to a minimum by 

temporary degradation of the tuning of the rf circuit (108). 

The resulting rf signals are amplified by the use of a 

wideband amplifier once again using the intermediate 

frequency technique and output to the phase sensitive 

detector. The Jeol FX 90Q spectrometer uses quadrature 

detection (Sec. 3.4.8) and hence two phase sensitive 

detectors are required.
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3.4.6 Phase-Sensitive Detector 

The phase-sensitive detector compares the output 

from the receiver coil with the frequency of the Bi field or 

the intermediate frequency by cross-correlating the two. 

Cross-correlation is a measure of whether any correlation 

exists between two functions. The output from the detector 

is a voltage which depends on the frequency and phase 

difference between the two signals. If the frequency and 

phase of the nuctear signal are identical to those of the 

drive frequency then an exponentially decaying d.c. voltage 

with time is observed. “If the signals are of the same 

frequency but of a different phase then a decaying d.c. 

output is still observed, but the initial magnitude of the 

output is dependent on the phase difference between the 

signals; signals 90° out of phase result in no output at 

all. If the frequency of the drive signal and the nuclear 

signal are different then an a.c. output is derived, the 

frequency of which is the yet anernce between the drive and 

nuclear signals. The sinusoidal output starts at a maximum 

if the drive and nuclear signals are in phase and ata 

minimum if they are 90° out of phase. The output from the 

phase sensitive detector is then the. FID... As it contains 

only difference frequencies the audio signal produced can 

readily be sampled and stored for fourier transformation. 

Before sampling, the output from the phase sensitive 

detector is filtered to remove any high’ frequency noise 

associated with the nuclear signal.



3.4.7 The Analogue to Digital Converter (ADC) 

The analogue to digital converter converts’ the 

analogue output of the phase sensitive detector to the 

digital information required by the computer to complete the 

fast fourier transform (Sec. 3.2.1). The signal is sampled 

at regular intervals, t, and converted into a binary number 

which is then stored in the computer. The time, t, between 

sampling intervals is determined by the spectral width of 

the fourier transformed spectrum (Sec, Bi cial a ANY. 

frequencies which are sampled which are lower’ than the 

spectral width (Nyquist frequency ) will be accurately 

represented by the digitisation process. If, however there 

are spectral absorptions of frequency higher than the 

spectral width (Nyquist frequency) then such frequencies 

will not be accurately represented. If the Nyquist frequency 

is F and there is a spectral absorption lying at F+taAF then 

the digitisation process will result in the spectral 

absorption appearing in the spectrum at the position F-AF. 

This feature is called folding or aliasing and must be 

avoided by making sure the spectral width contains all the 

absorptions present in the spectrum. This obviously presents 

another problem as all the absorptions in the spectrum must 

be less than or higher than the carrier frequency for them 

to be correctly sampled by the A.D.C. It would obviously be 

better if the carrier could be positioned at the centre of 

the spectrum and so increase the signal to noise ratio by 

the elimination of folded high frequency noise and extend 

the range of an even Bi field across the spectrum (Sec.



8.3.1). sEATS* Situation ican be achieved by. the wse Jot 

quadrature detection (Sec. 3.4.8). 

The dynamic range of the A-D.C... 1s also of great 

importance in NMR spectroscopy. The Jeol FX 90Q spectrometer 

(107). nas.a 12. bit. A.D.C. If the signal: from the phase 

sensitive detector completely. fills the -A.D.c. then the 

lowest signal that can be detected is represented by the 

voltage required to activate the first bit of the A.D.C., 

and hence for a 12 bit A.D.C. the dynamic range is limited 

to 1 in: 2'*. “The situation °1s obviously worsened if. the 

signal is not sufficient to fil] all the bits of the A.D.C. 

which results in the effective measurable dynamic range 

being reduced. If the signal is too large then the first 

Partof ~the: FID “wii not be represented properly and 

‘distortion in the resulting spectrum will appear. It is, 

therefore, very important to set the receiver. gain 

accurately. The dynamic range represented is probably quite 

adequate for most samples, and indeed the situation is not 

quite as described because for very weak signals where the 

noise is larger than the signal, signal averaging can often 

Cause a peak to be detected even if its intensity is below 

the dynamic range of the A.D.C. This is because during 

signal averaging the signal to noise ratio increases with 

the square root of the number of scans. There is a further 

dynamic range problem which must be addressed. The JEC 980B 

is a 16 bit computer and hence it is_ only possible to 

collect 16 time averaged scans until the computer is full 

USING ele. “ott, A.DeGe digitisation. If further sample
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averaging is required then the data must be scaled down in 

the computer and the incoming data from the A.D.C. must be 

scaled down thus reducing the dynamic range that can be 

measured. 

3.4.8. Quadrature Detection 

in-gec....3.4.7... it: .was “noted. that it “would. be 

advantageous if the carrier could be positioned at the 

centre of the spectrum. This is only possible, however, if 

two phase sensitive detectors are used whose reference 

frequencies are identical but whose phases differ by 90°. 

Although it is not true, it is convenient to think of one 

detector that is set to detect the cosine transformation and 

the other that is set to detect the sine transformation. The 

two signals can then be separately digitised, and treated 

as real and imaginary parts of a complex spectrum. On 

fourier transformation positive and negative frequencies are 

correctly distinguished. 

Fourier transformation preserves’ the symmetry of 

functions eg if f(-x) = f(x) then the function is said to be 

even whereas if f(-x) =-f(x) the function is said to be odd. 

On fourier transformation even functions remain even and odd 

functions odd; cosine and sine are readily seen to be even 

and odd respectively. Hence the absorption part of an odd 

function in the frequency domain will give rise to a 

positive and negative absorption at +3 where 5 is the offset 

frequency from the carrier whereas the absorption part of an
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even function will give rise to two positive peaks at +5 in 

the. frequency domain. — Thus when both components) are 

transformed, one line in the frequency domain is reinforced 

whereas the other is cancelled giving rise to the required 

distinction. Quadrature detection has several advantages. It 

improves the S/N ratio in a spectrum by /2 as high frequency 

noise is no longer folded in. Also it reduces the required 

speed of the A.D.C by a factor of 2 (although 2 A.D.C’s are 

now required) and produces a more even Bi field across the 

spectral width. 

Quadrature detection can lead to quad images ina 

spectrum which result from incomplete cancellation of the 

unwanted folded peak. Such images result from slightly 

different characteristics of the 0° and 90° phase channels 

in amplification, filtering etc. This can be reduced by 

alternating the 0° and 90° channels and adding the 

resultants in the computer. In practice this is achieved by 

incrementing the phase of the Bi field and the receiver 

after each successive scan with appropriate data routing in 

the computer. Such a phase cycle is called CYCLOPS and is 

extensively used in FTNMR (1097). The Jeol FX 90Q 

spectrometer uses an 8 step phase cycle which reduces the 

Quad images usually below the noise in the spectrum. For 

accurate data acquisition, however, this means that 

acquisitions should be carried out in multiples of 8 

repetitions (110).



3.4.9 The Computer 

The computer essentially controls the FTNMR 

spectrometer. One part of its memory is concerned with the 

FTNMR program which contains the algorithms required Or 

fourier transformation of the data, phase correction, base 

line correction, integration, smoothing, spectral expansion 

and data reduction. When the above processes are carried out 

on a data set is controlled by the operator who converses 

with the computer. Whilst on most NMR spectrometers this 

occurs via a keyboard, the Jeol FX 900 spectrometer permits 

conversation via a light pen. On the Jeol FX 90Q 

spectrometer the program running in the computer can be 

varied to allow automatic data analysis for T1 and T1/ or 

the auto stacking of data with certain parameters changed; 

alternative programs are loaded via cassette tape. With the 

aid:..6f .. tre digital bo analogue .converter, fourier 

transformed data can be displayed on a plotter, monitor 

>scope or aherae for future reference on cassette - abst The 

computer also permits foreground background working which 

allows data to be processed (ie fourier transformed, plotted 

etc) whilst new data is being accumulated from a continuing 

run. The computer along with the pulse programmer (Sec. 

3.4.10) also controls the timing of the pulse sequences, 

data acquisition, the use of decoupling and many other 

spectrometer functions. Although a full description of the 

use of the computer is beyond the scope of thie thesis two 

particularly important features, resolution enhancement and 

phase correction, will be discussed in more detail.
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Resolution Enhancement 

In Sec. 3.3.2 the FID of a single magnetization component 

was shown to be an exponentially decaying function of the 

time constant Tz*. Fourier transformation of such a function 

results in the production of a Lorentzian line of half 

height width equal to 1/mTz* (Sec. 1.6.3 and Eqn. 1.31). The 

data which is required for fourier transformation is stored 

digitally in the computer and hence can easily be multiplied 

(scaled) by any desired function. A common function used is 

an exponentially decaying function with increasing number of 

stored data points. Multiplication of the FID by sucha 

function enhances the earlier part of the FID whilst 

decreasing the contribution of the latter part of the FID. 

As the S/N ratio is largest at the beginning of the FID this 

results in a higher S/N ratio in the fourier transformed 

spectrum. The cost of this is that the line widths in the 

spectrum increase and thus some resolution is lost. However, 

in many cases the technique can be very useful. A commonly 

used multiplication function is the matched filter which 

multiplies the FID by an exponentially decaying function 

equal to its own, this provides the optimum increase in S/N 

ratio with an acceptable loss of resolution. The technique 

is equivalent to the convolution of a Lorentzian curve with 

another Lorentzian curve in the frequency domain which is 

difficult without fourier transform techniques. The reverse 

window function can be used to enhance resolution at the 

expense of S/N ratio when the observation of small spectral 

splittings is required. Similar functions can be used to



eliminate pulse breakthrough, AwD Cc. over load and 

apodization in FTNMR spectra. The data table can also have 

8K of zeros attached to...the end of “jt ponior to fourier 

transformation. This technique of zero filling does not 

improve resolution as such but can lead to a smoother 

looking spectrum due to the absorptions being better 

digitised. 

Phase Correction 

Phase errors occur in NMR’ spectra for various 

reasons. For example the phase of the reference signal in 

the phase sensitive detector cannot be accurately adjusted 

to observe the sine or cosine transformation. Such an error 

causes a frequency independent phase. error across’ the 

spectrum, and in the resulting fourier transformed spectrum 

results in a mixture of absorption and dispersion mode 

signals. The absorption and dispersion parts of the spectrum 

can be separated by taking linear combinations of the real 

and imaginary parts of. the data...On the. Jeol. FX309 

spectrometer this is achieved by adjusting the PO parameter 

(107). Frequency dependent phase errors can also occur due 

to the size of the offset from the carrier frequency (Sec. 

3.3.1) and due to the necessary delay in the sampling of the 

FID because of the power of the nutation pulse (Sec. 3.4.5). 

Other frequency dependent phase errors can occur’ in the 

receiver electronics especially in the audio frequency 

filters. Such -errors are all lumped together and adjusted in 

the final spectrum as though they were linearly dependent on
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the frequency. This is achieved on the Jeol FX 90Q 

spectrometer by the adjustment of the parameter P1. These 

phase corrections would be very difficult to carry out 

without the aid of the computer. 

3.4.10 The Pulse Programmer 

The pulse programmer in use on the Jeol FX 90Q. 

spectrometer is the PG 200 pulse programmer (110). The PG 

200 guise programmer has 13 output bits which control the 

observation, irradiation and receiver gates. The phases of 

the irradiation and observation pulses can also be 

controlled via the pulse programmer as can the use of 

external parameters such as the homospoiling pulse and the 

spin-lock unit. Pulse sequences can be written which control 

these functions of the spectrometer and stored for future 

reference on cassette tape. The programming language used 

permits time delays, conditional and unconditional jumps and 

loops to be inserted into pulse programs. The programs can 

be up to 64 steps in length = and this has been found to be 

quite sufficient for most applications. The use of the pulse 

programmer has allowed new pulse sequences to be written for 

the determination of 11 (Chap-4). ands 17. (Onap 7) and also 

has extended the capability of the Jeol FX 90Q spectrometer 

to use DEPT (37) and similar pulse sequences. A_ more 

complete discussion of the PG-200 pulse programmer is 

presented in Appendix 1.
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ASA elon roduee ron 

NMR spin-lattice relaxation times have been shown to 

be very useful in solving many chemical and biological 

problems. Prior to the advent of pulse fourier transform 

techniques, Ti measurements were carried out either by the 

use of pulse techniques on simple one line spectra (111,112) 

or by adiabatic rapid passage techniques using continuous 

wave spectrometers (113). 7T1 measurements were therefore 

restricted to abundant nuclei (1H and 19F) and compounds 

with resonances that were well separated. Vold et al. (114) 

showed that the 171’s of individual resonances could be 

obtained from a fourier transformed NMR’ spectrum based on 

the original 180°-t-90° technique of Carr et al. (112) (Sec. 

4.2.1). Although the use of NMR~ spin-lattice relaxation 

times has increased enormously since the experiments of Vold 

et al, relaxation times are not usually measured routinely 

due to the excessively long time such measurements can take. 

Many methods have been introduced to reduce the time such 

relaxation measurements take with varying amounts of success 

(Sec. 4.2). This thesis aims to describe the implementation 

of the variable nutation angle (DESPOT) technique (115,116) 

which can reduce the time 71 measurements take by a factor 

of up to. “1002 (SEC.44..3): 

4.1.1 Transverse Magnetization Component Destruction 

In many of the 7T1 measurement techniques’ to be 

discussed in the following section it is essential to
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destroy the transverse component of the magnetization in the 

middle of the pulse sequence. This can be achieved by 

allowing Tz2* relaxation to occur. Often, however’ the 

magnetization component needs to be destroyed more quickly 

than this method allows. Markley et al (123) destroyed the 

transverse component of the magnetization by presaturating 

the system with a burst of non selective 90°(x) pulses 

(saturating comb). The saturating comb dephases the coherent 

magnetization in the xy piaie by making use of 

inhomogeneities in the Bo and Bi fields. Markley et al. 

claimed a 60-80 db reduction in signal after a 0.5 s burst 

of 250° pulses separated by 10™Ms. bare should be taken 

though, because similar experiments in our’ laboratory 

yielded a significantly smaller’ signal reduction. McDonald 

et al. (67) replaced the saturating comb with a z-field 

gradient spoiling pulse. This essentially degrades the Bo 

homogeneity for a short time causing the coherent 

magnetization to spread out in the xy plane very quickly due 

to the temporarily very small value of Tinhom (Sec. 3.3.2). 

After such a pulse it is essential to allow the homogeneity 

of the Bo field to recover prior to measuring Mz(t) with the 

read pulse. On most spectrometers this takes approximately 

1 s and thus imposes a lower limit ont. Z-field gradient 

spoiling pulses (124), however, will not necessarily 

prevent Hahn type echo formation (105), which will cause 

the results to be inaccurate. Fortunately, in '3C proton 

noise decoupled spectroscopy, echo formation is destroyed by 

the incoherent decoupling (124). The use of z-field gradient 

spoiling pulses also tends to preclude the use of resolution
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stabilisation circuitry. 

4.2 Classical Ti Measurement Sequences 

4.2.1 The _180°-t-90° (Classical) Sequence 

All the techniques for measuring Ti are based on the 

same basic idea. The spin system is first perturbed, this 

perturbation places the system in a_ known non equilibrium 

position. The recovery from this non equilibrium position 

towards the Boltzmann equilibrium position is then 

monitored. T1 is then obtained via the appropriate 

modification of Eqn. 1.28. This approach assumes exponential 

recovery of the system (Sec 2.4.1) towards the Boltzmann 

distribution, where this assumption is not valid the actual 

meaning of the results obtained must be carefully examined. 

The 180°-t-90° technique perturbs a spin system 

which has attained the Boltzmann thermal equilibrium by a 

non selective 180° pulse. This causes the Mz magnetization 

component, Mo, to be placed along the -z axis (Sec. 3.3.1 

and Fig. 3.2). The system is then allowed to recover back 

towards the Boltzmann equilibrium position for a known time 

t. After the time t the Zz magnetization component Mz(Tt) is 

subjected to a non selective 90°(x) pulse which places the 

magnetization along the y’ axis of the rotating frame and 

the resulting FID is then sampled and stored. After a 

waiting time of 5T1-t to allow the Boltzmann equilibrium to 

be re-established the pulse sequence can be repeated.
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Several pulse repetitions for each t value can be used to 

give the appropriate S/N ratio and separate FID’s for 

various t values can be obtained. A schematic diagram of the 

pulse sequence is presented as Fig. 4.1. The T1 value can 

then be obtained from 

In(Mo - Mz(t)) = -t/T1 + In (2Mo ) (a 

For each separate accumulation a time of 5T1’s must elapse 

using this sequence. If a sample containing varying T1’s is 

used the wait time must be equal to 5 times the longest T1 

value. Hence, if considerable signal averaging is required 

the time to obtain the partially relaxed spectrum for each t 

value can Soesing prohibitive. For an accurate semilog plot 

it is also necessary to have greater than 3 t values lying 

in the range 0.3 to 1.2 T1 and a measured value of Mo with 

which to plot the data. For 13C where 1T1’s can be as long as 

100 s in liquid samples such a measurement can take an 

extremely long time. There is a further drawback to the 

technique in that the value of the longest 7T1 must be 

estimated prior to analysis. To ensure that the analysis is 

accurate this estimation is usually made on the long side 

which results in the experiment taking an even longer time. 

As the experiment takes a long time to perform Freeman et 

al. (117) modified the pulse sequence to give an independent 

measure of Mo for each t value to take into account any 

errors caused by spectrometer drift during the experiment. 

Although this results in a more accurate determination of 

T1, the experiment takes a longer time to perform.
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Fig. 4.1 The 180°-t-90° pulse sequence for Tj measurement
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Several methods based on the sequence have been used 

to attain values of 7T1 more quickly. Inspection of Eqn. 4.1 

reveals that at the null point when Mz(tT)=0, Eqn. 4.1 can be 

rearranged to give 

tna = aes In 2 C4 2)) 

Hence if Tnui1 Can be obtained, T1 can be obtained in a one 

shot experiment. This method has been used quite 

successfully (98) to measure T1 but 1S prone to error. In 

cases where the sample is weak, the detection of the null 

point is difficult. The analysis is also quite prone to 

errors caused by off-resonance effects (118) (Sec. 5.3). 

Levy and Peat (119) demonstrated that the waiting time after 

acquisition could be reduced to 3.5T1-t with little error 

and used this as the basis of the fast inversion recovery 

modification (120). Freeman et al. (121) suggested an 

intensity ratio method to speed up the determination. Values 

of Mz(t) are measured at two different t values and from the 

ratio of the Mz(t) values, T1 can be obtained. This method, 

therefore, requires only two t values and no value of Mo 

need be measured thus providing a rapid measure of 71. The. 

-GhO1Ge Of “tne Values Of ct. Is Guice critical for accugacy ‘and 

any non exponential decay will not show up in such a two 

point analysis. De Fontaine et al (122) extended the 

intensity ratio approach by taking several t values and 

fitting them to a non linear least squares routine. This 

method required no measurement of Mo, although a value of Mo 

could be obtained from the data, and reduced the error in T1
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measurement associated with small intensity variations in 

the ratio method. 

4.2.2 The Saturation Recovery Sequence 

The saturation recovery (123,67) sequence operates 

by allowing the z magnetization to grow from zero instead of 

-Mo . aS used in the classical sequence. A. 2900 0%) 

pulse shifts the nett z magnetization onto the y axis. The 

application. .of a. -z2+field gradient “pulse: (Sec: 4.47.1) 

dephases the magnetization in the xy plane reducing the 

effective magnetization to zero. After the spin system has 

relaxed for a time, t, the magnetization vector Mz(t) is 

sampled by the application of a 90°(x) read pulse. After 

acquiring the resulting FID the z-field gradient spoiling 

pulse is reapplied thus eliminating any coherent 

magnetization in the xy plane. After a period, Tt, a 90°(x) 

read pulse can be reapplied thus alleviating the need to 

wait 5T1’s between sequence acquisitions. A value for T1 can 

now be obtained using Eqn. 4.3 with various T values in the 

range ©. 371 to 21; 

In(Mo-Mz(t)) = -t/T1 + In (Mo) (@: 33 

Once again a value of Mo is needed which requires one value 

of t greater than or equal to five times the longest Ti. 

The method presents a significant time saving over the 

classical sequence, especially where long T1’s are involved. 

Comparison of Eqn. 4.3 with Eqn. 4.1 shows that the dynamic
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range of the technique is half that of the classical 

sequence but the S/N ratio deficit is made up in the 

measurement of long Ti’s by the rapid repetition rate of the 

sequence. As noted in Sec 4.1.1 it is essential to allow the 

‘homogeneity of the magnet to recover before acquisition 

after the application of a z-field gradient spoiling pulse. 

This ‘places a lower limit of ca..%1.S.on..the: value of t that 

can be used in a saturation recovery sequence. Consequently 

the sequence is not applicable to the measurement of short 

relaxation times. 

4.2.3 The Progressive Saturation Sequence 

The progressive saturation (124) technique is 

different to the classical and saturation recovery sequences 

in that it only uses a single pulse sequence. The whole 

sequence may be written as (90°-t)n where t represents the 

total time between 90° pulse repetitions and n is the number 

of pulse repetitions. As in the saturation recovery sequence 

a z-field gradient spoiling pulse is included after 

acquisition to ensure complete T2* decay. The progressive 

saturation technique drives’ the Z-magnetization to an 

equilibrium value, Mzeq which is dependent upon the ratio 

t/T1. Mzeq is given by, 

Mzeq(t) = Mo (1-exp(-t/T1 )) (4.4) 

The magnetization does not reach the equilibrium position 

immediately and as such a number of dummy (non acquisition)
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sequences are required prior to acquisition. Freeman et al. 

(124) suggest that four such dummy sequences are required. 

Once the system is at the equilibrium position further 

acquisitions can be added immediately without any extra 

waiting periods. It should be noted that during the 

interval, t, the data are acquired and as such the minimum 

value of t is determined by the acquisition time plus the 

time required for recovery from the z-field gradient pulse. 

It should also be noted that even though no data are 

acquired during the dummy sequences the total time, t, 

remains the same. The data are plotted as the usual semi 

logarithmic plot 

1n(Mo-Mzeq(t)) = -tT/T1 + IN(Mo ) C4259 

The method presents no real saving over the saturation 

recovery sequence. The progressive saturation technique is 

limited to long relaxation times due to the fact that data 

are acquired during the period, tt. For 13¢ acquisition this 

places: a dower. Timi, Onc of about 27s jineluding the z-Tieid 

gradient spoiling pulse which means that Ti values less than 

about. 9 S-s sare. noe suitable for measurement by this 

technique. For 'H spectroscopy where acquisition times of 

the order of 4 s are common, the applications of progressive 

saturation are limited. 

In common with all the techniques discussed so far a 

value for Mo must be obtained to plot the data. This can be 

avoided by adapting the intensity ratios technique (121) or
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the non linear least squares analysis technique (122) (Sec. 

4.05 1); CO, = e1cner saturation recovery or progressive 

saturation. Both progressive saturation and saturation 

recovery present a worthwhile time saving over the classical 

technique for the measurement of long relaxation times. Even 

so for long T1’s, because it is necessary for t to cover the 

approximate Ti range, the experiments can still be very time 

consuming. 

4.3 The Variable Nutation Angle (DESPOT) Method 

4.3.1 2Atroduction 

The DESPOT (Driven Equilibrium Single Pulse 

Observation of T1) method, in common with the progressive 

saturation tecnhique, relies on driving the z magnetization 

to a known equilibrium position, and setting: the. .z 

magnetization relax towards Mo during the acquisition time. 

The difference between the DESPOT and progressive saturation 

techniques is that instead of using a fixed @ pulse anda 

variable t period, the DESPOT sequence uses a fixed t period 

and a variable 6 pulse. The DESPOT sequence can be 

represented as (9-t)n where @ represents a variable nutation 

pulse and the period t is determined by the acquisition time 

and the Bo field homogeneity recovery time. The method was 

first used by Snetetencdh et al. (125) and later revised by 

Gupta (126). These early papers, however contained some 

theoretical flaws which made the results obtained by the 

technique unreliable. The method has been extensively
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revised and re-evaluated in a series of papers (115,116,118) 

by Homer et al and has_- been shown to be an accurate rapid 

method for the determination of NMR spin-lattice relaxation 

times. 

4.3.2 The DESPOT Sequence 

The DESPOT method relies on driving the’ <«z 

magnetization to a known equilibrium value by the repetition 

of 8 pulses at a fixed time interval, t. The time interval t 

is made up of the acquisition time (Tac), and the time Tus 

which is the time required for the homogeneity of the Bo 

field to recover after the z-field gradient spoiling pulse 

(Sec. 4.1.1). DESPOT gains over the other T1 measurement 

sequences, in that t remains a constant which is determined 

by the spectral width, number of data points and Bo 

homogeneity recovery time and not by the length of the 71 

being measured. Hence even where 171’sS are as long as say 

100. sia: tevaltue of .4.s* could ,be used. In ‘the other. T1 

measurement techniques, however, in order to get an accurate 

representation of the relaxation curve t values up to 100 s 

and beyond may well be required. The repetition of 9 pulses 

separated by a time, t, drives the z-magnetization to an 

equilibrium position, Mzeq, which is dependent on the 

parameters t/T1 and 6. A schematic diagram of the pulse 

sequence is presented as Fig. 4.2 

Mo (1-exp(-t/T1)) 
Mzeq = (4.6) 

1 - cos 8 exp (-T/T1) 
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1-cos 8 exp(-t/Ti ) 

  

  

8 

In the above equation K is a spectrometer proportionality 
constant. 

The equilibrium equation can be rearranged into a linear 
form which T1 can be measured without a knowledge of the 
value of Mo 

  

  

Izeq Izeq Cos 8 exp (-t/T: ) 
= + KMo (1-exp(-t/T1 ) ) 

sin 6 sin @ 

Tzeq 

  

slope = exp (-t/T1 ) 
sine 

Intercept = Mo (1-exp(-t/T1 )) 

  

Izeq cos @ 

sin @ 

Fig. 4.2 The DESPOT Pulse Sequence
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The measured signal, Ieq, due to the projection of Mzeq in 

the xy plane after the ® pulse is given by 

KMo sin @ exp(-t/T1 )) 
Ieq = (4.7) 

1 - cos 6 exp (-t/T1 ) 

  

where K is a_ spectrometer proportionality constant. The 

derivations of Eqn’s 4.6 and 4.7 are presented as Appendix 2 

As shown in Fig. 4.2, Eqn. 4.7 can be readily 

rearranged to yield a straight line plot of gradient 

exp(-t/T1) and a y axis intercept of KMo(1i-exp (-t/T1 )) 

Ieq Ieq cos 8 exp (-t/Ti ) 
= + KMo (1-exp(-t/T1)) (4.8) 

sin 8 sin 6 

    

A plot of Ieq against ® yields a maximum when the Ernst 

condition is fulfilled (Fig. 4.2 and Appendix 7). 

cos 8 = exp (-t/T1) when dIeq/d@ = 0 (4.9) 

It can be seen readily, therefore, that Ti can be evaluated 

by obtaining Ieq for several different values of @ and 

either plotting the data as in Eqn. 4.8 or finding the 

maximum of a plot of Ieq against 8. In common with the other 

T1 measurement techniques, Ti can be found from two values 

of Ieq, measured in this case, at different values of 6. 

(Ii sin 62 - Ie sin 61) -T 
— (4.10) | | (I1 sin @2 cos 61 - I2 sin 81 Cos 62) T1 
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where 11 = eq ‘at 61 and T2 .=-Teq al O2 

It should also be noted that a measured value of Mo, or more 

accurately a measured value of KMo (ie the measured NMR 

signal when the spin system has attained the Boltzmann 

equilibrium distribution) is not required to. obtain the 

value of T1 as it is in the other T1 measurement sequences. 

The KMo value, however, is still available from the 

intercept of the linear plot (Eqn.4.8 and Fig. 4.2). 

4.3.3 Advantages of the DESPOT Technique 

The DESPOT sequence has two particular time saving 

advantages over the other T1 measurement sequences. For a 

DESPOT analysis a value of KMo need not’ be separately 

obtained in order to plot the data and hence where long 1T1’s 

are measured DESPOT presents an immediate advantage. The 

time, t, in the DESPOT sequence is determined by data 

acquisition time and not necessarily by the measured T1. In 

most cases, however, where long 1T1’sS are measured it is 

beneficial to ensure that the ratio t/T1 lies in the range 

0.1 to 0.5 (Sec. 4.4.1). For a t value of 4 s this equates 

to a T1 measurement range of 8 to 40 s which is sufficient 

for most '3C applications. It is very difficult to present 

an appraisal of the time saving aspects of DESPOT as the 

time an experiment will take is dependent on the S/N ratio 

of the absorption being measured, the value of T/T1 used the 

nutation angle range used and the number of data points 

collected.
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Table 24 at 

Experimental Times Required for Ti Measurement 

  

1 /s 100 80 60 40 20 10 So 2 

Sequence Experimental time/s 

180°-t-90° 47500 38000 28500 19000 9500 4750 2375 950 

Sat. Recov 15680 12544 9408 O22: 313651565 784 314 

Prog. a6.) 1720: 213696... 10272 6848 3424 1712 856 342 

DESPOT 1140 932 868 780 640 532 476 412 

  

In order to present some idea of the relative times required 

to perform T1 measurements using the 4 methods discussed a 

table of representative experimental . times is presented as 

Table 4.1. The conditions under which the data in table 4.1 

were calculated requires further discussion. For’ the 

180-t-90 sequence 5Ti1’s was allowed between each pulse 

sequence. The data are based on 6 different t values with a 

seventh t value of 5T1 in order to obtain an experimental 

Mo. Each partially relaxed spectrum was obtained after 16 

accumulations. The saturation recovery data are based on 6 T 

Valles sof: O.Obis 0. Ola 2 On Hite, O09 5 tet lt ana. Siac: WA 

seventh t value of 5T1’s was used to calculate Mo and each 

partially relaxed spectrum was obtained after 16 

accumulation sequences. The progressive saturation results 

use the same criteria as the saturation recovery results 

except that a further 3 non acquisition pulses were added to 

the sampling pulses for all t values except when t=5T1 for 

the determination of Mo. The DESPOT results were based on
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Tpoeseor=4 3S. with 66. values of. 20°. 30°; 40°, §0°,.60°,-and 

70°. The numbers of required non-acquisition sequences were 

calculated using the equilibrium compromise position of Eqn. 

