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Abstract 

Nuclear Magnetic Resonance studies have been made of the fluorine 

in Zinc Trifluoromethylsulfonate from 77 K to 296 K. Since I = ½ for 19 F, 

we consider only the dipole-dipole interaction in the Hamiltonian. Because 

the local field is much srn.aller than the external field, the Hamiltonian is 

very simple in this case. 

The second moment of the fluorine line shape remains essentially 

constant at 7.17 ± 0.13 Gauss2 up to about 160 K. Above this temperature 

it undergoes a relatively large decrease to 2.12 ± 0.10 Gauss2
• The relax­

ation time in the laboratory frame does not obey the exponential law while 

the relaxation time in the rotating frame does. The graphs of the relax­

ation times vs temperature in the laboratory and rotating frames exhibit 

a "V" shape as expected for thermally activated Arrhenius type molec­

ular rotation. From the linear portions of these graphs we extract the 

pre-exponential factor T 0 = (2.83 ± 0.67) x 10-13 s and activation energy 

Ea = 21.9 ± 0.5 kJ /rn.ol from T 1 in the temperature range 202 K to 268 

K, T 0 = (3.96 ± 1.60) X 10-13 sand Ea = 23.9 ± 0.5 kJ/mol from T1p in 

the temperature range 194K-267 K, and To = (2.38 ± 1.13) x 10-14 s and 

Ea = 28.4 ± 0.6 kJ /mol from T 1p in the temperature range 128 K to 175 

K. The theoretical reduction of the second moment due to threefold re­

orientation is 4.33- 6.40 Gauss2, which is in reasonable agreement with the 
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observed experimental second moment reduction of 5.05 ± 0.23 Gauss2 and 

the second moment reduction from T 1 (min) of 4.1 ± 0.4 Gauss2 . 

In the present experiment we conclude that the CF 3 lattice is rigid 

at low temperature, below 160 K, while it undergoes a rapid threefold re­

orientation at high temperature, above 185 K. 

Examiners: 

Supervisor Dr. A. Watton 

Dr. P. R. West 
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Chapter 1 

Introduction 

Nuclear Magnetic Resonance (NMR) is a phenomenon found in mag­

netic systems that possess both magnetic moments and angular momenta. 

This phenomenon was observed in bulk matter for the first time by Purcell 

et al. (1946) [1] and Bloch et al. (1946) [2] independently. 

We will consider both quantum mechanical and classical descrip­

tions of magnetic resonance. The classical viewpoint is particularly helpful 

in discussing dynamic or transient effects, while it is easy to discuss the 

resonance phenomenon by a simple quantum mechanical description. 

A simple resonance theory is as follows [3], [4], [5]. 

A nucleus possesses a magnetic moment µ and spin or intrinsic an­

gular momentum J. In fact the two vectors may be taken as parallel so 

that we can write 

(1.1) 

where I is a scalar called the "gyromagnetic ratio". 

When a steady magnetic field H O is applied to the system, the mag­

netic moment vector will precess about the direction of the applied field 
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(Figure 1. 1 ). The equation of motion is determined by equating the torque 

to the rate of change of angular momentum J with respect to time 

dJ -
(1.2) -=µxH 

dt 
0 

or 

dµ 
dt= 1µXHo (1.3) 

The frequency of precession w0 is given by the well known Larmor precession 

angular frequency: 

(1.4) 

If a magnetic field H 1 , normal to H O and rotating at some frequency 

w about H 0 , is applied, a torque will be exerted onµ causing the angle 0 

between H O and µ to change. If w =/=- w0 , or the sense of rotation of H 1 is 

opposite to that ofµ, then the phase between H 1 and µ will be continu­

ously changing with time and the torque will produce no net effect. If H 1 

is made to rotate in synchronism with µ at the frequency w0 , the torque 

will cause the angle 0 to increase continuously. Thus when the angular fre­

quency of H 1 is equal to the normal precessional frequency of the nucleus 

in the steady field H 0 , resonance occurs and energy is absorbed from the 

rotating field H 1 . 

We discuss the resonance phenomenon in detail by using quantum 

mechanics. The application of a magnetic field H produces an interaction 

energy of the nucleus of amount-µ• H. We have, therefore, a very simple 

Hamiltonian: 

1i = -µ • H (1.5) 
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Figure 1.1: The Larmor precession 
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Figure 1.2: Energy levels for I= ½ 

Talcing the field to be H O along z direction, we find the Zeeman Hamiltonian 

(1.6) 

where lz is the z component of the angular momentum operator I ( J = hl). . 

The energies, or eigenvalues of the Hamiltonian, are given by 

(1.7) 

where the magnetic quantum number m is one of the eigenvalues of lz, 

and can take any of the 21 + 1 values, I, I - l, ... , -(I - 1), -I. They are 

illustrated in Figure 1.2 for the case I= 3/2. The levels in Figure 1.2 are 

equally spaced, the energy spacing between adjacent ones being ,hHo. 

We hope to be able to detect the presence of such a set of energy 

levels by some form of spectral absorption. What is needed is to have 

an interaction that can cause transitions beween levels. To satisfy the 

conservation of energy, the interaction must be time dependent and of such 

4 



CHAPTER 1. INTRODUCTION 

an angular frequency w that 

nw=~E (1.8) 

where ~E is the energy difference between the initial and final nuclear 

energies. The coupling most commonly used to produce such transitions 

is an alternating magnetic field applied perpendicularly to the static field. 

If we write the alternating field in terms of an amplitude Hxo, we get a 

perturbing term in the Hamitonian of 

(1.9) 

The operator Ix has matrix elements between state m and state m', 

< m'IIxlm > which vanish unless m' = m ± 1. Consequently, the allowed 

transitions are between levels ajacent in energy, giving 

(1.10) 

or 

(1.11) 

Note that Planck's constant is not in the resonance equation (1.11) 

which suggests that the result is closely related to a classical picture. From 

Eqn.(1.11) we can compute the frequency needed to observe a resonance if 

we know the gyromagnetic ratio 1 . 

Gorter (1936) [6] first pointed out the fact that the resonant ex­

change of energy between the 21 + 1 energy levels of a nuclear magnetic 

moment would occur in a magnetic field. But he unsuccessfully sought the 

5 



CHAPTER 1. INTRODUCTION 

resonance for nuclei in crystalline lithium fluoride, and for the protons in 

crystalline potassium alum. Six years later Gorter and Broer (1942) [7] at­

tempted to find the nuclear magnetic resonance absorption for 7Li in solid 

lithium chloride and for 19F in solid potassium fluoride. Again they failed. 

As Gorter pointed out later [8], the failure of both these attempts was 

mainly due to the use of unfavourable materials. The first successful cw 

NMR experiments using bulk materials were carried out independently at 

the end of 1945 by Purcell et al. and Bloch et al.. The first pulse NMR ex­

periments followed shortly thereafter and Hahn published his famous spin 

echo paper in 1950 [9]. 

Since these breakthroughs, NMR has been used as a tool in the in­

vestigation of a variety of topics, e.g., the determination of nuclear magnetic 

moments, the identification of nuclei present in a given substance, the de­

termination of chemical shifts, and the study of micro dynamical behaviour 

of molecules in matter. 

The NMR absorption spectrum provides information concerning the 

structure of molecules and crystals ( Gutowsky, Kistiakowsky, Pake and 

Purcell, 1949) [10], and molecular motion in crystals (Gutowsky and Pake, 

1950) [11]. Purcell [12] has emphasized the importance of additional in­

formation which may be obtained from measurements of the spin-lattice 

relaxation time. Materials containing fluorine groups such as AsF~-[13], 

CF3[14], SbF~- [15], TiF~-[16], SiF~-[17] and CHF3[18] have been stud­

ied. But materials, containing the trifluoromethylsulfonate ( triflate) 10n 

(CF3SO3) have seldom been studied. 

