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1. INTRODUCTION



1. Introduction

Nuclear Magnetic Fesonaence depends for its existence on the fact
that most nuclei of the elements exhibit gyromegnetic properties.
These properties were first attributed to the nucleus by Pauli (1924)
to explain hyperfine structure in atomiec spectroscopy.

Vthen a sample containing nuclei exhibiting gyromagnetism is placed
in 2 magnetic field, and is irradiated by an sppropriate rotating radio=-
freguency megnetic field, the nuclei can be compelled to reveal their
presence, identify themselves, a2nd to describe the nature of their
environments, Such experiments can, amongst other things, yleld evi-
dence of crystal and molecular structures, hindered molecular motions,
and thermal relaxation mechenisms, This thesis is concerned with such
effects.

Rebi, Millman, Kusch and Zacharias (1939) first applied the
resonance method to individual atoms end molecules in atomic beam experi-
ments, and produced transitions between the quantised nuclear magnetic
energy levels by a process of ebsorption or stimuleted emission.

Gorter had shown thetthis resonant exchange of energy should not
be restricted to molecular beams, but should also be observed in matter
in other forms in which intermolecular interactions would occur., Gorter
(1936), and Gorter and Broer (1942) unsuccessfully attempted to detect
energy absorption by 7131 nuclei in Ii Fs It was later shown by Gorter
(1951) that the failure wss meinly due to the use of unfavourable
materials,

The first successful experiments of nuclear magnetic resonance in
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bulk materizl were made simultaneously and independently by Purcell,
Torrey and Pound (1946), and Bloch, Hansen and Packard (1946). The
development of the subject since these pioneer experiments has been
such that spplications have been found in many branches of physics and
chenistry., Several companies now manufecture Nuclear Magnetic Resonance
spectrometers, and these have achieved equality in importance with

infre-red and mass spectrometers in many chemical research laboratories.



2, NUCLEAR MAGNETIC RESONANCE THEORY




(3)

2.1 General Theory

Classicelly, a nucleus with non=zero spin may be regerded as a
rotating charged sphere, thus possessing angular momentum and an
associated magnetic moment, as would a spinning bar magnet.

The eclassical theorem of Larmor showed, in effect, that a spinning
bar magnet, free from any frictional forces, would, when placed in a
magnetic field, precess like a top about the direction of the magnetic
fields It was further shown that the frequency of precession was
proportional to the megnetic field strength, and that the constant of
proportionality was the ratio of the magnetic moment of the spinning
bar magnet to its angular momentum, This constant is commonly known

as the gyromagnetic mtio,\f « The Larmor theorem may then be written:

w =3¥m (1)

where W = 2z times the precession freguency, and H is the strength of
the steady megnetic field.

This classical treatment may be extended to include the "frictional"
effects which must exist in any assemblage of such nuclei. These forces
will tend to reduce the sngle of precession until the spinning magnet
becomes aligned with the steady magnetic field. £t the instant of
alignment, the precession ceases, but at 211 times before this, regard-
less of the angle between the spinning magnet and the steady field, the
frequency of precession will remain constant at the Tarmor value. The

time associated with realignment is known as the relaxation time, 'hen
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these frictional forces are large, the associated relexation time will
be short, and vice-versa,

A nuclear species whose spin number I is non-zero will possess an
associated magnetic moment. It is known from quantum mechanicel theory
that the length of the angular momentum vector mey only heve the measure
eble values mh, where i is Flanck's constant divided by 2x, and where
the magnetic quentum number, m, may take any of the (2I + 1) values
from +I to =I, The maximum measurable component of angular momentum
will thus be Ifis. There will be a corresponding quantisation of com=-
ponents of magnetic moment; p is taken as the maximum measurable com-
ponent of magnetic moment, the relation to the corresponding value of
angular momentum being p = ¥Ih.

If such a system of spins is placed in a megnetic field, H,, there
are (2I + 1) energy levels for each spin, spaced in energy by pH,/I, or
gu.H,, where p, is the nuclear magneton, and g = -EC.I is the nuclear
splitting factor corresponding to the Lande splitting factor of atomic
spectroscopye.

The selection rules for trensitions between these energy levels
is thet m may change by 2 1, corresponding to ebsorption or emission of
energy. /A quantum of energy may then produce transitions between the
energy levels if it has the same magnitude as the level spacing; i.e.

ir

hy, = uH, /I (2)
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where V_, is the frequency of the applied radiation. Comparison with
equation (1) shows that this is the seme as the Larmor frequency.

For protons, I = %, and there are thus two energy levels separated
by 2uH,, corresponding to slignment of the spins parallel or anti-

parallel to the field, Equation (2) then becomes

hvo' = 2uH, (3)

the fundementel resonance equation. For a field of 5260 gauss, a
frequency of 22,. Mc/s is required to produce transitions between the
proton energy levels, The most popular commercial instrument at present
operates at a frequency of 60 Me/s, corresponding to a magnetic field of
14.1 kilogauss.

Theoreticelly the radiation should be circularly polarised, with
the magnetic vector rotating in s plesne perpendicular to the magnetic
fields In practice a linearly oscillating field is used, since an
oscilleting vector mey be shown to consist of two equal but oppositely
rotating vectors, and we need only consider the one component effective
in rotating about H, in the seme direction as the precessing megnetic
moment = the counter roteting component having essentially no effect
on the dynamics of the system.

Nuclei will return to the lower energy state by stimuleted emission,
and, since the abso_rption and emission probsbilities are equal, there
will only be a net ebsorption of energy from the field when there is

continually a surplus of spins in the lower energy state. At any
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tomperature, in the absence of a radio-frequency field, it is assumed
that the surplus is given by the Boltzmann distribution. In & steady
field of 5000 gauss, the ratio of the number of protons in the lower
energy state to the number in the higher energy state is given by
exp (2uH./kT), an excess of four per million at room temperature. At
liquid hydrogen temperatures this excess increases to sixty per
million, which is & substentiasl increase.

Continued absorption will occur only if some mechanism exists to
cool the effectively heated spins to the lettice temperature. So long
as this mechanism maintains some difference between the populations,
there will be 2 net absorption of energy. This mechenism is known as
"spin-lattice relaxation", the efficiency of which is measured by the

relaxation time, T,« It can be shown (Andrew 1955) that n, the popu-

1
lation difference at time t, and n,, the equilibrium difference, are
related by the equation
-t
n=n, (1=exp7— (&)
i
The approach to equilibrium on removal of the stimulus is thus
exponential,
Tight coupling between the spins allows rapid energy transfer
from one sgpin to enother, leading in some circumstences to the establish=-
ment of a thermal equilibrium within the nuclear spin system in e time

much shorter than T1, and at a temperature which may be quite different
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from that of the lattice. This is called the spin=-spin relaxation time,
T2.