4.13 (Sec. 4.4.1) and each partially relaxed spectrum was 

obtained after 16 sampling accumulations. 

The data in Table 4.1 show the potentially great 

savings in experimental time that the DESPOT sequence can 

provide for short values of T/T1. It should be noted that 

where more sampling pulses are required the efficiency of 

the DESPOT technique compared with the other T1 measurement 

techniques will increase. The data in the table do not 

compare the ratio techniques, but certainly where T1’s are 

considerably longer than the acquisition time a 2 point 

DESPOT analysis will be performed more quickly’ than the 

corresponding two point” ratio analyses for the other 

techniques. The analysis presented above also does not 

consider the final S/N ratio of the observed signals, this 

will be discussed further in Chap. 6. A recent paper (147) 

based on '13C Ti measurements of the polysaccharide pullulan 

stated, “The DESPOT experiment proves in theory and in 

practice to be at least an order of magnitude faster than 

inversion recovery for the measurement of 71. The 13C 711 

magnitudes of pullulan determined by the two methods are 

found to have comparable precision and there are no 

discrepancies in Ti values." 

4.4 Conditions for Measuring DESPOT Ti’s
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4.4.1 The Driven Equilibrium Condition 

The equations presented in Sec. 4.3.2 rely on the 

zZ-magnetization being driven to the equilibrium value, Mzeq. 

As in the progressive saturation technique this is achieved 

by the use of a specified number of non acquisition (dummy ) 

sequences. Christensen et al (125) and Gupta (126) assumed 

that this position could be achieved by the use of 4 

non-acquisition pulses similar to the progressive saturation 

technique (124). Homer et al. (115, 116) showed that this 

assumption was incorrect and calculated the number of non 

acquisition pulses required to drive the magnetization to an 

equilibrium compromise position for various combinations of 

@ and t/Ti1. The number of non-acquisition sequences which 

are required to drive the system to the actual equilibrium 

position, Mzeq, can be prohibitively large. Fig. 4.3 shows 

the variation in Mz with the number of non-acquisition 

sequences for the conditions t/T1=0.02 and 6=15°. It can be 

seen from the figure that the equilibrium position is 

approached in an exponential like manner with increasing 

number of non-acquisition sequences.. Hence a compromise 

condition is sought which reduces the required number of 

non-acquisition sequences whilst introducing negligible 

errors into the analysis of the experimental results. The 

original condition chosen was (115) 

1.005 Mz (n-1) 2 Mz (n) 2 0.995 Mz (n-1) CAs S11)
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DUMMY PULSES 

Fig. 4.3 Variation of the Magnetization Vector, Mz, with the 
Number of dummy DESPOT sequences; t/T1=0.02, @=15°
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where Mz (n) is the theoretical z-magnetization after n 

non-acquisition sequences. Such calculations are carried out 

by a computer simulation of the effect of repetitive 

non-acquisition sequences on the spin system via 

Mz (n) = Mo - (Mo - Mz (n-1) cos @) exp (-t/T1) (4.12) 

Calculations of the number of non-acquisition pulses to 

satisfy this condition differed quite dramatically from 4 

where the ratio t/Ti is small and where nutation angles 

outside the range 45° to 135° were used. If the ratio t/T1 

is greater than 0.3, however, the use of 4 non-acquisition 

pulses ain sehne. nutation: <angle-] range —~20°°sto * 120° witha 

relatively large number of acquisition’ sequences will yield 

reasonably accurate results. It is for this reason that the 

straight line plots of reference (126) yield data comparable 

with the inversion recovery sequence. It is noticeable in 

Figs. 5 @. 6° of “reference (125) that the data _ show 

considerable scatter from. the fitted curves at_= small 

nutation angles and small values of the ratio T/Ti. 

It can be seen by inspection of the data in Table 4.2 that 

the numbers of non-acquisition pulses required in the 

nutation angle range 10° to 45° to fulfil the condition in 

Eqn. 4.11 is very large. Consequently, it was suggested that 

DESPOT analyses in the nutation angle range 45° to 120° may 

prove to be more time efficient. Experimental data based on 

the two nutation angle ranges, 10° to 80° and 45° to 135°, 

however, yielded different 71 values especially when the
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ratio t/Ti was small. This was attributed to the inadequacy 

of the equilibrium compromise condition of Eqn. 4.11 (116) 

especially at small nutation angles and small values of 

t/Ti1. Consequently, a new equilibrium compromise position is 

presented as, 

#2005 Me (n) > Mzeq 2 0.995 Me “(n) (4243) 

The use of this new condition is found to _ reduce the 

discrepancy in the measured T1 values between the two 

nutation angle ranges. Table 4.2 shows the z magnetization 

achieved after the quoted number of non-acquisition 

sequences which are required to fulfil the equilibrium 

compromise positions discussed above. A more extensive 

version of Table 4.2 can be found in reference (116), a copy 

of which can be found at the back of this thesis. 

Inspection of the data in Table 4.2 shows the noticeable 

departure of the Mz4 values from the Mzeq values at both 

small and large nutation angles. The error becomes larger as 

the ratio t/T1 becomes smaller. Linear plots based on Eqn 

4.8 over the ._nutation “angle range 10° ‘to 140° °for t/7T1 

values less than about 0.5, using the 4 pulse equilibrium 

compromise, will show U_- shape plots. The observation of 

this non linearity in DESPOT type plots is indicative of 

insufficient non-acquisition sequences or off resonance 

effects (118) (Sec. 5.3). If U shaped plots are noted in the 

nutation angle range 10° to 140° when condition 4.13 is
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Table 4.2 

The Numbers of Dummy Sequences Required to Achieve the 

Quoted z-magnetizations Approximating the DESPOT Equilibrium 

Condition for Selected Values of T/T1 

  

t/T1 0.05 0.20 

Fane 4.13. Ean. 4311 4 pul. Equil.. Ean.-4.13 Eqn..4.11 4 pul Equil 

o/h Mz n Mz Mz4 Mzeq ae Mz Mz4 Mzeq 

10 63 f5.e 20. -833.3 2047-4. ass 18s 989.7 6 953e4 962.9 293558 

20 AS AGT 7 80> 418s 804,60 459.5 HOw 1891 11. 397797. 660.9° “785.9 

30 33 278.0 26 282.0 609.8: 4760.0 aiae 62691 le 629.12 1183 623'.'0 

40 2252 380.5° 19° 18158. 414. Oo. S12 488.10 11) .4890 3 b65 | 486.2 

50 156 16s te AA e6c48 Bard 125.5. 9° 7384.65. 9 ; 384.6 430.0 382.6 

60 det Corre 9S. 4 139s 4 O23 20 #1 wB0awe (8 30725. 320.5 7306.9 

70 7 "2°76. .4°8 feea © 82.1 dete Oe re0tnl a. cebeus meno 14. 202.8 

80 5 58.5 6 58.4 $9.1 SS es WS 5 20 OG 214.3 

90 1 48.8 1 48.8 48.8 43505) Ian. oe 1s US to Ol. 6 Se hoes 

100 5 41.7 6 41.9 42.6 Ato 4s. 5) On loon O 108. 

110 8 36.9 9 36.8 47.6 BO.0 wocenae. 0 1 141,59. 814659 — 141556 

120:2° 2 BSo 24 14. Sou) O2.0 Woe wo 12563 10 128.4, 15S. 1. 128.86 

130. <18 80.420 OO Oe Ou. 6 6023 12 alone 14: 1.48.9 2986 4% A153 

140 28 28.4. 31 28'52'°4,30282 2802 NOs eo Weel WO 248.95 tea 

  

The numbers of dummy sequences stated are calculated on the 

assumption that the Mz magnetization was driven from Mo. 

This may not always be the case if long T1’s are measured. 

In such cases conditions 4.11 and 4.13 will be fulfilled 

with less dummy sequences, thus improving the accuracy of 

the measurement.
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fulfilled and off resonance effects have been taken into 

account (Sec 5.3) then this is indicative of setting the 90° 

pulse width incorrectly. The use of condition 4.11 is 

revealed to be adequate except at nutation angles less than 

30°. The DESPOT regression, however, shows’ the greatest 

variation in Mzeq with 8 in the region 10° to 90° and hence 

the use of condition 4.11 in this nutation angle range will 

lead to high values of 71. The equilibrium compromise 

position based on Eqn. 4.13 is shown to follow Mzeq quite 

closely. 

It seemed prudent oa assess theoretically the implications 

of the various equilibrium compromise positions on the 

results of a DESPOT analysis. It is obvious that for such an 

assessment to be made, the number of acquisition sequences 

must also be taken into apeounns This is due to the fact 

that during acquisition the z-magnetization will be driven 

further towards its equilibrium value, Mzeq, with increasing 

number of acquisition sequences. It is also obvious that the 

error in the analysis due to the equilibrium compromise 

condition chosen will be dependent upon the actual range and 

size of the nutation angles chosen to carry out the 

analysis. The results in Table 4.3 present the theoretical 

error in a DESPOT analysis for various values of t/Ti over 

_ the nutation angle ranges 10° to 80° and 40° to 130° for the 

' three equilibrium compromises discussed, after one 

acquisition pulse. Table 4.4 contains the same data but the 

number of acquisition pulses is increased to fifty.
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Table 4.3 

Parameters calculated by regressional analysis appropriate 

to Eqn. 4.8 for various equilibrium compromise positions. 

The data are based on one acquisition sequence. 

  

Equilibrium Eqn 4.11 Eqn 4.13 4-pulse 

cyst Mo t/T74 Mo T/T Mo T/A Mo 

(nutation angle range 10° to 80°) 

0.050.°1006.0 0.0445-4116.3°. 0.0499 1005.6 .050360 2103.6 

0.100;-4000.0 0.0952 1046.5, 0.0998: 1005.0: 0.0290 114.7 

0.200: 1900.0 0. 1954.1020.3.,.0. 1995. 1006.1 : 0.4683 1178.1 

0.500;.1000,0.0.4961 4905.8 0.4979 1004.9. 0.43950 1012.4 

(nutation angle range 40° to 130°) 

0.050° 1000.0. 0, 0464... 1076..3«:-07049}. 1020.0..0.1900 570.8 

0210024900 .0 . 0.0965 .-+1034.9" 0.0970 1028.4. 0.1874... 784.9 

0 ..200; 4000.0: 0.398 -10957) -0.198F 1010.3 0.2435. 945.6 

0.500: 1000.0+°O0.4971).. 1004.9 > 0.4956. 1007.3 0.5005 1072.8 

  

See footnote to Table 4.2
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Table 4.4 

Parameters calculated by regressional analysis appropriate 

to Eqn. 4.8 for various equilibrium compromise positions. 

The data are based on fifty acquisition sequences. 

  

Equilibrium Eqn 4.11 Eqn 4.13 4-pulse 

THT Mo 771 Mo ets Mo 27 Ys Mo 

(nutation angle 10° to 80°) 

0.050 1000.0 0.0484 1029.3 0.0499 1002.0 0.0445 1165.0 

0.100: 1000.0 00991. 1007.5 0.0899 1001.0. 0.0970: 1041.5 

0s,20@° 1000.0: 0.1995 100903 30,1999 1000.5. 0.2070. 979.8 

0.500--1000.0- 90-4997. 1000.4... 0.4999 1000.2 0;.5000.-1000:. 5 

(nutation angle range 40° to 130°) 

0.050: 3000.0: 020498. 1008.3 ~0.0499 1001.5 “0.028 1766.0 

0.100 7000.0 0.0998. -1002,1.. 0.0899 0G) .4..0.091. 1096.3 

G.200) 1000;0 “O-1998 ~~ to00.?. 0.1989. 1000. 60.197... 1015.9 

0.500 '4000.0 0.4999 00072 0.4999 1000.4 0.500 1000.4 

  

See footnote to Table 4.2
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Several recommendations can be made from an analysis of the 

data presented in Tables 4.3 to 4.4. It can be seen from 

Tables 4.3 and 4.4 that the equilibrium compromise position 

represented by Eqn 4.13 provides an acceptably accurate 

analysis over the complete t/Ti range. The equilibrium 

compromise position represented by Eqn. 4.11 provides an 

acceptably accurate analysis as t/T1 increases and as the 

number of acquisition sequences increases. The 4-pulse 

equilibrium compromise position is shown to be inadequate 

for DESPOT analysis unless the t/Ti1 range is 2 0.5. These 

comments are based on the use of a maximum of 50 acquisition 

pulses but if a much larger number of acquisition sequences 

were required for signal to noise ratio reasons the error 

introduced into the analysis by the use of the 4-pulse 

equilibrium compromise positon will obviously fall. It is 

suggested that the analysis is carried out in the nutation 

angle range 10° to 80°. In this range the greatest rate of 

change of Mz with @ occurs (Table 4.2) and hence leads to a 

more accurate analysis than over the range 40° to 130°. It 

is further suggested that the t/Tt 2range “studied 1s 

maintained within the range 0.1 to 0.5. A recent paper by 

Hoffman et al (147) has suggested that the DESPOT method is 

most efficient when the t/T1 ratio lies between 0.5 and 1.0. 

It can be seen from Table 4.2 and reference (116), however, 

that the rate of change of Mz with @ falls as T/T1 increases 

thus the accuracy of the analysis becomes more prone to 

experimental «.error «at.«largen. values: of. T/T1.-* As: tAM 

increases, the efficiency of a DESPOT analysis falls with 

respect to the other 11 measurement techniques (Sec 4.3.3).
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The lower limit of 0.1 is suggested as a compromise between 

the rapid rate of change of Mz with ® at low values of T/T: 

and the large number of non acquisition sequences required 

at low values of t/T1. The use of very small values of T/T1 

usually means that the absorptions are poorly digitised and 

consequently the results of such an analysis are prone to a 

larger than acceptable experimental error. Also at small 

values of t/Ti a small change in the gradient of a plot 

appropriate to Eqn. 4.8 leads to a large change in the 

calculated value of 71. 

4.4.2 DESPOT Intensity Measurements 

Experimental results using the DESPOT sequence also 

invariably show differing ‘Th depending on whether peak 

heights or integrated peak areas are used for the analysis. 

The Ti values obtained, during this’ work, -using peak 

heights were higher than those using the corresponding 

integral values. As the JEOL FX 90Q spectrometer is based on 

an electromagnet, the resolution over long periods of time 

is susceptible to degradation. This degradation in_ the 

resolution of the spectrometer with time was’ further 

enhanced by the fact that the use of the resolution 

stabilisation circuit was precluded due to the 2z-field 

gradient spoiling pulse. Fig. 4.4 shows the change in peak 

width at half height with and without resolution 

stabilisation with time. The figure shows that the 

spectrometer resolution decays quite rapidly with time. 

Consequently, the variation in the measured peak heights in
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an ongoing DESPOT analysis not only reflect the Ti of the 

nuclei under inveeteation but also the resolution 

degradation of the spectrometer. This problem could be 

circumvented by the use of Stéstron ts integration of the 

absorption but this requires that the absorption is better 

digitised, more accurately phased and has’ sufficient 

absorption free baseline (5 times the peak width at half 

height) around its centre. 

Armitage et al. (127) suggested that peak heights 

could still be used provided that the FID was first 

multiplied by an = exponential weighting function. This 

produces a symmetrical broadening of the resonance greater 

than that arising from field inhomogeneity. Experiments 

using this approach were carried out and the results are 

presented in Table 4.5. 

Table 4.5 

13C Spin-Lattice Relaxation Times for ‘4H Decoupled Benzene 

with Various Exponential Line Broadening Functions from Peak 

Heights and Integral Areas. 

  

line broadening/Hz 

0 Ona O So Vs toe 

YANG. FREND. FEI) 1 e-Ohys CIAe Th 11 CIR -T1 Ch) 

ZOO IT £4.42: Viwe3 14.24 16.79 14.02 16,36 SiS 

  

all T1 values measured in seconds
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Examination of the data in Table 4.5 shows that although the 

peak height Ti values show a much larger change with 

increasing exponential broadening function than the integral 

T1 values, the two methods never give identical results even 

with large broadening functions. The larger change in the 

peak height Ti values with increasing exponential broadening 

function over the integral height Ti values is probably due 

to the reduction of resolution degradation effects in the 

peak height analysis. The difference in the calculated T1’s 

between the integral and peak height experiments coupled 

with the observed variation in the T1 obtained from the 

integration experiments implies that the peak width is 

changing throughout the experiment. Fig. 4.5 shows’ the 

change in the ratio peak height/integral area with time for 

an absorption at a fixed and a variable nutation angle. The 

experimental results show clearly that the line width at 

half height is dependent on the nutation angle with the 

bottom curve showing a more pronounced degradation of the 

ratio peak height/integral area with time than the top 

curve. This is analogous to the saturation effect that is 

observed in CW NMR at high Bi fields. In FTNMR a reduction 

in the peak intensity due to saturation is caused by 

insufficient waiting times (ie <5T1) between pulse sequence 

repetitions (Chap 6) hence the names saturation recovery and 

progressive saturation for the Ti measurement sequences. In 

CW NMR saturation is accompanied by line broadening. Such 

line broadening is not observed in FT NMR (16) if the 

observation time of each free induction decay is constant.
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Ernst and Morgan (128) noted that if the pulse spacing, tT, 

is varied and if the free induction decay is observed during 

the total available time between two pulses the signal shape 

becomes dependent upon 1/t. In the DESPOT sequence it is 

noticeable that the time t will change throughout’ the 

experiment due to the change in the length of the pulse 

width to provide the different nutation angles. It would be 

expected that the effect would be negligibly small compared 

with the acquisition time and z-field gradient recovery 

times. The experimental results, however, suggest that the 

line broadening effect due to the change in the pulse width 

is significant and as such it is suggested that integral 

areas should be used for DESPOT analysis. It should be noted 

that the other Ti measurement sequences will not be affected 

by absorption broadening due to a change in pulse width but 

will be affected by a broadening due to resolution 

degradation, as such broadening is time dependent. 

4.4.3. The Effect of Diffusion 

Diffusion in liquid samples can cause a measured T1 

value to be low (127, 119) especially if the T1 under 

consideration is long. Diffusion of molecules in and out of 

the effective excitation range of the coil can affect the 

measured result in two ways. Firstly, during the nutation 

pulse, molecules at different parts of the sample may 

experience different Bi fields due to Bi inhomogeneity. 

Diffusion of the molecules during the pulse can take 

molecules to different regions of the sample and hence to
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regions of differing Bi homogeneity. The upshot of this 1s 

that the signal observed is not solely proportional to 

Mz cos 8 but is a Function of the B1 inhomogeneity and the 

diffusion constant as well. Secondly during «the. ~FID 

acquisition molecules contributing to the observed signal 

can diffuse away from the receiver coil and be replaced by 

solvent molecules etc which will lead to a reduction in the 

observed signal height. Diffusion of molecules during the rf 

pulse was thought likely to be particularly important for 

DESPOT analysis as the length of the rf pulse was varied in 

the experiment and the 90° pulse width was calibrated using 

the null in the DESPOT equation at S60° (115). 

The effect of diffusion on the calibration was 

tested by measuring the intensity of the absorption with 

varying nutation angle using a sample whose volume was 

constrained within the excitation region of the coil anda 

sample whose volume was not constrained. Rather than rely on 

the unproven DESPOT method of calibration (115) use was made 

Ont gE Gin 4914 

I = KMo sin @ (4.14) 

where K is a spectrometer proportionality constant. 

Eqn 4.14 is only valid if a time, t 25T1, is allowed between 

pulse repetitions. The equation is expected to provide a 

maximum in Dowhenm .0=902... the “90° «pulse. could, then.be
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calibrated by fitting the observed curve to a quadratic 

equation and differentiating to find the maximum. The plots 

of I against pulse width for the 'H resonance of cyclohexane 

are shown in Fig. 4.6 and the corresponding plots of I 

against sin 8 are shown as Fig. 4.7. The unconstrained 

sample plot in Fig. 4.6A is noticeably asymmetric which 

leads to the offset apparent in Fig. 4.7A. On constriction, 

however, the well behaved plots of Figs. 4.6B and 4.78 are 

observed. These results effectively demonstrate the 

necessity of minimizing the effects of diffusion which 

become appreciable at long pulse widths. When this was done 

no significant difference was noted between the DESPOT 

method of calibration and the more conventional method used 

here. In_ both cases the minimization of diffusion 

essentially eliminated the pulse offset which was apparent 

in Fig. 34 of, Ref -C11S) 6 The. results =.of. Figs. 4.6,.and 4:7 

were obtained using 10mm NMR tubes, similar results obtained 

in 5mm NMR tubes showed considerably less evidence of 

diffusion effects on “the calibration. This was presumably 

due to the increase in the homogeneity of the Bi field 

across the sample volume when using a smaller diameter NMR 

tube.
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5.1 Introduction 

The measurement of Ti was discussed in Chapter 4 and 

the DESPOT sequence was shown to be considerably more time 

efficient than the other T1 measurement sequences. Chapter 4 

also contained discussions of the importance of the driven 

equilibrium position, the use of peak areas and the effect 

of sample diffusion on 171 measurements using the DESPOT 

technique. In order to obtain the greatest efficiency and 

accuracy in a DESPOT 11 determination it is necessary to 

address some other factors. From an accuracy point of view, 

the effect of incomplete Tz* relaxation and off-resonance 

effects in the rotating frame will be discussed. From an 

efficiency point of view the use of single non-acquisition 

pulses in the attainment of the DESPOT equilibrium position 

and the use of a suite of computer programs to aid in the 

analysis of DESPOT data will be discussed. 

5.2 Incomplete T2* Relaxation 

It was noted in Sec. 4.1.1 that it is necessary to 

destroy the transverse component of the magnetization in the 

measurement of 1T1. If the transverse component of the 

magnetization is not destroyed the equilibrium magnetization 

value becomes dependent on Tz* as well as T1. Consequently, 

the T1 measurement sequences presented in Chapter 4 cannot 

yield a Ti value without a knowledge of the value of T2* and 

a modification to the equations. Tz* is obtained readily by
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the measurement of the absorption width at half height (Sec. 

1.5.2). In view of the fact that the use of the z-field 

spoiling pulse precludes the use of the resolution 

stabilisation circuitry it is worthwhile to assess the 

implications of -incomplete®” Te* ‘relaxation: on: .a” DESPOT 

analysis. This analysis yielded a new DESPOT type equation 

with Eqn. 4.7 being modified to, 

KMo sin 6 (1-A) 

Ieq = (5A) 
1 - cos @(A + B) + (A x B) 

  

where A = exp (-t/T1) and B = exp (-t/T2*). The derivation 

of Eqn 5.1 is presented as appendix 3. 

The modified version of Eqn. 5.1 presented in reference 

(129) is in error with the plus and minus signs interchanged 

in the denominator. Eqn 5.1 can be readily rearranged to 

give a DESPOT type linear regressional plot 

Teq Ieq cos 8 (A + B) KMo (1 - A) 
= ee (5.2) 

sin 8 Sin. 0. (cl = CA x BD) 1 he CA Xa By 

    

Hence providing a value of Tz* can be measured independently 

a DESPOT type analysis can still provide a value of T1 thus 

removing the necessity for the z-field gradient pulse in the 

DESPOT sequence. 

It is evident by inspection of Eqn. 5.1 that when B 

tends to zero, Eqn. 5.1 tends towards Eqn. 4.7, the normal 

DESPOT equation. This situation arises when t25T2*. During
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the period t in a DESPOT analysis the FID is acquired, which 

usually means that t.< ie: of the .order of “STz2*. for most 

absorptions. If t is greater than 3T2*%-then.B as...small- in 

comparison with the value of A and hence has’ only a_ small 

effect on the equilibrium position and the heacared value of 

T1. If, however, the value of B becomes appreciable in 

comparison with the value of A then the effect of incomplete 

T2* relaxation can become pronounced and cause the numbers 

of non-acquisition sequences required to fulfil Eqn. 4.13 

and, the driven equilibrium magnetization achieved, to be 

radically altered. Table 5.1 shows some representative data. 

Table 5.1 

Variation if tea with t/i2°* for. fan. 6:11 with t/41420i1. the 

Numbers of Dummy Sequences Required to Fulfil Condition 4.13 

Based on Eqn 5.1. and Driven From Mo. Mo=1000. 

  

t/ Te. 10 5 3 1 O55, 

6/*. teg n Teq n Teq n Ieq n Teq n 

1 80 a0. 182.5 ..80.. 150.30 207.8 S2°' 29S. 28 

208 2A a 30 Blige SO Ueto: | 2oe Ne STi ae eo. 1 20 

SO. Sig .0 es. mle. @ Ber ers. 22° .20G.3: 105 198,.3;.48 

40° .499.0 1h OGe.T th 186.0 TG hee 10 Teo. 4 TS 

SG." 1Thie AS 7 IS 1S 769. 0. H Vaan Oye act H20.. 3's. a2 

60> 4-150 .5 a 349.8 Oy 145.02 7 118.2 LO TOS 425 

FOr 2129775 to 128 28 6. 124.5 5 99.6. 13 B66 20 

805 lat 1 2 4 ONS 4 106.6 5 8433 2.14 V2 23 
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Inspection of the data in Table 5.1 shows that 

incomplete Tz* relaxation causes a significant departure of 

the equilibrium intensities from those predicted by Eqn. 4.7 

which assumes complete T2* relaxation. It can be seen from 

the data in Table 5.1 that if the ratio t/Tz* is less than 5 

then the effects of incomplete Tz2* relaxation on the 

analysis must be taken into account. It can also be seen 

from table 5.1 that when the ratio t/Tz* is less than 3, 

the required numbers of non sampling sequences increases 

quite dramatically towards higher nutation angles. This 

should be taken into account when analysing data obtained 

under these conditions if accurate -yalues are £6 be 

obtained. Table 5.2 represents the error in a _ DESPOT 

analysis based on Eqn. 4.7 wns Gh at 7h Occur It Te” 

relaxation is not accounted for. 

Table 5.2 

The Values of t/T1 Obtained from Eqn. 4.7 for various values 

of t/T2*. Calculations Based on Equilibrium Intensities. 

  

C/i2827 10 5 3 1 0755 

t/T1 Mo t/Ti1 Mo T/13 Mo 201A Mo t/Ts Mo 

O'e4 19000: 7.0',099.- 994. 0 -09T 957. 707046 _/50 . 0.024 . 646 

0.8. -{000— 0/494 996. 0.407: Si7 0.227" 818 28.12 (3. 

  

From the results in Table 5.2 it is evident that a 

substantial error can occur in a DESPOT analysis if the 

effects of Tz2* relaxation are not taken into account. If no
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z-field spoiling pulse is used in the sequence to aid 

resolution neh analysis must be carried “out Vianeonm. =o. 1 

unless t25T2*. It should also be pointed out that the above 

analysis does nok take into account echo formation which is 

a 5 ose | Riley under incomplete Tz2* relaxation conditions. 

The noise decoupling in 13C-{'1H} spectroscopy should prevent 

such echo formation. 

5.3 Off-Resonance Effects 

523.9. Introduction 

In Sec. 1.6.2 the rotating frame of reference was 

discussed. In this discussion the idea of an effective field 

Bert and the off-resonance parameter (o0-) were introduced. 

In Sec. 3.3.1 this discussion was extended qualitatively to 

the situation that occurs in pulse NMR. 

5.3.2 The Off-Resonance Effect 

A typical magnetization component whose resonant position is 

AY Hz from the carrier frequency in the rotating frame of 

reference will be mutated perpendicular to an effective 

field Berr (Fig. 1.5) 

Berr= {(B1* + AB?) C5. 3) 

where Bi is the pulse field strength and AB=(2mAv/7) is the 

residual z field due to the off-carrier frequency shift at
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the resonance. Bert is also tilted with respect to the x’ 

axis at an angle @ in the x’z plane. 

@ = tan-?(AB/B1) (5.4) 

For a pulse width, tp, an on-carrier frequency component 

(Av=0) will be nutated through an angle 98 about the x’ axis 

of the rotating frame (Sec 3.3.1). 

6 = YBitp (5.5) 

off carrier frequency components (Av#0) will be nutated 

through a larger angle, a, in a plane perpendicular to Berr 

a = YBerftp = O@/cos @ (.5%:6)) 

The effect of this (124) on an Mz component prior to the 

pulse, Mz~, and immediately after the pulse, Mz* is given by 

Moet =-(sift¢g-* cos a cos* @).Mz> = kMz> C57) 

with the detected signal in the xy plane being given by 

Mxy = Mz~cos @¥{(1-cos a)*sin?g@ + sin*a} = BMz- (5.8) 

The derivations of Eqn’s 5.6 to 5.8 are presented in 

appendix 4. 

Obviously this will have an effect on the measurement of 71.
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It can be seen from Eqn. .5.7 that a 90° pulse which will 

nutate an on resonance component onto the y’ axis, leaving 

no residual Z magnetization, wil] leave a finite 2z 

magnetization when the magnetization component is.) off 

resonance and nutate the component into the xy plane. 

