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1. INTRODUCTION,

Nuclear Magnetic Resonance applied to the Study of 
Single Crystals.

Since its discovery in 1946 over 400 papers have been 

published on nuclear magnetic resonance of which more 
than 50$ are related to problems in the structure of 
matter. This fact illustrates the scope of this 
comparatively new technique in the field of structural 

investigations. In addition nuclear magnetic resonance 
can give information concerning molecular motion in the 
solid state.

The work reported in this thesis is concerned with 
this field of research. An account is given of the 
application of nuclear magnetic resonance to the study 
of single crystals of Urea and Rochelle Salt.
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SECTION S.
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3.

2. THEORY

2.1. General.
Nuclear magnetic resonance Has several features in 

common with the celebrated experiments of Rabi and his 
co-workers on atomic and molecular beams. Both techniques 
require a large steady magnetic field with a small 
rotating magnetic field polarised at right angles to the 
large field. In addition, the detection of tne reorientation 
of magnetic nuclei in the applied field is effected in each 
of the two methods.

If a nucleus witn spin I and magnetic moment ytz is 
placed in a magnetic field Ho it can easily be shown that 
the magnetic moment vector (or angular momentum vector) 

will precess with angular frequency

<^> - ” 3 ( x*\c ) (2.1)

where g is the so-called ’g-factor1 or litting-factor1 
of the nucleus in question and M is the mass of the proton, 
e and c having their usual significance. The value of

is independent of the angle betweenand Hq and is 
called the Larmor precession frequency.

The potential energy associated with a magnetic moment
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yif in a magnetic field is given by (apart from an 
additive constant)

f ~ (2,2)

where ytr is the component of along the direction of the 

magnetic field HQ and is given by

= fe-3>

where m is the magnetic quantum number m=I, I-l> .... - I. 
Therefore the energy associated with the state characterised 
by m is

E. (( 2 /Vvc )//Q ( ^ • 4 )

Since the nucleus with spin I is subjected to a magnetic 
field the ’spin’ vector has 21+1 allowed orientations 
and so the nucleus must have 21+1 energy levels accessible 
to it-each fixed by a value of m. These levels are called 
Zeeman levels since they are similar to the Zeeman levels 
found in atomic physics.

By further analogy with atomic physics we can introduce 

the Bohr frequency condition

A E (2.5)
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and postulate transitions between these Zeeman levels 

subject to the selection rule ± / . Therefore
combining eq. (2.4) and (2.5) and writing

z K (definition of nuclear magneton) (2.6)

the frequency emitted or absorbed by a nuclear dipole 
is given by

Va = 9 (2’7)

and X>o = Larmor frequency/i rr. For magnetic fields 

obtainable in laboratories V falls in the region 1 Mc/s 
to 40 Mc/s. Thus if a sample containing magnetic nuclei 
is subjected to both a steady magnetic field and radiation 
at the Larmor frequency transitions between the energy 
levels can occur with the absorption of energy from the 
applied radiation. This briefly is the process of nuclear 
magnetic resonance.

Since the transition probabilities for emission and 

absorption are equal a net absorption of energy will occur 
only if there is a majority of nuclei in the lower energy 
levels. In this thesis the magnetic nucleus of interest 
is the proton with I = |. Hence there are 21 + 1 = 2 

energy levels corresponding to parallel or antiparallel 
to the magnetic field HQ , the parallel position



corresponding to the state of lower energy. The population 
of the two energy levels follows a Boltzmann distribution 
so tnat there is a surplus of nuclei in the lower energy 
state. This surplus can only be maintained if there is 
some mechanism whereby nuclei which have been pushed up 
into the higher energy state can ’relax’ into the lower 
energy state. This mechanism is called ’Spin—lattice 
Relaxation’ and is a process whereby energy is exchanged 
between tne nuclear spins and the lattice. This process 
is characterised by a ’spin-lattice relaxation time’ T^ 
which can be regarded as a measure of the efficiency of the 
interaction between the spins and the lattice.
As long as the spin system does not saturate i<e. when 
the spin-lattice relaxation cannot maintain the population 
difference of the energy levels against the applied 
radiation, then a net absorption of energy by the spin 
system will occur. It is from a study of the absorption 
line shape and the relaxation time that information 

concerning molecular and crystal structure and molecular 
motion is obtained.

6.
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In order to understand fully the work reported here, 
it is now necessary to examine the absorption spectrum 
and the spin-lattice relaxation process in greater 
detail.
2.2. Spin - Spin Interaction.

As discussed in the previous section, a substance 
containing magnetic nuclei which is subjected to a strong 
magnetic field displays a resonance absorption at some 
radio frequency. As illustrated by Eq. 2.7 the frequency 
at which this absorption takes place depends only on the 
strength of the magnetic field and the so-called g-factor 
of the nuclei in question. Therefore in the ideal case 
of a system of isolated spins the magnetic absorption 

spectrum would consist of an infinitely narrow single 
line. However, ideal cases, as in most branches of physics, 
are strangers to the field of nuclear magnetic resonance 
and this simple picture is modified greatly by various 
mechanisms.

For any one type of magnetic nucleus from Eq. 2.7 the 
frequency at which absorption ta&es place depends entirely 
on the magnetic environment of the nuclei. Therefore, if, 
in the system of nuclei, the ’effective’ magnetic field
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varies from point to point, different nuclei will find 
themselves in different magnetic fields and resonance will 
occur over a band of frequencies. In practice it is 
found that all resonance lines are broadened out over a 
certain band-width due, in the main, to an inhomogeheous 
magnetic field in the sample. The cause, however, of this 
inhomogeneity may vary for different samples.

In crystalline solids the breadth of the resonance line 
is almost entirely due to interactions among neighbouring 

spins. If a crystalline sample is placed in a magnetic 
field then the total field experienced by any one nucleus 

consists of the constant applied field Hq plus local 
magnetic fields produced at the nucleus by the magnetic 
moments of neighbouring nuclei. This can be expressed by 
the equation

H (e.e)

These neighbouring nuclei can be considered as small 
magnetic dipoles (in this thesis we are only concerned 
with protons, I = |) of magnetic moment and thus 

will depend on the relative dispositions of these dipoles.
I I depends on , where r is the

inter-nuclear distance, and is generally of the order of 
a few gauss •
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Since the interaction between neighbouring magnetic 
nuclei falls off as the inverse cube of the distance 
separating them, any one nucleus is only affected by 

its nearest neighbours.
Considering now the simplest case possible, that of 

two interacting nuclei occuring asiisolated pairs it can 
be shown that H .varies as where Q is
the angle between Hq and the line joining the two nuclei. 
Therefore, in the case of a system of isolated pairs of 
protons, the field at one proton can be written as

// - Ho ± -/)

where the Z sign accounts for the two possible values 

of the component of the partner * s magnetic moment in the 
direction and X is a parameter which depends on r, the 
separation of the protons. This picture gives a pair of 
resonance lines symmetrically disposed about the frequency 
at which a simple resonance would occur. By measuring 
the line separation for such a system of proton pairs the 
distance between the protons could be measured and therefore 
some idea of the positions of the protons in the crystal 
lattice could be obtained. Excellent agreement between the 
above theory and experiment was found by Pake (l) in a 
single crystal of gypsum, CaSO^/SH^O, when allowance was made
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for the small broadening effects of magnetic neighbours 

outside each proton pair. Similar methods have been used 
by Itoh et alia on several other single crystal hydrates 
e.g. reference (2). It will be seen later that in the 

case of Urea the protons approximate to a two-spin system 
and that a useful check on the proton configuration can 
be obtained by measuring the splitting of the observed 
resonance line.

It is important to note that the nuclear configuration 
considered so far has been regarded as rigid in so far as 
the positions of the nuclei are effectively stationary for 
times of the order of 10 seconds. It is well known that 
if the lattice is rigid by this criterion, then the shape 

and width of the absorption line hardly differs from that 
which would arise from a completely stationary arrangement.

2.3. Second Moment and Molecular Structure.
The addition of even one more nucleus to the interacting 

pair considered in the last section increases the complexity 
greatly and the general spectrum of N(N>4) interacting 

spins more or less defies solution. For simple cases 
containing not more than three nuclei per unit interaction 
cell detailed perturbation calculations can be made and
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examples of this type of work are given in references 3,4, 
and 5. An elegant analysis of the experimental data from 
the line structure is possible, however, due to a theory 
developed by Van Vleck (6). This theory relates nuclear 

orientation and the mean square width of the absorption 

lines. For any postulated spin configuration the so-called 

’second moment’ of the line shape can be calculated. The 

second moment is defined as the mean value of the square 
of the frequency deviation from the centre of resonance, 

the average being taken over the shape function.
The line shape is taken to be a function g(^) so 

normalised that

( V) d V = / (2.10)
-oO

Then if Vo is the resonance frequency, the second moment 

is
oo

<(ziV)2'^ = j ( V- vo)Xy(v) d v (2.11)
-oO

Technically the magnetic field Ho is varied in magnetic 
resonance as opposed to varying the frequency of the 
applied radiation and so it is convenient to express the
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second moment in terms of gauss2. x
Second moment = <f f Zl //J > = X (X+ l)N*

* <>4

where

f * \ Z}5^(2.12)

< (av) > - 9 /C <</)//>?
CLyr J / >V

The symbols in Eq. (2.12) are defined below :

g,I Nuclear g-factor and spin of the nucleus at

resonance
g , I Nuclear g-factors and spins of the other nuclear 
r f-

species in the sample
r Length of the vector joining nuclei j and k
N^ Number of nuclei at resonance which are present

in the group to which broadening interactions are 
considered to be confined in evaluating <<z) H) >

For a polycrystalline sample where the constituent 
microcrystals are randomly distributed the factor (3^0. - I ) 

is averaged over a sphere and the expression for the second 
lent redu<
<

moment reduces to

Both formulae have been used successfully (see references

- c
<Ur

-c (2.13)

3, 4, 7 ) before and both have been used in obtaining the 

results reported here.
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In the case of the proton, where the spin and g-value 

are known, computation of the theoretical second moments 
merely involves a knowledge of the lengths and orientations 

of the inter-nuclear vectors. Experimental second moments 
can be found from the experimental line shapes, as shown 
by Pake and Purcell (8) and comparison with theoretical 

values can confirm or deny any assumed structure.
In general, the most information is obtained by a study 

of line shape combined with the angular dependence of the 
second moment in single crystals and is illustrated in the 

sections dealing with Urea.
2.4. Spin-lattice Relaxation.

Before a sample is placed in the magnetic field Ho the 
magnetic nuclei are randomly orientated and the Boltzmann 

factors for the various energy levels are almost unity 
(not quite due to the presence of the earth’s magnetic 
field). Thus when the sample is thrust suddenly into the 
field some of the nuclei in the higher energy states must 
get rid of some energy to restore equilibrium. They do so 
by giving up energy to other degrees of freedom in the 
system i.e. to the ’lattice’. The actual mechanism of this 
’relaxation process’ is relatively unimportant in the
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problems to be discussed. It is, perhaps, sufficient to 
state that this process is not due to normal thermal 
vibrations of the lattice and that Bloembergen et alia 
(9) showed that more general types of lattice motion, when 

excited, are effective in bringing about spin-lattice 
relaxation.

The establishment of equilibrium follows an equation 
of the form

=. ( Z — e. * ) (2.14)

for nuclei of spin J where n is the existing difference 

in population between the two levels and nois the 
equilibrium value of this difference. Tj_ is defined as 
the ’spin-lattice relaxation time’ and is the time required 
for all but //e of the equilibrium excess number to reach 
the lower energy state. Thus T1 can be regarded as a 
measure of the interaction between the nuclear spins and 
the lattice. The value of T^ is characteristic of the 
sample and ranges from 10 tolO sec. for different 

materials and conditions. Since the relaxation process 
arises from lattice motion it is not surprising that a 
study of Tn should provide information about such motion.

Taking the process one step further a study of T-, yields
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information about group reorientations in solids which 
displace the nuclei much more than thermal vibrations 

and so lead to short values of T-^. Examples of this 
type of work are given in references (10,11.)