There is a limit to the magnitude of the applied radio=-frequency
field, above which the relaxation process becomes less efficient. This
is known as saturation, and mey be thought of as arising when the nuclei
are depolarised by the action of the redio=frequency field more rapidly

than they cen be repolarised by the relaxation process.,

2.2 [The Absorption Spectrum

The fundamentel resonance eguation applies only to an isclated
nucleus, or to an assemblage of non=-interscting nuclei. In practice,
each nucleus in a sample of ges, licuid or so0lid experiences effects
from neighbouring nuclei, each of which has a magnetic moment., There
are thus created small internal magnetic fields in addition to the much
larger externel field, H,e The field et a nucleus may then be written

H=H, + H al? where H is the instentaneous field at thet

loc local

nucleus due to neighbouring nuclei. Only nearest neighbour nuclei are
considered in computing this internal field, since the megnetic field
of a dipole of moment p, at a distance r, is u/rj. For r = 13, and
p = 1 nuclear magneton, p,/r3 is approximately 5 geuss, the order of

magnitude to be expected for H This value decreases to 0,04 geuss

local’
o

when the separation is 5A, and is a repidly decreasing function of dis-

tence,

The resonance equation for a system of interacting protons may now
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be written

hy, = 2u(H, + Hy o) (5)

and the resonance spectrum is no longer a sharp pesk, but broadened on
either side of the fundamental frequency or field,

The value of H depends on both the molecular and crystal

local
structure of the sample, It is thus possible, in theory, to calculate
the absorption spectrum for a given proton configuration, but the cal=-
culation becomes extremely difficult for all but the simplest cases.
Detailed perturbation calculetions have been made for cases where the
protons are in close groups of 2, 3 or 4. The spectrum of gypsum,
CaSDh.2H2
analysed by Pake (1948). The problems of three protons situated at the

O, in which individual water molecules are well separated, was

cormers of an equilateral triangle, and of an isosceles triangle, have
been trested by Andrew end Bersohn (1950) end Andrew and Finch (1957)
respectively.

These calculations become more involved as the nuclear distri-
butions become more complex, and an altermative approach must be made
to relate the broadened sbsorption line to these distributions. Such
an epproach has been made by van Vleck (1948), who related the "second
moment" of the absorption line=shape to the structure of the sample,

The second moment of the line-shape function is defined as the
mean value of the square of the frequency deviation from the resonant

frequency, the average being taken over the line~shape function. If



(9)
Vo is the resonant frequency, the second moment is
{(@v)2 .= T(v - V)% g(v)ay (6)
The line-shepe function, g('y ) is normalised, so that
fg(v)dv = |

end thus

+70

Lav )%, --f(w)‘g( »)ay
fs( v )ay
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The line=shape function g(» ) is only apprecisble when the frequency

devietions is small, =nd so the first term may be neglecteds Therefore

-

1 ' 3 v da»
"3~«L (av ) %ﬁs\.’(_l

2
CRE "
fg(v )av
~3D
This mey 2lso be expressed in terms of msgnetic field deviation if
the magnetic field is vaeried rather than the rsdio frecuency.

Ifh = H « H,, the second moment may be written

o, - o

fh af(h) an (7
) ah
where (& 11)2>Eav & 2"‘2 {(av )2% , and £(n) is the line-shape
E U R

function expressed in terms of the magnetic field.
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Van Vleck's theory gives for the rigid lattice second moment
7 2
expressed in gauss
s = 2 1d +1) é(j oo - 1)2 :L'J.k-'6

2 TNy
3

+13 g‘-g 5 é I, (If + 1) gfz’(}cosz@‘_jf - 1)? ::-Jf,'6 (8)

where
gy 1 are the nuclear g=factor and spin of the nucleus at resonance
e If are the nuclear g-factors and spins of the other nuclear
species present in the sample.
r Sk
Nr is the number of nuclei at resonance which are present in the

is the length of the vector connecting nuclei j end k,

system whose interactions are considered, and over which the

sum is teken.

The factor (3c052 e - 1)2 must be averaged over a sphere for a
polyerystalline semple, In this thesis, only one species of nucleus at

resonance, the proton, is considered., Thus equation (8) becomes

2 _6 1(T+1) 2 2 -6 2
S =3 Fr £ Uo i r,jk gauss

Inserting the values given by Besrden and Watts (1951), we find for

a rigid lattice

2 - i1 502 -6
S - N 2 F Jk gausa2 (9)
>k
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This rigid=lettice value for the second moment will be modified
should any change teke place in the nuclear arrengement within the sampla.
Any form of molecular motion, such as rotation, rotational oscillation and

" gquentum mechanical tunnelling will reduce the second moment calculated from
Van Vleck's formula, provided the motion takes place at 2 high enough
frequency (Gutowsky end Pake, 1950), The factor (jcosze -1)2 /bs occurring
in Van Vleck's formula must then be replaced by its mean value over the
particulsr motion teking plece,

For elessical rotation, or n=fold tunnelling (n > 3) ebout a symmetry
axis of the molecule, each term in the Ven Vleck formule is multiplied by
the factor

P = '& (3 cos® ¥ik = 1)2 (10)

where vy ., is the =ngle between the internuclear veetor joining nuclei j and

Jk
k, end the exis of rotation. p decreases from unity ( ij = 0) to zero
(v = 5,°00.") end increases again to% (5 = 90°).

The most common form of molecular motion found in paraffins is
rotation of one or more of the constituent methyl groups sbout the C=C axis.
The contribution to the second moment from the intersctions of the protons
of each methyl group smongst themselves is reduced by a factor of four
(equation 10), since the interproton axes are perpendicular to the axis of
rotation. The effect of the methyl group rotation on the field =t other

nuclei in the molecule is calculested in 2 menner similar to that for the
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reduction of the intermolecular second moment of cyclohexane (indrew =
Eades 1953b).
This theory has been proved successful by many authors to correlate

molecular motions with reductions in the second moment,

2.5 The Relpxation Frocess
Of the two competing processes within & sample during s nuclear

magnetic resonance experiment = the relsxation tending to establish
the Boltzmann inecualities between the energy-level populations and the
driving electromagnetic field which tends to destroy them = the former
must be dominant if there is to be a steady ebsorption of energy from
the radio-frequency field,

Equation (4) for the difference in population must be amended to
account for the trensitions due to such ebsorption of radic-frequency
energy. Bloembergen, Purcell and FPound (1548) considered the
probabilities of transitions under these circumstences, and the
populstion difference equation is shown to be

n_ 1

=

n, 1+ % T‘H"?_T.' g(v) (11)

where n_ is the steady state value of population difference
H1 is the redio=-frequency field amplitude

g(Vv) is the normalised line=-shape function.
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Since the line-shape function, g( V), is normalised, its peek
velue will give an inverse measure of its width. The spin=spin

relaxation time is defined by the relation

T - 4 g(vV ) max.

2 2

Equation (11) mey then be written

n
=]

1
n, = 9 +Y£H1d T1 T

= 2, (12)
2

where Z, is known as the sasturation factor.

The ratio ns/no is dependent on the value of the radio-frequency
fields With increasing field the absorption decreases, and the specimen
is saturated. hen the frequency is such that g(V ) is a maximum, the
saturation is s maximum, The meximum steady-stete sbsorption is obtained
when the amplitude of the radio=frequency field is such that 'rz H12 ’.1'1'1‘2 < 1.
This saturation effect may be employed to measure T1 s and will be
discussed later,

The large nuclear concentrations end =mall inter-nuclear distances
existing in bulk matter give rise to strong spin interactions. The
eff’éctlivenesa of these interactions is considerably reduced in liquids
by the rapid relative motions of the nuclei. This is also the case for

golids in which molecular reorientation, or other motions sre taking

place.
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Bloembergen, Furcell and Pound showed that such motion was
effective in producing spin-lattice relexation. The rapidly
fluctuating fields created have components which will cause these
transitions between energy levels.

Kollin and Hatton (1948), and Bloembergen (1949) suggested thet
the ever-present, tiny concentrations of parsmegnetic impurities actually
controlled the relaxation process. The spin energy is transferred
to the lattice by means of the large electronic magnetic moment of the
paramegnetic ion. This process gives relaxestion times in agreement with

experiment.
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341 Besic Reguirements

The conditions for the detection of nuclear magnetic resonance require
thet the sample be placed in a megnetic field H,, and be supplied with
radio-frequency energy et a frequency V., at right angles to the magnetic
field, ©For protons V , and H, are then related by the resonance
expression hV , = 2uH_.