This thesis deals with the study of zinc triflate by measurement of 

6 



CHAPTER 1. INTRODUCTION 

the second moment, relaxation time T 1 and relaxation time in the rotat­

ing frame Tip• Therefore, we shall give the fundamental theory concerning 

second moment and relaxation time in Chapter 2. In Chapter 3 the ex­

perimental apparatus and the experimental technique are described. The 

experimental results are presented and discussed in Chapter 4. 
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Chapter 2 

Fundamental Principles of 
NMR in Solids 

2.1 Rotating Frame 

It is very helpful to discuss the motion of the magnetization not only 

in the fixed coordinate system of the laboratory, as we did in Chapter 1, but 

also in a coordinate system that rotates about H O in the same direction in 

which the nuclear moments precess. This coordinate system is often called 

the rotating frame of reference or, commonly, the rotating frame [3], [5]. 

The effect of an alternating magnetic field Hx(t) = Hxo cos wt, which 

has been mentioned in Chapter 1, is most readily analyzed by breaking it 

into two rotating components, each of amplitude H 1 , one rotating clockwise 

and the other counterclockwise. We denote these rotating fields by H R and 

H L 

H R H1(icoswt + jsinwt) 

H1(icoswt - jsinwt) (2.1) 

Since one component will rotate in the same sense as the precession of the 

moments and the other in the opposite sense, the counter rotating compo-
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nents may be neglected near the resonance. We shall assume we have only 

the field HR , but this is no loss in generality because the use of a negative 

w will convert it to H L· In order to reserve the symbol w for a positive 

quantity, we shall introduce the symbol Wz, which is the component of w 

along the z - axis. Wz may therefore be positive or negative. 1 

We write 

(2.2) 

which will give us either sense of rotation, depending on the sign of Wz. 

The equation of motion of a spin including the effects both of H 1 (t ) 

and of the static field H O = kH0 is 

(2.3) 

We can eliminate the time dependence of H 1 by using a coordinate system 

that rotates about the z direction at frequency Wz. In such a coordinate 

system, H 1 will be static. Since the axis of rotation coincides with the 

direction of Ho , Ho will also be static. Let the x- axis be in the rotating 

frame along H 1 . Then Eqn.(2.3) becomes 

(2.4) 

Here we have encountered two effects in making the transformation of Eqn. 

(2.3) to Eqn.(2.4). The first is associated with the derivative of the rotating 

unit vectors and gives the term Wz. The second is associated with expressing 

the vectors H O and H 1 in terms of their components in the rotating system 

and gives rise to the conversion of H 1 from a rotating to a static field . 

1See Reference (5] Chapter 2. 
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Eqn.(2.4) may be rewritten to emphasize that near resonance W z +,H0 ~ 0, 

by setting W z = -w, where w is now positive (We assume here that I is 

positive) . Then 

where 

dµ 

dt 

(2.5) 

(2.6) 

Eqn.(2.5) states that in the rotating frame, the moment acts as though 

it experiences effectively a static magnetic field Heff (Figure 2.1). The 

moment therefore precesses in a cone of fixed angle about the direction of 

H eff at angular frequency ,Heff· The situation is illustrated in Figure 2.2 

for a magnetic moment which, at t = 0, was oriented along the z- direc­

tion. Let M be the vector sum of the µ's, then by summing Eqn.(2.5) 

vectorially over all µ we obtain the following relation for the macroscopic 

magnetization: 

dM 
dt = 1 M X H ejf 

After the field H 1 is turned off, the magnetization will precess freely about 

Ho. In an actual experiment, the precessing magnetization decays owing 

to various mechanisms which usually are the objects of an NMR study. In 

a coil with its axis perpendicular to the laboratory field , this decaying mag­

netization will induce an rf current at the Larmor frequency, in complete 
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Figure 2.1: The effective magnetic field Hetr in Eqn.(2.6) 
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l 

Figure 2.2: The moment precesses about the direction of Heff 
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analogy with an electrical generator. The signal induced in the coil is a free 

precession signal and, owing to its decay, is called the free induction decay 

(FID). 

2.2 Bloch Equation 

After the rotating field is removed, the magnetization vector M 

would continue precessing about H 0 , if no coupling existed between the spin 

ensemble and its surroundings - or "lattice" . However, the spin ensemble 

and lattice are in "contact" with each other; M z, the z component of M 

will attain its equilibrium value M 0 • Bloch (1946) [19] considered the return 

of Mz toward its equilibrium value M 0 to be exponential with characteristic 

time constant T 1 which is known as the spin-lattice relaxation time. The 

rate of change of Mz is given by the following differential equation 

(2.7) 

where Mo is the thermal equilibrium magnetization. 

We combine (2. 7) with the equation for the driving of M by the 

torque to get 

(2.8) 

Furthermore we wish to express the fact that in thermal equilibrium 

under a static field, the magnetization will be parallel to H 0 • That is, the 

x - and y- components must have a tendency to vanish. Thus 

dMx 

dt 
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dMy 

dt 
(2.9) 

Here we have introduced the relaxation time constant T 2 for the x- and y­

components, which we call spin-spin relaxation time. Since the effective 

field is zero in the rotating frame, Eqn.(2.9) can be simplified by trans­

formation into a frame rotating about the z-axis with angular frequency 

Wo, 

dMx' Mx' 
dt T2 

dMy, My, 
(2.10) 

dt T2 

It may be thought that if the magnetization vector is pictured as 

slowly tilting up to the z-axis, the rate at which the x- and y- compo­

nents decrease should be the same as the rate at which the z- component 

increases. While this would be true for a single spin, it is not true for 

the magnetization vector representing an ensemble of mutually interacting 

spins in a normal inhomogeneous field. All the z-components of the in­

dividual spin vectors will add in the z-direction to give a resultant Mz. 

However, due to the local fields and field inhomogeneities, the components 

of individual spins in the x- y plane will precess at slightly different rates, 

and get out of phase with each other. Thus the vector sums in the x' and y' 

directions will shrink quickly. It might be expected, therefore, that T 2 <T1 . 

This is the typical situation for solids. 

If a rotating field of amplitude H1 and angular frequency w is applied 

in the x -y plane in addition to H 0 , the total field in the laboratory frame 
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lS 

H = iH1 cos wt+ jH1 sinwt + kHo (2.11) 

Transforming to a frame rotating about the z- axis with this angular fre­

quency w gives the effective field 

., k' ( w) Hejf = 'l, H1 + • Ho+ -

' 
(2.12) 

or expressed in terms of equivalent angular precession frequencies w0 

-,H0 and W1 = -,H1 

Hejf = ~[k'(w - Wo) - i'wi] 

' 
(2.13) 

In the rotating frame, taking the driving torque M' X H ef f into 

account, we have 

dMx' 
dt 

dMy, 

dt 

Mx' M,(w-w)--
Y O T2 

My, 
-M,w1-M,(w-w)--

z X O T2 

These are the Bloch equations in the rotating frame. 

(2.14) 

A steady state solution can easily be found if the time derivatives of 

the three components are zero 

,H1T:}(w - wo) M 
1 + T}(w - Wo) 2 + 1 2 HfT1T2 ° 
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,H1T2 M 
1 + T:f(w - Wo)2 + 1 2 HlT1T2 ° 

1 + Tf(w - Wo) 2 M 
1 + T:f(w - Wo) 2 + 1 2 HlT1T2 ° 

(2.15) 

The above results contain in the denominator the quantity 1 + 
, 2 H'f_T1T2. In the non- saturated weak-field case, 1

2 H'f_T1T2 ~ 1, we have 

,H1Tf(w - Wo) M 
1 + T:f(w - w0 )

2 0 

,H1T2 M 
1 + T:f(w - w0 )

2 0 (2.16) 

Equations (2.15) show that the magnetization is a constant in the 

rotating reference frame , and therefore is rotating at frequency w in the 

laboratory frame. In a typical experiment, we observe the magnetization 

by studying the emf induced in a fixed coil in the laboratory frame. 