Eq. (2.14) can be written in the form

dLsr\s ^0 -

(2.15)

where^jis the rate of approach to equilibrium. Taking 
into account the effect of the applied radiation which 
induces transitions to the higher energy state, this 
leads to

/ X-*—t
W, . = -i- V *" a (

and represents the probability of a single transition 
(the factor 2 arises since the excess number n changes 

by 2 for each transition).< In the above expression Y 

is the nuclear gyromagnetic ratio, is the amplitude
of the applied radiation and g(v) , the maximum value 
of g(v)> is expressed in terms of a quantity Tg

(2.16)

\ * 3 Cv) (2.17)
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T2 is the so-called ’spin-spin'relaxation time’ and, as 
defined by Eq. (2.17), is a measure of the inverse line 

width of the absorption line.
In the steady state i.e. —= O a combination of the

above equations yields
______/_____ _
y (2.18)

which shows that the absorption intensity is reduced by 
a factorH, ^Tfjin presence of the applied radiation, 

assuming that the intensity is proportional to the excess 
number n. Eq. (2.18) leads to a method of measuring 

as will be seen in the section dealing with Rochelle Salt. 
The above theory is developed fully in reference (9)•

A combination of line-width study with that of spin- 
lattice relaxation time variation can give valuable 

information about molecular or atomic reorientations in 
solids (see references 12, 13) and an approach of this 

type was made on Rochelle Salt (see later) in studying 

the ferroelectric properties of this crystalline solid.
2.5. Summary.

In this section the general theory of nuclear magnetic
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resonance has been reviewed and 
to the method of application to 
in later sections. Any further 
given in the appropriate section

some indication given as 
the problems discussed 
theory required will be

<
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SECTION 5,

i
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5.APPARATUS.

5.1. Introduction.
From the general resonance equation developed in Section

2.1. viz
-/v. =

it can be seen that, for resonance absorption to occur, the 
sample must be placed in a magnetic field HQ and subjected 

to electromagnetic radiation at the resonant frequency Vo . 
Hence the main requirements for work in this field appear 
to be a magnet, a source of electromagnetic energy and some 
means of detecting the absorption of this energy.

However, due to the Boltzmann distribution, the excess 
number of nuclei in the lower energy state, which cause 
the absorption, is very small. In fact, in the case of 
protons at room temperature in a field of 20,000 gauss 
for every million protons in the upper energy state there 
are one million and fourteen in the lower energy state.

This means that nuclear magnetic resonance will produce 
relatively weak effects and sensitive equipment will be 
required for their detection.

Several methods have been developed and they are 
described fully elsewhere (see, for example, references 9, 
14,15,16). Each method has its advantages and its 

limitations and tends to have been developed according to
the needs of the problem on hand. As the wrork of this 
laboratory had, in the main, been concerned with fields
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where relatively broad absorption lines were obtained, a 
radio-frequency bridge system had been built. This
apparatus was constructed by Dr. R.G.Eades (17)• Some«
alterations were made to the equipment and these will 
be described in detail later on. In the following 
section a brief description is given of the nuclear 
magnetic resonance apparatus as a whole.
3.2. General Set-up for detecting: Nuclear Magnetic Resonance

The actual detection of nuclear magnetic resonance can, 

in certain cases, be realised by quite simple apparatus#
One such set-up (18) required that the sample be placed in 

a coil which formed part of a tuned circuit. The coil, 

situated in the magnetic field Ho was connected, through a 
high impedance, to a signal generator so that the circuit 

was supplied by a constant current. If the signal generator 
frequency is fixed and the field Hq adjusted to its resonant 
value then the nuclear absorption causes a change in the 
parallel impedance of the circuit which is detected by the 
change in voltage caused across the circuit. This process is 
the basis of most experimental methods developed so far.

The radio-frequency bridge system used for the work 
reported here is similar to the arrangement used by 
Bloembergen et alia (9)• A schematic diagram of the
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FIGURE 1



apparatus is shown in Figure 1. The sample is placed in 
the radio-frequency coil of the tuned circuit in one arm 
of the bridge, the coil being so arranged that its axis 
is perpendicular to the magnetic field HQ. The main 
field Hq can be varied in two ways. By means of field 
bias coils it is possible to alter tha value of HQ so 
that the effective range of the magnet approximately is 
Hq — 30 gauss. Thus by choosing the appropriate 
frequency the magnetic field can be varied over this range 
until the resonant condition is fulfilled. HQ is also 
modulated with a small amplitude by means of a pair of 
Helmholtz coils so that when Ho is properly adjusted, 
resonance is swept through at the frequency of the 
modulation which is in the low audio-frequency range.
This results in an a.f. modulation of the radio-frequency 
signal supplied by the oscillator. After rectification, 
the resulting audio signal is either displayed on the 
C.R.O. screen or passed on to a narrow-band amplifier 
depending on the type of resonance line being studied.

In the case of a resonance line obtained from a liquid 
i.e. a narrow line, the output from the receiver is applied 
to the Y-plates of the C.R.O., the X-plates being fed with

22

a sinusoidal voltage at the modulation frequency properly
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phased relative to the modulation voltage. In this way 
the resonance line is traced out on the screen as a function 
of the magnetic field HQ. For the observation of broad
lines - in general lines obtained from solid samples are 
broad - the field HQ is modulated at an amplitude which is 
a small fraction of the line-width and the resulting signal 
is passed on to a narrow-band phase sensitive detector, or 
’lock-in1 amplifier, where it is mixed with a sinusoidal 
voltage at the modulation frequency. By shifting the main 
field HQby known amounts it is then possible to plot the 
output of the lock-in amplifier against the applied field. 
Using this technique the first derivative of the absorption 

line is obtained but, as will be seen, this is no drawback 
to the interpretation of the experimental results. Vith the 

apparatus described feere the plotting of the derivative is 
performed automatically since HQ is varied continuously by 
means of a motor-driven potentiometer system and the 
output from the lock-in amplifier is fed into a recording 
microammeter. The main features of the radio-frequency 
bridge are that it balances out the signal generator 
fluctuations and effectively increases the depth of 
modulation. In Figure 1, AB
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represents an extra half wavelength of cable which is 
included to give a voltage node at point B when the bridge 
is balanced. This half wavelength of cable, which is 
several metres long at the frequency used, is rather 
inconvenient and was eliminated during the work on Rochelle 
Salt when a different type of bridge was used.

In order to clarify certain aspects of the equipment 
more detailed information about specific parts is given 
below.
3.3. Details of Apparatus.
3.3.1. General.

Figure 2 is a photograph of all the electronic stages 
of the apparatus. The various parts are numbered as follows:

(1) Power supply for the 25 c/s geherator and the Power 

Amplifier.
(2) The Power Amplifier delivering power to the modulation 

coils.
(3) 25 c/s generator.
(4) Power supply for the Lock-in Amplifier.

(5) The Lock-in Amplifier.
(6) Phasing and transforming unit supplying the X-sweep 

for the C.R.O.
(7) Power supply for the receiver and the preamplifier.
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FIGURE 3.
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(8) The ’dummy’ unit of the r.f. bridge.
(9) R.f. preamplifier feeding the receiver in order to 

improve the noise figure.
(10) Power supply for the Signal Generator.
(11) Control valves for the flow gas used in varying 

temperature of the sample.
Also shown on the photograph are the Signal Generator 
(top left), the receiver and the C.R.O.(below the Signal 
Generator)•

Figure 3 shows the large permanent magnet used in all 

the experiments. The gas cryostat system can just be 
discerned beneath the magnet.

3.3.2. The Magnet.

The specifications of the magnet are :
Pole face diameter : 8 ins. Gap width : 2 ins.
Field : 5500 gauss Field homogeneity in best

region : 0.25 gauss/cc.

The magnet was designed by Drs. Andrew and Rushworth 
and the pole caps were fitted with special ring shims (19) 
to obtain a highly uniform field. The original magnetising 
coils are still in place and are used as the field bias 
coils.
3.3.3. The Radio-frequency Section

This part of the apparatus consists of a Signal
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Generator, a r.f. bridge, a preamplifier and a receiver. 
The Signal Generator and the receiver are both commercial 
instruments, the only modifications being the use of a 
D.C. supply for the valve heaters and stabilised H.T. 
power supplies. The power supplied to the preamplifier 
is also stabilised. This unit, employing an aligned grid 
pentode, gives a useful gain with a large improvement in 
signal to noise ratio.

The r.f. bridge used during the work on Urea was of 
the type described in reference 9. It consisted of two 
unite connected together by low impedance cable. The 
dummy unit can be seen in Figure 2 while the unit 
containing the sample is seen In Figure 4. The circuit 
of the bridge is shown in Figure 5.
The mechanical stability of this bridge was very good 
and the bridge balance was stable up to 4O3.b. This was 
ensured by using heavy gauge copper wire for connecting 

components and making certain of good bonding between 
units. Pake (20) has shown that if the signals arising 

from the two arms of the bridge are balanced in phase and 
unbalanced in amplitude then a nuclear magnetic resonance 
absorption line is obtained (if the balance conditions 

are reversed a dispersion curve arises). As all
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measurements are made from absorption curves the half 
wavelength of cable AB is included in one arm of the 
bridge to give approximate phase balance, the final 
adjustment being made with the small trimming condenser 
Cg. The ganged pair C-^ and Cg are arranged 180° out of 

phase to give an approximately phase independent 
amplitude control.

All the measurements on Urea were made with a single 
crystal whose orientation with respect to the applied 
field was varied. Since the crystal was situated in a 
close-fitting r.f. coil, any rotation of the crystal was 
accompanied by a rotation of the coil and therefore, to 
eliminate any sliding contacts in the bridge, a unit was 
built so that the entire sample arm of the bridge could 
be rotated, This unit is shown in situ in Figure 4 and 
in more detail in Figure 6. The r.f. coil, containing 
the crystal, is situated at the end of a brass tube 30 
cms. long and 2.5 cms outside diameter. A screw-cap is 
placed over the coil so that it is completely screened.

This is very important as it was found that any 
unscreened part of this bridge arm tended to pick up 
spurious 25 c/s signals from the modulation coils

resulting in prohibitive distortion of the desired signal
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The cap, coil and tube are clearly seen in Figure 6.

The tube was mounted at right angles to a brass box which 
contained the circuit parameters which, together with the 
coil, comprised the sample arm of the bridge. Connection 
was made to the coil by means of a thick copper wire 
which ran the length of the tubs, insulating spacers 

being used to prevent shorting. The spacer nearest the 
coil was made of Teflon which does not contain hydrogen 
and thus does not give rise to any unwanted signal. The 
tube fitted closely into a brass collar attached to which 
were two small brass rails (see Figure 6). It was possible 

to rotate the tube with respect to the collar and any 
desired position could be obtained by clamping the tube 
by means of a screw fitted in the collar. The angle 
turned through could be read off a scale fitted to the 
box - a pointer having been attached to the collar (see 
Figure 4)• Vhen the tube was placed in the magnet gap 

the two small rails on the collar sat on larger rails 
fixed to the magnet (see Figure 4) and the construction 

was such that the tube was perpendicular to the magnetic 
field and that the position of the collar was fixed 
relative to the field. Summing up it will be seen that 
with this arrangement, it was possible to rotate the
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crystal through a definite angle with respect to the 

field.
3.3.4. The Twin !T1 Bridge.

The bridge system described in the previous section 
has one or two disadvantages which are of importance 

when dealing with weak signals. The two arms of the 
bridge must be matched which entails great care in the 
selection of components. The number of components plus 
the fact that long lengths of co-axial cable are used 
(e.g. the extra half wavelength) make it well nigh 

impossible to realise a high Q-factor. In order to
improve the Q of the bridge a twin ’T’ bridge (21) was 
constructed. This has the advantages that it is a 

single unit, it eliminates the half wavelength of cable 
and it is much simpler to build.

The circuit for the bridge is shown in Figure 7.
The bridge components were contained in a box made of 
|th inch brass sheet - heavy gauge copper wire being 

used for all internal connections to ensure mechanical 

rigidity. The tube leading down to the r.f. coil was 
made of german-silver since a metal of low thermal 
conductivity was deemed necessary as the sample (this
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bridge was used during work on Rochelle Salt) had to 
be taken through a specific temperature range. A glass 
capillary rod was cemented inside the metal tube to 
enable a wire to be led down to the r.f. coil. The tube 
plus coil fitted into a long Dewar tube situated 
between the poles of the magnet so that experiments with 
varying temperature could be carried out.