An arbitrary choice of frequency and field cannot be made, however,
The signal obtained is very low, comparable with that of the ever present
thermal and valve noise, It is necessary then to choose conditions
whereby a maximum signal to noise ratio is obteined. Bloembergen,
Furcell and Pound have shown that the raetio of the nuclear signal to
ReM.S. noise fluctuations is proportional to Yo 7/1"'. A higher field,
H,, both increases the spacing between the levels 2uH,, and the
population ratio due to the Boltzmann factor exp (2uk,/kT). It is
therefore advantageous to use as high e radio-frequency as is practicable,
taking into consideration the difficulty in designing the appropriate
radio=-frequency circuits. The resonant conditions used for the experiments
reported here were YV, = 22,4 Mc/s corresponding to the magnetic field
strength of 5260 geuss, the permanent magnet field, H,.

The bridge method for detecting nuclear magnetic resonsnce sbsorption
used here is based on that of Blo.embergan(wl..ﬁ) and is shown schematicelly
in Pig. 1, The sample is held in a coil at right angles to the permenent

magnet fields Quenta of radiation are supplied at the resonsnt frequency
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by the signal generator. The absorption of energy is detected as an
additionel power loss, or incresse in resistance of the coil, In order
tﬁ display the resonance more clearly, the main magnetic field is
modulated at a low frequency by means of suxiliary coils. The main field,
H, is swept through the resonant velue twice each cycle giving an audio=
freguency modulation of the carrier., The depth of signal moduletion

on the carrier is small, however, and & radio-frecuency bridge is employed.
This serves to balance out most of the carrier signal and noise, and
effectively increases the degree of modulation due to ebsorption. The
output from the receiver is applied to the Y pletes of the C,F,0., the X
plates being supplied with the lowefrequency signal, phased correctly with
respect to the field modulation. The absorption curve trsced is then shown
es & function of the megnetic field, Hg.

It is not possible, in general, to displey the brosd lines from solid
samples, Here the signal strength is often comparable with the noise
fluctustions, and the sensitivity of the apparatus must be increased,
iny change in sample coil balance due to heeting or microphonics changes

- the d.ce level at the output of the radio-frecuency detector. By passing
the cutput from the receiver through an sudio amplifier snd into an audio
phese=sensitive detector, or "lock=in" amplifier, one discriminates against
these d.c. level changes, snd detects only the audio=modulated signal
components,

"hen using the "lock=in" amplifier, the field modulstion is reduced to

a frection of the line=-width, =2nd the main field is swept slowly through
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resonance, The output from the phase=sensitive detector is proportional
to the first derivetive of the ebsorption line, and is displayed on =

recording meter.

342 Deseription of /Apparatus

Some sections of the apparatus will now be described in detail in
order to emphasise the more important recuirements.

(1) Permenent Nagnet

In the past decade a considerable amount of research has gone into
the production of magnets of high stebility snd homogeneity. This has
resulted in the use of electromagnets in most of the commercially availsble
nuclear magnetic resonance spectrometers. The permanent magnet has,
however, the adventages of stebility and convenience for the work reported
here, and was designed by /ndrew and Fushworth (1952) and described fully
by Fushworth (1953). The specifications sre: Field strength: 5260 gauss.
Fole~face diameter: 8", Cep width: 2", Specially designed ring-shims
are employed to increase the field homogeneity.

The original magnetising coils asre used to sweep the steady field.
Current for this is supplied from storage betteries, =nd controlled by a
motor driven potentiometer.

(?) Signel Cenerator

An Airmec Signal Generator, Type 701, is used, giving an output of

from 10pV to 1V, Power is supplied from e well=smoothed Solartron H.T.
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Unit ('S 517), =nd the valves sre heated by an *dvence (D C 2) 6V D.C,
unit, These units serve to eliminate spurious 50 ¢/s modulation effects.
The Signal Cenerstor was replaced during the experiments by 2 more
modern inétrumeﬁt, Airmec Type 201, whose specification is similer to that

off the Type 701, External power supplies sre szgain employed here,

(3) Fadio=Freocuency Bridge

The twineT bridge used here is similer to that deseribed by ’'nderson
(1949). Circuit anslysis of this bridge shows that the controls for
resistive and resctive belence are independent. The two conditions of
balence may thus be reached by sdjustment of the sppropriste condenser.
This method ensbles both 2bsorption and dispersion curves to be plotted.
If the bridge is balenced in phase, and partially unbzlanced in amplitude,
the zbsorption curve is obtained, if balenced in smplitude but not in
.phase, the dispersion curve is cbtaineds Tncorrect adjustment of the
bridge will then give 2 combination of the two curves, resulting in a
distortion of the recuired asbsorption curve. ©Due to its asymmetry, the
bridge is eritically dependent on frequency, and frequency modulation of
the signel generator output must be eliminasted.

In practice the bridge is balanced in amplitude so that the carrier
level is reduced to less then 1% of the level being fed into the bridge

(generally e 30 db belence).

(4) FRedio=Frecuency Amplifier

An Eddystone Commuiulcations Receiver, Type 680S, is used to provide
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most of the radio=frequency amplification together with demodulation
and esudio amplificetion, The instrument wes returned to the mekers
for modification to give maximum sensitivity at the operating freguency.
Fower is again supplied by external Solartron and /dvance unitse
Indication of carrier level is given by e milliemmeter connected in the
second detector stage.

The receiver was preceded by a pree-smplifier, in order to give the
optimum signel to noise retio when using the very low radio=frequency
voltages necessary to avoid seturetion of the sample,

The mein pre-emplifier is 2 single stage unit employing a lullerd
EF 54 pentode. Balonced input ond output tuned circuits are used,
being inductively coupled to the co=axisl feederss This circuit has
been described by Tedes (1952), and the method of messurements of the
noise=factor using s noise-diode has been described by Lawrenson (1958).
The noise factor for this pre=smplifier is 2.5 db,

! second pre-amplifier has been constructed by Hoch (1963). When
used in conjunction with the first pre-amplifier, the noise fzctor is
145 db,

(5) The Narrow=Rand Lock=in ‘fmplifier

In general, operation of these circuits depends on cormbining the
signal=plus=noise voltage vectorislly with & reference voltage of the

desired frequency, and reetifying the combination voltege in such a way
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that the noise components are cancelled over a period of time long
compared with the period of the reference voltage. In such a way
one obtesins the performance of 2 very narrow bend amplifier without
the problems of drifting and detuning which mey occur with a conventional
amplifier of such narrow band=-width.

In practice, several difficulties in the operstion of such devicea
heve been found. The output from the lockein amplifier is not steedy,
but vaeries with input noise level, reference voltage amplitude, and
variations in valve parameters. These faults were found in the originasl
25 ¢/s aumplifier based on the circuit described by Bloembergen (19.48).
In an effort to eliminate these zero-drifts, 2 second circuit was
constructed following the design of Cox (1953).

A sinusoidal reference voltage, derived from the AF generator,
drives a square-wave generator, the output from which is spplied to the
anodes of a double diode, The signel input is applied to the cathodes
of this valve, and the d.c. voltage developed between the cathodes is
measured by & form of valve-voltmeter, This dc output voltage is
directly proportional to the signal voltage, end is to a large extent
independent of the general noise level at the input, the reference
voltage amplitude, and the valve parsmeters.

