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TREFACE

Tais thesis deals with gouiz chemicecal applicationss of the three
rcluted branchés of mpectroscopy, nuclear magnetic rcconance
apectroscopy (M..R.), nuclear quadrupole resonance cpectroscopy
(r.@.R.) and olectron paramngnctic renonnnce spectroscopy (iM.P.R.).
Tu this thesi therse threc powerful techgﬁqucn linve been applied,
hi“;iJ.‘hJ Jointly, to scveral problems concerncd with molecular
structure and bonding in crystulline solids.

The first investigetion deseribed is a N.M.R. study of the J
nlleged hydrates of mugnesium carbonnte, MgCOB3H20 and MgCOBHZO.

It. wag undertaken with the aim of finding the nature of these solids,
of characterising molecular motions within the solids, of estimating
the cnersy barriers hindering tiiese motions and of obtaining
information about the nature of the processes involved in the
interconversion of the "trihydrate" to the "monohydrate".

The remeinder of the thesis is concerned with effects which ,
may; be observed if a nuecleus jponscsnes a quadrupole moment.  Sowme
complexes of morcuric chloride have been studied using H.Q.R. and
Li.I.R. teéhniques, in attenpts to obtain the chlorine guadrupole
coupling constants for cach of the solids. The.intention of this
investigation was to procure information about the crystal structures
of three of these complexes from a knowledze of the structures of
another two complexes and of mercuric chloride itseclf and the
gquadrupole coupling constants of all six -compounds.

The last. part of the thesis describes how the gquadrupole
coubling,constant of a paramcgnetic ion may be cxtracted from the
hyperfine structure observed in an EZ.P.R. spectrum. It is concerned
with quadrupole coupling of 630u in 2 single crystal of fully
deuterated dibarium zinc formate tetrahydratc doped with copper (II).
The nature of the bondings in the dibarium cupric formatc tetraliydrate

complex is discussed using paroneters obtaincd from o fv 1l rrclysis

of the R.P.R. =spectra of the copper (I1) doped zinc co. .x.

The thesis starts with a General Introduction nr’ ¢’ ol
into three :iain parts, each of which consists of ceverii ., (rs.
No part i~ -~c¢lf-contained. Tach ¢l or is divided i-:tz - at.her of
scctiu. . Tables and figures are : .1led accordin_ o :ue chapter

L4
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GENERAL INTRODUCTION

All electrons and many nuclei behave as if they are spinning.

“
o

The spin quantum number for clectrons, S, is %, whercas for nuclei
the quantum number, I, can have values %n, where n = 0,1,2,3, etc.
When n = O the nucleus has no spin; examples of some common nuclei

which fall into this category are 120, 160 and j25.

A charged particle which has an angular momentum also has a
nagnetic digole moment and this can interact with a magnetic field.
Tnis magnetic interaction produces (25+1) nonequivalent sub-levels
of the electronic ground state level and (2I+1) nonequivalent
sub-~levels of the nuclear ground state level. E.P.R. and N.M.R.
are esscntially concerned with transitions between these sub-levels.

In addition to its mognetic moment, a nucleus with I %1 may
nave an electric qguadrupole moment. This moment interacts with
inhomogeneous electric field gredients and gives rise to a series
of energy sub-levels for the nucleus. When I is integral one
obtains (I+l) groups of such sub-levels and when I is half-integral
(I+%) sroups of sub-levels result. Transitions between these
sub-levels can be detected in various ways, for example, directly
using N.Q.R. techniques.

To be of interest to chemists these techniques must be rclated
sore to the atoms, molecules and crystals of which electrons and
nuclei are intimate parts. DNuclei and clectrons themselves produce
nagnetic and electric ficlds and it is the influence of these internal
fields, which vary according to the chemical environment of the
nucleus or clectron under observation, on the electronic and nuclear

levels and sub-levels which has made N.M.R., E.P.R. and N.Q.R. so

useful "to chemistry.




CIEAPTER 1
THE RESONANCE CONDITICN IN
NUCLEAR MAGNETIC RESONANCL

l.1. Spin Angular Momentum 1

Elcctrons, protons and ncutrons possess intrinsic angulazx
momenta. The angular momentun, G, associated with any of these
sub-aztomic particles may be written in the form

G2 =G 6.+ CG +CG

Ix Yy Z Z
where Gx,'Gy and GZ are 1ts components along three nmutually
perpendicular axes X, Y and Z. It can be shown from the gquantum
mechanical propcrties of angular momentum opecrators that the
eigenvalues of Gz’aro given by {(%Fl)ﬁ2 where i = (Planck's constant)x
(217)—1 and 24 must be integral, and that eigenvalues of G, are mf,
where m can have any of the (20+1) values

L,(¢-1),(€-2), ———-- , (4 -1), -1

£ is known as the "spin guanitum number" of the particle.