Freeman et al (121) noted that the off-resonance effect 

would not effect a 180°-t-90° Ti determination provided that 

a value of Mo was measured, but would effect an analysis 

carried out by the ratio method. They concluded that such an 

analysis was very sensitive to the ratio AB/Bi but very 

tolerant of a missetting of the 180° pulse. For the 

progressive saturation sequence the recovery of the 

magnetization was non exponential unless the value of k 

equalled zero (i.e the absorption was on-resonance, and the 

excitation pulse was 90°). Levy and Peat (119) illustrated 

the sensitivity of the progressive saturation sequence to 

the nutation angle. The saturation recovery technique, on 

the other hand, appeared quite insensitive to missetting the 

nutation angle and to the size of AB/B1. As the DESPOT 

technique is closely related to the progressive saturation 

technique, it seemed prudent to carry out an analysis of the 

off-resonance effect on the DESPOT sequence. 

5.3.3 DESPOT and Off-Resonance 

Combination of Eqn. 4.6 with Eqn. 5.7 yields a new 

equation for the DESPOT equilibrium 

Mo (1 - exp(-Tt/T1 )) 
Mzeq = (5.9) 

1 - k exp(-t/T1 ) 
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Mzeq, however cannot be measured directly but only as a 

projection in the xy plane. Hence by combination of Eqns. 

4.7, 5.8 and 5.9, the new DESPOT linear regression equation 

can be written as 

Iegq Ieqg exp(-t/Ti) k 
  + Mo (1-exp(-T/T1 ) (5.10) 

B B 

The derivations of Eqn’s 5.9 and 5.10 are also presented in 

appendix 4. It should be noted that Eqn. 5.10 should really 

contain the spectrometer constant, K, in the intercept. 

It is apparent from an i neoaey san of Eqn. 5.10 that unless 

@=0, the normal DESPOT regression of TIeq/sin 98 on Ieq 

cos @6/sin @ will not yield a straight line of gradient 

exp(-t/T1) and intercept Mo(1-exp(-t/T1)). A plot, however, 

of Ieq/B against Ieqk/®B will yield the appropriate slope and 

intercept. 

Fig. 5.1A represents theoretical DESPOT plots with 

an offset parameter (AB/B1) = 0.45 (a) plotted normally and 

(b) plotted appropriate to Eqn. 5.10. Fig. 5.1B represents 

the corresponding experimental plots for the 'H decoupled 

13C resonance of air saturated benzene. It can be seen by 

inspection of the plots that the off-resonance effect is 

more marked towards larger nutation angles. The observed non 

linearity in the plots is similar to that observed when the 

90° pulse is misset or the number of non-acquisition 

sequences is grossly under estimated (Sec. 4.4.1). In this 

respect the DESPOT sequence provides an in built check on
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10 - 

  

  
Ik/p 

Fig. 5.1(A) Theoretically derived DESPOT type regressional 
plots of I/B on Ik/B with t/Ti=0.5 and nutation 
angle range = 10° to 160° (a) without correction 
for offset parameter with B and k taken as sin 8 
and cos 8 repectively and (b) plotted 
appropriate to Eqn. 5.10 with AB/81=0.45. 

aL 

  

  - Oo
 

Ik/p 

Fig. 5.1(B) Experimental plots for the 1H decoupled 13¢c 
resonance of air saturated benzene with the 
parameters identical to those in (A).



167 

the adequacy of the selected parameters. It should be noted 

that, when using the DESPOT technique, if the 90° pulse is 

incorrectly set any data obtained may still be used to 

calculate an accurate 171 value provided the correct 90° 

pulse value is used in’ the calculations. In the progressive 

saturation technique, however, the 90° pulse must be 

determined accurately in order to obtain meaningful data in 

the first place. Also, at the small nutation angle side of 

the plots the observed gradient and the corrected gradient 

are very similar. Fig. 5.2 presents the percentage error in 

a DESPOT Ti determination with nutation angles in the range 

10° to 80° against the offset parameter for various values 

of t/T1. It can be seen that with an offset parameter as 

large as 0.5, the percentage error in a1 determination 

obtained using Eqn. 4.7 can be constrained to less than 5% 

in the t/77 range 0.1 to.0.5. 

The off-carrier frequency effect also changes Mzeq 

fora given t/Ti1 and @ and therefore will change the numbers 

of non-acquisition sequences required to drive the system to 

the equilibrium position. Table 5.3 presents the numbers of 

non-acquisition sequences required to establish the 

equilibrium condition, Eqn. 4.13, for various values of the 

offset parameter. As would be expected from Fig. 5.1 the 

numbers of non-acquisition sequences required in the nutation 

angle range 10° to 80° is almost independent of the offset 

parameter. In the range 100° to 180° the required number of 

non-acquisition sequences falls markedly with increasing 

offset. The slight increase in the number of non-acquisition
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Fig. 5.2 % error in a DESPOT Ti determination with the 

nutation angle range constrained between 10° and 
80° from Eqn. 4.8 against offset parameter for 
various values of t/T1.
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Table 5.3 

the Required 

Sequences for @=10° to 180° 

£7142 34,05 

Offset 

Parameter 

8/Degs 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

110 

120 

130 

140 

150 

160 

170 

180 

1 

0 

30 

30 

23 

a) i 

13 

14 

15 

23 

34 

51 

ta 

83 

Numbers) of Non-Acquisition 

Against the Offset Parameter. 

(Number of Non-Acquisition Sequences ) 

0.216 

30 

30 

23 

bf 

13 

1H8, 

14 

VS 

27 

35 

42 

42 

0.430 

30 

30 

23 

17 

13 

11 

13 

16 

17 

17 

16 

0.860 

30 

30 

23 

V7. 

13 

10
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sequences in the range 80° to 100° must be taken into 

account in a DESPOT analysis if accurate data are to be 

obtained. 

It was stated above that the 180°-t-90° sequence is 

not effected by the offset parameter if the usual semilog 

plot is used to obtain the 1711. The null method for the 

rapid determination of 11, however, is affected by the 

off-resonance effect. Off-resonance effects cause the nul] 

equation (Eqn. 4.2) to be modified to 

Troid = me in Ciek) Carel) 

Obviously if the null method is used for ‘a rapid 11 

determination then this should be taken into account. 

5.4 Single Pulse Driven Equilibrium 

5.41 introduction 

The DESPOT sequence is dependent on a magnetization 

component, Mz being driven to an equilibrium position, Meq- 

The magnetization has’ thus far been driven to this 

equilibrium position by a number of non-acquisition sequence 

repetitions. It was noted in Sec. 4.4.1 that this process 

can often be quite inefficient and, therefore, reduce the 

efficiency of the DESPOT sequence. The use of repetitive 

non-acquisition pulses in the establishment of the DESPOT 

driven equilibrium was therefore examined.
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5.4.2 Single Pulse Driven Equilibrium 

From Eqn. 4.6 it is obvious’ that the equilibrium 

driven magnetization for an Mz component can be calculated 

if the values of t/T1 and @® are known. It is also obvious 

that if the equilibrium position is already Known then the 

magnetization can be driven to this position using only one 

non-acquisition sequence with an appropriate nutation angle 

G2. The required nutation angle 82 can be obtained from Eqn 

5.12, the derivation of which is presented in appendix 5. 

(1 - exp(-t/T1)) (cos 8 exp(-t/T1 )) 
  02 =2Ccos=' Che 12.) 

(1 - cos ® exp(-t/T1)) exp (-T/T1 ) 

Hence for an absorption with a known value of T1, the 

equilibrium position can be reached with only one 

non-acquisition sequence thus increasing the efficiency of 

the determination. The above theory requires that a nutation 

pulse, @2, is applied as a single non-acquisition sequence 

at the beginning of the DESPOT pulse sequence. This was 

achieved practically by writing a pulse program using the 

programming facilities of the PG 200 pulse programmer. The 

program, ipdum, is presented as appendix 6. 

The program and theory were tested using the 'H 

decoupled ‘43C resonance of air saturated benzene. In order 

to establish the initial parameters a normal DESPOT analysis 

was carried out using the nutation angles shown in Table 

5.4, 16 acquisition sequences for each partially relaxed
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spectrum and a Tt value of 452s. The numbers”) of 

non-acquisition sequences, n, required for each partially 

relaxed spectrum were based on condition 4.13 for a t/T1 

value of 0.25 at the specified nutation angie, 98. The 

experimentally derived intensities, Imeas, are presented in 

Table 5.4. A DESPOT analysis of the Imeas data in Table 5.4 

yields a T1 value of 11.8 Ss and a Mo value of 432.6. The 

Icalc values in Table 5.4 represent the theoretical 

intensities calculated from the values of 6, the derived 

values of t/T1 and Mo, the equilibrium position achieved 

after the stated number of non-acquisition sequences, n, and 

after 16 acquisition sequences. 

Table 5.4 

Normal and One Pulse DESPOT Analysis for the 'H Decoupled 

13C Spectrum of Air Saturated Benzene. 

  

Normal 1-Pulse 

OF: n Imeas Icaic @2/° n Sedes fii 

156 Us! 99.3 105.4 24D 1 102.3 105.4 

SHOE. 13 177.4 16622 BO «oO 1 A TAGIE I 18:52:93 

45 29 g 18073 eee es y, 66.8 1 V8 41208 18.3 

Ose 2 Ti S8 AETe1 £6 78.0 1 Whee We V3 

TG. O 3 146.3 150°,9 So er 1 142.9 180.6 

91.8 2 Tr 1269 90.8 1 1263.5 126.58 

  

From the experimentally derived values of T1 and Mo the 

appropriate value of 92 was computed using Eqn. 5.12 for
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each value of ®. The experimental, Imeas, and theoretical, 

Icaic, intensities for the one pulse driven equilibrium 

experiment are also presented in Table 5.4. The Icaic values 

for the 1 pulse driven equilibrium experiment were obtained 

in an identical fashion to those obtained for the normal 

experiment except that they are based on one non-acquisition 

sequence of nutation angle 62. The Imeas values for the one 

pulse driven equilibrium experiment were obtained under the 

same experimental conditions as the Imeas values for the 

normal experiment except that only one non-acquisition 

sequence of nutation angle 92 was used for each partially 

relaxed spectrum obtained at the nutation angle, 8. DESPOT 

analysis on the 1 pulse Imeas values presented in Table 5.4 

give a T1 value of 12.0 s and an Mo value of 434.5. The 

results were considered to be consistent with the values 

obtained from the normal experiment within experimental 

error. It is worth noting that the total experimental time 

fell. from 692.s. to... 428 s. using the one pulse driven 

equilibrium conditions. It is of interest to compare the 

data in Table 5.4 with those produced from a normal DESPOT 

sequence with one non-acquisition sequence and no 

non-acquisition sequences at all. Those data are presented 

in Table 5.5. The Imeas and Icaic values presented below 

were obtained in the same way as those in Table 5.4 except 

for the difference in the non-acquisition sequences.
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Table 5.5 

DESPOT Ti Determination for the 14H Decoupled '3C Resonance 

of Air Saturated Benzene with One and Zero Non-Acquisition 

  

Sequences. 

e/° nN Imeas Icaic n Imeas Icatc 

3° 6 403.0 10645 0 103.7 107.1 

20:6 jee eer. 173.80 192.5 174.9 

£6.09. (1°20) -6)* 189.3... 9 204.8 197.4 

Ora rs. VIG ATR 8 191.5 191.5 

eB ot 146.9 15K EO Waa ATO 

oT. a= “e -108,3 ~ 126.6 2D 145.2 145.6 

  

It can be seen from a comparison. of the data in Tables 5.4 

and 5.5 that the one pulse driven equilibrium position is 

only marginally superior to the use of only = one normal 

non-acquisition sequence but certainly better than using no 

non-acquisition sequences at all. The normal one 

non-acquisition data presented in Table 5.5 are better than 

would perhaps be expected. The reason for this is that 16 

acquisition pulses were required to obtain a sufficient S/N 

ratio to carry out the integration. During the acquisition 

sequences the z-magnetization was driven towards the actual 

equilibrium position thus reducing the effect on the 

analysis of the inadequate preconditioning or: the. . 2 

magnetization using only one normal non-acquisition sequence 

(Sec. 4.4.1). This is borne out by comparison of the Icaic
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values for the one normal non-acquisition sequence in Table 

5.5 and the Icaic values’ for the one pulse driven 

equilibrium condition in Table 5.4. In order to appreciate 

ful Ty the difference between the one pulse driven 

equilibrium position and the use of a single non-acquisition 

sequence would require the use of a smaller t/T1 value or a 

smaller number of sampling sequences. The Imeas values from 

the one normal non-acquisition pulse data, however, yields a 

T1 of 12.7 s and Mo of 462.6 on DESPOT analysis which is 

noteably different from the T1 and Mo values derived from 

the data in Table 5.4. Despite the averaging due to the use 

of 16 acquisition sequences the data in Table 5.5 for the 

case when no non-acquisition sequences are applied show 

considerable departure from the equilibrium values. DESPOT 

analysis on the Imeas values for the no dummy case provides 

a T1 of 10.5 s and an Mo of 452.2, which are significantly 

different from the equilibrium values in Table 5.4. 

5.4.3 Use of Single Pulse Equilibrium 

From the above discussion it can _ be seen that the 

single pulse driven equilibrium is only useful if the T1 is 

already known. This is not usually the case, as the idea of 

the DESPOT sequence is to measure the T1 accurately with 

only a prior estimate of the Ti for the purpose of deciding 

how many non-acquisition sequences are required. In a 

modification to the recent application of limited angle 

excitation to NMR microscopy (129), the use of a single 

pulse to drive the system to equilibrium prior to obtaining
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the image would improve contrast in the images and enable 

accurate calculations of the spin density in the sample. 

The single pulse driven equilibrium position is also useful 

in the NMR determination of T1. In general for small flip 

angles and low values of t/T1 the number of required 

non-acquisition sequences required to fulfil condition 4.13 

can be large. If a single pulse is used to drive the 

magnetization vector resulting from a nucleus with a long T1 

value to fulfil condition 4.13 then nuclei with smaller 

values of T1 can attain their equilibrium positions with 

relatively fewer non-acquisition sequences’ than would have 

been required if the total magnetization had been drien 

from Mo. Fig. 5.3 shows the variation in the number of 

non-acquisition sequences required to fulfil Eqn. 4.13 (a) 

with conventional sequence repetitions and (b) after a1 

pulse driven equilibrium sequence for t/T1=0.025 and @=30°. 

It can be seen that the required number of non-acquisition 

sequences is reduced from a maximum of 45 to 22 across the 0 

to 80 s T1 range for the particular combination of t and @®. 

5.5 The DESPOT Data Analysis Programs 

5.5.1 Introduction 

The analysis of DESPOT data by hand is a tedious, 

inaccurate and time consuming business. The manipulation of 

DESPOT data, however is easily achieved by the use of micro 

computers. To this end a suite of programs was written to
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analyse DESPOT data and produce a hard copy of the analysis 

for future reference. The suite contains 4 programs for the 

analysis of data. 

1) 360° Pulse Determination 

2) Numbers of Non-Acquisition Sequences Program 

3) DESPOT Analysis via Curve Fitting to the Data 

4) DESPOT Analysis via Linear Fitting to the Data 

The programs were originally written to run on Apple II 

BASIC with hard copies being output to the TIGER printers in 

the department. For convenience, however, versions of the 

programs are now available to run on the Sinclair Spectrum 

with microdrive compatability and on P.C. and P.cC. clone 

computers using Locomotive II BASIC operating under the GEM 

system. The BASIC programming language was used because it 

is generally understood and thus’ the programs can easily be 

modified. Although BASIC is in general a slow language the 

number of calculations required to carry “out a» DESPOT 

analysis is quite small and therefore the programs yield the 

analysis quite rapidly. On the AMSTRAD PC 1512 a typical 

DESPOT analysis containing 6 data points can be analysed in 

well under one minute. The use of the camputer programs 

enables data to be analysed while the experiment is 

proceeding and, therefore, poor data can be rapidly detected 

and repeated to ensure optimum accuracy in the 

determination.
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5.5.2 360° Pulse Determination 

AS noted in Sec *.4.4.3,° the 90°: pulse...width is 

conveniently obtained from a DESPOT analysis around the null 

in the DESPOT equation at 360°. As long as the equilibrium 

position is obtained with an appropriate number of 

non-sampling sequences for various nutation angles between 

270° and 450° the null in the plot of Ieq against pulse 

width will yield the 360° nutation angle. Data in this range 

are fitted to a cubic polynomial from which the intercept on 

the x axis yields the null position and hence the 360° pulse 

width. The DESPOT equation should not in reality be modelled 

by a cubic polynomial but should be modelled by a least 

squares fit on the actual DESPOT equation. Data around the 

null point, however, were found to be modelled quite 

accurately by a cubic polynomial. The cubic polynomial was, 

therefore, used due to the speed of the computer algorithms 

and the simplicity of the resulting computer program. The 

output from the computer program is presented as Fig. 5.4 

and shows the validity of the approach used. due to the high 

value of the correlation coefficent. As mentioned in Sec. 

4.4.3, when 4d ¢fllaion in liquid samples was’ reduced toa 

minimum, no significant difference could be found between 

90° pulse widths obtained by this method and via_ the 

classical method used in Sec. 4.4.3. It should be noted that 

the apparent 360° pulse width will be dependent’ on the, 

offset parameter (Sec. 5.3) and therefore the resonance 

chosen for calibration purposes should be as close to the 

carrier frequency as practically possible. In order to use
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the program it is necessary that the data used is driven to 

its equilibrium position. This entails a prior estimate of 

the ratio t/T1. Hence, the 360° pulse width determination 

program and the program to determine the “numbers of 

non-acquisition sequences are used in conjunction with each 

other, with the initial estimate of t/T1 being smaller than 

the actual value. It is necessary to check the value of the 

90° pulse width quite regularly; different nuclei have 

differing 90° pulse widths and the 90° pulse width can also 

often change with time and will change with samples of 

differing magnetic susceptibility. In order to obtain the 

most accurate estimation of the spin-lattice relaxation time 

the pulse calibration should be checked for every sample. As 

noted in Sec. 4.4.1, the missetting of the 90° pulse width 

in a DESPOT analysis is often indicated via U shaped plots 

if nutation angles greater than 90° are used in the 

analysis. 

5.5.3 Numbers of Non-Acquisition Sequences Program 

This program calculates the required number of 

non-acquisition sequences modelled in its simplest form by 

repetitions of Eqn 4.12 to fulfil condition 4.13 for a given 

value of t/T1 and 9. The program also calculates’ and 

displays the z magnetization when Condit10n, 4.1377 as 

fulfilled and compares that with the predicted equilibrium 

magnetization. The program in its most recent version can 

also take into account, in the calculations, the effect of 

incomplete Tz* relaxation (Sec. 5.2) and the effect of
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DESPOT 360 degree pulse determination 

data fitted. to cubic equation 

3 2 
yCinb.Je (atx + D¥x 4: Cte fod 

where: - 

a=. -1:.5339079. ba 324 .89362 

C=. 22545 962 <0=: (51149 6i-7 
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Fig. 5.4 Output from the 360° pulse determination program
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off-resonance (Sec. 5.3) on the numbers of required 

non-acquisition sequences. It should be noted at this point 

that the program bases its calculations on the assumption 

that the magnetization is being driven from Mo for each 

combination of t/T1 and 6. This may not always be the case, 

especially if t/T1 is short or if a magnetization component 

in the sample is driven to equilibrium by a single 

non-acquisition sequence. Other programs, not included in 

the suite, have been written to analyse these situations. In 

general, however, the magnetization being driven’ from Mo 

presents the worst possible case; any non-acquisition 

sequences applied to the system after condition 4.13 has 

been fulfilled will drive the magnetization further towards 

the equilibrium position, hence improving the accuracy of 

the determination. An example of the output from the program 

is presented as Fig. 5.5. 

5.674. POT Analysis Via Cur 

This program calculates the spin-lattice relaxation 

time by finding the maximum of a plot of Ieq against pulse 

width. As with the 360° pulse determination program the data 

are not fitted to a least squares algorithm based on the 

actual DESPOT equation but rather to a least squares 

algorithm based on a polynomial. Data in the range 10° to 

130° were found to be modelled quite successfully by a 

quadratic least squares fit. The maximum of the curve, and 

hence the T1, is therefore, found by differentiating the
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fitted curve to yield the maximum (Fig. 4.2). The program in 

its later versions is also capable of calculating the T1 in 

the presence of incomplete 12% relaxation and when 

off-resonance effects are thought to be significant. When 

diffusion is not effectively eliminated in the sample a 

pulse offset is often noted (Sec. 4.4.3). In the curve fit 

program the curve is fitted to the data for offsets in the 

range Ous to ius in steps of O.1ius. The offset giving rise 

to the highest correlation coefficient is used to evaluate 

the experimental data. In constricted 10mm and 5mm sample 

tubes, however, the best fit usually provides a very small 

offset (Sec. 4.4.3); unconstricted 10mm tubes can give quite 

large offset values (115). The curve fit program permits 

selective insertion and removal of data points so the effect 

on the results of marginal data can be predicted. The data 

can also be saved to a text file for insertion into the 

linear DESPOT program or for retrieval at a later date. A 

typical output from the program is presented as Fig. 5.6. 

5.5.5. DESPOT Analysis Via a Linear Fit to the Data 

This program carries out a linear least squares fit 

to data plotted as Ieq/sin 9® against Ieq cos 9/sin @ and 

consequently obtains a value of 71 from the gradient anc a 

value of Mo from the intercept. As with the curve fit 

program marginal data can be selectively inserted and 

removed to assess its effects on the determination and data 

can be saved for archiving or interchange between analysis 

programs. The linear fit program is also equipped to deal
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Fig. 5.6 Output from Curve fit Program



186 

with incomplete Tz* relaxation and off-resonance effects in 

its later versions. An independent determination of the 

offset is available using the linear fit program via a two 

point analysis on the various data points. The offset which 

produces the smallest variation in the value of T1 obtained 

from the various two point analyses is used to obtain the 

experimental data. As mentioned above in cases where 

diffusion is effectively eliminated the observed pulse 

offset is usually very close to zero. A typical output from 

the program is presented as Fig. 5.7. Obviously in the 

entire program suite the analysis of the data is very 

susceptible to the original quality of the data. Poor data 

due to inadequate S/N ratio, or insufficient consideration 

of the experimental parameters will yield inaccurate T1 

values.
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CHAPTER 6 

NMR RAPIO MULTIPULSING
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6.1. Introduction 

It was noted in Chapter 3 that pulse excited NMR is 

considerably more time efficient than continuous wave 

techniques as all the chemically shifted nuclei are excited 

simultaneously. Due to the short acquisition times required 

for FTNMR compared with CW NMR-~ the FTNMR technique readily 

lends itself to multipulse operation. Thus, following a 

pulse, the FID is sampled and stored sequentially in the 

memory of the computer. At a suitable point in time a new 

pulse is applied to the system and the resulting FID is 

again sampled and co-added to the first. Repetition of this 

process is continued until the S/N ratio in the resulting 

fourier transformed spectrum is sufficient for the required 

analysis. The S/N ratio in the final fourier transformed 

spectrum is given by 

S/N(f) = S/N(i) N# 2 i 

where’ S/NCT) is the S/N ratio in the fourier transformed 

spectrum after N pulse sequence repetitions and S/N(i) is 

the S/N ratio that would be observed if the spectrum was 

fourier transformed after only one sequence repetition. A 

similar process, in which subsequent CW NMR- scans are 

co-added in a computer has been carried out. Due to the 

length of time a CW scan takes, especially if a slow passage 

spectrum is required (Sec 1.6.3.1), this is a very time 

consuming process. Ernst and Anderson (16) have shown that 

the resulting increase in the S/N ratio of a spectrum
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obtained via the FTNMR technique over the CW NMR technique 

in the same experimental time is of the order of /[F/A¥3] 

where F is the spectral width examined and Av# is the width, 

at half height, of the individual absorptions in the 

spectrum. The increased sensitivity of the FTNMR technique 

is high, resulting in the use of FTNMR techniques for less 

sensitive nuclei and samples of low concentration. 

So far, the question of the equilibration of the 

pulse perturbed magnetization has not been discussed. If 

each successive FID, generated from a train of equivalent 

pulses, is to be identical then the interpulse time must be 

long enough to allow full relaxation to occur. Examination 

of Eqn’s 3.16 and 1.30 shows that the interpulse relaxation 

time must be 25T1’s. On the other hand, however, the FID 

actually decays with a characteristic time T2* which is 

usually considerably shorter than T1. Hence data acquisition 

beyond *3T2* will just add noise to the FID without 

significantly adding to its information content. It is thus 

easy to see that there are two ways of acquiring pulsed NMR 

data...The first i6 téo.; a€hiow” a* Waiting pertod of 51: ’s, 

including the acquisition time, between successive pulse 

repetitions and use 90° pulses. The 90° pulse places the 

magnetization along the y’axis, giving the maximum 

detectable signal from the magnetization, Mo and the 

subsequent BT wait allows the z-component of the 

magnetization to relax to Mo. This is the so-called 

classical technique and can give rise to spectra of lower 

S/N ratio than could be obtained with a shorter waiting
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time’ ‘than< 571i. Spectra 

technique have relative 

proportional to the number 

absorption. The second is to 

5T1’s between pulse repetitio 

as a rapid multipulsed approa 

of the signal due to saturat 

absorption the attenuation of 

can be offset by the increa 

giving a higher S/N ratio in 

the classical sequence. Howe 

case, as the final S/N ratio 

dependent on the values of 6 

choosing these parameters can 

91 

obtained using the classical 

signal intensities that are 

of nuclei giving rise to the 

use a waiting period less than 

ns in what will be referred to 

ch. This results in attenuation 

LOM ~ CSCC. 424.2)... For. a given 

the signal due to saturation 

sed pulse repetition rate thus 

a given experimental time than 

ver, this is not always the 

in amultipulsed spectrum is 

and t/Ti. Inadequate care in 

lead to a S/N ratio which is 

less than that obtained using the classical sequence in the 

same experimental time. As the S/N ratio obtained for a 

given absorption is dependent on 6 and t/T1, absorption 

intensities in a multipulsed spectrum will not in general be 

proportional to the number of nuclei giving rise to the 

absorption. One of the primary objectives of this chapter is 

to assess the implications of rapid multipulsing on NMR 

spectra, and present conditions for the more common nuclei 

which will make the most efficient use of the NMR 

spectrometer. 

6.2 Rapid Multipulsing at the Ernst Angle 

Inspection of Fig. 4.2 or differentiation of Eqn. 

4.7 with respect to 8 shows that the maximum intensity ina
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rapid multipulsed spectra is obtained when the condition 

cos Oe = exp (-t/T1) CO.2) 

is fulfilled for a fixed t value (Appendix 7). This 

condition is Known as the Ernst angle (16). Combination of 

Eqn’s. 4.7 and 6.1 shows that the signal, Smp, measured at 

constant spectrometer noise from the rapid multipulsed 

sequence and obtained in a certain experimental time, E, is 

given by, 

Smp =   
KMo sin 98 (1-exp(-T/T1 ) (E -(t x m)) 41/72 ea as) 

(1-cos 8 exp (-t/T1)) T 

where K is a spectrometer constant and m is the number of 

non-acquisition sequences required to satisfy Eqn. 4.13. If 

rapid multipulsing is carried out at the Ernst angle then 

Eqn 6.3 can be rewritten as Eqn. 6.4 

  

KMo Sin 8e (1- COS @e ) (E -(t x m)) 4172 Gare = ee oc 
(1-cos* Be ) c 

For the classical sequence the signal, Sc, measured at the 

same noise level relevant to Eqns 6.3 and 6.4, and obtained 

in the same experimental time, E, is given by 

VH2 E 
Sc = KMo x ae (675)) 

571 

Becker (130) has shown that rapid multipulsing at the Ernst 

angle, using 4 non-acquisition sequences, can yield a
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maximum S/N advantage of 56% over the classical sequence in 

the same experimental time. The dependence of this S/N ratio. 

advantage with the ratio t/T1 was obtained using Eqn’s 6.4 

and 6.5. This analysis shows that providing the t/T1 range 

is constricted between 0.1 and 0.5 a 56% S/N ratio advantage 

over the classical sequence is available at the Ernst angle. 

The S/N ratio advantage is greater than 55% in the t/T1 

range 0.07 to 0.6. These figures are slightly different from 

those that can be interpolated from figure 8 of reference 

(130) as this figure was derived using the erroneous four 

pulse equilibrium compromise position (Sec 4.4.1). Outside 

the t/T1 range 0.07 to 0.6 the Ernst condition does not 

necessarily provide the maximum attainable S/N ratio. For 

example at @=88° the S/N ratio maximum occurs at a t value 

of 1.2T:1 whereas the Ernst condition would predict a t value 

of approximately 3.4T1. For 0@=88° with t=1.2T1 the S/N 

enhancement over the classical sequence is 43% whereas with 

tT=3.4T1 the S/N enhancement over the classical technique 

falls to 6%. Hence, when using the Ernst condition to 

predict the maximum S/N ratio available it is not beneficial 

to allow the value of t/Ti1 to increase beyond 1.2. For t/T1 

values of less than 1 the difference between the maximum S/N 

ratio available and that predicted by the Ernst condition is 

negligible. 

6.2.1 Time Saving Aspects of Rapid Multipulsing 

It is obvious that a given S/N ratio can be obtained 

in a shorter time using rapid multipulsing rather than the
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classical sequence. At the Ernst angle, it can be shown 

that, providing the t/Ti is constrained within the limits 

0.07 to 0.6 the S/N ratio obtained using the classical 

sequence in an experimental time, —, can be obtained using 

rapid multipulsing in 43% of the time. Obviously with 

departure from the Ernst condition within the prescribed 

limits or with multipulsing at the Ernst angle outside the 

prescribed limits the time saving WA adh. 220 1s 

incorrect, however, to assume that there is a_ linear 

relationship between time saving and S/N enhancement with 

the former being slightly greater than the latter. The above 

discussion, however, assumes that the number of sampling 

pulses far outweighs the required numbers of non-acquisition 

pulses required to drive the system to equilibrium. In cases 

where the numbers of required non-acquisition pulses are 

large, but the sample is concentrated and requires few 

sampling pulses to produce a sufficient S/N ratio for 

analysis, the time saving using rapid multipulsing will be 

greatly reduced. Indeed it is possible that the classical 

sequence will be more time economic in such cases and the 

classical sequence will of course provide quantitative data. 