If the coil is along the x- direction in the laboratory, we can cal­

culate the emf from the time-dependence of magnetization Mx along the 

x-axis. From Figure 2.3 the relationship between the laboratory compo­

nent Mx and the x ' - , y' - components in the rotating frame is 

Mx = Mx, cos wt + My, sin wt (2.17) 

The voltage induced in the coil along the x direction will be propor­

tional to d~x , and from Eqn.(2.17) we have 

dMx ( M . ) dt = w - x1 sznwt + My,coswt 
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Figure 2.3: The relationship between Mx and Mx' , M11, 
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2.3 Relax ation Time in the Rotating Coor­

dinate System 

It is very convenient to discuss the motion of the magnetization in 

a coordinate system rotating at or near the frequency of the applied rf. Up 

to this point it may have seemed as though the rotating frame was merely 

a convenient device to allow pictorial representation of the behaviour of 

M. In this section we consider a pulse experiment in which it is not only 

convenient but essential to consider motion in the rotating frame. Since in 

a frame rotating at the applied radio frequency, H 1 is constant in direction 

and magnitude, we can now consider analogs of the pulse experiment, in 

which H 1 plays the role of the constant magnetic field H 0 when at reso­

nance (w = w 0 ). Since H 1 ~ H 0 , the precession frequencies found in the 

rotating frame are far smaller than those in the ordinary laboratory frame, 

i .e . , in the order of Hertz or Kilohertz, rather than Megahertz. 

Since at resonance in the rotating frame, H 1 plays the role of the 

fixed field, the relaxation of M in the direction of H 1 is analogous in some 

ways to spin-lattice relaxation. For this reason the relaxation is charac­

terized by a time T1p, usually called the spin-lattice relaxation time in the 

rotating frame, and the signal decays with this time constant. 

Clearly T 1p must be closely related to T 2 , for in the absence of H 1 , 

relaxation along the x' axis is characterized by T 2 • In fact, for most liquids, 

T 1p =T2 . But in solids, T 1p is usually quite different from T 2 , and the study 

of T lp can provide information on molecular reorientation processes that 

cannot be obtained from ordinary T 1 and T 2 measurements alone. 
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2.4 Magnetic Dipolar Broadening of Rigid 

Lattices 

The width of the resonance line will give some useful information 

about the material under study. However, there are a number of effects 

that cause the resonance line to be wide. For example, the inhomogeneity 

of the applied static magnetic field will contribute to the line width. If a 

nucleus possesses a nonvanishing electric quadrupole moment, the degener­

acy of the resonance frequencies between different m values may be lifted, 

giving rise to unresolved splittings, which will broaden the resonance. We 

shall ignore these effects and concentrate on the contribution of the mag­

netic dipole coupling between the various nuclei to the width of the Zeeman 

transition. This approximation is often excellent, particularly when the nu­

clei have spin 1/2 (and therefore a vanishing quadrupole moment) and a 

rather long spin-lattice relaxation time. 2 

The classic interaction energy E between two magnetic moments, µ 1 

and µ 2 , is 

E = µ 1 · µ 2 _ 3(µ 1 · r )(µ 2 · r) 
r3 r 5 

(2.18) 

where r is the radius vector from µ 1 to µ 2 • Therefore the general dipolar 

contribution to the Hamiltonian for N spins is 

(2.19) 

where T jk is the radius vector from µ i to µ k and the factor 1/2 is introduced 

because the sums over j and k would count each pair twice. Since µ = ,nI 

2See Reference [5] Chapter 3. 
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(1 is the spin operator), by writting µ 1 and µ 2 in component form and 

omitting the subscripts from r we see from Eqn.(2.18) that the dipolar 

Hamiltonian will contain terms such as 

where we assume that both the gyromagnetic ratios and spins may be 

different. If we express Ix and ly in terms of the raising and lowering 

operator J+ and 1-: 

1 
Ix= 2(I+ + 1- ) 

I = 2_(J+ - 1-) 
Y 2i 

and express the rectangular coordinates x, y, z in terms of spherical coor­

dinates r, 0, ¢: 

r = J x2 + y2 + z2 

y 
tan</>= -

X 

Jx2 + y2 
tan0= ---­

z 

we may write the Hamiltonain in a form that is particularly convenient for 

computing matrix elements: 

(2.20) 

where 
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B 

C -~(I{ I2z + I1zli)sin0cos0e-ief> 

D -~(I; I2z + I1zl2)sin0cos0eief> 

E 

F 

We can estimate that µ/r 3 ~ 1 Gauss. Therefore the term , 112n2 /r3 

corresponds to the interaction of a nuclear moment with a local field of 

about 1 Gauss, whereas the Zeeman Hamiltonian Hz = - 11 nH0 I1z -

,2nHoI2z corresponds to an interaction with a field of~ 104 Gauss. There­

fore we can solve the Zeeman problem first and then treat the dipolar term 

as a perturbation. 

We consider a simple example of two identical moments of spin ½ to 

see the significance of the various term A, B, C, D, E and F. The Zeeman 

energy in this case is 

(2.21) 

where m1 and m2 are the eigenvalues of the operator l1z and l 2z respectively. 

The Zeeman energy level scheme is shown in Figure 2.4. It is conve­

nient to denote a state in which m 1 = +½, m 2 =-½by the notation I+->. 

In the Figure 2.4, the two states I + - > and I - + > are degenerate in 

zeroth order, and both have Ez = 0. The states I++> and I - - > have 

Ez = -nwo and +nwo respectively, where Wo = ,Ho. 
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+------- ------+ 
-----++ 

Figure 2.4: Energy levels of two identical spins 

Abeorption 

Figure 2.5: Absorption versus frequency 

#two 

0 

The term A is completely diagonal and connects lm1m 2 > with 

< m1m21- Term B is proportional to It 12 + 11 It and connects lm1 m2 > 

to < m 1 + 1, m2 - 11 or < m 1 - 1, m2 + 11 . 

Terms C and D each flip one spin only, they join states all of which 

differ by 1i.w0 in energy. E and F flip both spins up or both spins down, 

connecting states that differ by 21i.w0 • 

The terms C, D, E and Fare off-diagonal. They produce slight ad­

mixtures of zero-order states into exact states, which can be calculated by 

second-order perturbation theory, using the expression for the correction 
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to the zero-order function u~ of zero-order energy En: 

(2.22) 

where Un is the wave function corrected for the effect of the perturbation 

'Hpert and the matrix elements < n'l'Hpertln > are computed between the 

unperturbed states of u~, and u~. The term< n'l'Hpertln > will be 1
2n-2/r3 

multiplied by a spin matrix element, which is always of order unity. There­

fore < n'l'Hpertln >~ 1 2 1i2 /r3 ~ 1 1iH10 c while En - En, = nwo = ,nHo, so 

that 

corresponding to a very small admixture. Therefore the intensity of absorp­

tion is much weaker by the ratio of (H1oc/H0 )2. These transitions occur at 

w = 2w0 and w = 0 as shown in Figure 2.5. The extra peaks are very weak 

and may therefore be dropped. The remaining dipolar term A+ Bis 

(2.23) 

The total simplified Hamiltonian becomes 

(2.24) 

It is difficult to find the eigenfunctions in the general case. But 

we can use the so- called method of moments, a clever technique due to 

Van Vleck [20], to compute properties of the resonance line without solving 

explicitly for the eigenstates and eigenvalues of energy. 
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2.5 Method of Moments 

The nth moment is defined by the equation 

(2.25) 

or 

(2.26) 

where f( w) is the line shape function. 

The expression for n = 2 is called the "second moment", which Van 

Vleck calculated for like nuclei to be 

A 2 3 4-i::2I(I ) 1 ~ (1 - 3cos
2
0jk)

2 

< u.W >= - 1 n + 1 - L_; 
4 N .k r3\ J, 

(2.27) 

where rjk is the distance between nuclei j and k, and 0jk is the angle 

between r jk and the direction of the external magnetic field. We can get a 

clear understanding of Eqn.(2.27) by considering an example in which all 

spins are located in equivalent positions, so that 

L (1 - 3c~s
2
0jk)

2 

k rjk 

is independent of j . 