In the circuit shown in Fig. 2, valves Vs, VL and Vs with their
associated circuits constitute the square-wave generators. The

sinusoidel reference voltage is aspplied through the coupling twin diode,
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VL’ to a conventional Eccles=Jordan "flip-flop" circuit associated with

V5. V6 is provided in order to obtain an output voltsge negetive with
respect to ground, In a flip=flop circuit, there is a small voltage
drop across the anode loed resistance of the non-conducting triode
section due to the coupling and grid=-resistors. The cathodes of V6
are therefore made slightly negative with respect to the anode supply
of the flip-flop velve, Since the output voltage from each terminal of the
square-wave generstor is used only to cut off the associated dicée of V?,
it is not necessary for the two output woltages to be equal. v& is the
double=diode mentioned earlier, and Vs end its associated circuit
constitutc the valve-voltmeter. In this circuit is incorporated a
selection of filters whose time constants may be varied from 0.5 to 8
seconds,

Since the output of a lock=in amplifier depends on the phase angle
between the reference voltage and the signsl voltege, a phase~shifter is
incorporated in the reference voltage input, before V .

IA
Valves V} and V,, form the narrow=band emplifier circuit, incorporating

2
a twin=T rejector circuit.

A higher modulation frequency (285 c¢/s) was chosen for use in
conjunction with this instrument, as the signal to noise ratio is then
slightly improved (Found and Knight, 1950). This frequency was reduced
to 76 c/s when it was found that mechanicel vibration of the modulation
coils wes being transmitted to the cryostat, and thus causing instability

in the output from the lock=in amplifier.
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(6) Field Modulstion E

The original (25 ¢/s) generator is based on the design of
Bloembergen (148), and has been described by Eades (1952).

A second generator was constructed for use with the Cox lock=in
amplifier, It is a Wien bridge oscillator, employing two EF 91 valves,
and stebilised by means of a thermistor., The circuit diagram is shown
in Fige. 3. Circuit analysis shows that the generator frequency is given
by £ =1/2x RC. As with the narroweband amplifier, the value of C is
chosen to be 5000 pf, and the value of R may be calculated once the
frequency of operation hag been chosen. The frequency may be varied
over a smell range by means of the 50 k.n ganged potentiometer., For a
major chenge in frequency only the two resistances R need be changed.

Besides supplying the drive voltege for the field modulating equipment,
the generator supplies the low=frequency voltage necessary for the mixer
stage of the lock=in amplifier,

The field modulation equipment consists of a power amplifier capable
of delivering 15 watts at 25 ¢/s into the field modulation coils. The
circuit impedence increases with inereasing modulation frequency and
maximum output from the power amplifier gives a peak to peak modulation
amplitude at 285 c¢/s of L.25 gauss. The corresponding value at 76 c/s
is 9 gauss.

The oscilloscope sweep voltage is also obtained from the secondary

winding of the power amplifier output transformer, using a2 suitable phase~=
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shifting network.
Calibrations of the modulation coils and the field=shift were made,

(7) Field shift Calibration

The current through the field coils is measured by a millivoltmeter
connected across a standard 0.2 n resistance in the circuit., With no
current in the field coils, a liquid line is accurately centred on the
C.R.0. screen 'byl éltering the signal generator frequency. This frequency
is then accurately measured with the aid of a heterodyne frequency meter,
Type BC 221, This procedure is repeated for several values of current
through the. field coils giving fields greater or less than the permanent
magnet H,» The frequency shift for unit millivoltmeter reading may then
be calculated by inserting the known values into the equation hv , = 2uH,

The method of least squares gave a value of O.4L2 gauss/mV for the
field shift,.

(8) Calibration of Modulation Coils

A similer procedure is used to calibrate the modulation coils.

Vhen a sinusocidsl voltage is applied to the coils and also to the X=input
of the C.F.0., the trace is a linear variation of field, The liguid

line is observed at various positions slong the X-sweep for different
values of modulation current. The frequency difference is agein converted
into values of magnetic field, and the amplitude of the modulation is then

given in terms of the current flowing in the coils.
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In figures 4 end 5 are shown most of the electronic equipment,
The numbered units are as follows:
1. Twin=T bridge and cascode pre-amplifier unit,
2. Main pre-amplifier.
3. L.F, cathode follower matching unit.
4. Phasing and transforming unit supplying Xesweep for C.R.C,
5¢ L«F. generator.
6. Lock=in emplifier.

Above and below unit 3. are the signel generator and receiver

respectively. The other electronic units seen are the various power

supplies.

3¢3 The Cooling System

) eryostat suitable for use down to liquid hydrogen temperatures
was designed and constructeds It is drawn schemetically in Fig, 6
snd photographed in Fige 7e

The specimen to be exsmined is sealed in s thine-wzlled Pyrex tube
(1) of diemeter 6 mm., supported in the coil. A typicel coil consists
of 1L turns of 18swg copper wire, lesds of 1mm diameter copper nickel
alloy capillery tubing (2) support the coil, and conneet it electrically
to the main coaxial conductor., This consists of e 28 swg copper wire
(3) leading dovn the axis of a 6 mm thinewalled copper nickel tube
(4) supported st the top by & Kovar seal (5) end soldered at the bottom

to a short length of screwed wire passing through a perspex bush, The
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copper wire is connected at the top to a coexial socket (6), leading
to the twin=T bridge by a length of 75 ohm coaxial cable,

This unit fits into an outer tube of 25 mm diameter copper nickel
alloy (7), mede from the sheet metels This tube is secled at the lower
end, =snd the assembly rendered vacuum tight 2t the upper end by means of
an O-ring seal, The whole assembly is fixed to a rigid bress plate (8),
mounted =zbove the magnet, end supported by four levelling screws to ensure
accurate alignment of the sample in the median plane of the megnet gap.
Tubes =lso pess through the base=plate enabling the dewar to be pumped (9),
and to permit the entrsnce of trensfer-tubes (10). A wide tube above the
bese plate (11) leads to the vacuum system which consists of a rotary
pump, mercury diffusion pump and Pirani gauge,

Hesters are wound non=inductively on esch end of the specimen tube,
each consisting of 50 turns of 34 swg Fureka wire, connected to storsge
batteries. Betwcen each heater and the coil is ettached a coppere
constantan thermocouple, The leads from the heaters and thermocouples
are tied with thread slong the outside of the cosxial tube, and pass to
the connecting box (12) through a curved 6 mn tube in the top=plate,

The Dewar containing the refrigerant is specially sheped, being
narrow at the bottom to fit the magnet gap. It has a cepacity of one
litre, and is filled by trensfer from the storage vessel under slight

pressure.
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The Dewar is precooled with liguid nitrogen when using liquid
hydrogen as the refrigerant. Vhen the cryostat is filled with hydrogen
at a pressure less than atmospheric, thermal contact exists between the
specimen and the bath. The specinen readily atteins the temperature of
the bath, The temperature of the specimen masy be rsised sbove thet of
the bath by evscuating the cryostat and varying the heater current., The
equilibrium temperatures are sensibly constant over long periods of time,

It is possible to maintain a tempersture difference in excess of
100°K between the sample end liquid hydrogen bath. With such a large
heat input, the rate of evaporation of licuid hydrogen is of the order
of one litre per hour, However, with the more usual, lower, heater
currents employed, the eveporation rate is reduced to five hundred ccs.
per hour, which is considered most satisfectory for a single Dewar system,

Temperature measurements are accurate to 1°, except at the lowest
temperatures where the thermoelectric voltage developed varies less

repidly with temperature,



4, EXPERIMENTAL PEOGRAMME AND RESULTS
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Le.1 Experimental Progremme

It has been stated earlier that nuclesr megnetic resonsnce methods
can be used to yield informstion concerning molecular motions in solids.
Substances containing protons are most suiteble for such investigations,
since the high gyromsgnetic rstio of the proton ensures a reletively
good signal to noise rstio, Hydrocarbons asre especially suiteble,
since they have a8 high proton concentration, and the 120 nucleus has &
zero spine In addition to the absorption line shspe studies, spine-
lattice relexation time measurements yield further informetion concerning
reorientation frequencies 2nd the potential barriers hindering the
reorientation process,

Investigations of crystal structures by meens of X-rays normally
indicate the positions of the carbon atoms, and the proton positions are
a matter for conjecture. The local magnetic field governs the width of
the nuclear magnetic resonsnce absorption line, however, and this magnetie
field may be estimated from a theoretical consideration of the molecular
structure, Messurement of the second moment may then verify the
postulated positions of the protons in the chosen sample. Relatively
low frequenecy motion reduces the width of the sbsorption spectrum,

Such motion is evident in neutron =snd X~rsy experiments only when the
mean rate of motion is of the order of the incident frequency, say 10 180/8.