It has becn shown cxperirnentally that the spin guantun number
of the electron, the proton and the neutron are all equal to one
half and since nuclei are compounded out of these fundamental
particles it follows that a nuclear spin quanfum nuwaber, I, being
made up of contributions from the nucleons out of which the nucleus
is built, can have values of 0,%,1,%, ... depending on how the
nucleonic spins couple within the nucleus. At this point it is

convenient to define dimensionless vector operators, I, by the

equation G = hl 1.1.1

S0 that;I2 has eigenvalues I(I+1) and IZ has eigenvalues I,I=1,...,-I.
A list of the nuclear isotopes of importance in the compounds

under discussion in this thesis, together with their abundances in

nature and their spin gquantum numbers, when the nuclei are in their

sround state, is given below in Table 1.1.1.



Table 1.1.1

Nuclcus abundance, I Nucleus abundance,;’ I
1. 32
it 99.98 i ’°s 99.3 - 0
2i(D) 1.56x1072 1 33c1 75.4 <
12 ' 37 3
C 98.9 0 cl 24.6 FY
g 1.1 % 39 93.08 %
14y 99.64 1 630 69.09 <
160 " 99.95 0 650u 50.91 ‘%
17, »3.7x10'2 199Hg 16.86 %
2411g 89.95 0 201y, 13,24 2
2Dy 10.05

1.2. ¥agnetic Moments ofl Nuclei

The spin of a charged nucleus gives rise to a magnetic moment,
the relationship between the nuclear magnetic moment vector operatorn,
/A, and the'spin angular momentum operator, G, being

M= ¥ G l.2.1
where X: the magnetogyric ratio, is =2 scalar quantity.

¥ =5“e/mm

where € and M arc respectively the charge and mass ol the proton
and ¢ is the velocity of light. g,,, the nuclear g-factor, is a
constant for each nucleus. 1.2.1 méy be rewritten in the form

MoeeyRyl 1.2.2
where F w2 the nuclear magneton, is equal to eh/(4rrMc)

The operator for the z-axis component of the magnetic moment,/lz, is

H,o= ¥ G, =¥§hI 1.2.3
and its eigénvalues are ¥ hm wliere m can take any of the ladder of
values I, (1-1), (I-2), ---, =I.

1.3. Effect of a Static Magnetic Field on the Inergy Levels of &

Nucleus
The Hamiltonian which results when a magnetic field I interacts

with a nuclear megnetic dipole momentl%iis given uy

ﬂ = _)H H 1.3.1




-

‘lossicully this interaction subjects the ansular momentwun vector
to & ftorque causing the magnetic moment vector to preeess about.
the field direction, and it can be shown that the angular velocity

ol the resultant "Larmor" prccession is

Wy = § 1 1.3.2
If the magnetic field HO is taken to be along the z-axis direction,
then = - ¥ ni
5 X ¥ ni I, 1.3.3

so that the interaction energy E is given by the cigcnvalues of
1.3.3, which are
E=-7 ﬁHom . 1.3.4

For a nucleus with I =%, m =3%,7,~1,~-%, and hence an applicd
magnetic field along the z-axis direction produces four equally spaced
encrgy levels, separated by XTH%. In general, for a nucleus ol spin I,
(2I+1) cnergy sub-levels are produced.

In order to study these sub-levels. spectroscopically an inter-
action which can effect transitions between them is needcd. The
interaction most commonly used for this purpose consists of that
which arises when an alternating magnetic field is applied. The
Hamiltonian which reprcscnts the interaction oi the nucleus with
this second magnetic ficld is given by

I T T - . z
#'(4) = - ¥afn (91 (1)L, (97, ] 1.3.5

where Hy(t), i (t) and Hz(t) are the components ol the alternating
field, éH,cos :>t, where W 1is the angular frequency of tnis field.
It turns out that IZ can only connect states with 4 m =0 whereas

I and I (or any linear combination of these)_connect only states
wIth Am = 1—Ll, so that in order to cause transitions between the
energy levels of 1.3.4 the applicd elcctromagnetic radiation must
be applied in the XY plane. If this geometrical condition is

obeyed then transitions between aldjacent energy levels only are
allowed. Transitions, in accordance with the selection rule Y| m=il,

will be induced only when the cnergy ol the applied alternating .

field is eqgual to the energy separation between adjacent levels

i.e. when
A W =45 = ¥ BH

or w =KHo 1.3.6

which is the Larmor precession relationship of 1l.3.2.