There are N equivalent sums, one for each value of j, giving us 

(2.28) 
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For a powder made of crystallites of random orientation it is per­

missible to average (1 - 3cos20jk) 2 over all directions, leading to [3] 

(2.29) 

An important property of the second moment is its dependence on 

temperature resulting from the molecular motion. The effect of rotation 

may be expressed very simply in terms of the angles defined in Figure 2.6. 

We consider a pair of nuclei j, k fixed in a molecule, the axis of rotation of 

the molecule making an angle 0' with respect to the static field H 0 • Let the 

radius vector from j to k make an angle ijk with the rotation axis. As the 

molecule rotates, the angle 0jk varies with time. If the frequency of rotation 

is high compared with the frequencies of interest in the resonance, it is the 

time average of 1- 3cos20jk that affects the second moment. Assuming the 

motion is over a potential well of threefold or higher symmetry, this average 

can be shown to be independent of the details of the motion as 

2 2 , 3cos2
1 jk - 1 

< 1 - 3cos 0jk >avg= (1 - 3cos 0 )----'---
2 

(2.30) 

In a powder sample we find all orientations of the crystal axes with 

respect to Ho, For a rigid lattice we must average (1 - 3cos2 0jk) 2 over 

the random crystal orientations. When motion sets in we first average 

1- 3cos20jk over the motion to obtain the second moment for a given crys­

tal orientation. Then we must average over crystal orientation. 

For interacting pairs, the contribution to the second moment of the 
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Ho 

Figure 2.6: Angles important in describing the rotation of a molecule 

rigid lattice < .6.w2 >rig then goes as 

(2.31) 

where the bar indicates an average over the random orientations of B;k-

When rotation sets in, we have a second moment from the pair 

< .6.w2 
>rot given by 

(2.32) 

where the "avg" indicates an average over rotation, and the bar indicates 

an average of the orientation of the rotation axis with respect to Ho• By 

using Eqn.(2.30) we get 

cos Tk -1 (3 2 )2 
< .6.w2 

>rot<X (1 - 3cos28')2 
; (2.33) 

Since the crystal axes and the rotation axes are randomly oriented with 
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respect to Ho, 

2 A 2 (3cos21jk - 1) 2 < 6w >rot = < DW >rig 
2 

The expression for the second moment then is 

(2.34) 

where ,'jk is the angle between the radius vector r jk and the rotation axis. 

Eqn.(2.29) and Eqn.(2.34) are very important in discussing the molec­

ular motion. 

2.6 Relationship between Second Moment 

and Relaxation Time. 

According to the weak collision theory developed by Bloembergen, 

Purcell and Pound (BPP theory) [21] and subsequently revised and general­

ized by others [22], [23], [24], the relaxation times along the static magnetic 

field Ho and rotating magnetic field H 1 for a pair of nuclei separated by a 

distance r have been shown to be 

(2.35) 

and 

(2.36) 
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where J(q)( w) are the spectral densities of the fluctuating di polar interaction 

Jq(w) given by 

(2.37) 

where G(q)(t ) is called the correlation function of the Hamiltonian H(t) . 

Gq(t ) tells how H(t ) at one time is correlated to its value at a later time, 

and by 

(2.38) 

where the brackets <> denoting an ensemble average and F(q) is the geo­

metrical factor for the interaction Eqn.(2.20) given by 

F(0)(t) 

p(I\t) 

p(2)(t) 

(1 - 3 cos2 B)r-3
, 

(2.39) 

For times less than some critical time Tc, called "the correlation 

time", the motion may be considered negligible, so that 

For T > Tc, the value of p(q)( t + T) becomes progressively less correlated 

with p(q)(t ) as Tis lengthened, so that G(r) goes to zero. Thus G(r) has 

a maximum at T = 0, and falls off for Ir! > Tc. 

It has been shown [25] that for an exponential G( T) the typical term 

in Eqn.(2.37) looks like rc/(1 + w2r;). Then Eqn.(2.35) and Eqn(2.36) can 
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be written as 

(2.40) 

and 

1 1
2 6.M2 3Tc 5Tc 2Tc ) 

T1p = 3 ( 1 + 4wfT; + 1 + w;T; + l + 4w;T; (2.41) 

where w0 is the nuclear precession frequency, H 1 = wi/1 is the rotating field 

strength, T c is the correlation time for the motion and 6.M2 is the reduc­

tion of the second moment for the same motion3
• For thermally activated 

processes, Tc is usually taken to have a temperature dependence given by 

the Arrhenius expression 

(2.42) 

where k is the Boltzmann constant and Ea the activation energy for molec­

ular reorientation. There are many experimental studies which bear out 

the validity of this assumption. 

From Eqn.(2.40) and (2.42), the variation of ln T 1 with 1/T will 

consist of a 'V' shaped curve. It is easy to prove that the minimum occurs 

at w0 T = 0.6158 as shown in Figure 2.7. The curve is dependent on the 

spectrometer frequency, lower frequencies shifting the minimum to lower 

temperature. The two curves differ at low temperatures but are identical 

at high temperatures. On the low temperature side, w;TJ ~ 1, and from 

Eqn.(2.40) and Eqn.(2.42) we have 

3 Hereafter the symbol M2 refers to the second moment expressed in Gauss2
. 
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1/T 

Figure 2.7: ln T 1 vs 1/T 
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A plot of ln T 1 vs T-1 will give a line of slope Ea/k, leading to a value 

for the activation energy Ea, governing the principal motion occuring over 

that range of temperature. Similarly, at high temperatures w~r; ~ l, 

Eqn.(2.40) and Eqn.(2.42) reduce to 

Ea again being found from the slope of a plot of ln T 1 vs T-1 . The de­

termination of the activation energies governing the motion from T 1 mea­

surements is an important aspect of NMR. The activation energy Ea may 

also be found from the limiting slopes of ln T 1 P vs T-1 in the high and low 

temperature region. 

The motion responsible for the relaxation will also produce a second 

moment reduction .6.M2 when the associated correlation time becomes less 

than the inverse linewidth. The second moment reduction is related to the 

coupling constant for the same motion by [22] 

(2.43) 



Chapter 3 

Experimental Methods and 
Apparatus 

From the theory introduced in Chapter 2, it was seen that the basic 

information we need from NMR in solids is the second moment M2 and 

spin-lattice relaxation times, T 1 and T 1p, The second moment is measured 

by the continuous wave (cw) method; T 1 and T lp are measured by pulse 

NMR. In this chapter we first discuss the detection methods [3] , [25], then 

the experimental apparatus. 

3.1 Detection Methods 

3 .1.1 The Measurement of Second Moment 

The definition of second moment is 

/j. 2 _ f0
00 (w- < w > )2 f(w)dw 

< w >- f
0
00 f(w)dw (3.1) 

32 
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Since the signal we detect is the derivative line, we express (3.1) in 

terms of the derivative line shape written as 

" 2 J0
00(w- < w > )3g(w)dw < L..l.W > = -----"------'---------'---'--'----

3 f000 ( w- < w >)g(w)dw 
(3.2) 

where g(w) = f'(w), is the derivative line shape function. 

Therefore the second moment is calculated by numerical integration 

of the line shape 

(3.3) 

This is done by the computer. The program consists of three parts. The 

first one inputs the experimental conditions such as temperature, sweep 

range and sweep time and a number of cw scans, and stores them with the 

sampled data sequentially, via a ~2 bit A/D convertor, in a temporary data 

file. The second part finds the baseline, using the least squares method, 

and the average line shape and average second moment. The third part 

displays the lineshape and prints the result1 . The work is done on an IBM 

PC-XT. 

3.1.2 Measurement of T 1 

The spin-lattice relaxation time measurements were made using the 

pulse method of Hahn (1950) [9]. The method is briefly discussed belm~. 