The choice of subjects for study by nuclear megnetic resonance methods
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is aided by 2 knowledge of physicael properties such as speecific heats,
infra-red and Raman spectra, Specific heat tresnsitions, for example,
may indicate the onset of molecular motion, which would give rise to a
narrowing of the absorption spectrum. The converse is not necessarily
true, however, since the absorption spectrum is only affected when the
mean reorientation rate is of the seme order of megnitude as the line=-
widthes Thus changes in the line-width need not imply the existence of
a specific heat anomaly,

Another important consideration is the purity of the samples.

Both the second moment and relaxation time may be affected; e.g. an
apparent narrowing of the anthracene spectrum wes found to be due to the
presence of an impurity (Rushworth 1952).

It was decided to measure the second moment end spine-lattice
relaxation times for 2 semple of isopentane. Experiments made on
straight-chain peraffins (Rushworth 1954 for vrample) have shown methyl
group rotation occurring even at the lowest temperstures, It would be
of interest, then, to examine the short, brenched=chain molecule,
isopentene, where the methyl groups are relatively close to one another,
Fotation of all three methyl groups leads to a low theoreticel second
moment, and it might be expected thet rotation of the branched-chain methyl
group would be inhibited to some extent by the close proximity of its

neighbouring methyl groups.
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Before commeneing sny new experimental work, however, it wss
necessary to resolve certsin difficulties which had become apparent
in the functioning of the spperatuse. The spperatus was essentially
that constructed by ‘ndrew, ¥ades a2nd Fushworth in 1950, and had been
in use with only minor improvements for eight years. 1A decrezse in
the signal to noise ratio and general stebility hed reduced the
sensitivity of the apparatuss

‘nother disturéing festure was that the output of the lock=in
amplifier = the first derivative of the absorption line=shape = displsayed
a steadily increesing shift in zero when the line was being treced out
(Fige 8)s The cause of this zeroeshift wes not obvious, end the remedy
obscure, It was essential, however, for this to be removed, since the
celcul=tion of the second moment is grestly influenced by the wings of
the sbsorption line (Zndrew 1955) and the experimentzl results might
then be rendered meaningless.

It wes thought that modulstion fregquency pick=up might cause this
zero=shif't, =snd filters were cesigned following Fobinson and Geiger
(1958)s  flthough the pickeup wes reduced, the main fault remained.

The various power supplies were then checked, and, elthough scme
showed instebility, there wes no evidence to suggest the cocuse., New

power supplies were instelled as they beceme available,
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The lock=in amplifier was itself unsatisfectory, since the output
was unstable and showed a considerable zero=drift even with strong
signals. Following the review article of Valley and Wellmen, it was
decided to construct an instrument besed on the circuit of Cox (1953),
described in section 3.2.

in alternative low=frequency generator was also constructed to
give a modulation frequency of 285 ¢/s, since an increased moduletion
frequency would give a2 slightly higher signal to noise ratio as mentioned
earlier,

These instruments were tested and found to perform satisfactorily,
but, although the zero=-drift wes largely eliminated, the zero=-shift
remained.

The fault was eventuslly found to be due to the Kovar seal in the
cryostat being slightly magnetic. This seal was situated between the
magnet pole~pieces, and the sample was therefore being drawn bodily
through the slightly inhomogencous magnetic field as the field was
being chengeds TWhen this seal wes replaced the spparatus showed no
zero=shift,

The original cryostat deseribed by Lawrenson (1958), had itself
been found unsatisfactory at temperatures between LO° and 60°K due to
an excessive "cold~leak" to the specimen from the liquid hydrogen bath
through the metal casing. A new cryostat wes therefore designed, and

has been described earlier,
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The apparatus was then in e fit condition for experimental work
to be undertsken, and Fig. 9 shows a typicel ebsorption curve with the
modified spparatus. There were, however, continual snags, breakdowns

and instabilities, some of which were never completely resolved.

Le2 Egorimental RFesults
The specimen of isopentane to be examined wes obtained from the

Chemical Fesearch Laboratory, Teddington, and wes quoted as having a
mole per cent purity of 100%, determined from freezingepoint measure-
ments, This was vacuum distilled from the standard ampoule into
several sample tubes of approximately 1 cc. volume specially made to

fit the nueclear resonance cocil,

Le2s1s Thermal Data

The specific hest (from 13°K) to the boiling point and the heat
of fusion have been messured by Schumann, Aston and Segenkehn (1942)
and repeated by Guthrie and Huffmen (1943). No specific heat transition
was found between 13°K and the melting point, but both suthors report a
slight anomaly at 70°K, where there is a small bump on the specific heat
curve, No possible explsnation was given for this by those suthors,
but it was thought that the n.m.r. line-shape might =21so be effected
by this peculiar anomaly.

The physical constants for isopentane were obtained from Timmermans

(1950)
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Terperature Heat of Melting
Freezing PFoint «159.9°C 17 cal/g,m.
Boiling Point 27.85°C

Le2.2+ Moleculer end Crystel Structure

Neither the molecular nor the crystal structure for isopent=ne have
been determined, Normel pesraffin structures have been investigated by
Miller (1928, 30, 32) using X-rey diffrection techniques. Using =

single erystal, he found the exaet structure of C The molecule

29 Yg0°
is composed of plene, zigezog chains of cerbon etomrs with tetrshedral
angles between the C-C bends whose length is 1.5k A. The unit cell of
the crystal lattice is orthorhombic, of dimensions a = 7.45 ?, ‘
b = L.97 "‘), e = 7742 E. The cerbon chains sre arranged slong the c-sxis
of the unit cell,

For lower members of the paraffin series Muller found thet the

structures were similer to that of C s With the = =2nd b dimensions

29 Heo
remaining the same, and the ¢ dimension showing en increasse of
approximately 2.5 ? for each additional CH2 gIOUp.

The spplication of Miller's results to the cslculetion of second
moments of long=chain hydrocarbons hes been discussed by /ndrew (1950)

In the work reported here, the molecular constents 2re essumed

similsar to those of isobutane, snd are cuocted from "Interatomic
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Distances" (1958).

C = C distance 1e54 £ 0,02 E

C = H distance 1.09 X
C=C=2C engle ‘l‘l1°.30‘I &0
H = C = H angle 109°2B‘I

Le2.3 Lbsorption Spectrum

The lineewidths ~nd second moments of the resonance curves were
determined from messurements of the recording meter traces. These
traces give, in fect, the first derivetive of the true sbsorption line,
es has been shown earlier.

The line=widths, defined as the intervsl between positions of
maximum end minimum slope, were measured in geuss from 20°K to the
melting point, and are plotted ageinst temperature in Fig. 10.