This type of bridge has the added advantage that the 
phase and the amplitude balance are controlled independently 
by the condensers and C^, respectively.
The balance conditions are (22)

z c» \Phase balance : ~ + Ci + Z J

I - x / I . \ /?Amplitude balance : - ur

where R is the equivalent shunt resistance of the coil
and axis the angular frequency of the electromagnetic
radiation supplied to the bridge. The condensers used
in this bridge were of the ordinary small variable air
type, C6 and C? being small trimmers consisting of one

fixed vane and one movable vane. This bridge could be
balanced satisfactorily to 1 part in 103 but 1 part in 

g10 was sufficient for the experiments performed.
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The Q-factor of the circuit in situ was approximately 60. 
3.3.5. The Low-frequency Section,

This part of the apparatus consists of the 25 c/s 

oscillator, the Lock-in amplifier, the Power amplifier 

and their associated power supplies.
The 25 c/s oscillator supplies the drive voltage for 

the field modulating equipment and the reference signal 
for the Lock-in amplifier. It consists of a multivibrator 
stage followed by two tuned amplifiers. The output 
consists of a good sinusoidal waveform which has 
approximately a 3% total harmonic content as checked 

on a Muirhead Frequency Analyser.
The Lock-in amplifier is of a convential type (23).

The band-width of the amplifier is of the order of 
0.25c/s centred about 25 c/s. As stated previously 

the Lock-in amplifier is used for tracing out the first 
derivatives of broad absorption lines. The first 
derivative can either be put on a visual meter or on a 
recording meter. In order to obtain the best results 
a large time constant was incorporated in the output 
stage of the amplifier. Since it is a D.C. voltage 

output which is obtained, random noise voltages are
likely to affect the output in either direction and
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a large time constant tends to make the resultant
fluctuation zero. The ultimate value of the output 
time constant depends on the field scanning rate (see 
Section 3.2.) so that for broad lines it is advantageous 

to scan as slowly as possible in order to have as large 
a time constant as possible.

The Power amplifier is of the Williamson type (24) 

and is capable of delivering 15 watts at 25 c/s to the 
modulation coils. These coils, each consisting of 
1000 turns of 22 s.w.g. wire, can be seen in position 
in Figure 8.

During the course of this work it was necessary to 
calibrate the field scanning system occasionally.
This was done in the following manner :

A liquid sample was placed in the coil so that a 
narrow resonance line was displayed on the screen of the 
C.R.O. With no current flowing through the field coils 
the frequency of the signal generator was varied until 
the resonance line was accurately centred in the middle 
of the screen. The frequency of the signal generator 
was then determined using a heterodyne frequency meter 
(observed by beating the two signals on the C.R.O. screen).
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Known values of current were then passed through the 
field coils and the process repeated. Since the 
current through the coils is registered as a voltage 
drop across a standard resistance, the above results 
gave a value of the frequency shift per unit voltage 
drop i.e. frequency shift per unit current through the 

field coils. The measurements were repeated several 

times and the Method of Least Squares used in 
determining the result. Using Bearden and Watt’s 
values (25) for

Planck’s constant, -Z = 6-6^363 x io -2 "Z

Magnetic moment of proton, /^ = / s'xiozg
- 3

1 Bohr Magneton = l-WO x fo

in the equation

-Z v = 2 H

the frequency shift per millivolt was converted into 
field shift per millivolt measured in units of gauss/mV.
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FIGURE 8
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3.4. Temperature Regulation

In the course of the work on Rochelle Salt the 
temperature of the sample was varied over the range 
200°K - 320°K. This was achieved by a gas-flow 

cryostat system. This method has the advantages that (a) 
the temperature can be held quite steady by the manipulation 
of a flow valve, and (b) a change from one temperature to 

another can be effected in 15 minutes.
Temperatures below 0°C were obtained in the following 

way:

Air was passed from a cylinder through a drying 
chamber to a flow gauge. Connection was made from the 
gauge so that the air could pass (l) through a cryostat 
(2) flow past the sample without being cooled (3) divide 

so that some air flowed through the cryostat and some 
did not. A cross-section of the cryostat is shown in
Figure 9. The main Dewar (5) is filled with liquid air 
in which is immersed a german-silver tube spiral (8).
The air from the flow gauge enters via (2) and Is cooled 

in passing through the spiral. It then passes into 
the long Dewar tube (l) which is situated between the 

poles of the magnet and contains the r.f. coil with its
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sample (see Figure 8). This Dewar is made tight with 
respect to the spiral by means of a Gaco ring seal (6).
(4) is a ribber gasket which seals the main Dewar (5) to 
a brass top-plate and (7) is an inlet for air which is 
not required to be cooled. A pumping line (3) is included 

in the cryostat but this was never used as the temperature 
range available was quite sufficient for the work 
undertaken.

For work in the region 290°K - 320°K the flow gas

was first heated before it entered the long Dewar tube
by inlet (7). This was done by passing the gas through

a length of glass tubing around which was wound a
Heater coil. The heater was supplied by a Variac

transformer and, by a combination of heater voltage
control and air flow regulation, temperatures up to 

o340 K could be obtained. Needless to say, in this 
temperature range no liquid air was put in the main Dewar
(5) .

Temperatures in the range 273°K - 290°K were best 

realised by a combination of cold and warm streams of air. 
As can be seen from Figure 9 the cold air (from (2)) 
and the warm air (from (7)) mix at the foot of the long
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Dewar (l) and the mixture passes up the Dewar to cool 

the sample.

All temperature measurements were made with a copper 

constantan thermocouple used with a Doran Thermocouple 
Potentiometer, the accuracy over the range used being

about
Figure 8 shows the long Dewar tube in position 

between the pole faces and the brass top-plate of the 
cryostat assembly. Also visible are the modulation 
coils held apart by brass spacers - and the screening 
can of the r.f. coil.

One disadvantage of the above type of cooling (or 
heating) arrangement is that it is very wasteful in the 

sense that the flow gas is allowed to disperse into the 
atmosphere after use. This is not of great importance 

when air is used as the flow gas but if hydrogen or 
helium were used then it tends to become rather 

expensive. A more economical system is that with the 
variable heat leak and conduction cooling as used by 
Gutowsky (26).
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4. CRYSTAL GROWTH

4.1. Introduction.

In Section 2.3. the expression for the second moment 
of a microcrystalline powder is given (Eq. 2.1$). X*

Examination of the formula shows that only limited
information concerning crystal structure is available.
A combination of a given set of experimental results 
with theoretical results, calculated from Eq. 2.13 , 
yields only one structural parameter viz. r the inter
nuclear vector. Much more detail is obtainable from 
a study of single crystals as can be seen from Eq. 2.12

g
which, in addition to r, contains a factor
which depends on the orientation of the inter-nuclear
vector r • Hence it should be possible to assign
definite positions to the various nuclei in the crystal 
lattice. It is therefore obvious that single crystals 
are necessary if any detailed structure determination 
is to be attempted.

The initial problem in the work reported here was 
concerned with the crystal structure of Urea and 
therefore it was decided to develop some method of 
growing single crystals. Later on it became evident



that it would be advantageous to have single crystals 
of Rochelle Salt. In the following Sections an account 

is given of the techniques employed in the growing of 

single crystals of these two substances.
4.2. General.

It is well known that the commonest way to grow 
crystals is by separation from aqueous solution. This 
can be accomplished by either of two methods
1, Evaporation of a saturated solution.
2. Lowering the temperature of a saturated solution.
Both methods can be used with success but the first method 
is hardly suitable for a laboratory where fine control 
is essential. The temperature of a solution can be 
easily controlled by means of a water-bath and thus the 
second method lends itself to the production of single 

crystals.
During the time spent on growing crystals it was found 

to be axiomatic that the slower the growth the better 
were the results. The ’growth rate’, of course, depends 

entirely on the rate at which the temperature is lowered 
so that a good temperature control system is necessary.
It was also found necessary to prevent temperature

47
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gradients forming in the crystallising solution as 
these tended to produce bad effects.

Many attempts were made before reasonably good 
crystals were obtained and it is thought that crystal 
growing is more than just the mere application of 
scientific principles. Approximately nine months were 
spent in growing crystals - a fact which illustrates 
the difficulties that can be encountered in this branch
of science.

4.3. Production of Single Crystals of Urea.
4.3.1. Growing of Seeds.

As far as could be discovered no large single crystals 
of Urea had been grown before. Previous workers had 
only required small crystals (for X-ray purposes etc) 

which they had obtained quite easily by allowing 
aqueous or alcoholic solutions to cool. To be of any 
use in nuclear magnetic resonance experiments the 
crystals had to be of the order of 1 c.c. in volume. 
Crystals of this size (and larger) are best grown from 

small seed crystals set in a saturated solution which 
is slowly cooled.

First attempts to obtain seed crystals used a rapid
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cooling method. Approximately 45 gms. of Analar Urea
were dissolved in 40 cc of water at 50°C giving a

solution which would he super-saturated at room
temperature. The solution was then cooled down rapidly 
hy means of a cold water-bath. Owing to the large 
solubility factor (see Table 1) the Urea froze out as 

a mass of closely packed needle-like crystals.
Individual crystals could not be separated and their 
small size would have prohibited their use as seeds.

The above method was repeated with the modification 
that the solution was cooled down very slowly. This 
was achieved by placing the beaker containing the 
solution in a large volume of warm water which was 
allowed to cool. The crystals obtained by this method 
were no better than those obtained previously.

The difficulty of obtaining seeds by these methods 

is best illustrated by the solubility figures given 
in Table 1 :-

Table 1.
Temperature (°C) % solubility wt. Urea/lOOgms water

20 51.9 108
25 54.6 120
30 57.2 134

35 59.8 149
(contd.
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Temperature (°C) % solubility wt Urea/100 gms water
40 62.3 165
45 64.8 184
50 67.2 205
55 69.6 229
60 71.8 254

A simple example will, perhaps, clarify the picture:
At 50°C, 100 gm water dissolve 205 gm Urea 

and at 30°C, 100 gm water dissolve 134 gm Urea 

Therefore, if no water evaporates, a saturated solution 
at 50°C cooling to 30° C will produce 71 gm Urea from 

solution for every 100 gm of water present. This 
relatively large mass of Urea falling from solution 
accounts for the results obtained by the cooling methods.

The next step in the production of seed crystals was 
the slow evaporation of a saturated solution at room 
temperature. The beaker containing the solution was 
placed in a dark cupboard where it was thought that 
temperature and humidity variations would be slight.
•Small crystals were obtained in this manner but still 
it was difficult to separate individual crystals and 
again their needle-like shape made them unsuitable for 
seeds.
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The solution of the problem appeared to lie in the 
large solubility of the Urea. Other solvents were 
experimented with and it was found that for methyl 
alcohol Urea was less soluble by a factor of five than 
for water. Seeds were obtained from alcoholic solutions 
of Urea and were of better shape than had ever been 
obtained. Unfortunately they still suffered from the 
fault of elongation along one axis. However, the 
large reduction in the solubility warranted the use of 
alcoholic solutions in any further experiments.

It is well known that changes in the outward 
appearance of crystals can be brought about by the 
deliberate addition of some impurity to the crystallising 
solution. This is known as ’habit modification1 and 
many examples can be found (see references 27). Bunn (28) 

found that Urea had an effect on the crystal habit of 
ammonium chloride and ammonium bromide, and that there 
was a reciprocal action. The normal habit of Urea 
grown from alcohol solution is shown in Figure 10.
¥hen ammonium chloride, NH^Cl, is present in solution 
basal planes appear, Figure 11, and when ammonium bromide, 

NH^Br, is added to the solution the formation of the 
basal planes obliterates the (ill) faces of the Urea 

crystals completely, Figure 12. These effects result
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in a slowing up of thegrowth rate along the c axis i.e. 
the fOOlJ axl^s (see Figure 12).

A simple explanation can be g.iven of the above process 
(28) :

T«Ihen a face of a crystal of the impurity has a similar 
structure to a face of the primary crystal, a particle 
of the impurity will adhere to this crystal face as it 
would to the corresponding face of its own crystal, since 
it experiences similar forces. The deposition of impurity 
on certain crystal faces causes an unstable mixed crystal 
to be formed on these faces. The fact that the mixed 
crystal is unstable affords an explanation to the slowing 
down of the growth rate since the mixed crystal tends to 
redissolve. From what has been said it would be expected 
that the greatest modification of habit would result when 
there was a strong similarity of specific lattice planes, 
but complete dissimilarity of the rest of the structures. 
This is borne out by the fact that very small quantities 
of complex organic substances, such as dyes, cause 
considerable modification of habit in inorganic crystals.

In the case of ammonium chloride and Urea the (100) 
plane of ammonium chloride is very similar to the (001) 

plane of Urea and this is the only pair of planes in
which a similarity exists. Therefore strong habit
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modification effects should occur. This was, in fact, 
the case and seed crystals were obtained from an 
alcoholic solution of Urea plus ammonium chloride. These 
seeds had lost their needle-like character and the 
dimensions of a typical seed were 2mm X 2mm X 6mm. 
Unfortunately the solution had to be almost saturated 
with respect to ammonium chloride to obtain seeds of 
suitable dimensions. This was undesirable as ammonium 
chloride might have been taken up in crystallisation and 
this would affect the experimental results due to the 
hydrogen in the ammonium ions.