An ensemble of nuclear spins ( the sample) is placed inside a coil 

having its axis along the x-direction of a cartesian coordinate system. 

1The program was written by M.J .Rensing. 
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The coil is placed in a constant magnetic field H O applied along the z 

direction. When the spins have reached thermal equilibrium a macroscopic 

magnetic moment M = M 0 is set up parallel to H O • An rf pulse of Larmor 

frequency w0 is now applied to the coil so that the spin ensemble is subjected 

to a linearly polarized rf field, Hx = 2H1cosw0 t, where IH1I ~ IHol• Hx 

can be considered to be made up of two circularly polarized fields as in 

Eqn.(2.1) rotating in the x-y plane in opposite senses with w = w0 • As we 

mentioned in section (2-1), we consider only one of them, which is in phase 

with the precession of Mand tips the magnetic moment vector away from 

the direction of H O by an angle 

0 = ,H1tw 

where tw is the duration of the rf pulse. 

(3.4) 

The magnetic moment vector M, precessing about H O at an angle 

0, will have a component in the x - y plane rotating about H 0 and as a 

result an rf voltage is induced in the same coil used for the generation of the 

rf field. This induced voltage will be maximum when the magnetic moment 

vector M is in the x-y plane, i.e., when 0 = 1r /2. The induced voltage 

decays due to damping effects such as spin-lattice relaxation, spin-spin 

relaxation, an inhomogeneous de field, etc. Thus a decaying signal, called 

free induction decay or FID, is observed following the rf pulse. 

If a second pulse is applied at a time T after the first pulse, a free 

induction decay is also observed after the second pulse. The maximum 

amplitude of this free induction signal depends upon the regrowth of the 

z -component of the magnetization during T. The signal observed follow­

ing a pair of equal pulses applied to a spin ensemble initially in thermal 

equilibrium are shown in Figure 3.1. A0 and A(r) are the maximum FID 
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PULSES 

tw tw 
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Figure 3.1: The signal measuring T 1 

amplitudes following the first and second pulse respectively. 

If a pulse of width tw is applied to a spin ensemble at time t = 0, 

then immediately following the pulse t = tw and Mz (z-component of M) 

is equal to Mz(tw). Solving Eqn.(2.7) using these initial conditions leads to 

If a second pulse of width tw is applied at t = r and tw ~ r ,Eqn.(3.5) 

becomes 

M 0 - Mz( r) = constant exp( -r /T1 ) (3.6) 

If tw ~T 1 , T 2 , the magnitude of Mz will not change appreciably 

during the time tw. The signal amplitude immediately following the pulse 
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can then be considered proportional to the value of Mz at the beginning 

of the pulse. This means that the maximum FID amplitudes Ao and A( r) 

shown in Fig 3.1 are proportional to M 0 and Mz( r) respectively and thus 

Eqn.(3.6) can be written as 

A 0 - A( r) = constant exp( -r /Ti) (3.7) 

In practice Ti may be measured by applying two 90° pulses separated 

by a time interval r. The first 90° pulse perturbs the spin ensemble, which is 

initially at thermal equilibrium, and the second 90° pulse gives an indication 

of the extent Mz has recovered towards its equilibrium value in the time r. 

From Eqn.(3.7) we can see that the constant should be A0 • Therefore (3.7) 

is 

(3.8) 

The sequence of two 90° pulses is repeated for different values of r at a rep­

etition frequency that allows enough time between successive sequences for 

the spin ensemble to reach thermal equilibrium. Measuring the amplitude 

A(r) as a function of r, Ti is found from a slope of ln[A0 - A(r)] - lnAo 

against r. 

The 90° - r - 90° sequence is called a recovery sequence. There is 

another type of sequence to measure Ti, 180° - r - 90°, which is called an 

inversion recovery sequence. The first pulse inverts the magnetization and 

the recovery therefore goes from -M0 to M0 • Integration of equation (2.7) 

with the initial condition M z = -M0 at t = 0 gives 

(3.9) 

Similarly, we can get from Eqn.(3.9) the equation 

ln(A0 - A(r)) = ln2A0 - r/Ti (3.10) 
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where A( T) is the initial amplitude of the FID following the 90° pulse at 

time T, and A0 is the limiting value of A( T) for a very long interval between 

the 180° and 90° pulse. Therefore T 1 is determined from the slope of a plot 

of ln( A 0 - A( T)) vs T. 

In this thesis the 90° - T - 90° method is used. 

3.1.3 The Measurement of T 1p 

The experimental technique used to obtain the T Ip in this thesis is 

called "spin locking", developed by Hartmann and Hahn (Fig 3.2) [9], [46]. 

An on- resonance 90° pulse is first applied along x' to bring the magnetiza­

tion M 0 along y'. The phase of this pulse is then shifted by 90° so that it 

is now applied along y', that is, in the same direction as the magnetization 

vector. This second pulse is called the "spin locking" pulse and while it is 

being applied, the spins are said to be "spin-locked". In the absence of this 

second pulse there would be simple decay of the y' magnetization due to 

T 2 relaxation processes. The spin-locking pulse acts as a static field and 

is applied for a time T, during which there will be some decay of the y' 

magnetization obeying the law 

(3.11) 

which may be detected by recording the FID immediately after the locking 

pulse. From the variation of signal intensity with T, T Ip can be found from 

the slope of ln M( T) against T or ln A( T) against T. 
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Figure 3.2: The signal measuring T lp 
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3.2 Experimental Apparatus 

Cw and Pulsed NMR spectrometers are quite similar in some re­

spects. They both require a transmitter for generating the H1 rf field, a 

preamplifier- receiver- detector unit for processing the nuclear signal, and 

sample circuitry to contain the sample and to couple the sample to both 

the transmitter and the receiver. The requirements for these various units 

are quite different. The pulsed NMR transmitter must generate Kilowatts 

of power during a pulse in order to give an H1 in the range 10-400 Gauss 

at the sample; a cw transmitter usually generates much less than 1 Watt 

since an H1 of 10-4 Gauss is all that is required in a typical cw experiment. 

The pulsed NMR receiver must be able to withstand large overvoltages and 

recover very quickly ( 10 µsec or faster) from overload; this problem rarely 

if ever arises in cw NMR work. In pulsed NMR the sample circuitry must 

be able to handle large rf voltages (100- 1000 V) of a very short duration 

( about 10 µsec ), but it must also be able to process the weak nuclear signal 

in such a way that a high sensitivity is achieved; in cw NMR only very low 

rf fields are used and the sample circuitry can be designed for maximum 

sensitivity, therefore the circuitry for cw NMR work is rather straight for­

ward [43]. 

In this chapter we discuss the equipment relevant to the cw and 

pulsed NMR experiments in this thesis. 

3.2.1 CW Apparatus 

The methods for detecting the cw signal can be broadly split into 

two categories: 
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1) A single coil method in which the change in susceptibility of the 

sample when resonance occurs changes the effective inductance of a coil 

which surrounds the sample and is part of a tuned circuit. 

2) A double coil method in which one coil is fed from a signal gener­

ator and the second coil, mutually orthogonal to the transmitter coil axis 

and to H 0 , has a voltage induced in it due to the forced precession of the 

nuclear spins at their Larmor frequency. 

The first method is often referred to as nuclear magnetic resonance 

absorption, while the second one is simply and accurately described as 

nuclear induction. The first method is used in this thesis and therefore will 

be discussed in detail. 