It is worth pointing out that it is not strictly necessary, 

if a qualitative spectrum only is required, to use 

non-acquisition sequences at all. If non-acquisition 

sequences are not used, however, it is not possible to use 

Eqns 6.3 or 6.4 to say anything about the relaxation times 

or the intensity ratios in the spectrum. Often for a 

qualitative analysis such a situation is acceptable and in 

such cases the S/N ratio obtained at the end of the
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experimental time, E, will be greater than that obtained if 

the non-acquisition sequences were used. All the figures, 

however, in this chapter are based on the magnetization 

being previously driven by repetitive pulses to satisfy Eqn. 

4.13. If the spin abundance and/or the receptivity is low 

such that the number of required sampling pulses’ far 

outweighs the number of non-acquisition pulses’ then the 

error introduced into the final spectrum due to the omission 

of the non-acquisition sequences is likely to be negligible 

and the resulting spectrum should model Eqn. 6.3 quite 

closely. 

6.3 Nutation Angles Other Than the Ernst Angle 

Samples submitted for NMR analysis invariably have 

nuclei with different spin-lattice relaxation times 

contained within them. It is therefore not possible to 

choose a nutation angle that will fulfil the Ernst condition 

for each nucleus in the sample. It is worthwhile, therefore, 

considering the effect on the S/N ratio of nutation angles 

other than the Ernst angle over the expected T1 range of the 

nucleus under investigation. Fig. 6.1 shows the variation in 

the S/N ratio enhancement using rapid multipulsing, over the 

classical technique, against In t/Ti1 for various nutation 

angles. Fig. 6.1 shows that by the judicious choice of 

nutation angle, the measured intensities due to Spectres T1 

regions of the spectrum can be selectively enhanced for a 

chosen t. For example, the choice of a small nutation angle 

will selectively enhance the S/N ratio for slowly relaxing
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Variation in the S/N ratio enhancement using rapid 
multipulsing, relative to the classical sequence, 
against In(t/Ti1) for various nutation angles.
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nuclei such as the ipso carbons in 1'43C- spectra. Such 

absorptions may otherwise (ie at larger 9’s) be reduced 

relative to the higher S/N ratio for the shorter T1 nuclei, 

in the worst cases the absorption may not be noted at all. 

“Enspectaon, Of  Figu. <6. also reveals that for pulse 

repetition times of the order of 2s for '3C spectra a 

nutation angle of 30° will give a minimum enhancement of 20% 

in the S/N ratio over the classical method for T1’s in the 

range 2.8 to 70 s (In t/T1= -0.35 to -3.55). In cases where 

a value of 2 s is impractical for t due to other factors 

interpolation between the plots of Fig. 1 will allow the 

optimum value of @ to be selected for differing Tt values. 

For example, for a pulse repetition time of 4s for 13C 

spectroscopy a good choice of 6 is 45° which will give a 

similar enhancement over the 13C Ti range as t=2 s and 6=30° 

does. 

In 1H spectroscopy where t values of the order 4 s 

are often used, a better choice of nutation angle for 

optimum S/N ratio reasons will be 60° (Fig. 6.1). In cases 

where the T1 values are very short this choice may well rise 

as high as 80°. Such conditions give a_ good S/N ratio 

enhancement over the classical sequence for the typical 

proton. Ts range of 2 to 10 s CIR: t/T1 <= 0.69 to -0.92). The 

choice of a nutation angle of 60° or higher, however, will 

not allow for quantitative determination from a_= proton 

spectrum. Hence, this condition should only be used when a 

good S/N ratio is required rapidly and where quantitative 

data are not required. In the recent application of rapid
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multipulsing to MR imaging (129) the main criterion was to 

obtain the highest S/N ratio in the shortest possible time. 

Consequently, the conditions were optimised to give a high 

S/N ratio rather than quantitative data. 

Fig. 6.2 shows the variation in the S/N enhancement, 

over the classical sequence, against 9 for various values of 

the ratio t/T1. It can be seen readily from this figure that 

the maxima of the curves become broader as the ratio t/T1 

increases. Hence, for shifted nuclei where the t/Ti ratio is 

small the measured enhancement is very sensitive to the 

precise value of @ chosen. For example at t/T1=0.05 the S/N 

ratio enhancement over the classical sequence falls from 54% 

at the Ernst angle to 13% at the Ernst angle minus 10° and 

to 40.4% at the Ernst angle plus 10°. When t/1T1=0.5, 

however, the enhancements over the classical sequence at the 

Ernst angle, the Ernst angle minus 10° and the Ernst angle 

plus 10° are 56%, 52% and 53% respectively. Hence when 

choosing a small nutation angle to specifically enhance the 

S/N ratio for a_ shifted nucleus with a long T1 (ie t/T1 is 

small) the chosen value of @® is critical and the choice 

should err to larger values of 6 rather than smaller ones. 

In cases where the required nutation angle would be 

exceptionally small it would probably be beneficial to 

increase the value of T. 

The above proposals have been confirmed practically 

using the 1H noise decoupled 13C resonance of air saturated 

benzene. The T1 of the 143C nucleus at 30°C was measured
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using the DESPOT sequence with a tt value of 4.2 s and found 

to be 14.4 s. The S/N ratios were obtained from the 

following formula (131) 

Measured peak height 
S/N = (6.6) 

(peak to peak noise)/2.5 

  

and the results are presented in Table 6.1 

Table 6.1 

Comparison of Rapid Multipulsed and (90°-5T1)n Spectral 

  

Analyses 

Experiment Expt. time S/N ratio % Enhancement 
/secs Expt . Theoretical 

90°-5T1 3384 17.31 = = 

Ernst angle 3385 Qte34 55 56 

Ernst angle 1457 Seer 0 0 

90° 3385 141:1 3 4 

multipulsed 

T1=14.4 s, t=4.2 s in all multipulsed experiments 

  

The results in Table 6.1 illustrate the validity of the 

above theoretical proposals. Rapid multipulsing is seen to 

be considerably more efficient than the classical sequence 

with the theoretical and practical enhancements being in 

close agreement. The proposal that rapid multipulsing could 

attain the same S/N ratio in 43% of the time required
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classically is also apparent from the data in Table 6.1. The 

90° '‘multipulsed experiment is of some interest, it should be 

dipeseeu that in the practical experiment the only condition 

that was changed from the experiments at the Ernst angle was 

the value of @. In practice @ changed from 42° to 90°, which 

resulted in a dramatic fall in the measured S/N ratio. The 

theoretical enhancements can be predicted by interpolation 

between the plots of Figs 6.1 and 6.2. The 90° multipulsed 

condition used here is not the same as the 90° multipulsed 

condition used by Becker (130) where the t/T1 ratio is 1.2. 

If this condition is fulfilled then a 43% enhancement over 

the classical sequence is available in the same experimental 

time as can be seen from Fig. 6.2. Such a condition has 

found considerable use in setting up the conditions for 

polarization transfer experiments such as 0D.E.P.T (38). It 

should be noted that for a nutation angle of 90°, deviation 

from the ideal condition of t=1.2T1 will result in a rapid 

fall in the expected S/N enhancement over the classical 

sequence (Table 6.1, Fig. 6.1). 

6.4 Boltzmann Equilibrium Intensity Distortions 

Integrated intensities are influenced by the values 

of t,T1 and @ in a particular experiment. This is possibly 

not a great disadvantage for 13C spectra, when 'H broadband 

decoupling is used, because the intensities are already 

distorted from their equilibrium values due to the nuclear 

Overhauser enhancement (Sec. 2.4.1). In 14H spectroscopy, 

however, where many chemists rely on tH NMR integrations for
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structural information, the systematic errors’ produced by 

rapid multipulsing could lead to errors in_ the spectral 

analysis. Fig. 6.3 shows the theoretical spectral intensity 

ratio of two shifted nuclei with differing t/T1 ratios 

plotted against the nutation angle. It can. be seen that the 

true intensity ratio (unity) between the two absorptions 

cannot be expected unless the nutation angle is small. For 

example for a t value of 45 and two shifted nuclei with 

T1’s of 4, s and 10 s respectively the integration error ata 

nutation angle of 30° is 18% but this falls to 2% ata 

nutation angle of 10°. However, cross referencing with Fig. 

6.1 shows that at a nutation angle of 10° for the above two 

specified shifted nuclei the classical sequence would be far 

more economical based on the 171=10 s nucleus (for t/T1=0.4, 

In(t/T1 )=-0.92, the S/N ratio multipulsed enhancement is 

-40%). At a nutation angle of 30°, however, for the same 

nucleus a 46% S/N ratio enhancement over the classical 

technique is observed but the 18% error in the relative 

intensities between the two. shifted nuclei 1s unacceptably 

large for analytical applications. The case described above 

is obviously only pertinent to this specific example. In the 

general case, inspection of Fig. 6.3 in conjunction with 

with Fig. 6.1 will give an idea of the expected S/N ratio 

enhancements over the classical sequence along with the 

expected intensity ratio distortion. In cases where the T1i’s 

in the sample are known to be relatively similar then a 

nutation angle of 30° with a t value of 4s will give a 

reasonable S/N enhancement and reasonably quantitative
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6.3 Variation in the observed intensity ratio for two 
resonances, 1 and 2, with nutation angle for 
{t/T1 )1=0.4 with A) (t/Ty )2=0.2: B) (t/Ti )2=0.4: C) (t/T1 )2=0.6; D) (t/T1 )2=0.8 and ey -(t7 1s Jest 6 | 
True Mo ratio=1.0. Non-acquisition pulses for each 
nutation angle are based on t/11=0,4.
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spectra. Obviously if the two absorptions have identical 

T1’s then the spectra should be obtained by multipulsing at 

the appropriate Ernst angle. In cases where accurate 

integrals are required for structural. analysts <-71t, is 

probably prudent to use the classical sequence as accurate 

integrals are assured. 

6.5 Rapid Multipulsing with Incomplete Tz2* Relaxation 

As noted in Sec. 5.2 rapid multipulsing with 

incomplete Tz2* relaxation can modify the driven equilibrium 

intensity, Ieq, and the number of non-acquisition sequences 

required to fulfil condition 4.13. It was thought prudent 

therefore to assess the implications of incomplete T2* 

relaxation on rapid multipulsed spectra. It should be 

pointed out that spectra from samples submitted for 

analysis are in the main obtained by rapid multipulsing 

without the inclusion of a z-field gradient spoiling pulse 

immediately after F.I.D. acquisition. Spectra obtained in 

this way are likely to be affected by incomplete T2* 

relaxation. 

Fig. 6.4 presents the variation in. the: -S/N 

enhancement by rapid multipulsing over the classical 

sequence against In (t/T1) at a nutation angle of 30° for 

various values of the parameter t/T2*. Inspection of the 

figure immediately reveals two points which reauire further 

discussion. Firstly, it can be seen that the maxima of the 

curves appear at more positive values of the parameter
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In (t/T1), and consequently at AiSher values of the 

parameter t/T1, for a given nutation angle. This implies 

that the maxima of the curves no longer appear when the 

Ernst condition (Eqn. 4.9) is fulfilled. The maxima of such 

curves now appear when a modified Ernst condition is 

fulfilled which can be readily found by differentiation of 

Eqn.2 5.4.2 with. <resnect =.to. . 6 (appendix 7) and can be 

expressed as 

exp: (-t/T1) exp (-t/Te*) 
cos 6 = (6:.7,) 

1 + exp (-t/Ti) exp (-t/T2* ) 

  

Inspection of Eqn. 6.7 shows that when the value of t/Tz* is 

greater than 5, Eqn. 6.7 reduces to Eqn. 4.9 which is the 

Ernst condition. This is apparent by noting that the curve 

representing a nutation angle of 30° on Fig. 6.1 and the 

curve representing a t/T2* value of 10 on Fig. 6.4 are 

identical. As the value of t/Tz* falls the effect of 

incomplete T2* relaxation becomes more noticeable and the 

maxima of the curves on Fig. 6.4 shift to larger values of 

the parameter t/T1. It can be seen from Fig. 6.4 that if the 

parameter t/T2z* is greater than 3 then the effect of 

incomplete T2* relaxation on the multipulsed experiment 

becomes almost negligible. 

Secondly, it can be seen from inspection of Fig. 6.4 

that the maximum S/N ratio enhancement using rapid 

multipulsing with incomplete T2* relaxation over the 

classical sequence is greater than 56% when the ratio t/T2* 

falls below 3. The curve representing a t/Tz* ratio of 1 

shows a 69% enhancement over the classical sequence at its
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maximum represented by condition 6.7. It is noticeable from 

the figure that the enhancement at the Ernst angle condition 

(cos @ = exp (-t/T1)) is independent of the value of t/T2* 

with the three curves intersecting at this point, yielding 

an enhancement of 56% over the classical sequence. The 

effect of incomplete +a* relaxation is similar to 

increasing the nutation angle (compare the curve for 9=30° 

and t/T2* =1 on Fig. 6.4 with the @=45° curve on Fig.6.1) 

with the maximum enhancement occurring for a smaller value 

of T1 for a given ® and t. It should be emphasised, however, 

that the observed enhancement of 69% over the classical 

sequence at In (t/T1)=-1.16 is greater than the enhancement 

that would have occurred, (56%) if rapid multipulsing with 

complete Tz* relaxation had been carried out fulfilling the 

Ernst condition (Eqn. 4.9) for this t/T1 value. Hence, the 

effect of incomplete Tz* relaxation is to provide a greater 

enhancement over the classical sequence than would be 

expected if T2* relaxation was complete for an absorption 

multipulsed at the Ernst angle on the short T1 side of the 

Ernst condition. Similarly a smaller enhancement over the 

classical sequence than would be predicted if Tz* relaxation 

was complete is noted on the long 171 side of the Ernst 

condition. Consequently, incomplete T2* relaxation will 

adversely effect the S/N ratio of slowly relaxing nuclei 

which are more prone to incomplete Tz* relaxation (Sec. 

3.3.2). Hence, where a z-field gradient spoiling pulse is 

not included in. rapid multipulsed experiments and ts3T2* it 

is prudent to multipulse at a smaller nutation angle than 

would be predicted from Fig. 6.1. For example for '3C



208 

acquisition with a t/Tz* ratio equal to one, multipulsing at 

a nutation angle of 20° gives a S/N ratio enhancement curve 

over the classical sequence similar to that obtained when 

multipulsing at a nutation angle of 30° when Tz* relaxation 

is complete (Fig. 6.1). 

6.6 Summary 

In conclusion it is possibly worth summarising the 

conditions for rapid multipulsing discussed so far. For 1'3C 

spectra a nutation angle of 30° and a pulse repetition time 

of 2 s will provide a good S/N ratio enhancement over the 

classical sequence across the usual '3C Ti range. In cases 

where a t value of 2 s is impractical the nutation angle can 

be changed to ensure a reasonable enhancement across the 

usual 33C: oT: range (Fig. 6.1). “If a 2-fietd. gradient 

spoiling pulse is not applied and the t value chosen causes 

the ratio t/Tz2* to be less than 3 then it may be worth 

reducing the nutation angle slightly to ensure that slowly 

relaxing 13C nuclei are subject to a reasonable S/N ratio 

enhancement over the classical sequence. 

For 1H spectroscopy the choice of the conditions 

@=60° and t=4 s will provide a good S/N ratio enhancement 

across the proton Ti range 2 to 10s. In cases where the 71 

values are expected to be less than 4 s with t still set at 

4 s a good S/N ratio enhancement over the classical sequence 

will be achieved with a nutation angle Of 70.007 80°..2 it -must 

be stressed that the above canditions provide for optimum
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S/N ratio and not for quantitative spectra. For truly 

quantitative proton spectra the classical sequence should be 

used. If a compromise is sought between a reasonable S/N 

enhancement over the classical sequence and a reasonably 

quantitative spectrum then the multipulsed conditions 

t=4 s and 9=30° are suitable. For rapid multipulsed spectra 

where t/Tz2* is less than 3 the maximum S/N ratios wll be 

achieved with nutation angles slightly shorter than quoted 

above. In this case it may also be beneficial to reduce the 

nutation angle slightly if the conditions 9=30° and t=4 s 

are used as a compromise between S/N ratio enhancement and a 

quantitative spectrum. 

6.7 Quantitative NMR Using Rapid Multipulsing 

6.7.1 Introduction 

It is apparent from the discussion in Sec. 6.4 that 

rapid multipulsed spectra are inherently non quantitative 

unless the nutation angle is very small. or the 1T1’s of the 

absorptions in the spectrum are very similar. The use of 

small nutation angles to obtain quantitative rapid 

multipulsed spectra has been shown to be uneconomic in 

comparison with the classical sequence. In general one has 

to choose a trade off between S/N ratio enhancement over the 

classical sequence and the tolerable level of deviation from 

the expected Boltzmann equilibrium ravios:. tt. ar rapid 

multipulsed spectrum: Hence the use of the conditions t=4 s 

and @=30° in the routine acquisition of 1H NMR spectra in
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Sec. 6.4. Although rapid multipulsed spectra are inherently 

non quantitative, the actual degree of distortion from the 

Boltzmann equilibrium value is dependent on the parameters 

t,T1 and @. In any rapid multipulsed spectra the parameters 

t and @ are known hence the degree of Boltzmann equilibrium 

intensity distortion is dependent on the value of T1. 

Consequently, if the value of Ti for a given absorption is 

known then the true Boltzmann equilibrium intensity can be 

calculated. 

6.7.2 Theoretical 

Assuming for the moment that the value of t>5T2* in 

a rapid multipulsed spectrum then rapid multipulsing at two 

different nutation angles 91 and 62 for a constant number of 

acquisition peniahiea. m, Will produce two spectra providing 

intensities showing deviations From the Boltzmann 

equilibrium. Provided that the magnetization is driven to 

its equilibrium value for each nutation angle then the Th OF 

each absorption in the spectrum can be obtained by 

substitution of the relevant parameters into Eqn. 4.10. 

From this point it is obviously possible to obtain a value 

of Mo for each absorption in the spectrum by substitution of 

the relevant parameters into Eqn. 6.8 

Te" 1 “Coe Gk exp Cet/Tr) ) 
Mo = (6.8) 

sin @x (1 - exp(-t/T1 )) 

  

where the subscript x denotes whether the intensity and



211 

nutation angle data were taken from the Rocktron obtained at 

a nutation angle 61 or 02. The ratio of the Mo values for 

two particular absorptions in the spectrum will yield the 

true Boltzmann equilibrium ratio between the two 

absorptions. The same information can be obtained by 

measuring the integration ratio R1 between any two 

absorptions 1 and 2 in the same spectrum. The Boltzmann 

equilibrium ratio between the two absorptions can then be 

given.directly by substitution of the appropriate parameters 

into Eqn. 6.9. 

Mo (1) Ri (1 - A COS 8x) €1'r -B) 
2 | (6.9) 

Mo (2) (1 - B cos 6x) (1 - A) 

    

where A = exp (-t/T1) for absorption (1), B =-exp (-T/T1) 

for absorption (2) and the subscript x denotes whether the 

spectrum used to obtain the measurement of Ri was that 

obtained at the nutation angle 61 or @2. 

It should be noted that the derivation of the 

equations above does not take into account the effects of 

incomplete T2* relaxation or off-resonance effects. As the 

results are dependent upon ratioing the integrals of two 

absorptions of often differing line widths and differing 

chemical shifts, the accuracy of the results may well be 

significantly improved by rederiving the equations taking 

Secs. 5.2 and 5.3 into account. 

The above proposals can obviously only account for 

spectral intensity distortions caused by saturation due to
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rapid multipulsing. Equilibrium magnetization distortions 

can also arise from other sources, the most common of these 

being the nuclear Overhauser enhancement in proton decoupled 

heteronuclear NMR spectroscopy. In such cases, if the actual 

unperturbed Mo ratios in the molecule are all ready known 

then the deviation from these ideal ratios after correction 

using Eqn’s 6.7 or 6.8 will be due to the nuclear Overhauser 

enhancement only. Owing to the nature of the equations it is 

not possible to directly derive the actual ” values, only 

the ratio (1+71)/(1+n2) can be evaluated. In the case of 

{1H}-13C spectroscopy (65) it is often possible to 

approximate the actual " values by assuming that the largest 

1+n value measured corresponds with the maximum nuclear 

Overhauser enhancement of approximately 2. 

The above theory was tested using the tH and 

{1H}-13C spectra of ethyl] and methyl benzene. The 'H results 

for methyl] benzene are presented in Table 6.2 with the 

corresponding results for ethyl benzene presented in Table 

6.3. Tables 6.4 and 6.5 contain the corresponding {'H}-'*C 

results. The expected intensity ratio results presented in 

Tables 6.4 and 6.5 were obtained by measuring the values of 

n using the Harris-Newman approach (132) and correspond to 

the intensity ratio between the two specified absorptions 

that would be observed in a spectrum where the nuclei giving 

rise to the absorptions had identical values of j1.
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Table 6.2 

1H Results for Methyl Benzene 

  

Absorptions Calc. Mo Expected Mo 
Ratioed Ry Bt 12°" Ri at 68° Ratio Ratio 

Ar-CH3 1g 60 1004 1.2659 1.06060 

  

Spin-lattice relaxation times, from a two point analysis of 

the data, were calculated to be 2.9 s for the aromatic 

protons and 2.54 s for the methyl] protons 

Table 6.3 

1H Results for Ethyl Benzene 

  

Absorptions Calc. Mo Expected Mo 
Ratioed Ai eat 16° Revat: 7a" Ratio Ratio 

Ar-CH3 Pad OVER, 2.400 Zg052 2.500 

Ar-CHa2 12.720 1.479 1 682 1.666 

CH2 -CH3 0.656 0.616 0.659 0.666 

  

Spin-lattice relaxation times, from a two point analysis of 

the data, were calculated to be 3.9 s for the aromatic 

protons, 4.6 s for the methylene protons and 4.5 s for the 

methyl protons.
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5 
Table 6.4 Hg 

13¢ Results Methyl Benzene 

  

Cl. C2 C3 C4 C5 

Absorptions Calic3 int Expected Int 
Ratioed Rr. at.13*% Ri at 642 Ratio Ratio* 

Ci2C2 0.204 O. 116 Qi 6241-7, Of27.8 

Ci—Cs 07229 O.a22 0.244 OF278 

C1-C4 0.475 O2227 0254.1 0.543 

C1-C5 0.648 0.324 0.694 0.854 

C2-C3 1.119 1.051 1.124 1.000 

C2-C4 Va Phe. 1.958 Besos 13958 

C2-C5 3 .. 16/e1 228 3.200 3.069 

C3-C4 2.078 T2863 2.094 1.951 

C3-C5 26 OSD 2.662 2.848 32009 

C4-C5 1.364 1.429 1.360 17S 

Ti and nOe* Measurements pertinent to the above data 

Absorption T1 

Ci 20% 

C2 95 

C3 Se 

/s nOe* Absorption T1i/s nOe* 

341 C4 65 1.470 

- 409 C5 lees 05570 

- 409 

  

* data derived from a Harris-Newman Experiment (132)
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5 256 
Table 6.5 HoCHg 

13¢ Results Ethyl Benzene 

  

C1 C2°C3" C4 CS: =CS 

Absorptions Calc... int Expected. int 
Ratioed Rumat 157% 2 Ri St: 8d" Ratio Ratio* 

Ci_C2 0.309 0.3105 0.417 ©, 356 

C1-C3 0.310 0.103 0.418 0.344 

ci-c4 0.623 OR158 0.867 0.664 

C1=¢5 O258) 0.196 0.784 0.669 

C1-C6 0.567 0.136 0. 79s 0.628 

C2-C3 1.002 0.985 1.004 0.964 

C2-C4 2.015 1 ape 2.081 1286.1 

Cc2-C5 1.880 12:85 7 1.882 1.874 

C2-C6 173.833 Teo 9S 1.904 lef 62 

C3-C4 2.011 2035 22013 1.930 

C3-C5 ; Vee er T3895 ao CO 1.944 

C3-C6 1.830 17, 1. COT O26 

C4-C5 0.933 1.235 0.904 1007, 

C4-C6 0.910 0.853 Or 915 0.946 

C5-C6 0.975 0.695 Ve Old 0; 939 

Ti and nOe* Measurements pertinent to the data above 

Absorption Ti/s nOe* Absorption 11/s nOe* 

C1 66.6 0.880 . C4 9.6 L330 

C2 14.4 1.634 C5 VAT 17610 

C3 14.1 1.731 C6 8.8 1.990 
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6.7.3 Aspects of Quantitative Multipulsed Analysis 

Inspection of the ‘'H data in Tables 6.2 and 6.3 

shows the validity of the above approach. The calculated and 

expected ratios for both ethyl and methyl] benzene show good 

agreement. It should also be noted that the experimental 

results verify the theoretical predictions made in Sec. 6.4 

and Fig. 6.3. Boltzmann equilibrium intensity distortions 

are shown to be increased with increasing nutation angle. It 

can be seen clearly by inspection of the data in Tables 6.2 

and 6.3 that significant Boltzmann equilibrium intensity 

distortions can occur at long nutation angles even when the 

T1’s of the two specified absorptions are quite similar. 

Such distortion could easily lead to an incorrect spectral 

analysis. The '3C data in Tables 6.4 and 6.5 show that the 

equilibrium intensity distortions at long nutation angles 

‘can be quite dramatic when there is a significant difference 

in the T1’s of the two specified absorptions e.g. the C1-C2 

absorptions in. Table 6.5. In cases where the T1’s are 

essentially similar (C2-C3 absorptions, Table 6.5), there is 

very little change in the measured ratio with change in 

nutation angle. Comparison of the calculated and expected 

(Harris-Newman derived) intensity data show reasonable, but 

not exact agreement. Obviously the comparison is between two 

experimental pieces of data and consequently both pieces of 

experimental data will have an error associated with them. 

The Jeol FX 90Q spectrometer used to obtain the results was 

not equipped to obtain the spectrum of the same sample under 

two different sets of conditions with the conditions being
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changed after each successive acquisition sequence and the 

resulting FID’s being stored separately as is required for 

the accurate implementation of the Harris-Newman technique 

(132). Consequently the calculated values of " were subject 

to a larger error than would have normally been the case. At 

the time the experiments were carried out the maximum pulse 

delay time available from the pulse programmer was 409 s, 

this is insufficient to allow a 10T1 wait during the gated 

decoupling part of the experiment (133). Consequently the 

value of " obtained for the ipso carbon of ethyl benzene is 

likely to be slightly low (132,134). Inspection of the 

results in Table 6.5 show that the expected ratios 

containing the ipso carbon of ethyl benzene do show slightly 

smaller values than the calculated values. The equations 

used to obtain the calculated results were based on the 

assumption that T2* relaxation was complete and that there 

were no off-resonance effects. Such an assumption is likely 

to be valid for the ‘1H data but is possibly not justified in 

the case of the 13C data. 

For the case of ethyl benzene it is instructive to 

assume that the largest calculated value of 1+” corresponds 

to a 1 value of 1.998 (maximum nOe for {'H}-'3C). With the 

knowledge of the true ratios of the numbers of carbon 

nuclei giving rise to each pair of absorptions in the NMR 

spectrum it is possible to calculate " values for the other 

absorptions in the spectrum. The results are presented in 

Table 6.6, based on the C5 absorption giving the maximum 

nOe.
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Table 6.6 

Comparison of Calculated " Values from Multipulsed Sequence 

and the Harris-Newman Experiment Assuming "=1.998 for C5 

  

Absorption Multipulsed ” Harris-Newman 

C1 1.350 0.880 

C2 1824 1.634 

C3 1.813 1.283 

C4 aT (ARO. 1.830 

C5 1.998 1.870 

C6 1.966 1.990 

  

The results obtained in this way yield " values that are 

comparable with those from the Harris-Newman experiment for 

carbons 2 to 6. The differences observed are possibly due to 

the error associated with making the measurements in both 

the Harris-Newman technique and the multipulsed technique. 

The data is good enough, however, to give an indication of 

the magnitude of . for a given absorption within +0.2. It is 

noticeable that the predicted order of increasing " is not 

the same between the two techniques. This discrepancy may 

once again be attributable to the small difference in the 

measured value of " over the C2 to C6 range compared with 

the predicted error in the value of ". obtained from the 

experiment. The measured " values for Ci are vastly 

different. This difference is thought to be due in part to 

the fact that it was not possible to wait 10T1’s in the 

measurement, of . for Ci using the Harris-Newman technique.
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The results as presented, although not presenting a method 

for obtaining ” values sufficiently accurately do indicate 

in both the methyl and ethyl benzene analysis that the ipso 

carbons are relaxed to a considerable extent by a mechanism 

other than dipole-dipole; probably in this case a 

spin-rotation interaction. The CH3s group in toluene using 

the multipulsed technique is shown to have a low value of " 

and is therefore shown to have a large spin-rotation 

contribution to its relaxation mechanism. The low value of 

is confirmed by the Harris-Newman approach. 

So far the fact has been ignored that the T1i’s have 

also been obtained from the data. In the proton spectra the 

T1’s are very similar as would be expected for predominantly 

dipole-dipole relaxation in the samples chosen. The 

similarity in the T1’s measured, however, serves to 

emphasise the fact that considerable Boltzmann equilibrium 

intensity distortion can occur even when the Ti1’s of the two 

specified absorptions are similar (Tables 6.2 and 6.3). The 

'13¢ Ti data are as would be expected for the samples chosen. 