The second moments were celculated from the derivative curves in
the menner of Pske =nd Purcell (1948), the trapezium rule being used
to perform the numericsl integration. A computer programme was devised
for these cslculations, and asppears in the Appendix,

These experimental values for the second moment must be corrected
for the broadening of the absorption line caused by the finite
modulation of the megnetic fields It was shown by Andrew (1953) thet

if s}

> is the experimentally measured velue of the second moment, the
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true velue, 82, for the second moment is given by

1 1, 2

8. =8 hm

e®% * i
where hn is the modulation amplitude.
The varistion with temperature of the second moment of isopentane
is shown in Fig. 11 It will be seen that both the second moment and
line=width values suffer no appreciasble change from 20°K to the melting
point, apert from the slight increasse with decrease in tempersture,
attributeble to thermal contraction of the lattice. The specific heat
"bump" is not reflected in the n.m.r. lineeshape measurenments.

Lhe2.he Spin-lattice Felaxation Time lMeasurements

The spin=lattice relaxetion time, T,, was measured at temperatures

1 ]
between 20°K =nd the melting point, The experimentsl values are shown
as a function of tempersture in Fig, 12.

Two methods were used for the measurement of T1, and have been
described by Bloembergen, Purcell and Pound (1948). The actusl method

used depends on the value of T, itself, since this could be measured

1
directly for times greater than sbout 30 seconds. This method consists
of observation of the recovery of signal strength efter the sample has
been saturated, noting the graduasl increase of the output meter reading,
For times less than 30 seconds, the progressive saturation method is used,

in which the signsl strength is measured for greduaslly increasing radio=

frequency fields, This method gives relative values of T 4 but these
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are convertible to ebsolute values provided the direct method is used
at a common temperature,

In the direct messurement of T1, a high redio-frecuency level is
used in order to saturate the specimens In equation i2 for the
population ratio, the factor 1'2 H’_i . T1T2 becomes very wuch greater
then unity, snd the observed sbsorption intensity falls to zero.

The radio=frequency level is then reduced by 2 factgr of 100, and the
subsequent regrowth of the signal observed on the recording meter,

The slope of a plot of the meter resding sgeinst time on semielog paper
then gives the value of '1'1 at the temperature messured. This process
is repeated at other temperatures for which T1 is greater than 30
secondse

For lower values of T1, the indireect, progressive saturation
method is useds The basic assumption made here is that the intensity
of absorption is proportional to the degree of saturetion. This implies
that, from equation 12, when “/n, = %, or 1'2H12T ,T, = 1, the intensity of
the absorption signal is halved, At temperstures denoted by A and B we

should then have the relation between the relaxation times:

(H, 2T1T2)ﬂ = (H12T1TI)B (13)

where H1p and H1 are the rsdio=frequency smplitudes which reduce the

B
cbserved signal to half of its meximum velues at temperatures » and B
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respectively. The ratio of the spinespin relaxation times is obtained
from the inverse ratio of the line=widths at the two temperatures, and
H1 is proportional to the measured output from the signal generator.

Equation (13) mey then be expressed

(T1)B _ (V‘h)2 AEy
), T TR ~ (14)

where Vﬁ, VB are the signal generstor radio=frequency voltage levels
corresponding to (H1 )“ (H1 )B' This method therefore gives relative
velues of T1, end the proportionelity factor is obtained by messurement
of T1 at a2 tempersture where both methods can be used, in this case =t
60°K where T1 is found to be 39,7 seconds.

There are two sspects concerning the progressive saturstion method
which may sffect the sccurscy of the measurements (‘ndrew, 1955).
First, the progressive sseturstion method a;plies only when W mT1 P 1
or wnl, >1, where Lm/2r is the modulation frecuency. The latter
condition is true for the values reported here. Secondly, this method
assumes that the line-shape (linked with ‘I‘2) remains constant during
saturstion, This is not necescsarily true, since the =mount of
saturstion will vary with the position in the ebsorption line, A
knowledge of the spinespin relexation time, T2, is required in this

method, and T2 is directly related to the normslised line=shape.

Chenges in line=shepe during saturetion will then af'fect the result,
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since T2 is teken in these messurements to be proportional to the
line=width in the unsaturated state.
L.3 Discussion of Fesults

Le3.1 Absorption Spectrum

The experimental velue of the second moment of isopentane, taken

as 15.0 + 1 geu532 at €0°K, must be compared with the theoreticel rigid=
lattice value,

The calcul=ation of the theoretical second moment mey be split into
two parts = the intramolecular contribution, due to neighbouring protons
in the seme molecule, snd the intermolecular contribution from protons
in neighbouring molecules. Knowledge of the molecular and crystal
structures is therefore necessery for this celculation to be performed
accurately.

The intrsmolecular contribution to the rigid-lattice second moment
hes been calculated using the projected molecular configuretion detailed
in Sect. L4.2.2, and following the theory outlined in Sect. 2.2, A
computer programme was written for this ealculstion, and eppears in the
Appendix, The rigid lattice value found by this method was 25.2 gaussz.

It is impossible to calculete exactly the intermolecular contribution
to the second moment without a knowledge of the crystal structure.
Mndrew and Bades (1953a) made an estimete of the intermolecular
contribution to the second moment of ne~hexesne =snd obtained a vslue of

9.6 gaussz, with =n uncertainty of 1.5 gausaz.
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This value has been used for other hydrocarbons where the degree
of molecular packing is similaer (FRushworth 1954, Lewrenson 1959,
Hoch 1963). This similarity is shown by the approximete equelity
of lattice energies, = rough value of which is furnished by the sum
of the hests of veporisation, fusion =2nd trensition. Values for
n-hexesne and iso-pentene are 115 cal/gm. and 99 cel/gm. respectively
(Timmermens 1950), indicating = slightly lower degree of packing in
isopentene. It might then be expected that the intermoleculer
contribution to the second moment for isopentsne will be of the same
order as, but slightly less than that for n-hexane., /Accordingly, the

value for isopentane is taken as 9.6 gaussz, with an incressed

l/
uncertainty of 4 2 geuss

The total thecreticel rigid letticelsecond moment is thus tsken
as 34«8 + 2 gauas2, to be compered with the experimental value of
15+ 1 gau532 at 66"1(, a value which itself is less than the rigid
lattice intramolecular second moment, This large discrepancy of
19.8 gau332 between theory and experiment implies that the molecules
cannot be completely rigid in the lattice, 2nd possible f‘omg of
molecular motions must now be considered, These motions msy be:

(a) reorientation of the molecules sbout their long exes,

(b) reorientation of one or more of the methyl groups sbout

their C-C axes,

The effect of rotation of the whole molecule on the intremolecular
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contribution to the second moment cen be celeculated on the basis of
the theory outlined in Sect. 2.2.

This contribution is reduced from 25.2 to L.2 gauaaz, a reduction
of 19.0 gau552 to which must be added the reduction in the intermoleculsr
contribution. The total reduction would then give a very low value
for the theoreticel second moment, and such a mechenism is therefore
considered unlikely, It might be considered, however, that only a
fraction of' the protons are rotating - for example, one half of the
molecule rotating with respect to the other = in which case the average
intramolecular contribution would be reduced by an smount less than
19 gaussz. Although such a mechanism cannot be ruled out, it is
considered unlikely in view of the results alresdy obtasined from other
paraffins.

Fotetion of the methyl groups sbout their end C-C axes must now
be considered, For cyclohexsne, Andrew snd Eades (1953b) calculsted
the effect on the intermolecular contribution due to rotetion of the
molecules 2bout their triad axes. This theory may be applied to
determine the effects of rotation of the methyl groups on the
intramolecular contribution here, end has been described in detail
by Eedes (1952).