Ammonium bromide has the same structure as ammonium 
chloride and the dimensions of the unit cell are such 
that the similarity between the (100) plane and (001) 

plane of Urea is greater than in the case of ammonium 
chloride and Urea. This leads to ammonium bromide 
having a much stronger effect on the habit of Urea than 
ammonium chloride. It was found that quite small 
quantities of ammonium bromide added to alcoholic solutions 
of Urea gave small seed crystals with a length to width 
ratio of about three. The majority of these seeds were 
misshapen and contained flaws but after a number of attempts 
a few were obtained which were well-shaped and were
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FIGURE 13.
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relatively flawless.
4.3.2. Growing of Large Crystals of Urea from Seeds.

Two seeds were drilled and mounted on two small 
stainless steel pins fixed vertically at the ends of 
a 3n perspex bar. This bar was fitted with a long 
stainless steel rod which was attached to a small clock 
motor so that the bar could be driven at about 15 revs/minute 

The bar plus seeds were immersed in a large beaker 
containing a saturated alcoholic solution of Urea to which 

a small amount of ammonium bromide had been added. The 
initial temperature of the solution was 40°C. The beaker, 

holding approximately a litre of solution, was in turn 
immersed in a water bath. A cap was fitted to the beaker 
to prevent excessive evaporation and, in addition, to 
support the clock motor. The temperature of the water 
bath was controlled by means of a toluene bulb fitted 
with a Sunvic Proportioning Head and an electronic circuit. 
The circuit is shown in Figure 13. and operates as follows

Suppose the water-bath heater, f, is on causing a 
rise in temperature. The toluene, e, will expand pushing 
the mercury column,d, up until contact is made with the 

metal needle,c. Uhen this happens the grid of the valve 
is earthed, the anode current drops and the thermal
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vacuum switch,h, opens cutting off the heater. In the 
Proportioning Head the needle,c, is suspended from a 
bimetal strip,a, which has a heater in parallel with the 
bath heater. Therefore, when the switch is closed the 
bimetal strip expands pushing the needle down towards 
the rising mercury. When the circuit is open the bimetal 
strip cools raising the needle out of the mercury and the 
heaters are switched on again. This process is repeated 
again and again and the result is that the ordinary ’hunting1 
experienced with ordinary toluene bulbs is smoothed out 
due to the superimposition of the rapid variation of the 
Proportioning Head. With this arrangement a temperature 
control of 0.01C° was possible. The position of the 

needle,c, can be altered by means of an adjusting control, 
b, so that the temperature can be varied over a range of 
2C°. When the needle has reached the end of its travel, 

mercury can be let in from the reservoir to raise column 
d and the needle can be reset again.

The temperature of the water-bath was lowered, by means 
of the above circuit, slowly over the course of a few 
days - a drop of approximately 36° was realised. Two 

crystals were grown by this means about 3cms.x 0.5cm.x 0.5cm 
in dimensions. Unfortunately these crystals did not appear 

to be single but seemed to consist of two or three crystals 
growing parallel to one another. Trouble was also
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experienced with a large number of small crystals
forming on the surface of the solution and falling 
towards the bottom of the beaker. A few of these small 
crystals fell on the growing crystals and were evident 
as small seeds protruding from the main crystals. These 
faults were thought to be the result of too rapid growth 
and this in turn could be caused by excessive evaporation 
plus a too sharp temperature drop. It appeared obvious 
after a few more attempts with this apparatus that a 
better type of crystal tank would have to be used if good 
crystals were to be obtained.

A crystal tank was constructed using a Kilner Jar.
In normal use this type of vessel has a screw-cap fitted 
with a rubber ring-seal so that it is completely vapour- 
tight. A cap was made from paxolin so that the small 
clock motor could be mounted. This cap used with the 
ring-seal gave a good vapour-tight tank. Any small leak 
through the hole in the cap for the driving shaft of the 
motor was eliminated by fitting a small Gaco ring-seal 
between the cap and the base of the motor. As this tank 
was vapour-tight, the vapour above the solution was 
almost at the temperature of the solution, resulting in an 
absence of a cold surface in contact with the solution
and so reducing the surface crystallisation to a negligible
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FIGURE 14.
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amount. Alcohol vapour condensed on the relatively cold 

top surface and walls and streamed back into the solution, 
thus keeping the walls of the tank washed down. The 
Kilner Jar and cap are shown in Figure 14.

The water-bath consisted of a perspex tank of dimensions 
14” high x 12” x 12”. This was filled with water to a 
level above that of the solution in the crystal tank to 
ensure a uniformity of temperature in the solution.
The bath was heated by a canmercial-type heater enclosed 
in a copper water-tight box situated on the flow of 
the bath. The temperature of the bath was controlled 
as described above. A small electric motor drove a 
propeller in the water-bath at about 100 revs/minute 
to keep the water in circulation. The level of the 
bath was maintained constant by adding small amounts 
of water periodically to make up the loss due to 
evaporation.

The apparatus described above is the final form of the 
equipment used in producing single crystals of Urea. 
Unfortunately, as crystal growing is a continuous process, 
any fault which develops in the apparatus usually ruins 
the batch of crystals which is being grown. This was 
evident several times when power cuts occurred during the 
night resulting in a relatively rapid cooling of the 
water-bath which caused the Urea to crystallise out en
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masse.
The final crystal growing procedure can be described 

as follows : —
1. Small seed crystals were obtained from an alcoholic 
solution of Urea, saturated at room temperature, to which 
a small amount of ammonium bromide had been added. The 
best of these seeds were chosen for further growth.
2. 1.5 litres of methyl alcohol saturated with Urea at 
45° C were prepared and carefully filtered several times. 

About 8gms. of ammonium bromide were added to the solution 
which was transferred(at about 50°C to allow for cooling 

during transfer) to the crystal tank. The temperature
of the water-bath was adjusted to 45°C and then, by 

adjusting the thermostat control, the temperature was 
lowered by about JC° per day until the temperature of the 

bath had reached 40°C. During this time Urea crystals 

had formed on the foot of the tank and had been left to 
grow undisturbed. Two seed crystals were then drilled 
and placed on the stainless steel pins of the crystal 
rotator. Before immersion in the crystal tank, the seeds 
were dipped in warm alcohol to remove any surface 
impurities and to create fresh surfaces to facilitate 
growth.

3. After the seeds were placed in position, the cap of
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the crystal tank was screwed down to prevent evaporation 

and the rotation of the crystals was then started.

4. By means of the thermostat control the temperature of 
the bath as lowered by approximately -|C° per day for 

about two weeks. The seed crystals grew quite well 
although several attempts were required before suitable 
crystals were obtained (mainly due to circumstances 

outwith the author’s control e.g. power cuts, heater 
failure.)

5. To remove the crystals from the tank, the clock motor 
was stopped although the thermostat was kept running 
and the cap of the tank was withdrawn until the crystals 
were in the vapour above the alcoholic solution. They 
were allowed to remain there until they had cooled down 
then they were withdrawn slightly further and cooled 
again. When it was deemed that the crystals had cooled 

sufficiently to prevent them cracking they were removed 
from their supports.

Only two suitable crystals were grown by the above 

method and this fact illustrates the great difficulty in 
growing single crystals of Urea. The smaller of the two 
crystals weighed approximately l.Ogm. and had dimensions 
2*5 cm. x 0*6 cm. x 0-5 cm. The other crystal, which 
had the better shape, weighed l*6gm. and had dimensions
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2*9 cm, x 0*7 cm. x 0-6 cm. These crystals were of an 
ideal size and shape for nuclear magnetic resonance work 
and therefore no attempt was made to produce larger 
specimens. The crystals had to be stored in a desiccator 
as Urea is slightly deliquescent.
4.3.3. Conclusion.

The main point of note in the growing of single 
crystals of Urea is that the growth rate must be very 
slow. Unless this condition is met the crystals tend 
to become compound and their external appearance is very 
indefinite. This was the reason for allowing crystals 
to form on the foot of the crystal tank, For a given 
drop in temperature the growth rate per crystal is 
inversely proportional to the number of growing crystals 
so that, in this way, the rate at which the seed crystals 
developed was very slow indeed.

The two good crystals were examined under a polarising 
microscope and were found to be quite singular in 
character. In order to discover if any appreciable amount 
of ammonium bromide had been taken up in crystallisation, 
some of the crystals which had been growing on the foot 
of the tank were dissolved in ammonia-free water and the 

solution was tested with Nessler’s reagent. This test 
showed that there was no detectable amount of ammonium
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ion present. It was therefore safe to conclude that, 
at least for experimental requirements, the crystals were 
pure Urea.

One final point worth noting is the rotation of the 
crystals while growing. This serves two purposes
1. Fresh solution is continually being presented to the 
crystal faces
2. Temperature gradients are prevented from forming in 
the solution by the stirring action of the crystal 

support; the design of the support was such that the 
solution and crystals did not rotate continuously

• together.
4.4. Production of Single Crystals of Rochelle Salt.

Rochelle Salt is very similar to Urea in that it is 
very soluble in water. Fortunately, however, in 
contrast to Urea, it is quite easy to crystallise and , 
in fact, Rochelle Salt crystals are grown on a commercial 
basis.

The technique employed here was basically the same as 
that used for Urea; seed crystals were placed in a 
saturated solution and the temperature was slowly lowered. 
The main difference between the two methods was in the 
simplicity of the crystal tank used for growing the 

Rochelle Salt crystals. This consisted of a large beaker
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with a thin layer of paraffin placed on top of the 

crystallising solution to prevent evaporation.
Seed crystals were prepared as before by allowing a 

saturated solution to evaporate slowly. An aqueous 
solution of Rochelle Salt saturated at 40°C was prepared. 
This solution was heated to about 50°C (to avoid 
precipitation) and then carefully filtered into the crystal 

tank. The thermostat was set so that the temperature of 
the bath was about i° above the saturation point and 

the seed crystals were placed in position; the seeds were 
suspended by hairs from a rod placed across the top of 
the tank, two seeds being in the tank at the one time.
The thin layer of paraffin (previously warmed to 40°C) 

was then added to the solution. Initially the rate of 
cooling was 0.1° per day but after two days this was 

increased to about 0.3° per day. This method is a slight 
modification of the technique used by Moore (29). After 
the crystals had reached suitable dimensions, they were 
removed from the bath and washed with alcohol to remove 
any trace of paraffin.

Several crystals were grown by this means. The 
weights and sizes of these crystals were quite varied 
although the growth of some was controlled to enable 
them to be used in experiments without having to be cut.
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FIGURE 15.

FIGURE 16.



Figure 15 shows a typical crystal grown by this method.
The weight of this crystal was about 29gms. and its 
dimensions were as follows

Length along x-axis 2-2cms

Length along y-axis 3-3cms
Length along z-axis 3-7cms

This crystal was flawless and was so perfectly shaped 

that it was possible to determine the crystal axes from 
ordinary contact goniometer measurements.
Figure 16 is taken from Cady (30) and shows an idealised 

Rochelle Salt crystal. Comparison of the prepared specimen 
with this figure enabled the various faces to be identified 
and referring to the results given below it is clearly seen 
that the agreement between the observed inter-facial angles 
and the values given by Cady is excellent.

67.

Table 2.
Inter-facial angle Cady (Fig.16) Observed

22°35' 22°30' 1 30’

L &f> 39°43' 40°0' ± 30'

Z. a b 90° 90°0' - 30’

Z b.c 90° 90°0' - 30'

Thus, by these simple measurements, were the directions 
of the crystal axes determined uniquely.

Since Rochelle Salt contains water of crystallisation,



it has a vapour pressure and this prevents the storage 
of these crystals in desiccators. If the humidity of the 
atmosphere is less than 37$ at room temperature (20°C) 

then the crystal loses water and dehydrates. Above 88$ 

humidity the crystal absorbs water and becomes deliquescent. 
Fortunately the atmospheric conditions experienced in this 
laboratory are such that the relative humidity at room 
temperature lies in the range 45$ - 70$ (figures based 

on student experiments, supervised by author, in this 
laboratory over the course of 3 years). Consequently 

these crystals lay unprotected for two years and no loss 
of transparency or sign of deliquescence was noticed 
during this period.