Detector 

The marginal oscillator CW spectrometer used in this experiment 

was supplied by Spin- Lock Electronics. The equipment is tuned for a par­

ticular frequency. In this experiment it is 30 MHz, so we can sweep the 

magnetic field over quite a large range in order to find the resonance point. 
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Dynatrac 391A Lock-in Amplifier 

A lock- in amplifier is used to amplify the weak signals of known 

frequency and phase. The input signal is amplified and passed through a 

24 db/octave low pass filter set just above the highest frequency for that 

range. The amplified signal is mixed with a signal fv, thus translating 

any coherent input (i. e., at the reference frequency fr) to the constant 

IF frequency f0 • This signal goes through a differential amplifier to the 

band pass amplifier centered at fa, which removes harmonically related 

signals and further restricts the band width, thus eliminating interference 

that would overload conventional lock-ins. fa is set at about 25 times the 

maximum operating frequency. The phase sensitive detector and the output 

amplifier perform similar functions in conventional instruments. The block 

diagram of 391A Lock-in amplifier is shown in Figure 3.3. 

In the EXT mode, the phase lock loop, consisting of the phase detec­

tor, voltage controlled oscillator (VCO) and reference mixer, phase-lock 

the reference mixer output to the external reference signal. A fixed fre­

quency sine oscillator generates fa, which is an input to both the reference 

mixer and, via the phase shifter, to the phase sensitive detector. 

In this experiment the EXT mode was used. The reference input 

was generated by Wavetek 114. 

Modulation 

Additional audiofrequency modulation is used by superimposing a 

small sinusoidal field variation. The carrier is modulated by an amount 

whose amplitude and phase carry information about the slope of the ab-
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Figure 3.3: The block diagram of 391A Lock-in amplifier 
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sorption signal at any point. In this experiment we display the absorption 

signal on an X- Y chart recorder to make sure that the signal is not sat­

urated or distorted by too large a modulation or too high a level of the 

marginal oscillator. Then the output is sampled and converted to input 

data for a suitable computer program to determine the second moment as 

mentioned in the section 3.1.3. A correction to the moments for the effects 

of modulation was taken according to the following equation [26], [27] 

1 2 
M2=M --H 

C 4 m 
(3.12) 

where Mc is the second moment calculated from the output and Hm is the 

amplitude of the modulation field. 

A Model 114 Sweep/Function Generator (Wavetek) is used in the 

lab. The frequency of modulation is lOOHz. The amplitude varies from 0. 7 

Gauss to 1.35 Gauss in this experiment. 

A block diagram of the cw method is shown in Figure 3.4. 

3.2.2 Pulse NMR Equipment 

Coherent NMR Pulse Spectrometer-CPS2 

The oscillating rf field produced in a coil by a sequence of pulses oc­

curring at times t1 , t 2 , ... tk and of duration r1 , r 2 , ••. , Tk can be represented 

by the function 

H(t) = L Ak(t) cos(wt + 'Pk) 
k 

(3.13) 

where Ak(t) = 0 outside of the interval tk :::; t :::; tk + Tk and is approxi­

mately constant inside. The pulses are called incoherent if the phases are 
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Figure 3.4: The block diagram of cw method 
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Figure 3.5: Block diagram for coherent pulse experiment 

distributed at random, and coherent if their values can be controlled (in 

particular, given the same value <p ). The coherent pulse method was used 

in this experiment and a block diagram of the experimental set up is shown 

in Figure 3.5. 

In this method a master oscillator that generates the radio-frequency 

runs continuously and the role of the timer is to connect or disconnect at 

prescribed intervals, or "gate", the power amplifier that produces the large 

rf H 1 • CPS2 also has a prc;unplifier-receiver-dctecter unit for processing 

the nuclear signal, and sample circuitry to couple the sample to both the 

transmitter and the receiver. CPS2 can generate single pulse, two pulse, 

spin-locking and CPGM ( Carr-Purcell and Gill-Mciboom) sequences. 
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The time period is five decades from 0.1 msec to 10 sec with equally spaced 

settings in each of the five decades. 

In this experiment T 1 and T Ip were measured with the spectrometer 

operating at 30 MHz. 

Model 805 Biomation Waveform Recorder 

The Model 805 Biomation Waveform Recorder stores the digital 

equivalent of electrical waveforms in a memory. The output can be inter­

faced to display instruments such as oscilloscopes. Its basic form consists 

of an A/D converter integrated with a digital memory, both of which are 

regulated by common timing and control circuitry. A digital-to-analog 

converter is also included to produce analog outputs in addition to the 

digital output. A simplified block diagram of the model 805 is shown in 

Figure 3.6. 

The signal and trigger inputs of model 805 are connected to the 

signal and trigger outputs of the pulse spectrometer. The input and output 

connection block diagram is shown in Figure 3.7. The Z out is used for 

retrace blanking when driving a scope in the X- Y mode as a trigger signal 

for use with a scope in the triggered mode. Y out produces a repetitive 

analog reconstruction of the memory contents. 

3.2.3 DC Magnet 

The Varian Associates electromagnet used in this experiment has 

12" diameter pole faces. The magnet is capable of supplying a field up to 

104 Gauss with an air gap of 2.5 inchs. In the CW experiment the sweep 
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range was 25 Gauss and the sweep time was 2.5 minutes. 

3.2.4 The Model DTC-500 Cryogenic Temperature 

Controller 

The controller is designed to accept a voltage signal from a temper­

ature sensitive transducer, compare this signal with an internal set point 

voltage, amplify and process their difference, and drive an external heating 

element which heats a system of cold nitrogen gas blowing over the sample. 

When the sensor temperature is equal to the set point temperature, i.e. , 

the voltage signal from the temperature sensitive transducer is equal to the 

set point voltage, the "null" meter will point to zero. 

3.3 The Zinc Triflate Sample 

The zinc triflate powder Zn(CF3S03 ) 2 was supplied by Aldrich Chem­

ical Company, Inc. and its purity is 98%. The zinc triflate powder is cor­

rosive and hygroscopic so it was filled into the sample tube in a nitrogen 

gas bag. The sample tube was then sealed. 

3.4 The Measurement of Temperature 

The sample temperature was measured by means of a copper-constantan 

thermocouple and displayed on the series 400A Digital Trendicator. The 

accuracy was ±lK. 



Chapter 4 

Results and Discussion 

4 .1 R esu lts 

The cw derivative line shapes of 19F are symmetric in the whole 

temperature range from 77 K to room temperature. Three lineshapes are 

shown in Figure 4.1 for temperatures of 129 K, 190 Kand 290 K. There are 

structures on the lineshape, which disappear gradually and simultaneously 

above 155 K. At about 210 K the width starts to narrow. The 19F second 

moment M 2 over the temperature range is shown in Figure 4.2. Each 

experimental second moment quoted is the average value obtained from 

at least six experimental curves. M2 has the plateau value of 7.17 ± 0.13 

Gauss2 up to about 136 K. It then decreases to a second plateau value of 

2.12 ± 0.10 Gauss2 from 244 K to room temperature. These two values are 

the average of the second moments measured in the associated temperature 

ranges. 

The T 1 of the 19F of zinc triflate does not obey the exponential law, 

i.e., the ln [(A0 - A( 'T ))/ A0 ] vs 'T is not quite a straight line (Figure 4.3). 

There are two or three points lying above the supposed straight line. We 

calculated the T 1 using the linear portion of the graph near 'T = 0. The 
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Figure 4.1 : The line shapes at 129 K (top), at 190 I( (middle) and at 290 
K (bottom) 
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relaxation times of 19F from 77 K to 297 Kare shown in Figure 4.5. The T 1 

data exhibit a linear region from 202 K to 268 Kand a 78 msec minimum 

at 282 K increasing to a temperature independent value of about 4.5 sec 

below about 187 K. The T 1p obeys an exponential law (Figure 4.4). The 

T lp versus temperature data in Fig.4.5 shows a "V" shape as predicted by 

Eqns.(2.41) and (2.42) with two linear portions from 194 K to 267 K and 

128 K to 175 K respectively, and a 0.4 msec minimum at 185 K increasing 

to a temperature independent value of 560 msec below about 123 K. 

4.2 The Accuracy of Measurements 

The second moments have different uncertainties at different tem­

peratures as shown in Fig.4.1. For example, M 2 = 7.13 ± 0.07 Gauss2 at 

129 K, M 2 = 4.65 ± 0.27 Gauss 2 at 190 K and M 2 = 2.03 ± 0.14 Gauss2 at 

290 K. The uncertainties of the average values on the respective plateaus 

are obtained from the standard deviation. 