The ipso carbons in both methyl benzene and ethy!] benzene 

show considerably longer T1’s than the other carbons in the 

sample due to the rer hci brit relaxation field at the ipso 

site. The ring carbons C2 and C3 show similar T1’s whereas 

the C4 carbons show shorter T11’s indicative of preferential 

tumbling about the c2 axis of symmetry (Sec. 2.5.1.2). The 

C5 carbon in colusnbitide a shorter T1 than the ring protons 

as would be expected due to the increase in the number of 

protons attached to it. The fact that the decrease is not by
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a factor of three is indicative of the fact that the Tcerf 

value for the CH3 group is lower than that for the ring 

protons. From the nOe data it should also be remembered that 

there is a significant spin-rotation contribution to the 

relaxation rate. The C5 and C6 carbons in ethyl benzene are 

shown to have a lower Tcerf value than the ring protons and 

the side chain is shown to tumble isotropically as the 71 

values of the C5 and C6 carbons are in the ratio 3:2 which 

is inversely proportional to the numbers of attached 

protons. For this to occur both carbons must be primarily 

relaxed by the dipole-dipole relaxation mechanism, this is 

confirmed by: the size and similarity of their 1 values. 

The above discussion has shown that rapid 

multipulsing need not be inherently non quantitative and 

that by the use of the above new technique useful T1 

information can be gained from a spectrum as well. For 'H 

decoupled heteronuclear spectra the use of two rapid 

multipulsed spectra has also given some information on the 

relative sizes of the nOe’s in the spectrum. At this point 

it seems worthwhile to assess the time saving implications 

of using two multipulsed spectra for the approach proposed 

above. It was shown in Sec 6.2.1. that by rapid multipulsing 

at the Ernst angle a given spectral S/N ratio could be 

obtained in 43% of the time that would be required 

classically. Consequently two multipulsed spectra of a given 

S/N ratio could be obtained in approximately the same time 

as it would take to obtain one classical spectrum provided 

that the chosen nutation angles are close to the Ernst
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condition. In practice, however, in order to attain the 

required accuracy in the T1 determination it is necessary to 

use two nutation angles that are quite different. Inspection 

of the experimental results shows that a reasonable choice 

for the two nutation angles is approximately 20° and 70°. 

Such a choice, however, is quite arbitrary, the main 

criteria are that the angles should be quite well separated, 

usually by greater than 30°, and that at the two nutation 

angles chosen the value of dI/d@ should be quite small. 

Obviously to fulfil these criterion for absorptions of 

differing Ti’s in a spectrum will be a matter of compromise. 

In fulfilling these criteria 4 is likely that two 

multipulsed spectra at the same S/N ratio will take longer 

to attain than one classical spectrum. It should also be 

noted that it is erroneous to talk of two multipulsed 

spectra at the same S/N ratio as a classical spectrum. The 

important point is that two multipulsed spectra at different 

nutation angles must be obtained with a S/N ratio which is 

large enough to provide accurate integral ratios. These 

spectra should be obtained with the same number of 

acquisition sequences after being previously driven to 

equilibrium. 

It should be noted that although two multipulsed 

spectra will probably take slightly longer’ to obtain than 

one classical spectrum, the multipulsed technique will 

provide 11 information as well. Hence the real time 

comparison should be made between the time it would take to 

obtain two multipulsed spectra at differing nutation angles
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and two classical 180°-t-90° sequences at different T 

values. 3% te vdifficult..to make a direct S/N ratio 

comparison between the spectra as the t values require a 

reasonable separation to provide accurate data. The data in 

Table 6.7 are based on the time it would take to obtain the 

spectrum of an absorption for a nucleus with 171=25 s 

classically, via two multipulsed spectra at nutation angles 

of 30° and 64° with a t value of 6 s, and by two 180°-t-90° 

sequences of differing t values. The chosen Tt values are 

0.5T1 and Ti which provide a representative range. The 

time it takes to obtain the spectra at a nutation angle of 

64° and at value of 0.571 were chosen so that the S/N 

ratio resulting from these spectra was equal to that 

obtained from the classical sequence. Obviously the data 

given in Table 6.7 are somewhat arbitrary but they do 

provide some idea of the time savings which are available by 

the use of rapid multipulsing. 

Table 6.7 

Comparison of Experimental Times for Classical, Multipulsed 

and 180°t-90° Spectral Acquisitions 

  

S/N ratio Time/s 

Classical 1203.1 1875 

Multipulsed 30° 1ST 24 1194 

Multipulsed 64° P2051 1158 

180°-t-90° t=0.5T71 2054 44125 

180°~-t-90° t=Ti 149:1 44125 
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The above. data were calculated using the parameters 

described in the above text together with Mo=30 and assuming 

16 classical acquisitions. The times for the multipulsed 

experiments differ due to the differing numbers” of 

non-acquisition sequences required to drive the system to 

equilibrium. 

The « data’ .th “Table:.-6.f show that under these 

conditions, two multipulsed spectra can be obtained in 

approximately 25% more time than it takes to obtain one 

classical (90°-5T1) spectrum. Although the time required is 

slightly longer the extra Ti information available in the 

given time may be deemed worthwhile. It is of interest to 

note that the T1 and Mo information is gained from two 

multipulsed spectra in 2.7% of the time required to gain the 

same information by the use of two 180°-t-90° spectra at 

t=0.5T1 and t=T1. Obviously the above figures are only 

pertinent to the conditions described in the text. The time 

required for the 180°-t-90° sequence could be reduced by 

using a t value less than 0.5T1 and at value greater than 

Ti. Similarly the times required for the multipulsed 

sequence could be reduced by using two angles closer to the 

Ernst condition. The data used to construct Table 6.7 were 

based on the ipso carbon of methyl benzene in Table 6.4. It 

should be noted that by using a _ nutation angle of 13°, the 

experimental time required to obtain a S/N ratio of 120:1 is 

2352 s. This emphasises the need for care in choosing the 

parameters if the experimental time is going to be 

comparable with that of a single classical sequence. It
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should also be noted, however, that even with the two 

nutation angles used in Table 6.4 the total experimental 

time is only 5.3% of the time required for two 180°-t-90° 

sequences with t=0.57T1 and TtT=T1.
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CHAPTER 7 

MEASUREMENT OF Tie
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7.1 Introduction 

The discussion in Sec. 2.3 and Fig. 2.2 show that T1 

falls aS Te increases only so long as the extreme narrowing 

condition is fulfilled. Outside the extreme narrowing 

condition T1 must be predicted from Eqn 2.10 which predicts 

a minimum value for T1 which is dependent on the 

spectrometer operating frequency. Consequently, where 

molecules have long correlation times or the exchange rate 

between two sites is less than ‘YBo (Sec. 2.6.1), T1 data 

cannot be used readily to obtain correlation times and 

exchange rates. Fig. 2.2, however, shows that the parameters 

T2 and Ti/ effectively extend the extreme narrowing 

condition and consequently are of use in studies of large 

molecules and intermediate exchange rates. The extension of 

the extreme narrowing range in the measurement of T1/ is 

sufficient to make Ti1/ and Tz equal for the values of Tc 

encountered in liquid samples. The measurement of both 

parameters can be time consuming due to the fact that 

thermal equilibrium is required to be re-established between 

repetitive pulse sequences. This combined with other 

experimental difficulties associated with the measurements 

has meant that the applications of ea and Tz in solving 

chemical problems have been severely limited. This chapter 

is concerned with the application of a rapid multipulsed 

technique to the measurement of T1/ and it is hoped that 

with further development this technique will enable T1? 

measurements to be exploited more widely in = chemical 

analysis.
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7.2 The Measurement of Te 

Although the main aim of this chapter is not to 

apply rapid multipulsing to the measurement of Tz, it is 

beneficial to look at the measurement of Tz. The spin-lock 

technique used to measure T1/ is really a limiting case of 

the Carr-Purcell technique for the measurement of Te. 

Consequently, a full understanding of the principles behind 

the measurement of Ta and the practical difficulties 

associated with this measurement enable a better 

understanding of the principles and problems associated with 

the measurement of Ti1/. 

Following a ® pulse the transverse component of the 

magnetization decays with a time constant Tz* (Sec. 3.3.2). 

The time constant Tz* is made up of two contributions and is 

given by 

  = + el AX 

where Tinhom iS the decay Te. the transverse magnetization 

component due to the inhomogeneity of the applied field. The 

Carr-Purcell technique for the measurement of T2 (112) 

relies on the fact that the inhomogeneity contribution to 

the decay is reversible. Such a decay occurs because nuclei 

in the sample experience slightly different Bo fields due to 

the inhomogeneity in the applied field. Consequently, the 

nuclei precess about the average value of the applied field
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at different rates and thus the transverse component of the 

magnetization starts to “smear” itself out in the xy plane. 

Some components travel faster and some slower than the 

average precessional rate. Tz is measured by applying a 

90°(x) pulse followed by an evolution time t during which 

the transverse component of the magnetization decays with a 

time constant T2* (i.e due to both Tz and Tinhnom). At the 

time t the transverse eeeiponent of the magnetization is 

subjected to a 180°(x) pulse, which effectively causes the 

magnetization components travelling faster than the average 

precessional rate to be behind the magnetization components 

travelling slower than the average precessional rate in the 

rotating frame of reference. Consequently, after a further 

time, t, provided that no nuclei diffuse to regions of 

different applied field, the smearing out of the transverse 

magnetization in the xy plane will be reversed. Hence at a 

time 2t the transverse magnetization component will be 

refocussed along the -y axis and its decay will only be a 

funch1oncor. fo. 

Tz is usually measured using a slight modification 

of the above technique proposed by Meiboom and Gill (135). 

In the modified experiment the 180° refocussing pulses are 

applied along the y axis. There are two beneficial effects, 

the first is that the measured echoes are all positive (i.e. 

occur along +y axis) and the second is that the modification 

compensates for any cumulative errors which may build up due 

to the mis-setting of flip angles or-inhomogeneity in the 

radio frequency field (135, 136). A similar compensation is
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possible by alternating the phase of the refocussing pulses 

along the +x directions in the rotating frame (137). Owing 

to the possibility of diffusion of nuclei to regions of 

varying Bo it is essential that the period t is kept as 

short as possible, hence, t iS usually set around 50 ms. As 

T2 values in liquid samples often have values in the seconds 

region, many sequence repetitions are required before the 

transverse magnetization decays to a measurable extent via 

T2 relaxation. Tz values are measured in practice by using 

differing numbers of refocussing pulses to give different 

overall relaxation times, t. The values of t chosen usually 

cover the range 0.3Tz to 1.2Tz. -Fourier transformation of 

the resulting half echo after the time, t, gives’ the 

partially relaxed high resolution spectrum. Integration 

measurements on the absorptions in a series of such spectra 

obtained at different t values can then be used to obtain a 

value of Tz via a linear regressional plot on Eqn. 7.2 

TA iC) a" Geit/ fo) sine ie Pto22 

where I(t) is the measured intensity at time (t) and Io is 

the measured intensity when t=O. 

7.2.1. J Coupling in spin-echo formation 

There is one serious drawback to the 

Carr-Purcel1—Meiboom-Gil1 (C.P.M.G) sequence fOr the 

measurement of Tz and this occurs when the shifted nucleus 

under consideration is J coupled to another nucleus.
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Consider the A nucleus of a homonuclear AX system where the 

coupling constant Jax has the value z Hz. After the initial 

90° pulse the two components of the A doublet will precess 

in the rotating frame at vatz/2 Hz and the magnetization due 

to both components of the doublet will “smear” out in the xy 

plane due to static field inhomogeneities. When the 

refocussing pulse is applied, however, it will effect the X 

spins as well as the A_ spins. As a result of this the 

component of the A doublet rotating at Ya+z/2 Hz prior to 

the 180° refocussing pulse will rotate at vVa-z/2 Hz 

afterwards. This component, however, will now be behind the 

component rotating at Ya+z/2 Hz and, therefore, after the 

refocussing pulse the two components of the A doublet will 

continue to diverge. Even though the smearing out of the 

magnetization in each component of the doublet due to static 

field inhomogeneities will be refocussed at the time 2t the 

doublet itself will not refocus along the y axis of the 

rotating frame. Obviously as many thousands of refocussing 

pulses are often required and where more than two groups are 

often spin-coupled together, echo modulation can become 

quite complex causing difficulties in the determination of 

individual spin-spin relaxation times (138). This problem 

can be circumvented to some extent by viewing the power 

spectrum (136,139) or by the use of selective pulses (140), 

neither method, however, provides a perfect solution. 

7.2.2 13C T2 Measurements with Noise Decoupling 

There is a further complication to the measurement
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of 13C T2’s using the C.P.M.G sequence when ‘tH noise 

decoupling is used. In Sec. 2.4.5 it was shown that '3C Ta 

measurements were affected by the power of the decoupling 

field. In cases where the power of the decoupling field is 

insufficient to fully decouple the protons from 13C the 

resulting 13C absorptions are broad. The residual randomly 

modulated coupling inhibits the refocussing process 

essential to spin-echo formation (124). This problem can, 

however, be circumvented by higher decoupling powers at the 

expense of potential heating of the sample. Rotating frame 

resonance effects can also occur when the Hartmann-Hahn 

condition (141) of Eqn. 7.3 is fulfilled. 

¥coB1/2n = YHB2/2t (72:3) 

The effect of this is to provide a mechanism for energy to 

be exchanged between the two spin reservoirs with the 

saturated protons heating (over populating the higher energy 

state) the 13C spins via the spin-spin coupling between the 

nuclei. Consequently the measured spin-spin relaxation times 

are very low. With incoherent (noise) decoupling, even when 

condition 7.3 is not fufilled the exchange of energy beyween 

the two spin systems cannot be avoided. Consequently during 

echo formation noise decoupling must be not be used. In 

order to maintain the steady state nOe the decoupler is 

switched to coherent mode and only’ switched to incoherent 

mode when the FID is sampled (136).
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7.3 The Spin-Lock Experiment 

From the discussion in Sec. 7.2 it is obvious that 

the time  -t must be kept. short to eliminate diffusion 

effects. It is interesting to note that as t decreases so do 

the phase differences in spin-echo spectra of J-coupled 

systems (Sec. 7.2.1). In the limit, therefore, the time t 

can approach zero and the ear. Purcell sequence then bears a 

close resemblance to the spin-locking experiment. In such an 

experiment the transverse component of the magnetization is 

held along the y axis of the rotating frame by a Bi field 

applied along this y axis for a certain time, t (142,143). 

From the discussion relating to the rotating frame in Sec. 

1.6.2 it is apparent that an on-resonance magnetization 

component, M, will be rotated onto the y axis of the 

rotating frame by a 90°(x’) pulse. If the Bi field is now 

applied along the y axis the on-resonance magnetization 

component will be “locked” along this axis with the 

individual nuclear moments precessing around the y’ axis at 

a rate 7¥Bi1 as Berr=Bi for an on-resonance component. The Bi 

field is much smaller than the Bo field and consequently 

cannot sustain a magnetization component which is 

proportional to the size of the Bo field (Sec. 1.4). Hence 

the magnetization component "locked" along the y’ axis will 

decay to a value BiM/Bo with a characteristic time which is 

known as the spin-lattice relaxation time in the rotating 

frame (T1/). In practice the ratio B1/Bo is virtually zero 

and hence the decay may be written as
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Mt = Mo exp (-tT/T1/) Cle. 4) 

where t is the time for which the locking field is applied. 

Consequently, spectra obtained by fourier transformation 

after varying i6cking times, © (0.3%4f0 1 -2T172,- yield 

partially relaxed spectra from which 11/ can be obtained. 

Ti” values obtained using the spin-lock method have been 

used to solve a variety of chemical problems (70,87-89). 

7.4 Problems Associated with Spin-Locking 

7.4.1 Off-Resonance Effects 

From the above discussion it is apparent that the 

magnetization vector will only be effectively locked on the 

y-axis after an exact on-resonance 90° pulse. Inexact 

on-resonance 90° pulses will produce a +z magnetization 

component. The only effect of mis-setting the 90° pulse will 

be a slight loss of S/N in the final fourier transformed 

spectrum which will not unduly effect the results obtained. 

It is essential, however, to wait somewhere in the region of 

5T1’s to ensure that the nucleus is fully relaxed between 

repetitive pulse sequences in order to obtain accurate 

results. 

off-resonance effects have a more serious effect on 

the experimentally derived Values or Tete When a 

magnetization component v Hz from resonance is subjected to
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a 90° (x) pulse its final position will not lie along the y’ 

axis of the rotating frame but rather in a direction given 

by Eqns 5.7 and 5.8. When the phase shift occurs placing the 

B:1 field along the y’ axis, Berr will not lie along this 

axis but rather at an angle ® to the _ y’ axis in the zy’ 

plane. The component of the magnetization parallel to Berr 

will be locked along the direction of Berf but will decay 

via T1/ and T1 relaxation. Measurements of T1/ based on Eqn. 

7.2, show that the measured values of T1* are lower than the 

actual T1/ for absorptions with resonance frequency higher 

than the carrier frequency and vice-versa, with the true T1° 

value only being observed for on-resonance magnetization 

components (88). Ohuchi et al. (88) have -shown that the 

error in the measurement of 1T1/ is less than +5% provided 

that the angle 1/g=tan-'!(Bi/AB) (Eqn. 5.4) is within +15% of 

the on-resonance condition (g=0). The definitions of AB, @, 

and Bi are identical to those used in Sec. 5.3 except that 

B:1 is now applied along the y’axis. For a1 KHz spectral 

width with quadrature detection the above senuaeion is 

satisfied provided that a 90° pulse on the Bi locking field 

is no longer than 128 us. For locking fields that do not 

fulfil this criterion the spectral width must be reduced. An 

equation to correct for off-resonance effects in the 

determination of T1/” using the spin-locking technique has 

been proposed by Leipert et al.(144). 

7.4.2 J Coupling and Decoupling with Spin-Locking 

Homonuclear J coupling is not a problem in the
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determination of Ti” using the spin-lock technique. As was 

noted in Sec. 7.2.1, as the time, tT, during a spin-echo 

sequence falls so does the phase distortion in the final 

signal due to J coupling. The spin-lock technique 

essentially represents a spin-echo experiment with t=0. 

Wells and Guttowsky (145) have shown both practically and 

theoretically that there is no modulation of the signal due 

to J coupling in the spin-locking experiment. 

The effects of Hartmann-Hahn matching must be 

carefully avoided in the measurement of heteronuclear T1/’s 

using the spin-locking technique with ‘'H decoupling (Sec. 

7.2.2). This condition is possibly best avoided by measuring 

the field strength of the ‘'H decoupler by the use of the 

D.E.P.T sequence (38). Noise decoupling is not permissible 

during spin-locking, and so for the same reasons as detailed 

in Sec. 7.2.2., it is necessary to switch the decoupler to 

coherent mode whilst spin-locking occurs. Freeman et al. 

(70) obtained good T1/ values for the {'H}-'3C spectrum of 

ortho-dichlorobenzene using this decouptler switching 

technique. One of the principal disadvantages of the 

spin-locking technique is that the locking field must be 

strong enough to effectively cover the chemical shift range 

of the absorptions being studied and minimise off-resonance 

effects but must also be sufficiently weak so as to prevent 

sample heating during the locking pulse. In the case of very 

long T1/ values, where long locking pulses are required, 

such conditions may be difficult to achieve. In such cases 

it is possibly advantageous to measure Tz using the C.P.M.G
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sequence with very small t values. 

7.5 Rapid Multipulsed Ti” Measurements 

7.5.1 Introduction 

The use of DESPOT sequence for T1 determination in 

Sec. 4.3.3. was shown to provide a considerable time saving 

over the other well established methods for measuring 71. 

The increased efficiency of the DESPOT technique stems from 

driving the magnetization to an equilibrium position 

dependent on nutation angle and t/T1. The consequence of 

this is to alleviate the need for long intersequence delays 

required by the other Ti measurement techniques, and thus 

popularize the use of routine 171 measurements in NMR 

“analysis (Chap 4). Similar reasoning can be applied to the 

measurement of Ti’ using the spin-locking technique. The 

classical spin-lock experiment depends only on 7T1i/ provided 

that a sufficient relaxation time (5T1’s) is left between 

pulse sequences, whereas any driven equilibrium analogue 

would necessarily depend on 7T1 also. The pulse sequence 

presented below, however, does not require an independent 

measurement of T1 to be carried out as both T1 and Ti” can 

be obtained from one set of experimental data provided that 

an independent measure of Mo is available. 

(25.25 sLneoretical 

It is obviously not possible to rapid multipulse a
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spin system at an angle @ and just apply a spin-locking 

pulse prior to acquisition as any z magnetization present 

will rotate about the Bi locking field in the zx’ plane. 

Hence during the spin-locking pulse it is necessary that the 

magnetization component present must lie solely along the y’ 

axis<vr<iIn order. to _make the magnitude of the locked 

magnetization vector dependent upon 8 it is necessary to 

pre-condition a z-magnetization vector and then apply a 

90°(x) pulse to place that vector along the y’ axis of the 

rotating frame. In our experiments this was achieved using 

the pulse sequence presented as Fig 7.1. 

Analysis of the evolution of the magnetization 

component during the. above pulse sequence yields an 

expression for the measured intensity, Iy, (See Fig. 7.1) as 

ly <e"KMe Cos’ 6( F:="E1) Et ete: + Kite Ot = ET) Eis Gi 5) 

where E1 = exp(-T/T1), Elf. =" exp(—t/iet). and’ “Kk “1S° an 

instrumental proportionality constant. Inspection of Eqn. 

7.8 shows that a “plot of «ly: againet cos 6 will yield a 

linear plot of gradient KMo(1 - £1) E1 E1/ and an intercept 

of KMo(1 - £1) Elf. It is apparent, therefore, that the 

ratio of the gradient and the intercept will yield a value 

for exp(-T/T1) and hence a value for Ti. Now, providing that 

an independent measure of the value of Mo is available, a 

value of Ti1/ can be determined from either the ecbe or the 

intercept of the straight line plot.
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Mz =Mz 
Iy= 

Mz =0 

Iy =KMz 

Mz=0 if pulses so far are 

Iy= perfect 

Mz =0 

Iy= 

Mz= steps 4 and 5 should 
Iy=0 effectively remove any 

residual magnetization 
components 

Mz =Mo (1-E1 ) 
Iy =0 

Fig 7.1 DESPOT T1/ Pulse Sequence (Steps 1 to 6)
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From (6) 

z Mz=Mo (1-E1)cos @ 
e°(x) Iy =KMo (1-E1)sin 0 

6 

€1) 

Mz=Mo(1-E1)cos @ 

Iy =0 

(8) 

Mz =Mo (1-E1)+Mo(1-E1)E1cos 9 

Iy =0 

(9) 

Mz =O 

Iy =KMo (1-E1)+Mo (1-E1)E1cos ® 

(10) 

locking pulse T 
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Fig.7.1 DESPOT Ti’ Pulse Sequence (Steps 7 to 12)
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It is worth making some remarks about the choice of 

the experimental parameters to obtain accurate values for T1 

and Ti’ from the above equation. Firstly, there is no need 

to drive the magnetization to an equilibrium position with 

non-acquisition sequences as in the DESPOT sequence. In the 

above sequence any z-magnetization which is present at step 

1 in the sequence will be effectively destroyed by the 

90°(x) and z-field gradient spoiling pulses of steps 2,3 and 

4. Consequently the sequence can be repeated immediately 

after acquisition without waiting for thermal equilibrium to 

be re-established. The choice of of the ratio T/T1 is also 

worth some consideration. It is inadvisable to allow the 

ratio T/T1 to become too small (<0.3). When the value of 

exp(-T/Ti) approaches unity, the observed gradient becomes 

very dependent on exact 90° nutation pulses. At higher T/T: 

ratios this dependence is reduced to a large extent although 

the required experimental time is increased. The value of T, 

the spin-locking time, chosen is not as_ critical as the 

value “cnosen “for 1.7 in our experiments it has_ been 

sufficient to make sure that the ratio t/T1/ > 0.25 which 

has enabled the gradient and intercept of the plot to be 

sufficiently sensitive to the value of 11/4. Although it is 

only strictly necessary to obtain an independent value of Mo 

in order to obtain values for T1 and T1/, in our experiments 

it proved convenient to measure the value of Mo using a 

DESPOT Ti measurement. In this way the value of T1 obtained 

from the DESPOT sequence and from the DESPOT Ti” plot could 

be compared.
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7.5.3 Experimental 

The pulse sequence’ proposed in Fig. = *#/.1° was 

converted into a pulse program to run on the PG200 pulse 

programmer (Appendix 8). In accordance with the instrument 

manufacturer’s recommendations .(146) the Bi spin-locking 

field was set at half the field strength of the normal Bi 

field and its phase accurately adjusted (Appendix 9). 

Experiments were carried out with the recommendations of 

Ohuchi et al.(88) (Sec. 7.4.1) taken into account. In our 

experiments though, a greater than 1 KHz spectral width 

could have been tolerated as the 90° spin-locking pulse 

width was approximately 70 us for 1H and 45 us for '3C. The 

Ti1* measurements obtained were compared with values obtained 

on the same sample and under otherwise the same conditions 

using the classical sequence (70). In: «the .case of ‘*<¢ 

measurements, 'H noise decoupling was switched to coherent 

decoupling during the spin-locking process and the field 

strength of the decoupler was checked using the D.E.P.T 

sequence (38) (Appendix 10) to avoid Hartmann-Hahn matching 

(Sec. 7.2.2). Proton results based on a two point analysis 

for the aryl and methyl protons of methyl benzene are 

presented2in JTable 7.1. '4C. results. “for the three proton 

decoupled resonances of 1,2-dichlorobenzene are presented 

in Table 7.2. Fig. 7.2 shows typical experimental plots of 

Iy against cos 9 for the 1H resonances of methyl] benzene.
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Table 7.1 

1H Tif Results for Methyl Benzene 

  

Aromatic Methy 1] 

Sequence Ti/s Ti /°/s Mo Ti/s T1*/S Mo 

DESPOT T1°/ : 5* 6 7. 4.81 = al Soe a 

DESPOT S29 = 384 3.84 =e 226 

Spin Lock = 474 390 - 5BuOO ..222 

  

The DESPOT T1/ data presented above is based on a two point 

analysis at 31° and 72°. Each point was an average of 3 

separate readings using 8 scans per reading, T=4 s and 

t=1.5 s. The DESPOT results were based on a similar two 

point analysis with t=4.396 s. The classical spin-lock 

results are based on 6 separate t readings between 0 and 7 s 

with an interpulse interval=44 s. The two point analyses 

were carried out, in order to obtain results quickly so as 

to minimise the effects of spectrometer drift. The quoted 

DESPOT Ti” results are based on gradient values.
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0 0:2 0-4 0-6 0:8 70 

Cos @ 

Elo. 7.2 Variation if ty" with cos. ©. for: the DESPOT Ti+ 
determination of methyl benzene. Circles represent the aryl 

protons and triangles the methyl] protons.
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Table 7.2 

13C Ti” Results for 1,2-dichlorobenzene Cl 

Cl G2e -C3 

DESPOT DESPOT T1¢ Spin-Lock 

Ti/s Mo Ti1/s Ti//s Ti//s Mo 

C1 Atos: 22500 B23 aa So 2606 

C2 Teege Ben 7.4 4.4 4.8 2128 

CGS 58. 2214s 6.0 5s 4.6 2135 

  

The DESPOT Ti” results for C2 and C3 were obtained from a 

two point analysis with nutation angles of 37° and 74°. Each 

point was an average of 3 readings with 16 accumulations per 

reading, T=6 s and t=2 s. The DESPOT results for C2 and C3 

were based on a similar two point analysis with t=4.396 s. 

The classical spin-lock results for C2 and C3 were based bn 

6 separate t readings between 0 and 7 s with a waiting time 

of 44 s between sequence repetitions and 8 repetitions per 

data point. The quoted DESPOT T1/7 results are based on 

gradient values. 

The DESPOT T1” data for C1 were obtained from a linear 

regressional analysis on four data points between 25° and 

74° with T=40 s and t=2 s. The DESPOT data are based ona 

linear regression on four data points between 25° and 74° 

with T=25 Ss. The spin-lock data were based on 6tT values 

between O and 7 s with a pulse repetition time of 254 s.
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For the 13C results the 90° decoupler pulse width was found 

to be 32 us using the DEPT sequence. The 90° spin-lock field 

pulse was set to 44 us using the SPINCAL program 

(Appendix 9); the rotation rate of the protons’ in their 

rotating frame equalled 7.8x103 Hz compared with 5.7x10% Hz 

for carbon nuclei in their rotating frame. Hence, it was 

considered that erroneous 11° values due to Hartmann-Hahn 

matching (Sec. 7.2.2) were avoided under these conditions. 

The results presented in Tables 7.1 and 7.2 show 

reasonable agreement between the DESPOT T1/” sequence and the 

DESPOT and spin-locking classical sequence. In most cases 

the measured Ti1/ and the 1T1 values show quite close 

agreement as would be expected for molecules with short 

correlation. times in the extreme narrowing region (Sec 2.3 

and Fig. 232 ys The chloro containing carbons of 

1,2-dichlorobenzene yielded the expected large difference 

between Ti and Ti“ due to the difference in the magnitudes 

of the spectral density at YBo and Bi. This difference is 

due to scalar relaxation because of the high quadrupolar 

; relaxation: rate “or. 35C)l and ..*fC?: (Sec.2.4.8).. the... 7 %C 

results for the resonances C2 and C3 show a larger than 

expected difference between the Ti and T1/ values. The fact 

that the Tif values are lower than the T7T1 values both 

classically and with the use of the DESPOT Ti?’ sequence 

implies that there is a long range J coupling between the 

proton bearing carbons and the chlorine nuclei or that the 

carbon spin system is being heated by the proton spins or



246 

that there is a sizeable off-resonance effect. Measurements 

were carried out with all absorptions within 200 Hz of the 

Rabel an frequency with the absorptions C1 and C3 equally 

spaced about the carrier frequency. Consequently, the 

observed difference in the measured values of 171 and 71? 

were not thought to be attributable to off-resonance 

effects. It is also worthwhile pointing out that the 

difference in the precessional rates of protons and carbons 

in their respective rotating frames in this work was 2.1 KHz 

compared with 0.6 KHz in the original work by Freeman et al. 