The conclusion drawn from this work was that Rochelle 
Salt is fairly easily grown in the form of single crystals. 
Care must be taken not to warm the crystallising solution 
above 55°C since . at this temperature Rochelle Salt 

breaks up into sodium tartrate and potassium tartrate 
and the process is irreversible.

4.5. Discussion•
The production of large clear crystals of extremely 

soluble substances is not at all simple. It is difficult 
to lay down any set of hard and fast rules as each 

substance seems to require its own special technique.
However, one point worth stressing again is that of

68.
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slow growth. Slow growth means greater opportunities 
for the atoms, ions or molecules to pack together to form 
a good crystal. It is also helpful, when growing crystals 

to a specific size, to choose a suitable impurity to add 
to the solution so that the habit of the crystal can be 
modified to suit the requirements.

In all It may be said that crystal growing is more 
of an art than a science.
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5.UREA*

5*1. Introduction,
As shown in Section 2. the study of the proton 

magnetic resonance absorption spectrum of a crystal 
containing hydrogen atoms can sometimes enable the 
positions of the protons to be located in the unit cell 
of the crystal lattice. Some idea, however, of the basic 
elements of the crystal structure must be known. Therefore 
it can be said that this type of work complements that of 
X-ray and electron diffraction which can provide accurate 
cell co-ordinates for the heavier atoms, but which can 
only give a very rough indication of the positions of 
hydrogen atoms. Moreover, the magnetic properties of the 
hydrogen nucleus are such that a good signal strength is 
obtained and thus fairly reliable results can be produced. 
The limitations of the method are such that only fairly 
simple crystal structures can be investigated otherwise 
the theoretical interpretation of the results becomes 
extremely difficult.

The interest in Urea, OC(NHg)g, was partly historical.

It was one of the first organic substances to be 
synthesized and, on account, of its simple structure* it was 

one of the first materials to be studied by X-ray 
crystallographers (31)•
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In addition, the only other magnetic nucleus present,
14 12 16other than the proton, is N ; C and 0 both have 

zero spin (and thus no magnetic moment) and contribute 

nothing to the width of the absorption line* This fact 
makes the interpretation of the experimental data much 

simpler.
It is known from X-ray analysis that the four heavy 

atoms of the Urea molecule lie in a plane (32,33,34,35, 

36) and the arrangement has C^^symmetry. It has not 

been clear, however, whether the four hydrogen atoms lie 
in the same plane as the heavy atoms, or whether they 
lie symmetrically above and below this plane, or whether 
the overall configuration has lower symmetry than C.^.
In any previous work on Urea two models for the molecular 
structure have been put forward. Kellner (37) assumed 
the symmetrical non-planar model shown in Figure 17(a) 

where the hydrogen atoms are symmetrically disposed above 

and below the plane containing the heavier atoms and, 
on this basis, analysed her infra-red spectra. On the 
other hand, later analyses of infra-red spectroscopic 
measurements on monocrystalline Urea (38,39) have 

suggested that the whole molecule is planar as indicated 
in Figure 17(b). This model is supported by the X-ray 
work of Vaughan and Donohue (36) who suggest positions
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for the hydrogen atoms which they deduced from their 
diffraction patterns. Therefore, it seemed that Urea 
would provide an excellent example where nuclear magnetic 
resonance could distinguish between two rival structures 
and perhaps provide some quantitative information 
concerning the positions of the protons.

In the following Sections it is shown that by a study 

of the variation with orientation of the mean square 
width (second moment) of the absorption spectrum the 

non-planar model of the Urea molecule is incorrect, and 
that within experimental error the molecule is plane with 
symmetry Finally, values are given to the molecular
parameters associated with the NHg group.
5.2. Molecular and Crystal Structure.

Urea, OC(NHg)g, crystallises in tetragonal farm and 

the dimensions of the unit cell are (36)
a = b = 5.661A0 c = 4.712A0

These figures, together with the specific gravity of 
1.335, show that two molecules of Urea are contained in 

the unit cell. The cell parameters of the heavy atoms 
are given by

at O.k , z J- o
X ) > 2c

at >2 ; > °> 2c

at ■> Z/V ’ X/v > \ '>

Xzv , X^ + -X > > \



75.

FIGURE 18.

o©

Z

FIGURE 19.



76.

where ZQ = 0.3308 
= 0.1429

Zo
0.1848

0.5987

As stated previously the heavy atoms of the Urea molecule 
all lie in a plane; the molecule itself has two planes of 
symmetry and one twofold axis of symmetry (see Figure 18).

The tetragonal unit cell is shown in Figure 19, a projection 
on the x,z plane being depicted (the numbers alongside the 
atoms are their fractional y co-ordinates); the planes 

of the molecules all include the Z direction and are inclined 
alternately at 45° and 135° to the plane of the diagram 

thus the planes of alternate molecules lie parallel to the 
(110) and (110) planes respectively i.e. along the 

diagonal planes of the unit cell, ^rom Figure 18 it is 

clearly seen that the arrangement of heavy atoms has 

symmetry and if either of the two models proposed is 
correct this symmetry will not change owing to the 
symmetrical disposition of the hydrogen atoms.

The interatomic distances and angles used in this work 
were those given by Vaughan and Donohue and are given 
below

0 - C = 1.262A0 
OCN = 121°

C - N = 1.335A

NCN = 118
A
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5.5. Experimental Procedure.

5.3.1. Use of rectangular r-f coils.
In the Appendix to the paper by Bloembergen et alia 

(9) it is shown that the signal to noise ratio obtained 

from any nuclear magnetic resonance experiment is 
dependent on a large number of circuit variables. One 
such parameter is the so-called ’filling factor’ of the 
coil. This quantity can be defined as that fraction of 
the total r-f energy that is actually stored in the space 
occupied by the sample.

If ordinary circular coils were used then, owing to 
the rectangular cross-section of the Urea crystals, it 
was found that the filling factor was ^0.6. Obviously 
the best result would be got with a crystal of square 
cross-section when this factor would be~0-64. It was 
thus thought that approximately a 50% increase in signal 

to noise ratio would be obtained by using rectangular coils 
so shaped to fit snugly round the crystal. This was quite 
an important point since preliminary experiments had 
shown that Urea gave a broad absorption line and a poor 
signal to noise ratio.

The rectangular coils were constructed from 18 s.w.g. 
copper wire which was first softened by heat and then
wound on brass formers having the same cross-section as
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the respective crystals. The two coils thus made each 

had a Q-factor of about 140 and the filling factor was 

increased to 0*9. The improvement obtained is shown 
in Figure 20 where experimental traces using circular and 

rectangular coils are compared.

5.3.2. Measurement of Experimental Second Moment*t
In order to obtain accurate results in work of this 

nature it is necessary to carry out measurements at a 
low enough temperature to suppress any molecular motion 
which might affect the width of the resonance spectrum 
i.e. in order to justify the assuption of a rigid lattice. 
Experiments were performed as a sample of polycrystalline 
Urea at room temperature and at 90°K; no significant 

difference in the second moment of the absorption lines 
was detected and thus it was assumed that at room 
temperature the lattice was effectively rigid. It can, 
however, be mentioned here that owing to the relatively 
poor signal to noise ratio obtained from this powder 
sample there was some uncertainty in the results and if 
there was any change in the value of the second moment 
then it lay within the experimental error and therefore was 
not apparent. Accordingly it was assumed that the lattice 
was rigid and all future measurements were performed at 
room temperature.
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Owing to the nature of the signal arising from Urea 
and since permanent records were required, the lock-in 
amplifier system was used for studying the spectrum*
As stated previously the output from the lock-in 
amplifier is proportional to the slope of the absorption 
line and is fed into a recording microammeter. This meter, 
therefore, traces out the first derivative of the absorption 
line(see Fig.20) and, for a normal curve, if the line width 

is defined as the interval in gauss between maximum and 
minimum slope then it can be found directly from the 
derivative curve by measuring directly the interval 
between the maximum and minimum peaks. In this type of 

measurement the amplitude of the modulating field must not 
be too great to obscure any fine structure which the line 

might contain and yet it must be large enough to give a 
reasonable signal to noise ratio. Preliminary experiments 
were carried out to determine the best ' operating conditions 
and in the final measurements a peak-to-peak modulation 
amplitude of 3 gauss was used (this was < J of the line 

width and thus a faithful reproduction of the first 
derivative was still obtained). Each derivative plot was 

accurately calibrated in terms of gauss by means of the 
calibration pips seen on each side of the trace (Fig.20).

The second moments can be obtained directly from the
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experimental traces. Consider a normal absorption 
curve and its derivative (Figure 21). It can be shown

that the second moment of the absorption line is given by

-oO7 __ . „

—<=O Z
height of the absorption curve at field 
being the resonant field value, The

where F(Z) is the
H andZ= H-H , H 

o °
denominator must be introduced to normalise F(X) (see 
Section 2.3.). This expression can be rewritten in terms 
of dF(Z) / d/= f(Z), which is indicated by the output 

of the lock-in amplifier, giving

S «
* c>O

(5.2.)

are found directly from the experimental plots 
and the integrals are evaluated using the trapezium rule 
so that the final expression is

S = (5.3.)

This expression was used during the course of this work 
to evaluate all the experimental second moments.

As the immediate problem was the diferentiation between 
two proposed models as against accurate structure 
determination it was decided that the initial experiments 
should be performed on the smaller of the two available 

crystals. This crystal was placed in its appropriate 
coil and then mounted with its tetrad JoOll axis along
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the vertical axis of rotation, and perpendicular to the 
steady magnetic field Hq. The resonance spectrum 
derivative was then recorded, at 5° intervals, for values 
of 0o between 0° and 180°, being the azimuth angle of the 

field measured from the fiooj direction. tSeveral runs were 

made at each setting of the crystal and the second moment 
of each spectrum was calculated, the mean for each setting 
being taken. The crystal was then mounted with its
[noj axis perpendicular to the field, and the polar angle 

of the field (measured from the fooij direction)

was varied by rotation of the crystal about this axis.
As the crystal was long in its tetragonal direction it was 
necessary to cut the crystal into four pieces and stack 
them in the coil. The cutting of the crystal was performed 
by a wet-thread technique s

The blade was removed from a small hacksaw and replaced 
by a strong thread with a large enough tension on it to 
ensure an accurate cut. A small brass cutting guide was 
constructed into which the crystal fitted quite securely. 
Two vertical slits were let into the sides of the guide to 
prevent the cutting thread from wandering. The thread 
of the saw was kept continually damp (but not too wet) and 

it was found that by this means it was possible to make 
a cut of about isq.cm. in 15 mins. Care was taken not to 
let surplus water attack the crystal and it was found
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advantageous to line the foot of the guide with a strip of 
blotting paper. With care quite reasonable cuts were made 
and no great loss in filling factor resulted from the 
cutting and stacking• Fortunately the shape of the coil 
tended to align the pieces and it was thought that any error 
arising from lack of parallelism would be within the final 
experimental error. With this new crystal mounting, the 
resonance spectrum was again recorded, at 5° intervals for

values of 1/ between 0° and 180°. Several runs were taken

at each setting and the second moment calculated in each 

case, the mean being taken. The results obtained from this 
crystal will be given in a later Section when they will be 
compared with data arising from theoretical considerations 
of the structure of Urea. This work has been briefly 
reported (40) and was sufficient to support the entirely 

planar model of the molecule.
When it was shown that the non-planar model was incorrect 

the obvious step was to .obtain more accurate experimental 
results in order to put the planar model on a more 
quantitative basis. The experiments were thus repeated 
using the larger crystal. The increase in crystal size 
resulted in a noticeable increase in signal to noise ratio 
which in turn meant a reduction in the experimental 

uncertainty of the second moment calculations. A typical
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record is shown in Figure 2£A. This trace illustrates 
the reduction in noise when compared with Figure 20 and it 
also shows the variation in line shape with orientation.

This ’fine structure’ was used as a check on the final

results and will he discussed later.
Perlman and Bloom (41) have shown that there is a 

broadening effect of the observed spectrum due to the 
finite amplitude of the modulating field and this 
introduces an appreciable error in the second moment 
calculations. Andrew (48) made a direct calculation of the 

effect and showed that the true second moment S is related 
to the observed second moment S’ by the expression

S' = S + J (5.4)

where h^ is the amplitude of the field modulation.
With the amplitude of 1.5 gauss used in the above 
experiments this meant that the true second moments were 
obtained by subtracting 0.6 gauss^ from all the observed 

values. This correction was only applied in the case of 
the results obtained from the second set of experiments.