A typical plot of ln [ ( A( r) - Ao)/ Ao] versus r for T 1 has been shown 

in Figure 4.3. The error bars indicated represent the uncertainties in read­

ing the signal amplitudes from the oscilloscope screen, considered to be ap­

proximately ±0.25 of a division. The resulting uncertainty in T 1 is about 

± 10%. A typical plot of A( r) versus T for T lp is shown in Figure 4.4. T~Ps 

were calculated using a small personal calculater. The uncertainties vary 

from 5% to 10%. 

4.3 Determination of H 1 

If we let tw be those pulse widths for which the following magnetiza-
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Table 4.1: tw and H1 for various values of n 

n 1 2 3 4 5 6 
tw(s- 5 ) 1.7 3.1 4.5 6.0 7.5 9.0 
H1 = ~;(Gauss) 7.16 7.96 8.17 8.23 8.23 8.23 

tion lies along the + z axis or -z axis, i.e. with no magnetization along the 

x-direction, then 0 will be a multiple of 7r and the H1 can be determined 

from Eqn.3.4. The tw and corresponding H1 are shown in table 4.1. 

Obviously, it is reasonable to take H1 =8.23 Gauss, since the relative 

error of the first three pulses may be too large. 

4.4 Discussion 

(1) As Slichter pointed out in his book [5] the relationship between 

local field and second moment is 

( 4.1) 

Using the second moment at low temperature, we estimated the local field 

in this case to be about 1.5 Gauss, so the H1 determinated in section ( 4.3) is 

larger than Hioc • Therefore the Zeeman and the dipole- dipole interactions, 

which are treated as a perturbation in the rotating frame with H1 present, 

are decoupled. The BPP approximation in the rotating frame can be used 

in this case. 

57 



CHAPTER 4. RESULTS AND DISCUSSION 

(2) Since the lineshapes are symmetric in the whole temperature re­

gion, the chemical shift can be neglected in this material and in this applied 

field. 

(3) The interpretation of the results is complicated by the fact that 

neither the molecular structure nor the crystallographic structure of zinc 

triflate are known. After investigating some compounds containing triflate 

group(s), we found that the triflate CF3 groups in all these materials are 

nearly tetrahedral with C3v symmetry. The bond distances of C-F vary 

from 1.302 A to 1.334 A and the average bond angles of F-C-F vary from 

108.5° to 110.5° as shown in Table 4.2. Since some materials are mea­

sured at high temperature, the C-F bonds are shorter than those at low 

temperature. This is a natural consequence of the model used in those ex­

periments, which cannot properly describe torsional vibrations around the 

C-F bonds. Using the equation (2.29), we calculated the rigid intramolecu­

lar second moment of 19F using the data in Table 4.2 except for those rather 

shorter bond distances mentioned above. The maximum is 6.84 Gauss2 and 

minimum is 6.10 Gauss2
• The CF3 group has a C3v symmetry such as that 

in 2CF3SO3H.H2O [28] shown in Fig.4.6. Therefore the result of a three­

fold reorientation of the CF3 group is to reduce each intramolecular term 

in Eqn.(2.29) by the factor 

(3 cos2 
ijk - l )2 

4 

where ijk is the angle between the internuclear vector r jk and the threefold 

reorientation axis. 
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Table 4.2: The parameters of CF3 groups in different compounds. 

compounds 
2CF3S03H · H2O[28) 

H3Q+CF3S0-3 [29] 

H3Q+CF3S0-3 [30] 

HgOt CF3SO3[31] 

HsOtCF3SO3[32] 

H3Q+CF3S03 · 4H2O[33] 

[N d3+(H2O)g]( CF3SO3)3[34] 

[H o3+(H2O)g]( CF3SO3)3[34] 

~measured at 296 K 
measured at 83 K 

~measured at 225 K 
measured at 85 K 

bond lengh of C-F 
C-F(l) 1.327.A. 
C-F(2) 1.314A 
C-F(3) 1.315A 
C-F(l) 1.299.A. 
C-F(2) 1.319A 
C-F(3) 1.321A 
C-F(l) 1.307.A. 
C-F(2) 1.316A 
C-F(3) 1.302.A. 
C-F(l) 1.332.A. 
C-F(2) 1.332A 
C-F(3) 1.334A 
C-F(l) 1.324.A. 
C-F(2) 1.328A 
C-F(3) 1.333A 
C-F(l) 1.316.A. 
C-F(2) 1.308A 
C-F(3) 1.316A 
C-F(l) 1.327A 
C-F(2) 1.322A 
C-F(3) 1.318.A. 
C-F(l) 1.328A 
C-F(2) 1.330.A. 
C-F(3) 1.329A 
C-F(l) 1.311.A. 
C-F(2) 1.301A 
C-F(l) 1.330.A. 
C-F(2) 1.296A 

bond angle of F-C-F 
F(l )-C-F(2) 108. 7° 
F(l )-C-F(3) 109.0° 
F(2)-C-F(3) 109.7° 
F(l)-C-F(2) 107.8° 
F(l)-C-F(3) 108.1° 
F(2)-C-F(3) 109.3° 
F(l)-C-F(2) 108.4° 
F(l)-C-F(3) 108.2° 
F(2)-C-F(3) 109.6° a 

F(l)-C-F(2) 109.5° 
F(l)-C-F(3) 108.9° 
F(2)-C-F(3) 108.4° b 

F(l)-C-F(2) 108.3° 
F(l)-C-F(3) 108.8° 
F(2)-C-F(3) 108.4° 
F(l)-C-F(2) 107.8° 
F(l)-C-F(3) 108.1° 
F(2)-C-F(3) 109. 7° C 

F(l)-C-F(2) 108.7° 
F(l)-C-F(3) 109.9° 
F(2)-C-F(3) 109.9° d 

F(l)-C-F(2) 108.0° 
F(l)-C-F(3) 108.8° 
F(2)-C-F(3) 108.1 ° 
F(l)-C-F(2) 109.3° 
F(l)-C-F(3) 109.4° 
F(l)-C-F(2) 110.4° 
F(l)-C-F(3) 110.5° 

Since rik = 90° for all the intramolecular interfluorine vectors in 

threefold rotation, the reduction factor is 1/4. The threefold reorientation 
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Figure 4.6: CF 3 is tetrahedral with C3v symmetry in 2CF 3SO3H.H2O 

Table 4.3: The second moment of 19F in motion 

motion intra( Gauss2
) inter( Gauss2 ) total( Gauss2

) 

rigid 6.10- 6.84 0.02-1.16 6.12-8.00 
threefold 1.52-1.71 0.078 1.60-1.79 

result is shown in the Table 4.3. 

Using the crystal structures of the materials listed in Table 4.2, we calcu­

lated the distance between the nearest carbon pair. The shortest one is 

4.8027 A in 2CF3SO3H.H2O [28]. Since the second moment is proportional 

to r-6
, the intermolecular contribution to the F-F second moment will be 

much smaller for larger F-F distances. Taking into account the different 

possible relative positions of the two CF 3 groups in 2CF 3SO3H.H2O, we 

found the maximum intermolecular second moment of 19F is 1.16 Gauss2 
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corresponding to the relative position of CF3 groups shown in Figure 4.7 

(right), where the six fluorine atoms are coplanar and oriented in such a 

way that two fluorine atoms ( one in each CF3 group) have their shortest 

separation. On the other hand the minimum is 0.02 Gauss2
, corresponding 

to the relative position shown in Fig.4.7 (left), where one CF3 group is 

directly above another CF3 group and rotated by 60° relative to it. The 

corresponding range of the rigid intermolecular second moment of 19F is 

shown in Table 4.3. 