(70). The T1 and T1/ values in reference (70) for C2 and C3, 

however, are in close agreement which implies that the long 

range coupling between the proton bearing carbons and the 

chlorine nuclei has little effect on the measured 1T1/’s for 

the proton bearing carbons. A further experiment was carried 

out with the B1 spin-locking field strength reduced in order 

to further separate the precessional rates of the protons 

and carbons’ in their respective rotating frames of 

reference. The results of this analysis are presented in 

Table 7.3. The quoted DESPOT Ti’ results are based on values 

obtained from the gradient of the regression.
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Table 7.3 

13C T1/ Results for 1,2-dichlorobenzene 

oT ih os 

  

Gite C2. 3s 

DESPOT DESPOT T1/ Spin-Lock 

Ti/s Mo Ti/s Ti/?/s Ti//s Mo 

C2 1.,.0 500 Lass OG. 62.6 483 

C3 Bah 510 6.4 5.8 5.9 501 

  

The results in the above table were obtained with a 

13C¢ 90° spin-lock pulse equal to 85yus and a proton 90° 

decoupler pulse measured at 29.5us using the D.E.P.T 

sequence. This gives a difference in the precessional rates 

of the protons and carbons in their respective rotating 

frames of 5.53 KHz. It can be seen that with the increased 

difference in the precessional rates of the proton and 

carbon nuclei in their respective rotating frames, the 

measured Ti1/ results obtained both classically and using the 

DESPOT T1/ sequence increase towards the expected extreme 

narrowing values. The observed increase in both the 

classical Ti/ and DESPOT T1/ derived values, in _ this 

experiment, virtually rules out the possibility of a long 

range J coupling between C2 and C3 and the chlorine nuclei 

as a cause for the difference in the observed values of 71. 

and Ti”. Even with the difference in the precessional rates 

being almost ten times that used by Freeman et al (70), 

however, the expected extreme narrowing equivalence of the
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T1 and T1/’ values is not observed. As the classical sequence 

and the DESPOT T1/ Sequence have been shown to give 

comparable results the problem was’ thought to be a hardware 

problem and could possibly be due to inadequate suppression 

of the incoherent decoupling during the spin-locking part of 

both sequences. 

7.5.4 Sensitivity of the Sequence to Experimental Parameters 

As with all pulse sequences it is necessary to 

carefully set up the experimental parameters’ prior to an 

analysis if an acceptably accurate analysis is to be 

obtained. In the case of the above sequence there are three 

parameters which require consideration, t, T and the range 

of 8 values chosen. 

tis the time for which the spin-locking field 

operates, and its length is therefore dependent upon the 

size of Ti’ being measured. t must be long enough to ensure 

that significant Ti’ relaxation has occured during the 

spin-locking pulse. It is not beneficial to allow tT to 

become too long as the S/N ratio of the resulting spectrum 

decreases as t increases and also sample heating can be a 

problem at long t values. On the JEOL FX 90Q spectrometer 

the maximum value of t which should be set is 25% of the 

whole sequence time. t values greater than this run the risk 

of damaging the excitation coils on the probe insert. In 

connection with this, a table in reference (146) details the 

maximum spin-locking field strengths that should be used for
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a particular nucleus at different t values in order to 

prevent damage to the probe insert. Consequently, it is 

prudent to set t as short as is practically possible. In our 

experiments a reasonable value for t is approximately 

0.25T1/¢ which represents a 22% fall in the signal intensity 

compared with an_ identical spectrum obtained with no 

spin-lock pulse. It should be noted that in this respect the 

multipulse sequence scores over the classical sequence as in 

the classical sequence lock times of the order of T1? are 

often used. 

As mentioned above the accuracy of the results can 

be quite dramatically effected by inaccurately set 90° 

pulses. The problem occurs because the rate of change of cos 

8 around 90° is quite high. Consequently after an 

inaccurately set 90° pulse there can remain quite a large 

+Mz component which can readily give rise to anomalous 

results. The combination of two 90°(x) pulses and _ two 

z-field gradient spoiling pulses at the beginning of the 

sequence is designed to remove any +Mz magnetization at step 

5 in the pulse “sequence of Fig. 7.1. .The size of. the 

anomalous Mz component is dependent on two factors, the 

first is the degree of mis-setting of the 90° pulses and the 

second is the original size of the Mz component at step 1. 

During the first sequence it is possible that the Mz 

component at step 1 has a value of Mo and consequently, it 

is possibly beneficial to insert one non-acquisition 

sequence at the beginning of the experiment. The inaccuracy 

in the experimental results due to mis-setting the pulse
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angle decreases with increase in the ratio T/T1. However, an 

increase in the ratio T/T1 results in an experiment with a 

set number of pulse repetitions taking a longer time to 

perform. As the DESPOT T1° ‘sequence is a rapid multipulsed 

sequence it is worth considering the conditions of ® and 

T/T1 which will give rise to the maximum S/N ratio ina 

given experimental time. The results of such an analysis for 

a fixed value of the ratio t/Ti/ is presented in Table 7.4. 

Table 7.4 

Values of the ratio T/T1 giving the maximum S/N ratio ina 

DESPOT Ti/ experiment in 1000 s for different values of 6 

With, T/T ’=0.> Mo st and: 171=10 s. 

  

e/° T/T1 (max )* S/N ratio at T/T1 (max) 

10 0.630 6.35 

20 0.645 6.25 

30 0.665 . 6.09 

40 0.695 | 5.87 

50 0.745 5.62 

60 0.815 6523 

70 0.920 5.04 

80 1.065 4.76 

90 1.255 4.51 

  

* In the above table T/Ti1 (max) represents the value of the 

ratio T/T1 which gives the maximum spectral S/N ratio in the 

given experimental time under the specified conditions.
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Examination of the data presented in Table 7.4 shows 

that the ratio T/T1 (max) increases with increasing ‘nutation 

angle and that the maximum attainable S/N facie. th a given 

time falls with increasing nutation angle. Bearing in mind 

the small change in cos @ in the region 10° to 30° and the 

small S/N ratio values obtained at larger nutation angles it 

is possibly. most efftcient. to “carry. cut..@  DESPOT T1% 

analysis in the nutation angle range 10° to 75° with well 

spaced data points at the small nutation angle side of the 

range and a T/Ti1 value of somewhere around 0.75. It should 

be stressed, however, that where the sample under 

consideration gives a strong .signal and requires relatively 

few pulses to obtain a sufficient S/N ratio it may well be 

preferable to use a smaller T/T1 ratio. 

7.5.5 Time Saving Aspects of the Sequence 

The time saving aspects of the pulse sequence can be 

looked at in two ways. It is possible to compare the times 

required to obtain a measurement of Ti” using the DESPOT 11°” 

sequence and the classical sequence over a given number of 

acquisition pulses. Alternatively the time required to 

achieve similar S/N ratio values in the final spectrum can 

be considered. In view of this the data presented in the 

tables below give the resulting average S/N ratios (taken 

as an average over the spectra acquired) as well as the 

total times required to make the measurement. In _ the 

following table all the results are based ona Ti value of
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10 s, a Tif value of 10 s, an Mo vialaekot 1000 and a t value 

in the DESPOT T1/’ results of 2.5 s. Linear regression 

results for the DESPOT Ti’ sequence are based on 6 nutation 

andlés of 10°, 25°, 40°). 60°, 60° "and: 20° « Lineer regression 

results for the classical sequence are based on 6tT values 

between 0.2T1/ and 1.2T1/ incrementing in steps of 0.2T1?. 

The Mo value required using the DESPOT T1/ sequence can be 

obtained via a DESPOT analysis using the same nutation 

angles as used for the DESPOT T1/ sequence, with the pulse 

repetition time, t, being determined by the acquisition time 

or via a classical (90-5T1)n sequence. The former method 

obviously provides a check on the value of T1 obtained. The 

data pertinent to a linear regressional analysis. are 

presented in Table 7.5. DESPOT T1/ two point analyses are 

based on two nutation angles of 25° and 60° with Mo obtained 

via a two point DESPOT analysis at 25° and 60° or via a 

dee 90-5T1 sequence. Corresponding two point classical 

T1*” values are obtained using t values of 0.4T1/ and 1.0717. 

Classical T: values relate to the use of the 180°-t-90° 

technique with the same Tt values as used to derive the 

classical T1/ values. The two point analysis data are 

presented in Table 7.6.
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Table 7.5 

Comparison of the time raquined and average S/N ratio 

predicted for the evaluation of 11 using the DESPOT T1° 

sequence and using the Classical sequence, from linear 

regression. 

  

Sequence Time/s S/N ratio average 

DESPOT T1/ (T/T1 )=0.3 600 862.9 

DESPOT (t/T1 )=0.4 Soe 981.0 

Classical spin-lock 2736 1487.9 

(90°=571) 400 2828.0 

180°-t-90° 2800 1741.67 

DESPOT Ti?’ (T/T1 )=0.75 1032 1541.3 

  

The above data are calculated using the conditions described 

above and assuming that 8 acquisition sequences were 

required for each spectrum. The DESPOT sequence was based on 

the numbers of non-acquisition sequences required to fulfil 

condition 4.13. The acquisition time was assumed to be 4 s 

with toesrpot being set equal to this.
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table 77-6 

Comparison of the time required and the average S/N ratio 

predicted for the evaluation of T1/ using the DESPOT T1/ 

sequence and using the Classical sequence, from two point 

  

analyses. 

Sequence Time/s S/N ratio average 

DESPOT T1.4°(T/T1) 50.3 200 868.3 

DESPOT (t/T1 )=0.4 116 1109.4 

Classical spin-lock 912 1468.2 

(90°-6T1 ) 400 2828.0 

180°%-1-90°" 800 855.4 

DESPOT T1/ (T/T1 )=0.75 344 1548.3 

  

The above data are calculated using the conditions described 

above and assuming that 8 acquisition sequences were 

required for each spectrum. The DESPOT sequence was based on 

the numbers of non-acquisition sequences required to fulfil 

condition 4.13. The acquisition time was assumed to be 4 s 

with toesreot being set equal to this. 

The data presented in Tables 7.5 and 7.6 show that 

the DESPOT T1/ sequence is more efficient than the classical 

sequence. From Table 7.5 using a DESPOT sequence to obtain 

Mo, and a T/Ti1 value of 0.3 for the DESPOT Ti” sequence, 

values of T1, Mo and T1/ can. be obtained in 34% of the time 

it would take to obtain T1/” and Mo classically or in 16.8% 

of the time it would take to obtain the classical T1 values 

as well. If the value of T/T1 is increased to 0.75 the above
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two time savings increase to 50% and 25% respectively. Tt 

should be noted, however, that when T/1T1=0.75 the average 

S/N ratio in the recorded spectrum has increased beyond that 

recorded by the evieeron) Ti? sequence. The two point 

analysis results in Table 7.6 show’ similar savings in the 

experimental time. The results obviously only give a rough 

‘guide to the available time saving using the DESPOT 11° 

sequence as they are only appropriate to the particular case 

studied. It should also be noted that when the value of T in 

the DESPOT T1/ sequence is greater than the acquisition time 

it should be possible to make use of the acquisition time as 

one of the relaxation periods, T. This will cause the 

sequence to become ere efficient depending on the 

magnitudes of T and the acquisition time. 

7.6 Conclusions 

The DESPOT T1* sequence has been shown above to 

provide a rapid and accurate method for measuring Ti and 71% 

in NMR liquid samples. AS with any rapid method there are 

some draw backs and the most notable of these is the 

decrease in the rate of change of the intensity with @ 

compared with the _ rate OF change of intensity with 

spin-locking time in the classical sequence. The 

susceptibility of the sequence to imperfect 90° pulses is 

also a potential problem but the error associated with this 

can be reduced by careful determination of the 90° pulse and 

sample constriction (Sec. 4.4.3). Throughout this chapter
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all the quoted DESPOT T1/ results have been derived from 

gradients of the straight line plots. Gradient values were 

used as they are less sensitive’ to small numerical changes 

than the corresponding intercept values. The intercept 

values, however, are useful as they provide a check on the 

derived Ti“ value from the gradient and combined with a 

DESPOT T1 analysis provide a check on _ the determined T1 

value. In this way the DESPOT T1/ sequence is self checking, 

and with the aid of a computer program enables poor data or 

inadequate experimental conditions to be identified before a 

considerable amount of spectrometer time is wasted. The 

efficiency of the DESPOT 1T1/ sequence can be improved by 

allowing the growth of the z-magnetization vector during the 

acquisition time to be one of the relaxation times, T, 

required in the sequence. 

The DESPOT T1* sequence should lend itself readily 

to dynamic NMR studies of intermediate energy barriers based 

on a measurement of Ti/(exch) (Sec. 2.6.3). The method 

should be especially useful as it provides Ti as well as 11? 

information which is_ required in the calculation of 

Ti *(exch). There is also a possibility that the sequence 

could be used in medical imaging where the T1/ values 

measured may well give further useful information compared 

with that already available from T1’s and spin densities.
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APPENDIX _1 

The PG200 Pulse Programmer 

Al.t- Introduction 

The PG200 is a programmable pulse sequence generator 

which may be programmed via the use of the light pen on the 

monitor oscilloscope of the FX 90Q spectrometer. The pulse 

sequence programs are stored in RAM (random access memory ) 

prior to accumulation and any individual program may contain 

up to 64 words, each word consisting of 18 bits. Thirteen of 

the 18 output bits are used to control the output of the 

spectrometer and may be changed independently to produce the 

desired pulse programs (Sec. A1.2). In order to generate the 

pulse program various commands are available which control] 

timing, loops, conditional and unconditional program jumps 

the-= triggering: ..of the A, D.G. (Sec. Alc3). - the “pulse 

programmer also controls the accumulation phase program so 

that quadrature images are cancelled out using the cyclops 

sequence (Sec. 3.4.8). These accumulation phase programs can 

be input with up to 16 different accumulation phases 

consisting of 0°,90°,180° and 270° phases before repetition 

of the phase sequence. At any time three pulse programs may 

be stored in memory which are designated PUMOD 1 to 3. PUMOD 

1 and 2, however, are always set aside for the single and 

double pulse sequences respectively, hence at any time only 

one user pulse program can be accessed directly from the 

spectrometer RAM. User programs may be stored on cassette
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tape so different programs may be loaded, written and saved 

as required. Overall the pulse programmer is quite easy to 

use but the program editing techniques are very limited with 

small changes to a program requiring the program to be 

virtually rewritten. 

A1.2 Spectrometer Output Control 

As stated in Sec. A1.1 each word in a pulse program 

consists of 18 bits and each 18 bit word is equivalent to 

one line in a pulse program of up to 64 lines (Address 0 to 

63). Of these 18 bits, 5 bits are allotted to internal 

control of the program storing information required for 

timing, loop counting, program line addressing and program 

advance on the completion of one command. The remaining 13 

bits, 12 of which can be changed independently, control 

the output of the spectrometer at any given time. Bit 13 

is the sampling trigger and is automatically controlled by 

bit 7. which triggers the A.D.C. Table A1.1 lists the output 

bits with a description of their operation.



ert 

Table Ai.1 

Output bits controlled via PG200 Pulse Programmer 

  

‘Bit Nos. Contents 

1 Opens Observation gate when selected 

2 Observation phase O°(off) 180°(on) 

3 Observation phase O°(off) 90° (on) 

4 Observation phase reset 

5 Opens Receiver gate when selected 

J(6) Irradiation phase O°(off) 180°(on) 

7 Triggers A.D.C. for sampling 

8. Opens Irradiation Gate when selected 

A(9) External 1 

B(10) External 2 

C(11) External 3 

K( ig? Irradiation phase O°(off) 90°(on) 

  

As can be seen from Table A1.1, 3 of the output bits 

are reserved for external operations. There are 5 external 

operations which may be controlled via the output bits 9-11. 

The number associated with each operation maybe attributed 

to bits 9 to 11 by placing that number opposite that bit on 

the DEVICE screen. Table A1.2 lists the external operations, 

their identification numbers, mnemonics and their operation.
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Table Ai.2 

External Devices Identification and Operation 

  

No. Mnemonic Contents 

1 HS Selects z-field spoiling pulse 

2 OBSLV Selects Bi field controlled via spin 

lock unit. Turns off decoupler noise 

3 IRSE2 Selects triple irradiation mode 

4 IRMO2 Reverses irradiation mode gating 

5 IRPO2 Selects second irradiation power 

  

In a pulse program the various output bits are 

selected by placing a * under the appropriate bit in the 

appropriate line in the program. An example of a pulse 

program with a description of its operation is given in Sec. 

Al.4. 

A1i.3 Pulse Program Commands 

In order to facilitate programming, several commands 

are available to control loops, timing intervals, 

conditional and unconditional jumps and sampling. These 

commands along with their descriptions are presented in 

Table A1.3. A letter x following a command indicates that 

other parameters are often added.
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Table A1.3 

PG200 Programming Commands 

  

Command 

PUL 

ED lex 

LD2 x 

TIM x 

ES los 

JC2° % 

JMP x 

INT x 

Description 

Activates Sampling Trigger 

Loads loop 1, the parameter x (2-10) determines 

which loop parameter (Loop,LO3-L010) is used. 

The number of loops carried out equals the 

value of (Loop,LO3-L010) plus 2. 

Loads loop 2, identical to above except the 

number of loops carried out equals 64*(Loop, 

LO3-LO10+1). If x=1 then the number of loops 

is automatically determined by the number of 

sampling points. 

TIM represents a time which can have up to 40 

different values between 0.5us and 4095s. TIM 

1-10 are controlled from the main spectrometer 

program (Table A1.4) 

Decrements the value of LD1 loop and jumps 

to address x 1f LDI loop 1s non zero 

As above but operates on LD2 loop 

Unconditional jump to address x 

Automatically calculated time to ensure 

correct A.D.C. sampling sequence 

  

As mentioned in Table A1.3 the times TIM1 to TIM 10 

are associated with operations in the main spectrometer 

program. These times and their associated mnemonics are
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presented in Table A1.4. 

Table Ai.4 

Mnemonics for TIM 1 to 10 in Main Spectrometer Program 

  

TIM Mnemonic COMMENT 

1 PW 1*x Sets Observation pulse width time PW1** 

2 PW2x** Sets Observation pulse width time PW2** 

3 PI*x*x Sets pulse interval between PW2** and 

PW1** in double pulse (PUMOD=2) program 

4 PD***x Sets Relaxation time 

5 INTVL Calculated Digitisation time interval 

6 DELAY Time between pulse end and sampling 

7 PREDL Time to open irradiation gate (200 us) 

8 DEADT Receiver dead time (50 us) 

9 INIWT Initial wait before program start (1 s) 

10 SPOIL length of z-field gradient pulse (1 ms) 

  

A1.4 Single Pulse Program 

In order to help to understand a pulse program the 

program for a single pulse sequence is presented below with 

comments. Further information on all aspects of PG200 

programming can be found in reference (110).
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Address KCBA87J5 4 3 2 1 Command Parameter 

0 

1 TIM 9 

2 * 

S TIM 7 

4 * * 

5 TIM 1 

5 x * 

7 TIM 8 

8 PUL 

9 LD2 1 

10 ie eae ged aa Oe 

11 TIM 6 

12 withes ee! ge eee ging oe Ae 

13 INT 5 

14 ee Gg ae 

15 INT 3 

16 Jc2 Ve 

17 CO eee 

18 TIM 10 

19 

20 ; TIM 4 

an JMP 2 

Address 1 is an initial wait prior to commencing 

program. Steps 2 and 3 éneure that irradiation gate is open, 

if an irradiation mode is selected. A 98(x) pulse is abet ied 

for time PW1 at steps 4&5. Step 6 resets the phase in order 

to make the spectrometer noise constant whilst sampling
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leaving irradiation gate open. Step 7 gives the coil chance 

to recover from the Bi pulse. Step 8 primes the A.D.C. for 

sampling. Step 9 loads LD2 to _ loop automatically for the 

number of sampling sequences. Step 10 ensures that the 

receiver gate is open ready to sample data with the phase 

reset and the irradiation gate open. Step 11 is a further 

delay time ensuring that the receiver coil is not saturated 

by the Bi pulse. At Step 12 sampling takes place. Step 13 

allows sampling for the required time. At step 15 the 

particular sampling is terminated and the result stored 

appropriately in the computer at step 15. The JC2 command at 

step 16 decrements 1 from LD2 and causes a jump to address 

12 to sample the next data point whilst LD2>0. If LD2 is 

zero then sampling is finished and the program moves to step 

17. A z-field spoiling pulse is applied for a time TIM 10 as 

HS is selected as external device A. Step 20 is a relaxation 

time before an unconditional jump at step 21 back to step 2. 

The steps 6 to 16 are associated directly with data sampling 

and maybe input into a program directly by the SC command on 

the sequence page.
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APPENDIX 2 

Derivation of the DESPOT Equation 

After the appropriate number of non-acquisition DESPOT 

sequences (@-t-HS)n where t+HS=t, the thermal equilibrium 

z-magnetization, Mo will be driven: to... an equilibrium 

position, Mzeq, assuming complete Tz2* relaxation in the 

time, t. The equilibrium position is shown in Fig A2.1. 

Mzeq 

Mi f------- eee 

    
Ieq 

Fig. A2.1 Magnetization Vector at DESPOT Equilibrium 

(Mo-Mi ) exp(-t/T1) = (Mo-Mzeq) (A212) 

At equilibrium Mi=Mzeqcos 9, consequently (A2.1) can be 

rearranged to give 

Mzeq = Mzeq cos 9 exp(-t/Ti) + Mo(1-exp(-t/T1)) (A2.2) 

A2.2 is then readily rearranged to give Eqn. 4.6. Due to the 

configuration of the receiver coils in most commercial 

spectrometers the intensity of the signal measured at 

equilibrium equals
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Ieq = KMzeq sin 8 CA2% 3") 

where K is a spectrometer constant. 

Hence, (A2.3) can be readily rearranged to give Eqn 4.7 and 

the linear DESPOT equation, equation 4.8. 

Combining (A2.2) with (A2.3) gives 

KMo sin @ (1-exp(-T/T1 )) 

Ieq = CAB 4) 

(1-cos @ exp(-T/T1 )) 

  

cf Eqn 4.7 which is readily rearranged to give the linear 

    

form 

Ieq Ieq cos 9 exp(-T/T1 ) 
= + KMo (1-exp(-t/T1)) (A2.5) 

sin @ sin 8 

Cf Ean. 74.8.
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APPENDIX 3 

Incomplete Tz2* Relaxation and DESPOT T1 

The DESPOT equation of Sec .4.3.1 is only valid 

provided that there is no transverse component of the 

magnetization left when the @(x) pulse is applied. When a 

z-field gradient spoiling pulse is not included this may not 

be the case and the DESPOT equation under these 

circumstances must be modified to account for incomplete T2* 

relaxation. The derivation of the modified equation is 

presented below based on Fig A3.1. 

Mz a eo    
Mzi h---~- 

  
l 

! 

| 

| 

! 
1 
| 

  

My My i 

Fig. A3.1 Magnetization Component, Mz, at Equilibrium with 

incomplete T2* relaxation 

The above figure assumes that the system has been driven to 

an equilibrium position where 6 represents the nutation 

pulse and where the total pulse repetition time equals tT. 

My Component 

My = Myi exp(-t/T2* )
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Msin(g-@) = Msing exp(-T/T2* ) 

therefore 

cos @ 

  

cos @ - sin 8 = exp -t/iet))] CA31>) 

sin @ 

Mz Component 

(Mo - Mcos(g-@)) = (Mo-Mcos¢g)exp(-T/T1 ) 

Mo -M(cosgcos@+singsin@) = (Mo-Mcosg)exp(-T/T1 ) 

sing 
  Mo -Mcose| cose + sine| = (Mo-Mcos @)exp(-T/T1 ) 
cosg 

substitute (A3.1) 
sin*0e 

Mo — Ncoss| cosé+ = (Mo-Mcosg)exp(-Tt/T1 ) 

cos @-exp(-T/T2* ) 

sin*e 

Mo (1-exp(-t/T1) = Ncosp| cose+ - exp(-t/T1 )| 

cos@-exp(-tT/T2* ) 

Combine with A3.1 noting that Mcosg=Ieqcosg/sing and putting 

A=exp(-t/T1) and B=exp(-t/T2* ) 

  

  

cose-B sin*e@ 

Mo (1-A) = tea] oe | [cose + ————— - a] 

sine cose-B 

cos? @-cose@B Acos@ + AB 

Mo(1-A) = eq |_—— + sine - ——— | 

sine sing 

Ieq 

Mo(1-A) = cos*@ - cos@B + sin*® - Acos® + AB 

sine 

leq 

Mo(1-A) = 1 - cos@(A+B) + AB (AS. 2.) 

sine 

Eqn. A3.2 can then be rearranged to give Eqn 5.1 

Mo sin@(1-A) 
Ieq = (A3.3) 

1 - cos@(A+B) + AB 
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Eqn. A3.3 can also be readily rearranged to give the linear 

form Of Bani on) 

Ieq Ieq cos 8 (A+B) Mo (1-A) 

= + ae CAS. 4) 

sine sin @ (1+(AB) ) 1+(AB)
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APPENDIX 4 

Off-Resonance Effects in DESPOT Ti Determinations 

A4.1 Magnetization components after off-resonance nutation 

pulse 

A typical magnetization component whose resonant position 

is AY Hz from the carrier frequency in the rotating frame of 

reference will be nutated perpendicular to an effective 

field Berr (Fig. A4.1) 

M Mcos @ 

  

  

  

Berf 

@ @ 
x < 

Msingcos@ 

y: 

Fig.  “A4.1 Nutation of magnetization component, M, 

perpendicular to Berf 

Bare = W (Bim +0482) (A4.1) 

where Bi is the pulse field strength and AB=(2mAv/7) 1s the 

residual z-field due to the off-carrier frequency shift at 

the resonance. Bert is also tilted with respect to the x’ 

axis at an angle g@ in the x’z plane (Fig A4.1) 

@ = tan-' (A4B/B1) (A4.2)
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For a pulse of duration, .tp, an. on-carrier frequency 

component (Av=0) will be nutated through an angle #@ 

perpendicular to the x’ axis in the zy’ plane. 

@ = YBitp (A4.3) 

For a pulse duration, tp, off-carrier components will be 

nutated through a larger angle, a, in a plane perpendicular 

to Berf 

a = YBerftp (A4.4) 

Combining A4.4 with A4.1 

a’ = ¥tp4.( 81 * a8 ) (A4.5) 

Combining (A4.5) with (A4.2) 

a = YtpBid(1+tan?@) (A4.6) 

but {(1+tan*@) = 1/cos@ 

therefore a = YBitp/cos@ = 9@/cos¢@ (from A4.3) CA4 7) 

From Fig A4.1, Bert rotates the component of M (Mcos g) 

through the angle a perpendicular to the direction of Berr. 

Fig A4.2 shows the situation looking in the plane 

perpendicular to the direction of Berr and along the Berf 

axis.
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Mcos@ 

Mcos@ 

  

Fig. A4.2 Nutation of magnetization component, M, by a° 

looking in the plane perpendicular to Berr and 

along Berr axis 

From Fig A4.2 the component of the magnetization along the y 

axis after rotation by an angle, a, perpendicular to Berr is 

given by 

My = Mcosgsina (A4.8) 

From Fig A4.2, after the a pulse the z-component that may be 

acted on by Berf will equal Mcosgcosa. Referring back to Fig 

A4.1 shows that this represents a total magnetization 

component along Bert equal to Msing-Mcosgcos a. Resolving 

this component along the x’ axis of the rotating frame gives 

Mx = MSingcosg-Mcosgsingcosa : (A4.9) 

Now the component Mz can be found via vector addition as 

Mz? = M?—Mx #—My 2 : (A4.10) 

therefore
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Mz 2 =M2 -M?2 sin? gcos? @( 1-cosa)*-M* cos? gsin*a 

Mz? =M2 {1-sin? gcos? @( 1-2cosa+cos?a)-cos* gsin?a} 

Mz 2 =M2 ( 1-sin? gcos? g+2s in? gcos* gcosa-sin* gcos* gcos*a 
-cos* gsin*a) 

Mz 2 =M2 (1-2s in? gcos? g+2s in? gcos* gcosat+cos* gsin*a(sin* g-1) ) 

Mz 2=M?2 ( 1-2sin* gcos? g+2sin* gcos* gcosa-cos4 gsin*a) 

Mz 2 =M2 (1-2sin? g+2sin4 @+2sin? gcos* gcosa-cos4 g+cos4 gcos* a) 

but cos4g=1-2sin*g+tsint*g@ 

Mz 2 =M2 (sin4 g+2sin? gcos* gcosa+cos‘ gcos? a) 

therefore taking roots and denoting Mz before and after the 

pulse as Mz~ and Mz* respectively 

Mz + =Mz ~ (Sin? @+cosacos*@)=kMz- (cf Eqn. 5.7) CAA EAD) 

Now the signal detected in the xy plane, Mxy can be found by 

vector addition of the Mx and My components from Eqns A4.8 

and A4.9 

Mx y 2 =M? cos? gs in? at+M? sin? gcos? @( 1-cosa)? 

Mx y 2? =M* cos? g(sin*a+sin? @(1-cosa)? ) 

Therefore, denoting the Mxy component after the pulse as Mxy* 

Mx y *=Mz~ cos@/¥ (sin?a+sin?@(1-cosa)? )=BMz~ (cf Eqn 5.8) (A4.12) 

A4.2 Off-Resonance and DESPOT 

Fig. A4.3 shows the situation for a DESPOT analysis 

when equilibrium has been achieved



ee 

Mz~ 

Mzt M2 > 

Fig. A4.3 Off-resonance vector at DESPOT equilibrium 

During the total pulse repetition time, t, Mz* will relax to 

Mz~, hence from Eqn A4.11 kMz~ relaxes to Mz- in the time,t. 