After the experimental results had been calculated 
for the second crystal it was found that there was a large 
discrepancy between the values obtained for rotation 
about the fOOlJ axis and the corresponding values from 

the first crystal. As the results for rotation about

86.
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the tetrad axis agreed this pointed to some error incurred 
in the cutting and stacking of the second crystal in the 
r-f coil. On removal of the pieces of the crystal from 
the coil it was found that one portion had inadvertently 
been rotated through 90° and so accounted for the 

difference in results. However, by knowing the fraction 
of the crystal which had been misplaced it was possible 
to convert the results obtained into values corresponding 
to what would have been obtained if the crystal had been 
properly stacked. This was done as follows

Let f(Q) be the second moment corresponding to correct 

stacking at some angle 0 to the applied field
Let F(0) be the observed second moment due to a fraction 

(l -•<) of the crystal rotated through 90°

Then
F(e) = + (i-*)f(o + ?o0)

F(0 + 90°) = + 10°) -+

from which the expression for f(9) is

f(6) ^F(e) ~ F (6 +3Q*)

'X-c-J

By weighing the various pieces of crystal it was found 
that=0-74. A smooth graph of F(0) against 0 was then 
drawn from which values of F( 0 + 90°) could be obtained. 
The values of f(0) from 0° to 180° were then calculated
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and the results obtained agreed with the initial
experiments performed on the first crystal. However, it 

was thought advisable to repeat all the experiments again 
with the correct crystal stacking. This was done and the 
results obtained were those used in the final calculation 
of the positions of the protons in the Urea molecule.
5.4. Interpretation of Results.

In order to differentiate between the two molecular 
structures it was necessary to compare the observed 
anisotropy of the second moment with theoretical results 
based on each model. Theoretical values of the second 
moment were calculated for both planar and non-planar 
structures using Eq.(2.12) given in Section 2.3. As 

initially only a qualitative picture was required certain 
approximations were used in the calculations. The second 
term in Eq.(2.12) was neglected as it was shown that the 

contribution to the second moment from the nitrogen nuclei 
would amount to only 5%. This expression therefore reduced 

to

ft.
z (^0.7 /) r (5.5)S = ;X

where r is given in Angstrom units. Before proceeding 

further it will perhaps be advantageous if the various 
parameters of the above equation are considered in some 
detail. 0 . is the angle between the inter-nuclear 

vector r. and the applied magnetic field Ho and since



89.

[oo.]

FIGURE 22.

[co]



90
the angles varied in the experiments were measured 
between Hq and the crystal axes some correlation is 
necessary. From Figure 22, where is the polar 
angle and the azimuthal angle of r^ , is the
polar angle and the azimuthal angle of Hq referred 
to the crystal axes as shown, it follows that

Therefore in calculating , - z )Tdit is

necessary to describe each vector r. in terms of its 
length, polar angle and azimuthal angle.

Normally the expression for the second moment is split 
into an intra-molecular part and an inter-molecular part. 
However, in this case it did not simplify the situation 
and thus, in Eq.(5.5.), N refers to the sample as a whole. 

Fortunately, the molecular and crystal symmetry of either 
model are such that there are only a few typical protons, 
the rest being equivalent to some respective one of these 

few. It can be shown (Appendix 1) that there are 8 

typical protons in Urea - 4 corresponding to the molecules 
in planes parallel to (110) and 4 from the molecules in 
planes parallel to (110).

To assist in the calculation of the second moments a

model of the unit cell of Urea was constructed. A 
photograph of this model is given in Figure 23. and shows



(a) Planar Model.

(b) Non-planar Model.

FIGURE 23.
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(a) the planar model, (b) the non-planar model. The 

initial results are shown in Figure 24. (curves A for the 
non-planar structure, curves B for the planar structure) 
where the behaviour of the theoretical second moment is 

compared with the experimental results. Results are only 
given for one quadrant of the fourfold symmetrical pattern 
in (a) and for half of the twofold symmetrical pattern in 
(b). The positions in the unit cell of the 0, C and N 

atoms, as determined by Vaughan and Donohue (36), were used 

in the theoretical calculations. The length of the N-H 
bond was taken as l-00A°, and the C-N-H angle as 120° in 

both planar and non-planar models. In the case of the 
non-planar structure it was also assumed that the plane 
defined by each NH group Included the carbon atom of the 
molecule. Any small deviation from this last assumption 
would lead to only small changes in curves A since the 
form of variation of the second moment is mainly determined
by the contribution of the proton pairs of the NH„ groups.
In the actual calculations neighbours up to a distance of 
3A° were treated exactly according to Eq.(5.5), while the 

contribution of the more distant nuclei was obtained by 
assuming that they were evenly distributed from 3A° to 

infinity and applying the formula for a powder where there 
is no angular dependence. This gave a contribution of 
3-0 gauss2 to the second moment which represented a
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contribution to the total varying from 10% - 20% in the 

individual cases.

A study of the curves in Figure 24 shows that there is 
good agreement between theory and experiment for the 
planar model but no agreement in the case of the non-planar 
model; indeed, for rotation about the flio] axis even the 

qualitative form of variation is different. These results 
were therefore sufficient to determine the planar structure 
of the Urea molecule and it was thought that, even with the 
assumptions and approximations made,the assumed parameters 
would not be out by more than 10%.

Since it had been shown that the non-planar model was 
incorrect, attention was focussed on the experimental 
results obtained from the larger crystal. These results 
were more accurate due to improved signal to noise ratio 
and were all corrected for the modulation broadening 
effect; the broadening effect due to the inhomogeneity of 
the permanent magnet, was small enough to be neglected. Careful 
analysis of the results showed that the probable experimental

perror was 0-3 gauss . This was small enough to enable an 
accurate determination of the molecular parameters to be 
carried out. Several trial calculations showed that, in 
order to obtain good agreement between theory and experiment 
only the three extreme values of the curves (See Figs.24,26)
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needed to be compared with the corresponding experimental 
results. These results were more accurately determined 
than the others and if agreement with theory was obtained 
for them then it was found that all intermediate 
experimental and theoretical values were in quite good 
agreement.

In calculating the theoretical second moments the 
nitrogen contribution was not neglected and detailed 
calculations were made of interactions up to 5A° using 

the formula

44 >
/V

A

/V

5Z O -/)

Z y-
fr.7)

0 6

where the symbols are defined as in Section 2.5. and the 
third term is due to protons beyond 5A°. This type of 
calculation involved the consideration of 27 unit cells 
and the interactions of an NHg group with its 46 nearest 
neighbours. Beyond 5A° the protons were assumed to be 

evenly distributed and the powder formula was applied) 
the contribution to the second moment was approximately 
2$ and any variation with orientation would be 

negligible.
In order to determine accurately the positions of the
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hydrogen atoms relative to the known structure of the 0,

C and N atoms shown in Figure 25, four parameters are needed:
(a) The bond length
(b) The bond length N^-Hg
(c) The angle H-^N-^Hg
(d) The angle CN^H-^.

Since only three experimental results are available only 
three theoretical parameters can be determined uniquely. 
Therefore, to reduce the number of variables, it was 
assumed that the bonds N1-H1 and N^-Hg were equal. This 
assumption was justified on the strength that there was 
no evidence to suggest that this should not be the case. 
Values of this bond length along with the two angles 

mentioned above were then sought to bring agreement between 
the theoretical and experimental results.

A number of molecular models were proposed and the 
theoretical second moments were calculated for the three 
extreme values. These values corresponded to the 
following orientations of the crystal
1. Ho along the flOOj axis i.e. = 90°, 0Q = 0°
2. Hq along the fllOj axis i.e. = 90°, = 45°

3» Hq along the [OOlJ axis i.e. = q° , 0Q = 45°
A list of the models used and the results obtained is 
given in Appendix 2. A study of the trial models showed 
that reasonable agreement with experiment resulted if the 
N-H bonds were taken to be l*04A° and the angles as 120°



98.

each. The sum of the squares of the differences between 
the three theoretical and experimental pairs of second 
moments was used as a measure of disagreement. With this 
close agreement it was now possible to obtain perfect 
correlation between theory and experiment. A small change 
was made in each of the three molecular parameters 
separately, and the second moment calculated in each case.
These results are given in Table 3. along with the mean 
experimental results for the three orientations. The 

second moment values were then written as a function of the 
three variables and expanded by Taylor’s theorem, finally 

to obtain perfect agreement between theory and experiment 
it remained to solve three linear equations in three 
variables.

Table 3.
Values of Second moment(gaussS)

N-H bond CN^i [lOOJ [110]

1-04 120° 120° 13-5 18-6

1-02 120° 120° 13-9 19-6

1- 04 122° 120° 12-9 19-2

1-04 120° 118° 13-8 17-8

Mean experimental value s 13-6 18-2

fool]

29-3
31-8
27-2
31- 8
29-0
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A detailed account of the method is given in Appendix 3.
The values of the three molecular parameters given by this 
calculation were as follows :

N-H bond length of 1-O46A0 
H^^bond angle of 119 *1°

CNiHi bond angle of 120-5°
oUsing the estimated experimental error of I 0-3 gauss the 

accuracy of the bond length was found to be t O'Olk°, 

and of the angles ±2°. A simple calculation gave the 

proton-proton separation in each NHg group as 1*80 ±0-02A°.

The final results are shown in Figure 26 where the 
theoretical curves based on the above molecular 
parameters. It can be seen from the graphs that the 
consideration of only the extreme values was justified as 
the intermediate points do in fact fall into line with theory. 
5.5. Measurement of fine structure•

For rotation about the [lio] axis it was found that, in 

general, the absorption line derivatives contained fine 
structure. Figure 27 shows three representative experimental 

plots with their integrals; these integrals are, of course, 
the absorption lines corresponding to the respective 
orientations. As can be seen the fine structure was most 
pronounced when Ho was parallel to the fooij direction i.e.

= 0Q = ^sorption line had the
characteristic double hump obtained from a system, of
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proton pairs (l)• Referring to Figure 25, when HQ is

parallel to the direction i.e. parallel to the
C-0 bonds, the proton pairs in the NHg groups are 
orientated with the same angle 6 with respect to the 
field. This holds for both types of molecule in the unit 

cell and therefore, to a first approximation, the Urea 
crystal can be regarded as a two-proton system with 
broadening effects due to nearest neighbours.

In Section 2.2 the separation of the two resonance 
lines obtained from a two-proton system is given as

2<*(3 cos2 e - 1)
3where << = 'S'

Putting r = l-80±0-02A° and 9 = 31 i 1-5° (obtained from 

final second moment calculations) into the above equation 
gives the result that the separation of the two lines 
should be 8-7 £0'5 gauss . This is for the planar model 
and Hq parallel to the tetragonal axis. The mean value 
of the line separation obtained from the experimental 
traces (or integrated plots) was 8-9 ±0-2 gauss. This 

additional information lends further support to the 
molecular parameters obtained from the second moment data. 
If, however, the non-planar model of the molecule had been 
correct, then all the proton-proton vectors would have 
been perpendicular to Ho for the above orientation, and the 
separation of the two lines would have been only 7-2 gauss 
for a proton-proton distance of 1-8OA0.
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To obtain agreement for this model the above inter-nuclear 
distance would have to be reduced to 1*68A°.

Again the experimental results show that the planar 
structure of the Urea molecule is the correct one and some 
quantitative confirmation of the assumed molecular parameters 
is obtained.
5<Discusslon and Future Research.

The length of the N-H bond i.e. l*046A° found in Urea 

is longer than in general. A careful study of results 

published for other substances reveals that the length of 
this bond usually lies in the range l-03±0-02A°. For 

example, the bond length in ammonia is l*014A°(43) and it 
ranges from 1*03 to l-035A° for the ammonium halides (44,

45, 46). This increase in bond length can probably be 

explained by the presence of hydrogen bonds which are 
thought to exist in Urea. Richards and co-workers found 
that hydrogen bonding to oxygen did result in an increase 
in the N-H bond in certain hydrazine salts. They found 
an N-H bond length of 1-O48A0 and that in hydrazine 

fluoride, where very strong hydrogen bonds occur, the bond 
was increased to 1-O75A0 (47, 48). Therefore it appears 

that the structure proposed for the Urea molecule is quite 
feasible. However, it is possible that some other model 
would fit the experimental results and then it would be
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impossible to distinguish the correct structure by the
above methods.