Comparing the total rigid moment 6.12- 8.00 Gauss2 in table 4.3 and 

the experimental result 7.17 ±0.13 Gauss2, it seems reasonable to assume 

that the CF3 group is rigid in the 77 K-136 K region; its motional fre­

quency is less than the linewidth in this temperature region. It is well 

known [35],[36] that a general reorientation averages the intramolecular 

second moment to zero and the intermolecular second moment can be cal­

culated by putting the three fluorine atoms at their time average position, 

i.e. at the center of gravity of the triangle made of the three atoms. This 

resulting second moment for isotropic reorientation is 0.078 Gauss2
• The 

observed second moment at high temperature in this experiment is 2.12 

Gauss2
, so we can rule out a general isotropic reorientation even at high 

temperature and propose that at higher temperature the threefold reorien­

tational motion of the CF3 group predominates since the second moment at 

higher temperature is about the sum of the threefold intramolecular second 

moment and the residual intermolecular second moment. 

( 4)That the relaxation time of fluorine in the CF3 group of zinc tri­

flate is nonexponential is reasonable, since it results from a dipole- dipole 

nuclear interaction of a three spin system [37], [38]. A( r) should be a sum 
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of exponentials but in this case the different relaxation times were too close 

to be identified and extracted separately. We calculated the slope using the 

initial linear part near T = 0, which is still a good approximation of the BPP 

theory. From Fig 4.5, we extract the activation energy Ea from the slopes of 

the linear portions of the curves. The activation energy Ea calculated from 

T 1 in the temperature region 202 K- 268 K, is (21.9 ± 0.5) kJ /mol; from 

T lp at high temperature(194- 267 K), it is (23.9 ± 0.5) kJ /mol, while from 

T 1 p at lower temperature(128 K- 175 K) is (28.4 ± 0.6) kJ /mol. The acti­

vation energies calculated from T 1 and from T lp at high temperature are 

in reasonable agreement as could be expected, since they are nearly in the 

same temperature region. The larger activation energy at low temperature 

may reflect a larger steric hindrance arising from the lower temperature 

contraction of the lattice. 

We know from Eqn.(2.40) that T 1 has a minimum at W 0 Tc = 0.6158. 

Combining this with Eqn.(2.42) we estimate the pre- exponential factor 

To = (2.83 ± 0.67) X 10-13 S. 

The T 1 minimum can be related to the second moment reduction by 

l.05wo 2 
6.M2 = 2T ( . ) = 4.lGauss 

1 1 min 

As mentioned in section 4.2, the uncertainty of the T 1 measurement is 

±10%, so 6.M2 = 4.1 ± 0.4 Gauss2. Comparing it with the observed second 

moment reduction 5.05 ± 0.23 Gauss2 and the theoretical second moment 

4.33- 6.40 Gauss2
, we can say they agree well and conclude that the M2 

reduction and T 1 minimum arise from the same mechanism, namely the 

threefold reorientation of the CF3 group. 
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From Eqn.(2.41), we know that T 1p has a minimum at W1Tc = 0.5. 

Combining (2.41) and (2.42) we can estimate the temperature at which 

the T Ip minimum should occur for the T 1 rotation mechanism. The result 

is 177 K, which is quite close to the temperature at which the T Ip mini­

mum is observed to occur (185 K), and we conclude that the T 1p minimum 

also arises from the same mechanism. The discrepancy may be due to 

the change of Ea with temperature. Combining the values w1 Tc = 0.5 and 

T lp with the activation energy Ea = 28.4 kJ /mol we estimated the pre­

exponential factor T 0 = (2.38 ± 1.13) x 10-14 s at low temperature,while 

combining Ea = 23.9 kJ /mol we estimated the T 0 = (3.96 ± 1.60) x 10-13 s 

at high temperature (Table 4.4). Putting the parameters .6.M2 , T 0 and Ea 

in different temperature regions into Eqn.(2.40), (2.41) and (2.42), we get 

two curves of T 1 vs i and T lp vs i. These are shown as the dashed curves 

in Figure 4.5 and agree very well with the T 1 and T Ip data down to 187 

K and 123 K respectively, below which temperatures the relaxation times 

are much shorter and considerably less temperature sensitive than the BPP 

theory would predict. An explanation of such shortened values of T 1 and 

T lp is given by the theory of paramagnetic impurities put forward by Rollin 

and Hatton [39], Darby and Rollin [40], and by Bloembergen[41]. Accord­

ing to the theory, the electron relaxation and the spin diffusion can be 

the dominant relaxation mechanisms at low temperature with an impurity 

concentration of as little as one part in 106
• 

4.5 Summary 

In this thesis a study of the reorientation of tetrahedral CF3 ions in 

solid zinc triflate by NMR has been described. The results are summarized 
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Table 4.4: The pre- exponential factors T 0 and activation energy Ea 

extract from temperature region To Ea 
T1 202 K-268 K 2.83 X 10-13 s 21.9 kJ/mol 
T1p 194 K-267 K 3.96 X 10-13 s 23.9 kJ/mol 
T1p 128 K-175 K 2.38 X 10-14 S 28.4 kJ/mol 

below: 

( 1) The decays of the magnetization of 19F in zinc triflate along the 

external magnetic field H O in the laboratory frame do not obey the expo­

nential law while the decay along H 1 in the rotating frame does obey the 

exponential law. 

(2) The curves of T 1 vs temperature and T 1p vs temperature show a 

"V" shape as expected. The leveling off of T 1 and T lp with decreasing tem­

perature is probably the result of relaxation by paramagnetic impurities. 

The agreement between the theoretical and experimental T 1 and T Ip data 

above 187 K and 123 K respectively, is a good indication that the theory 

we are applying in this thesis is correct. 

the pre- exponential factor T 0 is 2.83 x 10-13 s and the activation 

energy is about 23 kJ /mol while in the low temperature region below 185 

K, T 0 is 1.38 X 10-14 s and Ea is 28 kJ /mol. These values are comparable 

with those in other molecular solids [14). The increase in activation energy 

at low temperature may be due to a larger steric hindrance arising from 

the lower temperature contraction of the lattice. 

( 4) The lineshape of 19F begins to narrow at about 210 K. The chem­

ical shift in this case could be neglected. Since the crystal structure of zinc 

65 



CHAPTER 4. RESULTS AND DISCUSSION 

triflate is unknown, no attempt has been made to fit the lineshape and 

interpret low temperature structural features. 

(5) In the region 77 K ~ 136 K the lattice of the CF3 group is es­

sentially rigid ( any rotational frequency is less than the linewidth), while 

the threefold reorientation of CF3 predominates above 185 K. 

(6) The theoretical reduction of second moment of 19 Fin zinc triflate 

of 4.33-6.40 Gauss2 is in reasonable agreement with the observed experi­

mental reduction of 5.05 ± 0.23 Gauss2 and the second moment reduction 

from T 1(min) of 4.1 ± 0.4 Gauss2
. The temperature of 185 Kat which the 

T lp minimum occurs is quite close to 177 K, the estimated value from BPP 

theory. The dashed lines in Fig.4.5, derived from the BPP theory, agree 

very well with the observed data except at low temperatures. The agree­

ment between the theory and experiment indicate that the BPP theory is 

valid in this case and that the same motional mechanism ( CF 3 rotation) is 

responsible for the relaxation in the laboratory and rotating frames, and 

the second moment reduction. 

4.6 Suggestions 

It may be useful to extend this work as follows: 

(1) The same kind of investigation, i. e., the measurements of sec­

ond moment, relaxation time in the laboratory and relaxation time in the 

rotating frame, from room temperature down to 77 K, in similar materials 

containing the triflate group (CF3 S03 ), such as lithium triflate (LiCF3 S03 ), 

rriay help to confirm the results found in this type of molecule. 
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(2) If the crystal structure of zinc triflate could be determined, some 

uncertainties in this experiment may be decreased or eliminated. 

(3) Since the chemical shift is dependent on the field, it may be 

useful to measure the absorption line at higher H 0 fields, which might be 

done next year when the new equipment currently under development for 

the lab is available. 
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