From the derivation of appendix 2 substituting Mzeq for Mz” 

and kKMz- for Mzeqcos @ 

Mo (1-exp(-t/T1 )) 
Mzeq = Mz-~ =  ——_— (cf Eqn. 5.9) (A435) 

(1-kexp(-t/T1 ) 

Mzeq cannot be measured directly, but only as a component in 

the xy plane,hence the measured intensity, Ieq, from Eqns 

A4.12 and A4.13 can be rewritten as 

BMo (1-exp(-T/T1 ) ) 

Mxy =Ieq= peacetime ee et (A4.14) 

1-kexp(-tT/T1 )) 

Eqn A4.14 can be rearranged readily to give a form suitable 

for a linear plot 

leq Ieq @xp(-T/T1 )k 
  + Mo(1-exp(-t/T1 )) CA4:.. 155) 

3 8B
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APPENDIX 5 

Derivation of the One Pulse Dummy DESPOT Equation 

The equilibrium z-magnetization for an absorption 

with a known T1 value can be calculated via Eqn. (A2.2) for 

given values of t(the total pulse sequence repetiton time) 

and nutation angle @. If we assume that the z-magnetization 

is initially at thermal equilibrium and we apply a nutation 

pulse @2 to the spin system then immediately following the 

@2 pulse the z-magnetization, Mz*, is given by 

Mz*+ = Mocos 62 (A5..41-) 

If the resulting z-magnetization is allowed to relax towards 

Mo for a time,t, the resulting z-magnetization, Mz(t) will 

be given by 

Mz(tT) = Mo - ((Mo-Mz*) exp(-Tt/T1 )) (A5.2) 

therefore combining Eqn’s A5.1 and A5.2 and rearranging 

gives 

Mz(t) = Mo{1-[Lexp(-t/T1 )(1-cos @2)]} (A5.3) 

If Mz(t) is set equal to Mzeq for a known value of Tt and 86 

then Ean. A5.4 can be written
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Mo (1-exp(-t/T1 ): 

Mo {1-Lexp(-t/T1 )(1-cos 82)]} = (A5.4) 

1-cos 8 exp(-tT/T1 ) 

  

Eqn. A5.4 can now be rearranged after cancelling out the Mo 

values in terms of 82 to give 

  

(1-exp(-t/T1 )) (cos 8 exp(-t/T1 )) 

, 88 =. COS; | CA5.5) 

(1-cos @ exp(-t/T1)) exp(-t/T1 ) 

ef 4Fane o xt2
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APPENDIX 6 

One Pulse Dummy Pulse Program 

During a DESPOT analysis the equilibrium condition 

for specified values of t/T1 and @ can sometimes require 

many non-acquisition sequences of the type (@-t-HS)n where n 

is the number of repetitions required to reach equilibrium 

and t+HS=t. The use of one preconditioning sequence of the 

type (@2-t-HS) causes equilibrium to be established after 

only one sequence provided that 62 is obtained from Eqn. 

5.12. As @2 is invariably different to 8 it is not possible 

to use the single pulse sequence (Sec. A1.4). Consequently 

anew pulse sequence had to be written to allow the 

preconditioning pulse to be applied. This pulse sequence 

was called 1pdum and is_- presented below. Details of the 

PG200 pulse programmer can be found in appendix 1 

The ipdum Pulse Sequence 

Address KCBA8&7J5 43 2 1 Command Parameter 

OQ 

1 TIM 9 

3 TIM 2 

TIM 10 

! TIM 1
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1pdum pulse sequence(cont. ) 

Address KCBA8&7UJ5 4 3 2 1 Command Parameter 

~ ig eae 

9 TIM 7 

10 ee a a ae 

11 TIM 1 

12 Pe PR a ta 

13 TIM 8 

14 PUL 

15 LD2 1 

16 1c Hei Me ee 

17 TIM 6 

18 te, eS ee 

19 INT 5 

20 ope ee ee Fee 

21 INT 5 

22 JC2 18 

23 Coat 

24 TIM 10 

25 

26 TIM 4 

27 JMP 8 

It can be seen by examination of the above sequence 

that the required preconditioning pulse is applied at lines 

2 and 3 using the PW2** parameter. The time TIM 11 

(address7) enables the time, t, to be accurately set. At 

address 27 the program jumps to address 8 which is the 

beginning of the single pulse sequence (Sec. A1.4). Device A



        

    

     ing : | 
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APPENDIX 7 

Differentiation of DESPOT Type Equations 

The DESPOT equation and its variant that compensates 

for incomplete Tz2* relaxation have the general form (cf 

Eqn’s 4.8 and 5.2) 

Teq Ieqgcos 8 A 
= —————_— + 8B CAT aie) 

sin @ sin 6 

  

where Ieq is the measured intensity at equilibrium, 98 1s the 

on-resonance nutation angle and A. and B are constant terms. 

Multiplication of A7.1 by sin © followed by differentiation 

with respect to 8 yields 

dlIeq dIeq 
  

  =i |-te4 sine + cos @ | + Boos 8 CAL..2) 

de de 

Now at the turning point (maximum) dIeq/d@=0 and Eqn. (A7.2) 

reduces to 

IeqAsin 8 = Bcos 86 CA¥.3) 

Rearranging Eqn. A7.1 yields 

Bsin 8 
ley =... eee (A7.4) 

(1- Acos @) 

Rearranging and combining Eqn. (A7.4) with Eqn,.(A7.3) yields 

ABsin#@ = Bcos@ - ABcos?8@ CataS7 

Rearranging and recalling that sin?@ + cos*® =1 

A = cos 8 (A7.6) 

Hence the maximum of a plot of Ieq against 9 will occur when 

the relationship of Eqn. A7.6 is fulfilled. Consequently for 

a normal DESPOT plot with complete Tz* relaxation between 

pulse sequence repetitions, the maximum of a plot of Ieq
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against 8 will occur when 

cos 8 = exp(-Tt/T1 ) (A7.7) 

which is the Ernst condition, (sac: 4.3.2 and 6.2). When 

T2* relaxation is incomplete the maximum in a plot of Ieq 

against @ will occur when 

exp(-t/T1) + exp(-t/T2* ) 
cos 8 = (A7.8) 

1 + exp(-t/T1) exp(-T/T2* ) : 

  

This is the modified Ernst condition of Sec. 6.5



300 

APPENDIX 8 

The DESPOT Ti1/7 Pulse Sequence 

The pulse program presented below was used to model 

the DESPOT T1/ sequence presented as Fig. Leva AN 

explanation of the PG200 pulse programmer is presented in 

Appendix 1. 

The TiRS2 Pulse Sequence 

address KCBA87J5 4 3 2 1 Command Parameter 

0 

1 TIM 9 

2 * 

3 TIM 2 

4 

5 cee, 

6 TIM 10 

; 

8 TIM 11 

9 * 

10 TIM 2 

14 

12 Pon. ®t 

13 TIM 10 

14 

15 TIM 13 

16 he ee ee en Se ee
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(TiRS2 Program cont. ) 

Address KCBA8&7J5 4 3 2 1 Command Parameter 

17 TIM 1 

18 

19 TIM 11 

20 ee a 

21 TIM 10 

22 

23 TIM 13 

24 2 a ee eee 

25 TIM 2 

26 Se ek ysl ae 

og TIM 11 

28 Be ee. Bae ae ee 

29 o4,TIM 3 

30 ah ee. See 

31 TIM 8 

32 | PUL 

33 LD2 1 

34 ps eR Cee ee 

35 TIM 6 

36 , ee oe 

37 INT oe: 

38 eg. a hoe 

39 INT 5 

40 Wee 36 

41 roy 

+e TIM 10 

43
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(T1RS2 Program cont. ) 

Address KCBA8&7J5 4 3 2 1 Command Parameter 

44 TIM 4 

45 JMP Z 

In the above program TIM 2 (PW2) is a 90°(x) pulse, 

TIM 1 (PW1) is a 0°(x) pulse, TIM 3 (PI***) is the spin-lock 

time, t and TIM 13 is the relaxation time T. TIM 11 is.set 

at 10us and is a short delay to enable switching of the 

spectrometer phase.
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APPENDIX 9 

Spin-Locking on the JEOL FX90Q Spectrometer 

A9.1 Introduction 

Owing to the nature of the spin-locking experiment 

it is essential that the strength of the spin-locking field 

and the phase of the spin-locking pulse are accurately 

adjusted. The spin-lock unit on the JEOL FX90Q spectrometer 

allows adjustment of the strength of the spin-locking field 

via the calibration potentiometer or via the power output 

control. The function of the calibration level potentiometer 

is to set the spin-lock field strength to a maximum of half 

the Bi field strength. This is the maximum spin-lock field 

strength recommended by the instrument manufacturers (146) 

and serves to prevent damage to the probe insert due to 

excessive heating during long spin-lock pulses. Nevertheless 

care is still required, it is essential that the air flow 

through the probe is sufficient (>15L/min) to cause extra 

cooling and that the field strength set is wathire ome 

limitations for the probe are and nucleus studied as laid 

out in reference (146). It is also necessary to ensure that 

the maximum duty cycle of the spin-lock unit is no greater 

than 4 of the experimental time. For experiments which 

involve varying the ar hemaek of the spin-lock field (Sec. 

2.6.1) this can be achieved readily using the power output 

control keeping the calibration level control constant.



304 

It is also important in a spin-locking experiment 

that the spin-locking pulse is applied down the y axis of 

the rotating frame. In order to set the phase of the 

spin-locking pulse accurately, adjustments to _ the phase of 

the locking pulse can be made via the phase control on the 

spin-lock unit. The necessary adjustments to the spin-lock 

field strength and the phase of the locking pulse were made 

using the SPINCAL program. 

A9.2 The SPINCAL Program 

The SPINCAL program in essence is identical to 

single pulse program (Sec. A1.4) except that the nutation 

pulse is provided by the spin-lock unit down the y axis of 

the rotating frame. The SPINCAL program is reproduced below. 

An explanation of some aspects of programming the PG200 

pulse programmer can be found in Appendix 1. 

Address KC BA 8 7 J 5.4 3°21. Command Parameter 

0 

1 TIM 9 

5 TIM 1 

7 TIM 3
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SPINCAL Program (cont. ) 

Address KCBA8&7UJ5 4 3 2 1 Command Parameter 

9 TIM 8 

10 PUL 

11 cn LD2 1 

12 Se ie ke 

13 TIM 6 

14 ek a ee 

15 INT 5 

16 ea Be ee ena ae 

r7 INT 5 

18 yCe2 14 

19 oie 

20 . TIM 10 

24 

22 TIM 4 

a JMP 4 

External 1 (A) is set as HS i.e. a z-field spoiling. 

pulse. External 2 (B) is set as OBSLV. This selects the 

spin-lock unit and turns the noise off the decoupler. The 

time TIM #1 1 seat? t> 10 pS and “allows: time Tor.the 

spin-lock unit to be selected and for the 90° phase shift 

(address 4 bit 3) to occur. The rest of the program is 

similar to the single pulse program (Sec A1.4). 

A9.3 Use of the SPINCAL Program 

A spectrum of the sample is first obtained using the
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single pulse program and is phased noting the values of PO 

and P1. PW1** is then varied until a value for the 90° pulse 

has been obtained. This was usually achieved in our 

laboratory by looking for a null. signal at 180° and halving 

that value to get the 90° pulse. Obtain a spectrum of the 

sample using the SPINCAL program (PUMOD 3) with PI***x set to 

2 times the value of PW1** required to give a 90° pulse 

using the single pulse program with the cal level 

potentiometer set to zero and the power level set to max. 

Phase this spectrum and then increase the value of the cal 

level until a 90° pulse is obtained (this may be best 

achieved by looking for a null at 180°). When the 90° pulse 

width using the SPINCAL program is exactly twice the 90° 

pulse width using the single pulse program, lock the cal 

level potentiometer. Switch back to the single pulse program 

(PUMOD 1) and obtain a spectrum of the sample with a 90° 

pulse and phase it accurately noting the values of PO and 

P1. Now add 90 to the value of PO and save the phase. Switch 

back to the SPINCAL program and obtain a spectrum using a 

90° pulse. On fourier transformation note the phase of the 

resulting spectrum. If the spectrum is not in the absorption 

mode turn the phase knob on the spin-lock unit and reacquire 

the spectrum until an absorption mode spectrum is obtained. 

After these adjustments have been made the spin-locking 

power and phase should be correctly adjusted. When acquiring 

data using the SPINLOCK (110,146) or the T1IRHOD2 program 

(Sec 7.5.3, Appendix 8) ensure that the setting of PO is 

returned to its original noted value.
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APPENDIX 10 

The. D.bsPst Sequence 

A10.1 Introduction 

It is well known that the D.E.P.T sequence (38) has 

gained marked popularity in '3C spectroscopy in recent years 

due to its potential as a spectral assignment and editing 

tool. The technique is based on coherence transfer and as 

such only 13C nuclei with attached protons are detected. The 

sequence as originally proposed by Doddrell et al. is shown 

below 

1H w/2(y) —1/2J—n—1/2J——0( +x )——1/2J——decouple 

WSS Te /2 Cx) T acquire 

As can be seen from the above sequence the method relies on 

applying pulses both on the observation sbereel (13C) and on 

the proton decoupler channel. Spectral editing is achieved 

by varying the length of the © pulse on the decoupler. The 

CH, CH2 and CH3 absorptions have the following mathematical 

dependencies on the angle @: sin ® for CH; sin 28 for CHe 

and sin @ + sin 30 for CH3. AS a_ consequence, if 9 is 

selected to be 90° then a 13C spectrum should only show 

absorptions due to CH moieties and therefore the D.E.P.T 

sequence can be used readily to measure the 90° proton 

decoupler pulse width. The sequence was used for this 

purpose in order to prevent Hartmann-Hahn matching in our
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spin-locking experiments (Sec. 7.5.3). 

A10.2 D.E.P.T on the JEOL FX90Q Spectrometer 

The D.E.P.T sequence can be run on the JEOL FX90Q 

spectrometer by writing the appropriate pulse program fOr 

the PG200 pulse programmer (Appendix 1). Such a sequence was 

supplied by JEOL and is reproduced below. The sequence 

supplied by JEOL is slightly different to that of Doddrel] 

et al (38) with the original w/2 decoupler pulse being 

applied along the x axis with the final 6 pulse being 

alternated between the ty aes The Jeol sequence also 

alternates the phase of the spin-echo refocussing t pulses 

on both the proton and carbon channels in order to reduce 

cumulative errors due to misset pulse angles (Sec 7.2). The 

corrected PG200 pulse program presented below has a 180° 

observation channel phase shift at lines 19 and 21 instead 

of a 90° phase shift in the original JEOL supplied sequence 

which was in error. 

Address 7k C-BlA S84 J &. 4 3:2 °1 Gommand Parameter 

0 sete 

1 TIM 1g 

Zz LD1 S 

3 * * 

4 TIM 9 

5 TIM 1 

6 * 

iL TIM 3
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D.E.P.T Sequence (cont) 

Address KCBA87J5 4 3 2 1 Command Parameter 

8 JC1 38 

9 we ee eS 

10 TIM 9 

11 TIM 9 

12 TIM 1 

13 rae Se Ree ae oe eee, ae 

14 TIM 1 

15 eo ee 

16 TIM 3 

17 ek Ae a 

18 TIM 7 

19 Ss a on a ae 

20 TIM 11 

21 Oe vit ee ot 

22 TIM 2 

23 ae ea eee. Oe 

24 TIM 3 

25 PUL 

26 LD2 1 

or fe RO ee 

28 TIM 6 

29 ee Sea: a ey 

30 INT 5 

oH ee ere RS 

32 INT 5 

33 JO2 29 

34
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D.E.P.T Sequence (cont) 

Address KCBA87J5 4 3 2 1 Command Parameter 

35 TIM 4 

36 Jci 3 

37 JMP 2 

38 A te en 

39 TIM & 

40 TIM o 

41 TIM 1 

42 4 NO ME) eee we 

43 TIM 1 

44 oom ss 

45 TIM 3 

46 Me ee ae 

47 TIM 7 

48 

49 TIM 1 

50 MES oh eee 8 es 8 oe 

51 oe een 2 

52 JMP 23 

The above program gives the following sequence 

TH m/2(x)—1/2J—m( +x )——1/2J-——@( ty ) 1/2 ——decoup le 

13¢ w/2(x)—1/2J—n( +x )——1/2J——acquire 

with the differences between this sequence and the original 

sequence explained above. External 3 (C) was set as OBSLV in 

the sequence and the decoupling mode is set as NNE. The 

times delays, mnemonics, functions, and actual times used



in our experiment are detailed below. 

Table AiO.1 

D.E.P.T Sequence Timings 

  

Time Mnemonic Function Time 

TIM 1 PW1** 90° 13C Pulse (23 us) 

TIM 2 PW2*x 180° 13C Pulse (46 us) 

TIMes PI**x 1/2J (3.5.:ma) 

TIM 4 PD**x 1.2 T1 (H) minus acquisition time (3 s) 

TIM 6 DELAY Delay time prior to sampling (150 us) 

TIM 7 PREDL Decoupler @ pulse {90°} (32 <Us ) 

TIM 9 INIWT 90°1H minus 90°'3C pulse width (9 us) 

TIM 11 * Time to allow for phase change (5. pis) 

Too ag -_ Initial Wait (2: 8) 

  

Care should be taken that the 90° and 180° 

observation pulses are set using the SPINCAL program 

(Appendix 9) as these pulses are derived via the spin-lock 

unit and: that; £03 1s set at 1.
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Conditions governing the most satisfactory implementation of the DESPOT (driven 

equilibrium single pulse observation of 7;) method of measuring NMR spin-lattice relax- 

ation times are discussed. The determination of the number of nonacquisition, dummy 

pulses, required to drive a spin system to the DESPOT equilibrium condition is reexamined. 

It is shown that an improved condition for the achievement of equilibrium minimizes the 

errors in experimentally determined values of 7,. Spectrometer pulse width-nutation angle 

calibration and sample diffusion are discussed. © 1987 Academic Press, Inc. 

INTRODUCTION 

The recent reevaluation of the “variable nutation angle method” for the rapid mea- 

surement of 7; (for convenience renamed the DESPOT method) (/) has been extended. 

It has been found that where long 7; values are involved the measurements are sensitive 

to experimental conditions. This has led to the reevaluation of the number of dummy 

pulses needed to achieve the DESPOT equilibrium condition. Additionally, investi- 

gations of the spectrometer pulse width—nutation angle relationship and the spectrom- 

eter “pulse offset” (/) have been found to be influenced by diffusion in liquid samples. 

The purpose of this paper is to present the relevant aspects of these investigations. 

THEORETICAL BASIS OF DESPOT 

For any single-spin system, the transient magnetization, M,, during relaxation re- 

covery from an initial value, Mj, toward the Boltzmann equilibrium value, Mo, is 

given by 

M,= Mo-(Mo- Me, [1] 

where 1; is the total pulse repetition time. If a system is subject to rapid multipulsing, 

using the sequence (0—-FS-1),,, at an angle 6 followed by a field-spoiling z-gradient pulse 

(FS), the magnetization, M,, also follows Eq. [1]. Ultimately the system is driven to 

equilibrium whereafter the equilibrium magnetization, M,.,, can be acquired (A) by 

m pulse sequences of the form (6-A-FS-?*),,. The times ¢ and f* ensure that the 

dummy and acquisition sequences have a constant total repetition time such that 

* To whom correspondence should be addressed. 
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t; = FS + tand ¢; = FS + A + & in the respective cases. The DESPOT equilibrium 
magnetization is given by 

M eq = Meq008 06 /" + Mo(1 — €#/), 22] 

By determining values for M/,., at various 6’s, it is possible to determine 7; from 
Eq. [2]. Because of the detector coil configuration of many commercial spectrometers, 
M.q can be determined readily from signal intensities (/) using 

Teg KV7.,sn. 0, [3] 

where K is a spectrometer constant. JT, can then be obtained from the regression of 
I/sin 6 on I cos 6/sin 6, appropriate to Eq. [2]. 

The DESPOT method applies rigorously to spin systems for which single exponential 
relaxation is appropriate. In certain other cases, for example {'H}-'°C, complete de- 
coupling can make a multiexponential relaxation system obey a single exponential 

recovery so that DESPOT will be valid for these systems. In other cases where this is 
not feasible, DESPOT should, in principle, not be applicable (2). However, in such 

cases it is usual, as when using the (180°—7-90°) sequence, to take advantage of the 
fact (2) that the initial magnetization data on recovery of the perturbed system essen- 
tially show single exponential behavior. Provided that t;/7, and the acquisition time 
in the DESPOT method are short, it is possible that the magnetization data for the 
equilibrium cycles will approximate to single exponential behavior (this is currently 
the subject of further investigation). In the relevant circumstances DESPOT should 
be widely applicable. 

1000 

°o
 20 40 60 80 100 

DUMMY PULSES 

Fic. 1. Variation of the magnetization vector, M,, with the number of dummy DESPOT sequences; ¢;/ 

T; = 0.02, 6 = 15°.
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THE NUMBER OF DUMMY PULSES TO ACHIEVE EQUILIBRIUM 

Under certain experimental conditions, the equilibrium condition for DESPOT can 

be approached quite slowly. This is illustrated in Fig. 1. Because it is impractical to 

wait for the actual equilibrium position to be achieved, a compromise is sought that 

introduces negligible errors into the analysis of the experimental data. In an earlier 

paper (/) the compromise chosen was such that after n dummy pulses 

1.005M¢n-1) > Mey > 0.995 Mqn-1)- [4] 

Recent work has revealed that this condition is inadequate in certain circumstances, 

particularly for the smaller nutation angles. It has been found that in order to overcome 

this problem an alternative condition should be used, which is 

1,005114,.5 ='Ma,> 0.995... [5] 

where M,., is the true equilibrium magnetization. The number of dummy pulses 

required to fulfill this (new) condition and also the original condition (old) are given 

in Table | together with M_,, and M,., (based on Mo = 1000) in order to illustrate the 

advantages of using condition [5] rather than [4]. 

It has been suggested elsewhere (3, 4) that as few as four dummy pulses can be used 

to achieve the driven equilibrium condition. This assumption is generally invalid and 

could lead to large experimental errors. Consequently, Table | also contains values 

for the z magnetization after four dummy pulses (M,,) to illustrate this point. 

It is evident from Table 1 that the large error, at small nutation angles, between the 

actual equilibrium value M,., and M, derived from [4] or from M-, is substantially 

reduced by the use of condition [5]. The use of condition [5], however, causes the 

number of dummy pulses required to increase markedly and hence prolong the ex- 

perimental time. Superficially, therefore, it might appear wise when measuring 7, to 

avoid the use of small nutation angles. This suggestion will be reviewed later. 

Even using the new condition for calculating n, it is evident that true equilibrium 

need not have been achieved after employing the calculated number of dummy pulses. 

Consequently, during subsequent acquisition pulses, equilibrium will still be ap- 

proached slowly. Obviously this will have some effect on the calculated values of 7). 

This point has been investigated by computer simulation. 

The various theoretical (nonequilibrium) magnetization data given in Table 1 were 

used to calculate the ¢;/7; ratio and the value of Mp that would be obtained using a 

linear regression analysis appropriate to Eq. [2]. The data were taken at 10° intervals. 

Table 2 presents the results that would be obtained after one acquisition pulse and 

with nutation angles varied within the ranges 10° to 80° and 40° to 130°. In both 

cases it can be seen that the new condition [5] yields the best results, with the four- 

pulse analysis being quite inadequate. It is interesting to note that the earlier suggestion 

that small nutation angles should be avoided does not appear to be sustained. The 

reason for this is that in the range 10° to 80° the greatest rate of change of M.., with 

6 occurs and the effect of this is to overwhelm small errors in “M/,,,.” Table 3 presents 

similar results to those in Table 2 except that 50 acquisitions have been considered. 

Very similar conclusions can be drawn from these results, but with the further obser- 

vation that the new condition [5] gives much improved results. Moreover, whereas



427 DRIVEN EQUILIBRIUM RELAXATION MEASUREMENT 
-_ 

0
 

 
 

 
 

 
 

  

 
 

L°66 
TPOS 

~=—s-«666 
iy, 

--VO0l- 
Se" 

0105 
8°989 

10s 
06 

«=«—L'6b 
£8 

8°66 
T86h 

«9°66 
Ib 

9°66 
LE 

0108 
TLL9 

66K 
E
S
O
S
 

08 
001 

908r 
ZOOl 

6€ 
666 

ce. 
G0¢ 

16r9 
v's 

Sia 
9106 

ZL 
T IOI 

SCS. 
VIOLIN 

SOG 
ee 100 

cee 
Se 

£09 
= 

10S 
LDS 

Oils 
z9 

¢Z01 
OOF: 

= 
LOOl= 

(Col 
OCI 

OC a
e
 
Te 

TCLS 
oS 

oo. 
SIs 

Is 
P01 

SLES 
HOT 

2 
BC aces 

COl e
n
 
CCueecice 

6.087) 
15 

9% 
sz; 

cw 
1-901 

OCEE 
<
 

6S0l 
62 

1S 
O0lm 

coun 
tee 

€Oly 
TES 

LE Te 
aOIGS 

re 
$801 

OS8C 
SRL. 

21S 
kOhe 

ero) 
oneerepS 

OOrE 
9b 

166 
pS 

87 
vil 

OSC 
DIL 

81 
6 

01 
meee 

V'plZ 
19s 

St 
09s 

£7 
Sr1I 

CHIC 
<< 6PIT 

= 
9 

OSI 
7) ee 

ne 
6SIC) 

| 
0:89 

TCs 
ges 

61 
SST 

7981 
6810 

=F 
pli 

1 
Cll 

m
i
c
e
 

LL9I 
1-09 

LIS 
76.65 

SI 
€€TZI 

0°991 
VECIione 

Clin 
=O60l i 

Ong 
LEI 

L’7%9 
Vit 

SiZ9 
€I 

9871 
Vest 

ESCi 
0le 

eae Scl 
ees 

$9 
L'v0l 

9°S9 
Cl 

ESO 
I 

Lvel 
VLrl 

Orel 
6 

C
h
l
o
e
 

3°89 
L'88 

6°89 
Ole 

2689 
6 

IPI 
6 9F1 

C
h
o
t
e
 

(GAR 
oS) 

LL 
718 

STL 
8 

PTL 
L 

9°6r1 
C1SI 

Lorl 
9 

C6rl 
5 

VLL 
66L 

VLL 
i 

ELL 
9 

L8st 
0'6SI 

ESolaeers 
O6sI 

+ 
(Oe: 

878 
£78 

9 
778 

S 
7691 

7691 
Gooleey 

GEE 
ts 

788 
788 

788 
S 

788 
v 

esl 
€1sl 

CLS ler 
al 

ClSie 
eat 

76 
76 

76 
I 

76 
I 

761 
7 S61 

CS6l 
Col) 

b 
€€01 

€€01 
CEOlie 

b 
LeOlma 

ae 
E11Z 

Sey 
ak 

h UCaeae 
9IIZ 

+ 
6TII 

vell 
O
E
 

ame 
C 

elie 
te 

0'0E7 
9 1EZ 

T
O
G
)
 

COCs 
vas 

€v7I 
6971 

PVC 
09 

Grete 
rs 

87ST 
y9ST7 

UES 
=.9 

Vzwsz 
9 

S LEI 
LSvl 

ORCI 
ee 

OSehe 
ar 

CLE 
SRC 

kc OLLG 
er 

v8lZ 
9 

Vrs 
TTLI 

CPSs 
a8 

C
p
a
 

6°90€ 
COLE. 

VeC0e 
aes 

C80 
EL 

SELI 
y80C 

P
P
 

tL] 
6 

vrLl 
6 

S IPE 
SLE. 

SCPE 
| 

6 
Cee 

8 
8261 

O9SCa 
es 

GUSGl 
1 

a 
Oley 

a 
O7BE 

O0&r 
9
8
 

6 
OP8E 

6 
Coe 

6S1E 
SUMO8CG 

uaecle 
CRC 

eral 
SEP 

Spor 
6th 

Ol 
Gee. 

11 
c
p
 

SLSGae 
2 VO0G 

a
 

Ele 
LiCOt 

eel 
798 

LS9S 
i
o
 

COSP 
-, 

Flinerel 
SOba 

tie Clee 
tel Ole 

V69V 
= 

0
G
 

a 
Cla 

Sat c
a
e
r
 

ross 
© 1p9'>: 

O'OSS 
hs 

Soice Cue 
ol 

eer anog 
S856 mr 

OLE 
Ol 

ha 
eB0Gl 

Og 
o'€z9 

€8IL 
1679 

Gl 
s«'9@9. 

OT 
SGEb 

Some 
Orpen 

e
a
m
e
s
 
o
m
e
n
 

LOL 
SOL 

©
 

GOIL 
14 

.CI) 
«0:90. 