All the work reported herein has been based on two 
major assumptions :
1. The N-H bonds are equal
2. The lattice is rigid at room temperature.
However, there is some unpublished evidence which suggests 
that these assumptions may be slightly incorrect. Firstly, 
with reference to the N-H bonds, Levy (49), from a 

neutron diffraction study of Urea, reports unequal N-H 
bond lengths. His model for the Urea molecule is

N1H1= 1-O4A0 N1H2* 0-98A°
HAHg= 119° CN1H1= 181°

This model does not give agreement with experiment in
nuclear magnetic resonance work as can be seen from
Appendix 2. Secondly, some work on powdered Urea suggests 
that there is some form of internal motion occurring in Urea 
at room temperature (50). If this is correct then the results 

given here would have to be modified slightly. Even so, 
assuming the bond angles correct (cf. values given by Levy), 

there is reason to suppose that the N-H bond lengths would only 
be reduced by a few per cent.

In order to ascertain whether or not molecular motion
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is occurring it is proposed in the immediate future to 
examine carefully the absorption spectrum of a single 
crystal of Urea with varying temperature.
Obviously at room temperature the narrowing effect of
any motion present must have been small enough to remain 
undetected in the initial experiments on Urea powder. It 
has been stated, however, that the experimental
uncertainty in the measured second moment was fairly
large due to the poor signal to noise ratio arising from the 

powder sample. This, of course, would enable any small 
reduction in second moment to be overlooked. With the 
advent of the accurate results obtained from the single 
crystal it will be possible to ascertain at what 
temperature the molecular motion, if any, sets in and thus 
the experiments can be repeated at some temperature where 
it is certain that the lattice is effectively rigid. This 
will enable a new molecular model to be proposed but, as 
mentioned above, the previous results should not be 
affected by more than a few per cent.

Summarising, the research reported here illustrates the 
value of nuclear magnetic resonance in determining the 

positions of protons in simple crystal structures, the main 
features of which are already known. In particular, the planar 
structure of the Urea molecule has been shown to be correct
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and some idea of the parameters in the amino groups 
has been obtained.

A full account of this work has been given (51).
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SECTION 6
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6• Rochelle Salt

6.1. Introduction.
The interest in Rochelle Salt lay in its 

ferroelectric properties and the existing hydrogen-bond 
theory which has been put forward to explain the unusual 
dielectric anomaly occurring in this salt.

Rochelle Salt (sodium potassium tartrate tetrahydrate) 

has the chemical formula Na KC^H^0g’4Hg0 and has crystal 
symmetry Dg. However, in the range - 18°C to 24°C there is 

a slight change from orthorhombic symmetry to monoclinic 
and the crystal has ferroelectric properties i.e. 
spontaneous polarisation occurs in the + x direction.
In this temperature range the dielectric constant along 

the X-axis shows an anomalous behaviour although it is 
normal along the y and z axes at all temperatures. With 
analogy to ferromagnetism these characteristic temperatures 
are called the Curie temperatures.

As the theory of ferroelectricity in Rochelle Salt 
appears to be incomplete it will be advisable to review 
briefly the various proposed explanations and show how 
nuclear magnetic resonance could perhaps shed some light 
on the existing theories. In view of the complicated 
crystal structure, however, only qualitative information 
could be hoped for from this technique.
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6.2. Review of Ferroelectric Theories•
With the analogy to ferromagnetism Fowler (52) attempted 

to develop a Langevin-Weiss type of theory using a model 
in which the Hg0 molecules formed rotating dipoles. This 
theory, however, was deficient in that it ignored piezoelectric 
interaction and since the crystal structure had not been 
determined a direct calculation of the dipole interactions 
was not possible. These considerations coupled with the 
fact that there was no independent evidence of movable 
dipoles led to the abandonment of this explanation.

Mueller (53) in a series of papers developed his 

so-called ’interaction theory’ which took into account the 
piezoelectric properties of Rochelle Salt. This was quite 
successful and gave quite a reasonable account of the observed 
physical properties but unfortunately it gave no explanation 
of the mechanism involved.

With the determination by Beevers and Hughes(54) of the 

structure of Rochelle Salt, coupled with the discovery of 
ferroelectricity in KDP, attention was turned to the 

properties of the hydrogen bonds existing in both these 
substances. Mason(55) proposed a theory based on the 

movement of hydrogen nuclei along the hydrogen bonds.
Since the bonds in question exist between water molecules 
and oxygen ions he assumed them to be asymmetric. By 
calculating the probability involved of a hydrogen nucleus



moving between two potential wells of different depths
he obtained an expression for the dielectric constant which 
agreed quite well with experiment. These bonds were 
also discussed by Ubbelohde and Woodward (56). Unfortunately 
there are several objections to this model which can be 
enumerated as follows

1. Two independent mechanisms are postulated to explain 
the two Curie temperatures.

2. The theory predicts a large entropy change at the upper 
Curie temperature and therefore a large specific heat 
anomaly should occur. This contradicts experiment where the 
anomaly is found to be very small.

3. Substitution of deuterium for hydrogen results in only 
slight changes in the dielectric behaviour whereas substitution 
of a few per cent of potassium by rubidium causes the
dielectric anomaly to disappear. This can be contrasted with 
the case of KDP where the Curie temperature is raised 
considerably by the replacement of hydrogen with deuterium.

4. Mathias (57) compared Rochelle Salt with lithium 
ammonium tartrate (LiNH^C^OgHgO) which is also ferroelectric.

He found that the value of the spontaneous polarisation in 
each case was the same although this new tartrate contained onl; 
one molecule of water of crystallisation as opposed to the 
four in Rochelle Salt. He suggested that the water molecules 
played a relatively unimportant part in the ferroelectric

110.
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behaviour.
5. From a neutron diffraction study of Rochelle Salt

Pepinsky (58) suggests that structural changes do take place 

in the ferroelectric range but that these are not only 

confined to the hydrogen bonds. He also states that 

preliminary work shows that the hydrogen bond used by Mason 
to explain the ferroelectric properties, viz. the bond
(see Reference 55), will not prove significant. It will be 

interesting to see what results a more detailed study by 
this method gives.

6. Megaw (59), in a review paper, suggests that the 

anomalous behaviour might be due to motion of the potassium 
ions as opposed to motion of hydrogen nuclei.

With these facts in mind it was thought worth while to 
make a nuclear magnetic resonance study of Rochelle Salt to 
test this existing hydrogen-bond theory. Since this theory 
involves the movement of hydrogen atoms it might be expected 
that the proton line width would show a narrowing on entering 
the ferroelectric region. It could also be hoped that if this 

theory was correct then a relaxation time study might lead to a 
value of the height of the potential barrier separating the 
two potential wells.

Both line shapes and relaxation times have been measured 
for powdered and single crystal samples from 170°K to 315°K.

In addition an investigation of the effect on the above
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quantities of electric fields imposed on the single crystal 
sample was measured.
6.3. Experimental Procedure.

6•3•1• Measurement of Line Shapes•

All the absorption line derivatives were recorded as

described previously using a modulation amplitude small in
comparison to the breadth of the line. Runs were carried 

o oout over the temperature range 170 K-315 K for both powder 
and single crystal samples, the temperature being controlled 
by the gas-flow system described in Section 3.4.

The powdered samples were compressed into small glass 
cylinders which fitted snugly inside the r-f coil; the 
compression produced a better signal to noise ratio due to 
increased filling factor.

No attempt was made to shape the single crystal used in 
these experiments. It was approximately 3-0 cms long and 
was roughly diamond-shaped in cross-section, the diagonals 
measuring approximately 1*7 cms and 2-0 cms. As in the case 
of Urea, the r-f coil was wound directly on to the crystal 

to ensure a good filling factor. The derivatives were all 
recorded with Hq directed along the x-axis of the crystal 
(deduced from goniometric measurements). In addition, the 

effect of an electric field on the line width at room 
temperature was noted. Fields of 500 v/cm A.C. and 500 v/cm D.C 
were obtained by means of a condenser arrangement situated in 
the gap of the magnet, the direction of the electric field
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being along the x-axis in all cases.
Experimental values of the line-width were obtained from 

the recorded derivatives and line-width vs. temperature 
curves are shown in Figures 28, 30 for the powder and single 
crystal respectively.

6.3.2. Measurement of Relaxation Times.
Since preliminary experiments showed that the relaxation 

time at the lowest temperature was of the order of 10 sec. 
an indirect method of measurement was used throughout the 
temperature range. The technique employed is that given by 
Bloembergen et alia (9). This method is based on Eqn. (2.18) 

and assumes that a given degree of saturation is associated 
with the same value of when or^Tj, » 1, urm being
the modulation angular frequency. Therefore when 
¥ ^H^^T^Tg = 1 i.e. at half intensity of absorption,

(h12t1t2>X = <Hl2TlT2)y (6-1-)

where x and y denote two values of the temperature. The ratio 
(Tg)x / (Tg)y can be obtained from the inverse ratio of the 

line-widths at the two temperatures (see Section 2.4.), and

is proportional to the signal generator output. Thus it is 
possible to obtain relative values of T-, over the range of 
temperature in terms of the relaxation time at the lowest 
temperature. Absolute values of T-, could be obtained if it were 
possible to measure the relaxation time directly at the lowest
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temperature by some other method. Unfortunately in the case 
of Rochelle Salt this was not possible as was too short at 
the lowest working temperature. However, a method was devised 
which at least gave a rough value to T^.

It will be seen that from the expression
ySH-L^Tg = 1 (6.2.)

a knowledge of and Tg would determine T^_. Now for a
Gaussian shape function the ratio of the total line width to the 
line width, as defined here, is 3.6. Several line shapes were 
plotted for benzene using the same r-f coil as for Rochelle Salt. 
From the derivative curves obtained it was found that the above 
ratio had a mean value of 3.4. Therefore it was assumed that the 
proton magnetic resonance line from benzene had a Gaussian shape 
at 247°K (the temperature at which the experiments were carried 
out). For this shape of curve the expression

-4 = (6.S.)
x2

holds, where the symbols have their usual significance, and so 
it was possible to calculate Tg for the benzene sample. From 
Reference (ll) the value of T-^ for benzene at 247°K was found. 

Finally, by performing a saturation curve relaxation time 
measurement (as described above) and using y^H^^T^Tg = 1 it was 

possible to find the factor of proportionality between and 
the signal generator output for the given r-f coil.
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From a study of the line shapes of the Rochelle Salt powder 
between 170°K and 315°K it was found that the total line width 

to line width ratio varied between 2.0 and 2.9. In spite of 
this the line shape was taken as Gaussian and Tg calculated at 
190°K using Eqn. (6.3.). This value of To was a mean value 
over the temperature range 170°K - 210°K since the line width 

did not change obviously over this range. From the experimental 
data and substituting for Tg, Y in Eqn. (6.2.) the value of

at 190°K was calculated for Rochelle Salt. The value for 

T^ at this temperature was found by this method.to be 8 sec.
This compares favourably with the initial observations that the 
relaxation time at low temperatures was of the order of 10 sec.
No gpsat accuracy is claimed for this method as the assumption 
that all lines are of Gaussian form is very approximate.
However, it appears to give the correct order although the actual 
value probably has an error of t 30$. Fortunately the interest 

lies in relative values of the relaxation times rather than their 
absolute values. Figures 29, 31 show the relaxation time 
measurements for the powder and single crystal respectively.

As in the line width experiments the effect on the relaxation 
time produced by an electric field was noted in the case of the 
single crystal.
6.4. Discussion of Results
6.4.1. Powder Sample

The line-width vs. temperature curve is shown in Figure 28.
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Owing to the poor signal to noise ratio resulting from the use 
of a powder sample there was an appreciable experimental 
uncertainty in the determination of the line-widths. This 
error is represented by the vertical lines at the experimental 
points on the curve.

A change in line-width occurs in the region of 220°K but 

the proton resonance line appears to suffer no change in the 
ferroelectric region. The poor experimental derivatives 
obtained prohibited the calculation of experimental second 
moments•

Figure 29 shows the results of the relaxation time 
measurements for the powder sample. From this curve it can be 
seen that Tx has a value of the order of 10 sec. at 200°K which 
drops to approximately 0.1 sec. at 310°K. No sudden change in 

the slope of the curve is observed on entering or leaving the 
ferroelectric region.

It is usual to relate T to a correlation time, 7- , which is 
characteristic of the molecular motion assisting the relaxation 
process (for example see reference 11)• An example of such a 

motion could be the jumping from one potential well to another 
of the hydrogen atom as proposed by Mason in his theory for 
Rochelle Salt. If this motion is hindered by a potential barrier 
of height E then it is often possible to express 7^ in the form

= const, x exp. (E/RT) (6.4.)

whence it is possible to obtain E. An approach of this type was
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made but the value of E obtained was not entertained seriously as 
it is theoretically possible to calculate a barrier height from 
almost any set of relaxation time results. In addition, even 
if the hydrogen-bond theory were correct, it is not certain that 
this type of motion would play the predominant part in the 
relaxation process.