The reductions in the intramoleculsar contribution to the second

moment were czlculated for combinations of the three methyl groups



(40)
rotating. The reductions found were:

(1) 1.7 gau332 for both end methyl groups rotating

(2) 6. gauas2 for the side-chain methyl group rotating

(3) 15.9 gausa2 for all three methyl groups rotating. -

It would sppear from these results that the most likely form of
motion occurring in isopentene is the one in which all three methyl
groups are rotating. The total reduction of 19.8 gauss2 required to
matéh theory with experiment, would then comprise the 15.9 gausaz
reduction in the intramolecular contribution, snd = reduction of
3¢9 gauaaz in the intermoleculsr contribution., This letter value
seems reasonable in view of velues eslready obtained for n-pentane,
n=-hexane and n-octane of L.4, 3.7 and 4.8 gauss2 respectively.

In the csse of n=butene, however, Hoch (19€3) has found the
reduction in the intermolecular contribution to be 2.1 gaussz.

The ecuivalent reduction for isopentane (which may be considered to

be the nebutene molecule in which 2 hydrogen in a methylene group has
been replaced by 2 methyl group) would be expected to be greater, since
nine out of the twelve protons in each molecule sre moving.

The theoretical second moment for isopentene, when all three
methyl groups are roteting, would then consist of en intrsmolecular
contribution of 9.3 gausag, and sn intermolecular contribution of

5.7 gausaQ. This gives 2 value of 15.0 gaussz, asgreeing with the
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experimental value et 60°K, thus confirming that motion of the side-chein
methyl group cennot be greatly hindered due to its position.

Le3.2 Felexation Measurements

Spin-lattice relaxation time measurements yield further informetion
about reorientation processes. Such reorientation is one of the most
important relexstion mechanisms,

If the reorientation process can be described by a single correletion
time, T , it cen be shown (Bloembergen, Furcell end Found, 1948) that the

relation between T‘1 and to is of the form

s C [+] 4 c

where “/2x is the radio-frequency, and C is o constant. If the
reorientation process is hindered by a potentiel barrier of height E

per mole, the variation of tc with temperature should be of the form

Ty = To e (/) (16)

where R is the gas constant per mole,
If, further, we consider only conditions where wtc >>1,

equation (15) simplifies to
r o= 2% (17)

1 2C
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Substituting for T oq"roi:n (14) then gives

T,o= 2l e (RE) (18)
2C

2
log/w“To E
or log T = . i
g T, [[—) * o loge (19)

A plot of log T1 ageinst 1/’1‘ should then give a straight line
whose slope gives E.  For isopentene, & streight line is obtained for
temperstures between 60°K and the melting point. This is shown in
Figes 13, /! least squares calculation, for which s computer progremme
eppears in the ‘ppendix, giveas the slope from which the barrier height,
E, is found to be 1.92 k cal/mde.

Equetion (15) hes & minimum value for «T . 0.62, and the

expression for T 4 then reduces to

(T1) min = _0_.1(1:_ (20)

If a minimum is found in the T1 vs temperature curve 2 value of
C mey be determineds, Values of T. corresponding to the various T1
values can then be obtsined using equation (1?;). A graph of log
ageinst 1/T should then give a straight line, and a value of E may
then be calculeteds This method is not strietly spplicable to the
experimental results quoted here, since an extrapolation would be

necessary to give the minimum ‘I‘1 value,
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The relative lack of variation of T 1 below 60°K is expleined
from another viewpoint. A consideration of the small mass of the
proton, and the relatively low potential barriers to rotation led
Fowles and Gutowsky (1955) to propose that the methyl groups reorient
more by qguantum mechanical tunnelling through the barrier than by
classical rotation over the barrier.

The theory of Bloembergen, Purcell and Found (1 9!;.8), modified
by Solomon (1955), is used to cslculate the proton spinelattice
relaxation time for methyl groups undergoing hindered rotations and
molecular tumbling motions in solids, essuming Debye spectral density
functions for both motions. It is essumed also that there is no
intersction between neighbouring methyl groups, and that the barrier to
rotation is sinusoidal and time independent.

In the case of methyl group reorientation and molecular tumbling,
considering dipolar interactions only within a2 given methyl group,
the modified version of equation 15 is written (Stejskal & Gutowsky,

1958):

=[§x‘*h26][ 4T g i 16T o4
1

s A
T J-l-o“l'c. 1"‘!..}0&'& cl 1 +Ll\)°‘2tc12 (21)
9 g g 1+ bt

where Y, is the H-H distance, [ - is the correlation time for the

2
a2
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molecular tumbling, T o 1s the correlation time for methyl group
reorientation, given in terms of the tunnelling frequency, Vi, as

(Powles & CGutowsky, 1953)

T = Vv, (22)
[+

and tcz -1 = [1/'[ a 1/’5 c{l (23)

If methyl group reorientations are important only, T o is set

equal to infinity, and equetion (21) reduces to an expression for T 4
having a single minimum, for which value w’to = 0.61.
If, further, we consider only conditions where w'tc »7 1, ecuation

(21) reduces to

1. oh 2
T = B (2)

1 v 8

Combining equations (22) =2nd (24), we then have the expression for

the tunnelling frecuency in terms of T1=
20 . i.oc.z"rc 6 1

9% Y& he T, (25)

Stejskal and Gutowsky also calculated the variation in the

tunnelling frequency with temperature for various values of barrier

height., A plot of log Yt against 1000/T yields a regular family

of curves, whose slopes and infinite temperature limits sgree with



(45)
clessicel thecry in the higher tempersture region, At lower
temperatures, however, there is a discrepsncy between classical and
quantum=mechanicel predictions, as the lines éurve,'Vt decreasing
asymptotically towards the limiting velue of the ground torsionel
stete,

Stejskal, loessner, Ferrer =nd Gutowsky (1959) sprlied the
tunnelling theory to measurements of line=widths end spin=lattice
relaxation‘times for several compounds conteining reorienting methyl
grou; s. /1though 2 considersble sgreement was found with the
tunnelling theory for seversl compounds studied, this was not the
cnse for neopentsne, the more compact isomer of isopentane. Here
the basic assumptions thet the potential barrier to rotetion is
sinuseidel snd time independent cennot be valid, since the interproton
distences within 2 given methyl group sre comperable with those between
neighbouring methyl groups(1.718ﬂ ;3 and = meximum of 1.83?63)5
respectively, for isopentsne). There will therefore be a grest desl
of intersction between neighbouring methyl groups here,

/n application of the tunnelling theory to the measurements of
spin=lattice relexstion times for isopentane leads to an spparent
berrier height of 3.65 Kecel in the temperature region sbove 60°K, =nd
L.9 Keal below 60°K.

The value of 3.65 Keel must be compaered with the value for the

barrier height of 1.92 Kezl obteined from the classiesl sctivation
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energy c=lculation, /s hes been pointed out esrlier, the tunnelling
theory cennot be expected to be valid where there is interaction
between neighbouring methyl groups, 2s there is in neopentane.
It would be ressonasble to assume here thet the interlocking, or
"cog=wheeling" of neighbouring methyl groups would lead to a lowering
of the effective barrier height predicted by the tunnelling theory,
and that the value predicted by the elassical calculation is to be
preferred for such motions. In their paper, Stejskal et al stoted
thet "the situation here is sufficiently complex that it would perhaps
be better to stop with the classical sctivation energy, =nd let well
enough elone", whilst referring to neopentsne.

rt low temperatures, however, the coge=wheeling mechanism may
not credominste and the methyl groups night then act as if they were
effectively independent. Tunnelling theory would then be more
physicelly realistic, and the value of L.9 Kcal o'bfained would represent
the real barrier to the motion of a2 methyl group in isopentane, This
value agrees with the general range of barrier heights predicted by
the tunnelling theory, 5 to 6 Kecal, quoted by Fowles and Gutowsky
(1955) «

Hoch (1963) has spplied tunnelling theory to the relaxation time
results obtsined for n-butenes The values obtained =re very similar
to those of isopentane, as is the dissgreement with classicel theory.