Sl 
aenises 

CUPL 
S
E
 

LiGESS 
Obs 

aye 
Canale 

6'S8L 
6098 

G@L6L. 
TI) 

V68L 
OT 

© 
9 SEO 

| 
chain 

c ccO ules 
Ine 

O
e
 

Orr 
9°998 

SIRT) 
1 8 CRS 

JOL8es 
iSi= 

ewe 
cor 

1°868 
TOS 22) 

Lesa 
t6S i

e
r
 

e 
8°SE6 

6796 
= 

vES6 
L6C6c 

Clo 
ais 

ene 
1ES6 c

h
 

C1606 - 
Bang 

Rian 
OF 

V'€86 
9066 

«= 
£66 

TL86) 
SL 

1°S96 
1886 

469966 
$696 

07 

Wy 
"Wy 

7W 
u 

7W 
u 

m
y
 

“WwW 
u 

7W 
u 

Tnby 
——as[ng-p 

[r] 
PIO 

[s] 
“on 

ynby 
—asing-p 

[r] 
PIO 

[s] 
Mon 

0z'0 
oro 

 
 
 
 

 
 

0'sz 
€€78 

V'Sz 
HOI. 

| 
1Se 

08 
0'Sz 

els 
Lise 

O81 
=
 

6'bZ 
L9I 

7SZ 
6SLL 

1'Sz 
6rioe, 

EST 
SEI 

v'ST 
O'0zL 

v'ST7 
Chie 

«GSC 
901 

8°SZ 
LLe9 

LZ 
18 

6ST 
08 

797 
19s 

797 
99 

1°97 
19 

8°97 
OSLE 

8°97 
os 

697 
or 

v'LZ 
6'S8E 

v'LZ 
6€ 

CLE 
9€ 

787 
7 ZOE 

787 
1€ 

87 
8Z 

767 
6 LZ 

1'6Z 
Sz 

1'6z 
€Z 

€0€ 
8'S9l 

€0€ 
0z 

r'0E 
81 

OTE 
vLIl 

Sl€ 
LI 

rie 
SI 

Vee 
o78 

Vee 
tl 

TEE 
ZI 

SPE 
0°09 

LYe 
Il 

6bE 
Ol 

89 
OL 

89 
6 

69€ 
8 

1'6€ 
Lt 

1'6€ 
8 

16 
L 

olr 
It 

ol 
9 

Lip 
S 

O'Sb 
V'Sp 

O'Sr 
S 

Usp 
¢ 

8°8b 
8°8b 

8°8b 
I 

8'8r 
I 

TES 
wes 

wes 
S 

TES 
¢ 

p's 
16S 

p's 
9 

s°8s 
S$ 

sP9 
1°89 

89 
L 

6+9 
9 

€CL 
L788 

TL 
8 

OTL 
L 

918 
s°Sol 

S18 
6 

Sis 
6 

0'€6 
v'6E1 

€°€6 
II 

€€6 
a 

€LOI 
r'98I 

O80l 
= 

ZI 
ZL01) 

1 
STI 

L' Lez 
y9Tl 

ol 
OCI 

SI 
0'6r1 

TEE 
SOst 

91 
96rl 

81 
S'6LI 

O1IP 
Isl 

61 
GOS 

CC 
6 07% 

180 
NVC Cn 

CC 
S12e 

Le 
8'9LZ 

8°609 
CSE 

Se 
OSLER 

1 
ff 

Les 
LOIL 

SE9E 
—
 

8Z 
ySsSe 

Ob 
S6SP 

9°08 
T8Lp 

OE 
L19p 

6 
£009 

€°S88 
Oseo9 

67 
L609 

8S 
VILL 

v'Lr6 
ECES 

0G 
SLE. 

9 
6'0£6 

9°986 
v966)~—OT 

ySe6 
—«S 

=" 
“Ww 

W
 

u 
W
 

u 

yinby 
—asind-p 

[rp] 
PIO 

[s] 
MON 

soo 

O81 
SLI 
OLT 
Sol 
09 
sl 
Ost 
Spl 
Ori 
Sel 
Oe! 
StI 
0c! 
SIT 
oll 
sol 
00r 
i) 
06 
Sg 
08 
SL 
OL 
$9 
09 
gs 
os 
Sy 
Or 
se 
0€ 
St 
07 
ST 
Ol 

‘s8op/oj3ue 
Ur 

/
1
 

—
—
 
e
e
 

se 
'L/1 JO sonje A 

para[ag 
Joy uoNIpuoD 

wNLqyINby 
L
O
d
S
A
C
 

24) 
BuneUTxoIddy 

s
u
o
N
e
z
n
o
u
s
e
 

Z 
poongd 

oy} 
sAetyoV 

0} 
pasmnbay 

sasjng 
Awuing 

jo 
sisquiny 

oy, 

| 
a
T
a
V
L



428 HOMER AND ROBERTS 

TABLE 2 

Parameters Appropriate to Eq. [2] Using the Data from Table 1, after One Acquisition Pulse 
  

Equilibrium Old [4] New [5] 4-Pulse 
      

t/T, Mo t/T, Mo t/T; Mo t/T; Mo 
  

(nutation angle range: 10°-80°) 

0.050 1000.0 0.0445 1116.3 0.0499 1005.8 0.0360 2103.6 
0.100 1000.0 0.0952 1046.5 0.0998 1005.0 0.0290 114.7 

0.200 1000.0 0.1954 1020.3 0.1995 1005.1 0.1883 1118.1 
0.500 1000.0 0.4961 1005.8 0.4979 1004.9 0.4950 1012.4 

(nutation angle range: 40°-130°) 

0.050 1000.0 0.0464 1076.3 0.0491 1020.0 0.1900 570.8 

0.100 1000.0 0.0965 1034.9 0.0970 1028.4 0.1874 784.9 
0.200 1000.0 0.1968 1015.1 0.1981 1010.3 0.2435 948.6 

0.500 1000.0 0.4971 1004.9 0.4958 1007.3 0.5005 1012.8 
  

Note. The data presented above are calculated as though the magnetization was driven from M, for each 

nutation angle. This may not always be the case especially if long 7;’s are measured. If Mo is not the initial 

magnetization, then fewer dummies than presented in Table | will fulfill conditions [4] and [5]. Any dummy 

pulses which are added after these conditions are achieved will drive the magnetization further toward Mzeq 

thus improving the accuracy of the measurement. 

the old condition [4] now yields acceptable results, those based on four dummy pulses 

are still generally far from satisfactory. The reason for these improvements is that 

progressive acquisitions have the same effect as additional dummy pulses in driving 

the system more closely to true equilibrium. 

TABLE 3 

Parameters Appropriate to Eq. [2] Using the Data from Table 1, after 50 Acquisition Pulses 
  

Equilibrium Old [4] New [5] 4-Pulse 
      

t/T, Mo t/T; Mo t/T, Mo t/T, Mo 
  

(nutation angle range: 10°-80°) 

0.050 1000.0 0.0484 1029.3 0.0499 1002.0 0.0445 1165.0 

0.100 1000.0 0.0991 1007.5 0.0999 1001.0 0.0970 1041.5 
0.200 1000.0 0.1995 1001.3 0.1999 1000.5 0.2070 979.8 

0.500 1000.0 0.4997 1000.4 0.4999 1000.2 0.5000 1000.5 

(nutation angle range: 40°-130°) 

0.050 1000.0 0.0498 1004.3 0.0499 1001.5 0.028 1766.0 

0.100 1000.0 0.0998 1002.1 0.0999 1001.1 0.091 1096.3 

0.200 1000.0 0.1998 1000.7 0.1999 1000.6 0.197 1015.9 
0.500 1000.0 0.4999 1000.2 0.4999 1000.1 0.500 1000.4 
  

Note. See the footnote to Table 2.
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SPECTROMETER PULSE WIDTH AND OFFSET CALIBRATION 

The earlier paper (J) on DESPOT suggested that the relationship between spec- 

trometer pulse width and nutation angle could be found by using the DESPOT sequence 

itself around 360° where the signal intensity is zero. In Fig. 3 of Ref. (/) it is noticeable 

that the curves are not symmetrical about the pulse width corresponding to 360°. 

Subsequent work invariably revealed similarly asymmetric plots. Moreover, plots of 

I versus pulse width, ¢,, invariably revealed zero signal intensity occurring at a finite 

pulse width, and this was called the pulse offset. Additionally, even after accounting 

for the pulse offset it has been found that 4, does not appear always to be linearly 

related to 0. 

Superficially the above observations could be attributed to the use of numbers of 

dummy pulses appropriate to condition [4] rather than the demonstrably better con- 

dition [5]. However, when conditions appropriate to [5] are used, similar observations 

to those mentioned above have been observed. The implication is that the condi- 

tion (5) 

7B, /27> AF, [6] 

where y is the gyromagnetic ratio, B, is the strength of the nutation field pulse, and 

AF is the spectral frequency range, is not obeyed so that the pulses are imperfect and 

do not follow the simple linear relationship 

Oe Bi tp [7] 

between nutation angle and pulse width. However, calibration experiments with a 'H 

absorption adjusted to resonance show that the situation does not improve significantly. 

DIFFUSION AND PULSE WIDTH CALIBRATION 

Levy and Peat (6) have pointed out that diffusion of sample molecules into and out 

of the effective volume of the RF excitation coils can cause errors in the measurement 

of T,. Accordingly, the possible effects of diffusion on pulse width calibration have 

been investigated. Rather than rely on the unproven DESPOT method of calibration 

(1) use was made of the appropriate form of Eq. [3] 

I= KMgsin 0 [8] 

that applies when the spin system is allowed to relax for a time >57, after the appli- 

cation of the nutation pulse. The experimental data were fitted to quadratic equations 

which were differentiated to find the maximum in J at which 6 = 90°. Figure 2A 

shows a plot of J versus ¢, for the 'H resonance of cyclohexane obtained using a JEOL 

FX 90Q spectrometer operating at 89.56 MHz. The plot is noticeably asymmetric 

and this leads to the “offset” evident in Fig. 3A. When the experiments were repeated 

with the sample constrained within the effective excitation volume of the coil, the 

well-behaved plots shown in Figs. 2B and 3B were obtained. These results effectively 

demonstrate the necessity of minimizing the effects of diffusion which become appre- 

ciable at long pulse widths. When this was done no significant difference could be 

found between the DESPOT method of calibration and the more conventional method 

used here. In both cases the minimization of diffusion essentially eliminates the “pulse 

offset.”
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THE FIELD-SPOILING PULSE 

It is important to note that the DESPOT method is only valid if any M,.,, component 

is destroyed between pulse sequences. This is achieved by using a z-gradient field- 

spoiling pulse. It is important, therefore, to ensure that the polarizing magnetic field 

homogeneity is allowed to recover between pulses. On many commercial spectrometers 

this sets a lower limit of about one second on ¢;. Moreover, the use of a homogeneity- 

spoiling pulse may preclude the use of resolution stabilization circuitry. However, if 

a T, determination is likely to be prolonged due to adverse signal-to-noise, it may 

prove advantageous to use resolution stabilization and then ¢; must be set greater than 

57%. Unfortunately, the imposition of the last criterion will possibly render the DES- 

POT method invalid for multiexponential relaxation systems, which, under conditions 

of short ¢;, may provide data that approximate reasonably to the single exponential 

relaxation system for which DESPOT is specifically applicable. 

CONCLUSION 

The basic experimental conditions necessary to optimize the use of the DESPOT 

method of measuring 7;’s have been reconsidered. The conditions governing the es- 

timation of the number of dummy pulses required to drive a spin system to equilibrium 

have been investigated. The previously proposed condition [4] is found to introduce 
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significant errors into the method when the ratio ¢;/7; is small, but when larger values 

of the ratio are employed, the accuracy improves. Nevertheless, the use of the new 

condition [5] leads to acceptably precise analyses over a wide range of experimental 

conditions. Suggestions (3, 4) that four dummy pulses are adequate to achieve equi- 

librium are shown to be incorrect except when @ approaches 90° (5) or when ¢;/7; 

> 0.5. 

A revised series of steps necessary for the improved implementation of DESPOT 

is as follows: 

1. Ensure that the sample is restricted to the effective volume of the excitation coils 

to eliminate the effects of molecular diffusion. 

2. Accurately determine the relationship between pulse width and nutation angle. 

This relationship should be checked at regular intervals. 

3. Estimate the longest 7). 

4. Select t; to give a value for ¢;/7, (about 0.1 to 0.2) that provides a compromise 

between the adverse features of the large number of dummy pulses required for small 

values of ¢;/T, and the small change in M,., with 6 that is found at higher values of 

Cit. 

5. Select nutation angles in the range 10° to 80° to ensure a good rate of change 

of M-eq with 0.
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6. Calculate the required number of dummy pulses enforced by condition [5]. 

7. Implement the DESPOT pulse train. 

If the above considerations are carefully accounted for, the DESPOT method will 

provide a fast and accurate method for measuring spin-lattice relaxation times. 
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It has been known for some time that the nutation of the magnetization vector is 

increasingly perturbed from the zy plane as the resonant frequency shift from the 

carrier frequency increases in pulsed NMR spectroscopy. This effect on the measure- 

ment of 7; using the progressive saturation (/, 2) and the inversion recovery (2) 

techniques is well known. It is perhaps not as well known that the perturbation modi- 

fies the intercept of the usual inversion recovery semilog plot. This modifies the null 

equation for the estimation of 7\(3) to Tau, = T;]In(1 — k), where k is defined later 

in Eq. [3]. It seemed prudent in the light of the increasing popularity of rapid 7; 

measurements to assess the implications of this perturbation on the DESPOT (4, 5) 

technique. 

A typical magnetization component, Av Hz away from the carrier frequency, is 

nutated through an angle 

a= yV(Bi + AB?) tp [1] 

in the plane perpendicular to an axis that is tilted with respect to the x axis and which 

makes an angle ¢ from x in the zx plane of the rotating frame: 

tan” '¢ = AB/B,. [2] 

In Eq. [1] y is the gyromagnetic ratio, B, is the pulse field strength, AB = (27Av/y) 

is the residual z field due to the off-carrier frequency shift at the resonance, and fp is 

the pulse width. 

The effect of this (7) onan M, component prior to the pulse (7; ) and immediately 

after the pulse (77) is given by 

Mt? = (sin? + cos a cos’@)M; = kM; [3] 

with the detected signal in the xy plane being given by 

Mz, = Mzcos $V {(1 — cos a)’sin7¢ + sin’a} = BM. [4] 
  

The above considerations require the normal DESPOT equation (4) to be modi- 

fied to account for the off-carrier frequency effect to 
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NOTES La 

Teq/B = Tegexp(—t/T1)k/B + Mo(1 — exp(—t/T;)), [5] 

where /,, is the measured equilibrium intensity and fis the total pulse sequence repeti- 

tion time. 
Unless ¢ = 0, the normal DESPOT regression of /.,/sin 0 on J.,cos 6/sin 6 will not 

yield a straight line of gradient exp(—t/7)) and intercept Mo(1 — exp(—t/7))), where 

A 10° 

  

  
Ik/B 

  

  
Ik/B 

Fic. 1. (A) Theoretically derived DESPOT-type regressional plots of //8 on /k/6 with t/T, = 0.5 and 

nutation angle range = 10° to 160° (a) without correction for offset parameter with 6 and k taken as sin 0 

and cos 0, respectively, and (b) plotted appropriate to Eq. [5] with AB/B, = 0.45. (B) Experimental plots 

for the 'H-decoupled '°C resonance of air-saturated benzene with the parameters identical to those in (A).
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6 is the on-carrier frequency nutation angle. A plot, however, of T.q/ 8 against I.,k/B 
will yield the above stated slope and intercept. 

Figure 1A represents theoretical DESPOT plots with an offset parameter (A B/B;) 

= 0.45 (a) plotted normally and (b) plotted appropriate to [5]. Figure 1B represents 

corresponding experimental plots. It can be seen from Figs. 1A and 1B that the off- 

carrier frequency shift effect is more marked toward larger nutation angles. The error 

in the calculation of 7; values using a normal DESPOT regression with the on-carrier 

nutation angle range restricted between 10° and 80° (5) is <5% if the offset parameter 

is maintained below 0.5. 

As M--q depends on the off-carrier frequency shift effect as well as t/7;, both will 

affect the number of dummy pulses required to drive the system to equilibrium (5). 

The required numbers of dummy pulses remain virtually unaffected by offset in the 

nutation angle range 10° to 75°. In the range 75° to 90° the number of dummy pulses 

required increases with increasing offset: As a rule of thumb for most practical offsets, 

an increase in the published number (5) of dummies by four should suffice. The 

number of dummy pulses required in the range 100° to 180° falls markedly with 

increasing offset. 

Clearly the off-carrier effect will be most pronounced for nuclei with large chemi- 

cal-shift ranges and in such cases it is important that the appropriate corrected Eq. 

[5] is used to calculate 7;. The need to correct for the frequency shift from the carrier 

will also be more pronounced in nonquadrature detection spectrometers where the 

carrier is positioned at one end of the spectral window. 
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The use of rapid multipulsing in the routine acquisition of NMR spectra is shown to 

provide a maximum increase of 56% in the available S/N ratio over the ideal classical 

sequence (90°-57;),, in agreement with theoretical prediction. The variation in the 
S/N ratio over the classical sequence for compounds with varying 7,’s is also examined 

and recommendations about the correct choice of nutation angle and pulse repetition 
time are presented. The time saving aspects of rapid multipulsing over the classical se- 

quence are also discussed. Rapid multipulsing is shown to be beneficial in the acquisition 

of the spectra of low receptivity nuclei. Under certain specialized conditions, it is shown 

that rapid multipulsing can provide essentially quantitative data with a reasonable S/N 
ratio enhancement over the classical sequence. © 1989 Academic Press, Inc. 

Rapid multipulsing (repeated single pulses with short interpulse delays) is used 

extensively to obtain NMR spectra. Under the correct conditions this can produce 

a significant S/N ratio advantage over the classical pulse sequence (90°-57}),, (/). 

However, there appears to be widespread evidence that users of NMR for routine 

analysis are not entirely conversant with a number of pitfalls in the use of rapid multi- 

pulsing. 

The intensity due to a shifted nucleus in a rapid multipulsed spectrum is dependent 

on three parameters 0, 7, and 7;, where @ is the nutation angle, 7 is the total pulse 

sequence repetition time, and 7; is the spin-lattice relaxation time. In any spectrum 

the parameters 7 and 6 will be fixed and hence the measured intensity will be depen- 

dent only on 7, for the chosen 7 and 0. The shifted nuclei in most samples submitted 

for analysis relax with differing 7,’s and hence rapid multipulsing will produce spec- 

tral intensities that are not solely proportional to the number of nuclei giving rise to 

the absorption. The above statement raises two questions. The first is, what are the 

best values of 7 and 6 for a given absorption in a spectrum to achieve a significant S/N 

enhancement over that available from the classical sequence in the same experimen- 

tal time? The second is, to what extent will the different absorptions in the spectrum 

be distorted from their expected equilibrium intensities due to the differences in 7), 

and under what conditions can this distortion be reduced to an acceptable minimum? 

This paper addresses these questions. 
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THEORETICAL 

Consider a magnetization component, Mo, subjected to the pulse sequence (6-7), 

including a z-field spoiling pulse. The magnetization will, after a number of sequence 

repetitions, n, be driven to an equilibrium M,,.,. The corresponding measured inten- 

sity, Ieg, (2) is given by 

Tq = KMosin 0(1 — exp(—7/7T\))/(1 — cos 6 exp(—7/7;)), [1] 

where K is an instrument proportionality constant. If the z-field spoiling pulse is left 

out of the pulse sequence the above equation is modified and the measured absorp- 

tion intensity also becomes dependent on the observed spin-spin relaxation time, 

T#, according to 

ee KMosin 6(1 — A) 

“1 1-—cos0(A+B)+(AXB)’ 

where A = exp(—7/7)) and B = exp(—7/T*). 

It should be emphasised at this point that the measured intensity will only depend 

on the above two equations when the system is driven to the equilibrium position by 

the appropriate number of nonacquisition pulse sequences (3). All the figures and 

recommendations in this paper are based on the assumption that the magnetization 

has been previously driven to the equilibrium position. If the nonacquisition pulse 

sequences are left out, the measured intensity will not be represented by Eq. [1]. 

  [2] 

THE S/N RATIO ENHANCEMENT 

The signal, S,,,, measured at constant noise from the multipulse sequence, and 

obtained in a certain experimental time, EF, is 

s__ — KMosin 0(1 = exp(~7/T1)) ((E = (4 Xm) vs 
ae (1 — cos 6 exp(—7/7))) ( : 
  [3] : 

where m is the number of nonacquisition sequences required to drive the system to 

equilibrium. Equation [3] is based on Eq. [1]. In cases where 57*¥ > 7, and where a 

z-field spoiling pulse is not included, then an analogous equation based on Eq. [2] 

can be used. 

For the classical sequence, the signal, S,., measured at the same noise level relevant 

to Eq. [3], and obtained in the same experimental time, E, is 

E \'? 

S.=KMo( gr) (4 
In the experimental time, EF, the theoretical maximum increase in the S/N ratio using 
rapid multipulsing over the classical sequence is 56%. This is attained when rapid 

multipulsing is carried out at the Ernst angle (cos 6 = exp(—7t/7})) provided that 7/ 

T, is between 0.1 and 0.5. A greater than 55% S/N ratio increase occurs provided 

that the 7/7; ratio is restricted to the range of 0.07 to 0.6 when multipulsing at the 

Ernst angle. Outside these r/ 7, ranges the Ernst condition does not provide the maxi- 

mum attainable S/N ratio. For example, at 6 = 88° the S/N ratio maximum occurs
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at 7 ~ 1.27, whereas the Ernst condition would predict 7 ~ 3.47,. For 6 = 88° with 
7 = 1.27, the S/N enhancement is 43% whereas with 7 = 3.47, the S/N enhance- 
ment falls to 6%. Hence, when using the Ernst angle to predict the maximum S/N 
ratio available it is not beneficial to allow the 1/7; ratio to increase beyond 1.2. 

Although a 56% S/N ratio enhancement is available at the Ernst angle, variations 
between T,’s for shifted nuclei in a particular sample cause the individual enhance- 
ments to differ. Figure 1 shows that by the judicious choice of nutation angle, the 
measured intensities due to specific 7, regions of a spectrum can be selectively en- 
hanced for a chosen r. For example, the choice of a small nutation angle will enhance 
the S/N ratio for slowly relaxing ipso carbons in '°C spectra, which may otherwise 
be reduced relative to the higher S/N ratio for the shorter 7, nuclei. For pulse repeti- 
tion times of the order of 2 s for '°C spectra it can be seen from Fig. | that a nutation 
angle of 30° will give a minimum enhancement of 20% in the S/N ratio over the 
classical method for 7;’s in the range 2.84 to 70 s (In 7/7, = —0.35 to —3.55) witha 
maximum enhancement of 56% for a T; of 14s (In 7/7, = —1.95). The value of r is 
usually determined by the required data point resolution and for different 7 values 
interpolation between the plots of Fig. 1 will allow the optimum conditions of 6 to 
be found. 

In 'H spectroscopy where r values of the order of 4 s are often used a better choice 
of nutation angle will be 60° (Fig. 1). This will give a good S/N ratio enhancement 
over the classical sequence for the typical range of proton 7;’s. It must be noted, 
however, that a choice of 60° will not allow for quantitative determination from 

proton spectra. Hence, this condition should only be used when a good S/N ratio is 

required rapidly and where quantitative data are not required. 
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Fic. 1. Variation in the S/N ratio enhancement using rapid multipulsing, relative to the classical se- 

quence, against In(7/7,) for various nutation angles.
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Figure 2 shows the variation in the S/N enhancement, over the classical sequence, 

against 6 for various values of the ratio +/7,. It can be seen readily from this figure 

that the maxima of the curves become broader as the ratio t/ 7; increases. Hence, for 

shifted nuclei where the 7/7, ratio is small the enhancement is very sensitive to the 

value of 6 chosen. For example, at r/ 7; = 0.05 the S/N ratio enhancement falls from 

54% at the Ernst angle to 13% at the Ernst angle minus 10° and to 40.4% at the Ernst 

angle plus 10°. When 7/7, = 0.5, however, the enhancements at the Ernst angle, the 

Ernst angle minus 10°, and the Ernst angle plus 10° are 56, 52, and 53%, respectively. 

Hence when choosing a small nutation angle to specifically look for shifted nuclei 

with long 7;’s the chosen value of 6 will be critical and the choice should err to larger 

values of # rather than smaller ones. In cases where the required nutation angle would 

be exceptionally small it would probably be beneficial to increase the value of r. 

The S/N ratio enhancement obviously leads to a reduction in the time required to 

obtain spectra. The time saving is particularly worthwhile where considerable signal 

averaging is required, notably in the observation of low receptivity nuclei or of nuclei 

at low concentration. Theoretical simulations based on Eq. [3] and Eq. [4] predict 

that in about 43% of the time required to obtain a given S/N ratio using the classical 

sequence, the same S/N ratio can be obtained by rapid multipulsing at the Ernst 

angle provided that 7/7, is constrained within the range 0.07 to 0.6. Outside this 

range or with departure from the Ernst condition within this range the time taken 

to obtain the classical S/N ratio is increased. For example, when 7/7, = 2.0 rapid 

multipulsing at the Ernst angle gives the same S/N ratio as that produced by the 

classical sequence in 53% of the time. It should be noted, however, that this time 

saving will only occur when the number of nonsampling sequences is small compared 
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to the number of acquisition sequences. In samples where the absorptions are likely 
to be strong and an adequate S/N ratio can be acquired in only a few pulse sequences 

the use of the classical sequence is likely to be more economical. The classical se- 
quence will, of course, also provide quantitative data. 

DEVIATIONS FROM THE BOLTZMANN EQUILIBRIUM ABSORPTION INTENSITIES 

Integrated intensities are influenced by the values of 7,, 7, and 0. This is possibly 

not a great disadvantage for ‘°C spectra, when 'H broadband or composite pulse 

decoupling is used, because the intensities are already perturbed from their equilib- 

rium magnetization ratios due to the nuclear Overhauser enhancement. In 'H spec- 

troscopy, however, where many chemists rely on 'H NMR integrations for structural 

information, the systematic errors produced by rapid multipulsing could lead to er- 

rors in the spectral analysis. Figure 3 shows the theoretical spectral intensity ratio of 

two shifted nuclei with differing 7/7, ratios plotted against nutation angle. This figure 

shows that the true intensity ratio (unity) cannot be expected unless the nutation 

angle is small. For example, for a 7 value of 4 s and two shifted nuclei with 7,’s of 4 

and 10s, respectively, the integration error at a nutation angle of 30° is 18% but this 

falls to 2% at a nutation angle of 10°. However, cross referencing with Fig. 1 shows 

that at a nutation angle of 10° for these two shifted nuclei the classical sequence would 

be far more economical based on the 7, = 10s nucleus (for 7/7; = 0.4, In(7/T;) 

= —0.92, the S/N ratio multipulsed enhancement = —40%). At 30° for the same 

nucleus a 46% S/N ratio multipulsed enhancement is observed but the 18% error in 
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Fic. 3. Variation in the observed intensity ratio for two resonances, | and 2, with nutation angle for (7/ 

T,); = 0.4 with (A) (7/T))2 = 0.2; (B) (7/T1)2 = 9.4; (C) (7/Ti)2 = 0.6; (D) (7/T)2 = 0.8; and (E) (7/ 
T;)2 = 1.0. True Mo ratio = 1.0. Nonacquisition sequences for each nutation angle are based on 7/7, 

= 0.4.
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the relative intensities between the two shifted nuclei is unacceptably large for analyti- 

cal applications. 

The case described above is obviously pertinent to only one specific example. In 

the general case, inspection of Fig. 3 in conjunction with Fig. 1 will enable an estima- 

tion of the observed intensity ratio errors and the S/ N enhancement over the classical 

sequence. In cases where the 7,’s in a sample are known to be relatively similar then 

a nutation angle of 30° with az value of 4 s will give a reasonable S/N enhancement 

and reasonably quantitative spectra. 

EXPERIMENTAL 

To test the above proposals, the 'H noise-decoupled !3C spectrum of air-saturated 

benzene was obtained at 22.5 MHz using a Jeol FX 90Q spectrometer operating at 

30°C. The 7, of the '°C nucleus was measured using the DESPOT (2, 3) sequence 

and found to be 14.4 s. The results of the experiments are presented in Table 1, the 

S/N ratios being obtained by the usual method (4). All the multipulsed experiments 

were carried out with a total pulse repetition time equal to 4.2 s. The results presented 

in Table | illustrate the validity of the theoretical proposals made earlier. It should be 

noted that during the experiments no evidence of echo formation (5) due to repetitive 

multipulsing was observed. Freeman et al. (6) have shown that noise decoupling 

effectively eliminates echo formation. 'H multipulsed experiments have also shown 

no evidence of echo formation in our experiments, for which T¥ < r. 

CONCLUSIONS 

Rapid multipulsing is shown to provide a 56% S/N ratio improvement relative to 

the classical sequence provided that the r/ 7; ratio is maintained between 0.1 and 0.5 

and the system is multipulsed at the Ernst angle. Although this can equate to a large 

time saving when acquiring spectra, rapid multipulsing is shown to be most efficient 

when applied to nuclei of low sample concentration or low receptivity. This is primar- 

ily due to the time required to drive the system to its equilibrium position. For °C 

acquisition the conditions t = 2 s and @ = 30° provide a good S/N improvement 

across the normal 7; range relative to the classical sequence. For nonquantitative 

proton spectra a choice of 7 = 4s and 6 = 60° provides a similarly good enhancement 

TABLE 1 

Comparison of Rapid Multipulsed and (90°-57,),, Spectral Analyses 
  

% Enhancement 

No. Expt Expt time/s S/N Experimental Theoretical 
  

1 90°-5T7, 3384 13721 = —_ 
2 Ernst angle 3385 212:1 25 56 

3 Ernst angle 1457 13731 0 0 

4 90° multipulsed 3385 141:1 3 4 
  

Note. T,; = 14.4, 7 = 4.2 sin all multipulsed experiments.
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across the normal proton T, range. Quantitative spectra, however, are best obtained 

by the classical sequence unless the 7,’s of the shifted nuclei are similar. In such a 

case for 'H spectroscopy the conditions 7 = 4 s and 6 = 30° provide a good compro- 

mise between S/N ratio enhancement and intensity ratio distortion. Other values of 
7 and 0 for various applications may be found from interpretation of the figures. 
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