No great deal of information was obtained from this powder 
study but it did.show that no anomalies occurred in either the 
line-width or relaxation time in traversing the ferroelectric 
region. Qualitatively this was thought to be rather surprising 
if Mason’s theory is correct.
6-4.2. Single Crystal

The line-width vs. temperature curve for the single crystal 
of Rochelle Salt is shown in Figure 30. It is similar in 
character to the curve obtained from the powder sample. It 
shows a narrowing of the proton line in the region of 220°K 

but the width of the line remains constant throughout the 
ferroelectric range. No great change in the line shape was 
observed as the temperature was lowered.

As in the case of the line-width, the relaxation time data 
for the single crystal were very similar to the results obtained 
from the powder. The curve for the single crystal is shown in 
Figure 31. Unfortunately it was not possible to correlate H 
with the signal generator voltage owing to the shape of r-f coil 
used. The results shown are therefore relative to the value of
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b

FIGURE 32
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the relaxation time at 200°K. The slope of the curve shows no 

discontinuities near the Curie temperatures and it is thought 
that the absence of any anomalous behaviour in or the line- 
width in the ferroelectric region tends to show that the hydrogen- 

bond theory is incorrect.
As stated previously the effect on the line-width and 

relaxation time of A.C. and D.C. electric fields was studied.
This work was carried out at room temperature. Figure 32, taken 
from Wooster (60), shows a projection on the (001) plane in which 

tartrate and water molecules are shown but not the sodium or 
potassium ions. The crosses represent the assumed positions of 
the hydrogen atoms. It will be seen that the disposition of the 
hydrogen atoms leads to polarisation in the sense of the arrows 
P. Application of an electric field in the appropriate direction 
should alter the configuration from a, say, to b. This would 
change the orientations of the proton-proton vectors and thus a 
change of line-width and second moment should result. With no 
field present the measured values of the line-width and second 
moment for Ho directed along the x-axis were 13.2 + 0.3 gauss and 
16.8 i 0.5 gauss2 respectively. Application of a D.C. field of 

500 V/cm along the x-axis resulted In values of 13.3 t 0.3 gauss 
and 17.2 t 0.5 gauss2 for the above parameters. An A.C. field 

of 500 V/cm at 50 c/s gave the same results. Second moments of 

the two configurations shown in Figure 32 were calculated according

to Van Vleck’s formula In this calculation the crystal
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structure as determined by Beevers and Hughes was used and the 
separations of the potential wells in the hydrogen-bonds were 
taken from Mason. It was further assumed that the second 
moment could be split into two parts viz.s-

1. A contribution from the hydrogen atoms other than those
involved in the hydrogen-bonds. This was taken to be 
unaffected by the application of the electric field and 
was therefore not calculated as only the change in second 
moment was required.

2. A contribution from the hydrogen atoms which could move
along the hydrogen-bonds between the two potential walls.

This calculation showed that, assuming the structure 
parameters to be correct, a change of about 1.5 gauss should 
result in the second moment from an application of the electric 
field. This change is outwith the error of the experimental 
second moments. From this it can be deduced that either the 
hydrogen-bond theory is faulty or that the assumptions made in 
the theoretical calculation are wrong•

The electric fields produced no observable effect in the 
relaxation time which tends to support the belief that the 
hydrogen-bond theory is incorrect.

Summarising the present work on Rochelle Salt it must be 
emphasised that, so far, the investigations have been of an 
exploratory nature. Only qualitative information has been 
obtained, the nature of which might suggest that the hydrogen- 
bond theory proposed by Mason is incorrect. However, until a
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great deal more work has been done in this field nothing really 
definite can be put forward. It is believed that research 
following the pattern suggested in the following section might 
prove fruitful in obtaining concrete information concerning the 
ferroelectric properties of Rochelle Salt.
6.5. Possible Programme for Future Research

Since the substitution of rubidium for potassium wipes out 
the ferroelectric properties of Rochelle Salt, a study of line- 
width and relaxation time of the proton resonance in such a 
substituted sample when compared with the results obtained from 
the normal salt should throw some further light on the hydrogen- 
bond theory. The magnetic environment of the protons would not 
change greatly and so no great change in the line-width would 
result. If the line-width showed this slight narrowing at 
220°K and the relaxation time had the same type of variation 
with temperature then it would suggest that the hydrogen-bond 
theory was incorrect.

As stated earlier substitution of deuterium for hydrogen does 
not affect the properties of Rochelle Salt greatly. More 
information concerning the hydrogen-bond theory should thus 
result if deuterium were substituted in the tartrate molecules 
but not in the water molecules. Chemically this might prove 
troublesome. In addition, a study of the deuterium resonance 
would be interesting.

As suggested by Megaw, a movement of the potassium ions
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might be the cause of the peculiar behaviour of Rochelle Salt. 
Therefore a nuclear magnetic resonance study of the potassium 
resonance should show if this motion is at all present. Since 
the structure of Rochelle Salt is relatively simpler with regard 
to potassium it should be possible to conduct this research on 
a more quantitative basis.

In conclusion, it can be seen that there are many interesting 
possibilities in this field and it is hoped to continue this work 
sometime in the future.

The author wishes to thAnk Professor E. R. Andrew and 
Dr. F. A. Rushworth for their guidance during the past three 
years, Professor J. F. Allen, F.R.S., for his helpful interest 
in this work, and Mr. J. Gerrard for the preparation of the 
diagrams.
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Appendix 1

Estimation of N in Urea -------
Consider a unit cell of Urea.

Let the molecule lying in the (110) plane be denoted by

<< and let the molecule lying in the plane (110) be 
denoted by 8

X _GX _ G
In the calculations,( 3 cos 0 -1) r must beJ A
evaluated for all proton pairs.
Is it sufficient to do this only for protons 1 and 2 of 

molecule << or must protons 3 and 4 be treated separately 
along with protons 1,2,3,4 of molecule p ?

Let proton 1 in molecule X have co-ords. (-A,A,C) 
Consider some general proton at P, co—ords (x,y,z)
Then

cos

From symmetry (assuming N-H bonds equal) 

proton 4 has co-ords (A,-A,C)

and for every proton P there is a proton Q with co-ords 
(-x,-y,z)

Q4 y~
pi
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and tan = ^777 ‘

d = <ri + IT'Qlt rp,

Now from Section 5.4

cos ePi = f*„)

andoosd = ~>y; —y>,^~y7~"<'7Zy 
<3 Z/.
= cos Y7 - o— V; '1~~ >7, ( ^r, ~ )

.*. In general

P / ' Gl 4

However, owing to symmetry It is not necessary to deal with
all the neighbours of proton 4 as well as those of proton
1. Instead, having formed y^Sk and

V- C4r»(d> ~ 4> ) for all proton pairs including proton 1,r 0 r^k. rjfc o
these terms are added to obtain cos 0 and subtracted to obtain 

pi

cos Qo^

This also applies for protons 3 and 2.
Consider the case of proton 1 in molecule •< with

that of proton 1 (or proton 4) in molecule • These

protons have a similar environment but it will be shown 
that again the 0Jare not the same.

For every neighbour P of proton 1 in©<there is an 
equivalent neighbour R of proton 1 in @ .

Co-ords of proton 1 in are (-A,A,C)
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Co-ords of proton 1 in are (

crystal
Co-ords of P are (x,y,z)
Co-ords of R are |(“» a.1 —+ X, T -Z, c„

p 1 (<<) Pl (p)

(ca-X ) - (cg - c )
ce)

= — c-o->

/ate)

^^!(<>) 

(3-y)-(*-/L)

•>/<<«?

HU)

* tt - y-• 0Pi )

A ~x
A * *

= -x

f PipiM

Pl(^

«ry 0 ~ ~'fr~ (TT ~ 0 <*-<-»- VC '»♦** (TT - ) <<r? (~ J
A/(p) '• ' PiM '° ' PiM r/>,^ 'o'PtM

- — ■C^or> V- «ro V* -A 'a-v^ V" <ax** V- <-pr? (ft + ft ) 'o /e> ' Pf(*O 'P/(^\ 'orpi (*t)

while for proton 4 in

*«„ - K,m - ” - VnM ^rr; * . rr. j

■c-t>> 0 ~ <<r> ■y^~ -€tr> AX-
7 ° 'P/M

- C

p I (-<-}

/ c

Thus for every proton 1 in <Z , four versions of Q are4 At
needed to cover the cases l(-^), 4(-<), l((?), 4((? )
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i.e. cos 0.k = (1) +

(2) v? ^r, y?k £fc-/)
(3) -«~>}£ <^, yrfc +<^- >5 — &)
(4) V; ^ja - •**~ V'ik *-*’&

Similarly four values of are required for the cases 
2U), 3(^), 2(f), 3(f).

Therefore, in all there are 8 typical protons to be 
considered in the elementary interaction unit.
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Appendix 2.

Parameters of Trial models of Urea and 2nd Moment Results

, Values of 2nd Moment(gauss)2

N1H1 N1H2 HiNjHg CNiHi

Ho
[100] [no]

«©
[ooi]

1*01 1-01 117° 121-5° 14-1 20-0 35-2
1-015 1-015 119° 120•5° 13-7 19-4 32-8

(b)l-02 1-02 120° 120° 13-9 19*6 31-8
1- 025 1-025 122° 118° 13-7 19-0 31*7
1-03 1-03 123° 0

117 13-5 18-5 31-0
1-03 103 122* 118° 13 5 18-7 30-8
1-03 1-03 123° 119° 13-2 19-4 28-5
1*035 1-035 120° 120° 13-6 18-9 29-9

(a)l-04 1- 04 120° 120° 13-5 18-6 29-3
1-04 1-04 119* 121° 13-0 18-0 28-9

(c)l-04 1-04 122* 120° 12-9 19 -2 27-2
(d)l-04 1-04 ©120 118° 13-8 17-8 31-8

1-04 0-98 o119 121* 14-1 20-3 32-7
Mean experimental values 13-6 18-2 29-0

Model proposed by Levy
AB C
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Appendix 5

Use of Taylor's Theorem to obtain exact 
agreement between assumed molecular parameters for Urea
and experimental results.

Let the N-H bond be denoted by r, the H^-j^Hgbond angle 
by 0 and the CN^H- bond angle by 0.

From Appendix 2 it can be seen that the 2nd Moment,S, 
is a function of the three variables r,0 , 0. Considering 
(a),(b),(c), (d), (Appendix 2)

by Taylor’s Theorem
s (r, e , 0) = s(.t*, e0, ) + a- Sr + -de + d <f>

where > A refer to model (a)

4S z - -il c . 11 and a = ~ i e > ip

From (a) and (b)

n

- 21-0
- 51-5
- 122-5

from (a) and (c)
b a * - 0 * 315
bg = 0'285
bc = - 1-075

from (a) and (d)

CA = ~ 0 ’ 145 
Cg - 0*400

cC = - 1-260
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Therefore we have
aA CA $ & “ ^4

a-g Sr- -+ 60 Cg & / - 65^
aQ &-r- */■ ~ ^c

where all a,b,c ’s andis ’s are known. Hence 6r;60 6^ 

can be found.
The solution of the above equations is given by
i~r 60 6 jzf i

S b c a S c A aA b. SA a» b * c AAAA AAA AAA AAA
SB bB CB -2 aB SB cB = aB bB SB = aB bB CB
SC bC cC aC SC cC aC bC SC ac bc cc
To get exact agreement with experiment

S S. SA - s„„ = o-ioA A 0A
* sg = SB - s0B ~ -0'40
4SC = sc - S0C = -0-30

Solving for , i (ft we obtain

r = OOO62A0i £ 0 = 0 -93°

Therefore the parameters giving exact agreement with theory
are

r = 1-O46A0 
0 = 119-1°
0 = 120-5°

Since the experimental accuracy is expressed as 1 0-3 gauss^ 

we can put
SA = 13-610-3 Sfi = 18-210-3 SQ = 29-010-3
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There are eight possible combinations of the allowed
maximum and minimum values of SA, SB, Sc. For each
combination it is possible to calculate Sr, 6 0, and 6 0 and, 
tabulating all values of these quantities, a maximum and minimi 
value can be obtained for each.
A calculation of this type leads to the final values of 

N-H bond = 1-046 ± 0-01A°
h1n1h2 = 119° i 2°
CNjHj. = ISO• 5° ± 2°

which give a proton—proton separation in the amino group of 
1-80 ± O-O2A0
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