The short distances between methyl groups here mey lead to a form of
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cog=wheeling 2s suggested for isopentane,

The results for nebutane and isopentane show that further work
is required to investigate the effects of the intersctions which
must occur between neighbouring methyl groups in such short, tightly
packed molecules, The separation of the methyl groups in 2 molecule
of nebutane is less than 5 ? end the closest apvrosch between neigh=
bouring methyl groups in a crystal of n=pentane hes been estimeted as
0.53 R, bosed on the X=ray work of Niller (Fushworth, 1954). This
low velue is inconsistent with the vslue of the ven der Waals radius
for the methyl group, and ¥uller hes suggested ways by which this
distance could be eased.

It would also be of interest if low tempersture X=-ray studies of
these and similer hydrocarbons were mesde to give & clearer picture of
their crystel structure, This would enesble more accurste calculations
to be made for the intermolecular second moment, =nd =1so throw more
light on the reorientation processes which occur.

lore informetion is gained from lineewidth messurements when
transitions are observeds The second moment of isopentane is much
less then the rigid lattice value even ot 20°K, and it would be
necessary to extend these measurements to liguid helium temperatures
to investigate whether the line broadens, or methyl group reorientation

is still evident at these low temr erstures.



5. ESUMMARY



(18)
5 Summary.

The existing esppesratus has been overhruled and modified, new
equipment being introduced =s it beeczne sveileble, In an effort to
eliminate the msjor frult in the ep arstus, the zero shift in the lock-
in amplifier output, a2 new lock=in smplifier snd sudio=frequency
generator were constructed. The fzult was eventually treced to a2
megnetie component in the existing cryostat,. The cryostat wes
considered unsuitable for messurements at temperstures below LO°K,
and consecuently a cryostet in which these foults were eliminated wess
designeds This wes found to give good results even at the lowest
temperstures.

The nuclenr negnetie resonsnce sbsorption spectrum =nd =pine
lattice relaxation times for isopentone have been studied =t temperstures
from 20°K to the melting point.

Second moment reessurements indicste reorientation of the three
methyl groups sbout their C=C sxes, even et 20°K, Spin=lettice
relsxetion time messurements were used to determine spproximate values
for the barriers restricting reorientetion, espplying both classical
and tunnelling theories. Discrepancies with theory sre discussed.

In conclusion, the suthor would like tc express sincere thanks to
Dr. ¥.’s Tushworth for his guidence and encoursgement during the course
of this work; to Professor J.F., /Allen, F.F.Ss for his interest =nd

advice on the construction of the cryostet, to Vr. J. Gerrard for his
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assistance with the photography and supplies of components and
materials, and to the technical staff for their help and co=operation

at all times.,
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6. Appendix = Computer Programmes.

6.1 Introduction.

Many of the calculstions necessary in this research programme
are simple, in essence, but require to be repeated many times.
These, and other more complex problems were solved by the Ferranti
Sirius Computer at the Heriot-Watt College, Edinburgh.

Sirius is a smell decimal computer. In ite basic form it has
a store of twenty nickel delay lines, each of which consists of
fifty locations. It therefore has a2 total cepacity of one thousand
1ocat§.ons. Each computer location holds ten decimal digits. These
digits represent either 2 number or a computer instruction. Informe
ation is fed into the computer and extrscted from it by means of a
five-channel punched paper tape.

The basic frecuency of the mechine is & Mc/s, with & word-time
of 80 ps.

The computer programmes listed here sre written in the Autccode
languege of the Sirius, but these mey be converted without difficulty
into the code of another computer, Ref'erence need only be made to

the corresponding coding menuasls (Ferranti 1962).

6.2 Experimental Second Moment,

In section 2,2 it was shown that the second moment is given by
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the expression

fﬁhj a £(h) dh
&

Lamye =1 IE d_g}%)dh (7)

The quentity 4 f(h)/dh = F(h) is precisely the reading of the
output meter, in erbitrary units. The integrals are evaluated

directly using the trespezium rule:

3
. . é h” F ’h!
Second VNoment = 3 2 h ¥ (h

The prograume (Fig. 14) prints out this result for the second moment
using the datz tsken from experimental curves.

Data is read in as the velues h1 essseh , followed by the
corresponding values F (h) ..... F(hn), both sets in arbitrary units.
The result is converted to units of gauss2 using the calibration pips
on the experimental curve snd the f'ield sweep calibration.

The modulation correction outlined in Sec. Le2.3 is then appiied

to give the corrected value for the second moment.

6.3 Standsrd Deviation.

The mean value, stendard deviation, and coefficient of variation
(Top;"ing) of & set of results mey be obteined from this programme
(Fig. 15).

Deta is reed in a8 the values of the quantity x1 sesse xn, taken

i
in any order, followed by the frecuency of occurrence, f, «ceee fn’ in

1



12;1
4) VI=TAPE®

—_—

ruI—.‘ O/

1n4=no
2=y
Viog=lg
VIcI=0
VIO3=0
Vicg4=o
viob=o
I)Vico=¥n2
Y101="101tV100
Vioa=vrooXt1oo
vro3=Vio3+Vroz
i a=lz—x

1411270

v1o1=v:ox/vzog
PRINTvIor, 3063

X2) V1o 4=v104+UN Y

nag=ta—1

2, 4#N1
V10 4=%104/ V109
PPI“szor,,06)
3}0?06—1?0”“”:
Uio6=U106+V103
no=tlo—z
Pz"”z—z

T+ HBX#0
v:o;=vzo:xvzo4
Vio7=¥i07XVI1og
vro8=vioIXviox
vio8=v108XVi0g
V106=V106~0107
V103=V103-V3x08
Viob=v106/V103
PRINTv106,3063
@

(o)

Al als als Al NI2 s Als S e
Fha G A0 N S i e s .\‘- '\‘ . +i

{-
6
%
€
€
¢
€
$
£
2€
¢



(52)
the corresponding order,

This programme was used to give the mean values for all the

results quoted in this thesis.

Eel4 Gradient by Leest Scusres.
The best streight line through a set of points is determined

by this programme,

For the Simple case where the relation between x and y is assumed
linear, and the values of x are accurately known, it is found that
(Braddick):

(2) The best straight line passes through the centre of gravity

of the N points, i.e. through the point whose coordinates are

i =53 5 &
N N

(b) The best slope is given by

“w Sty =N
2
S %y = N

This programme (Fig. 16) prints out in order E, ;' and me Data

i
] KPF

i

is read in as X, sceee Xy followed by the corresponding values

y1 sssese ynl
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6.5 Intramoleculsr Second Voment,

It has been shown in fect. 2.2 that the Ven Vleck formuls for

the rigid lattice intramolecul=r second moment reduces to
s = 3—1%2 - T = (9)
Jk

This progromme (Fige 17) prints out, in order, the inter-proton
distences in ‘ngstrom units, the sum of the inverse sixth power of
these distonces, cnd the vslue of & given by equation (9), for
isopentsane,

Deta is resd in as the coordinates (x1, Fys 2y evee Xins Yoo 512)
of the protons, tsken in order.

Fig. 18 shows these results for isopentsne.
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