' 4 |




Thercfore there is only onc absorption Irequency irrespective of
the number of cnergy levels produced by interaction of the nuclear
dipole and an applied static magnetic field.

Sinece nuclear magnctogypic ratios are of the order lO4 - lO5
radians soc-l gauss-l, magnetic ficld strengths of 3-10 K gauss
reguire frequencies, &»/@77 y of the order of 10 - 50 Mc¢/s for
nuclear rcsonance. These frequencies fall in a convenient

radiofrequency band.

l.4. Nuclear Resonznce in Bulk Matter

Chemists are interested in resonance phenomena in bulk matter
rather than in isolated nuclei, therefore we now consider an assembly
of identical atomic nuclei, with nuclear spin quantum number %, in a
sample of matter which is subjected to a steady magnetic field Ho'
The material in which the nuclei of interest are embecdded is usually
called the "lattice", whether it be solid,  liquid or gas.

If internuclear interactions are ignored then each nucleus has
two possible energy sub-levels, due to interaction with the external
field separated by thHO. Application of radiation of the resonant
frequency, polarised in a direction perpendicular to HO, causes
transitions between the two energy levels to teke place. The probability
of transition upwards by absorption is equal to the probability of
transition downwards by stimulated emission so that if the numbers
bf nuclei in each level were equal, the average rates of transitions
up and down would be equal and no net transfer of energy between the
radiation source and the spin system would be detectable. Ilowever,
the population of the lower level exceeds that‘of the upper level by
the Boltzmann factor, exp.( ¥hii ,/kTS) where k is Boltzmann's constant,
(k = 1.38044x10_16erg/degree), an Ts is the equilibrium temperature
of the nuclear spins. At about §OOOK this factor is 14-83(.‘1.0—6 for
protons in & field of 10,000 gauss. Therefore, there is a net
absorption of radiof;equency energy due to this small excess in the
lower level. ,

The absorption of radiofrequency energy corresponds to the
transfer of some of the excess population in the lower level to the |
upper level and, were it not for interaction betweesn the spin system
and the lattice, the fractional excess of population would steadily

decrease to zero. This could equally well be described by imagining




the spin teuperature, Ts’ stecadily fising as radiofrequecncy encrgy
is absorbed — radiofrequency heating of the spin system — while
the temperature of the lattice, on which the r.f. ias no direct
cffcet, is unaltered. Interactions between tle spin system and the
lattice will tend to bring both into thermal equilibriur at the same
temperaturc.  IHowever the thermal capacity of the lattice is much
greater than that of the spin system so that this comwon temperature
is usually almost identical with the lattice tcuperature. Spin-lattice
interactions thereforercduce the spin temperature much below
T» =00, i.e. increase the population of the lower level.

The approach of the spin and lattice systems to equilibrium can
he considered a thermal relaxation process and it can be shown
experimentally that equilibrium is approached cxponentially with a
characteristic time T,, the spin-lattice relaxation time.T, is usually
between 10—4 and lO4 seconds. Tor solids it is rarely shorter than
lO-2 secondg and may be very long at low temperatures. For pure liquids
T, may be as short as 10-3 seconds and rarely cxceeds 10 scconds.

A second form of interaction can affect the life-time of & spin
state and thus influence the detectabilitylof an absorption. Since
cach nucleus possesscs a small magnetic dipolé moment there is a
magnetic dipole-dipole interaction between each pair of nuclei and
neighbouring nuclei,in effect, produce at each nucleus a small local
magnetic fiecld. This interaction is dealt with more fully in the
following chapter. The local steady field differs from nucleus to
nucleus depending on their environment so that there is a distribution
of Larmor precession frequencies about the ideal value uio, covering
a range S w, which turns out to be 104sec-1. If two spins have
precession frequencies differing by §w,and arec initially in phase,
then they will be out of phase in a time ( §wo )fl,i.e. about 10 ¥sces.
This interaction has two effects; one is that the spread of precession
frequencies dw, causes the resonance to be broader than the ccndition
defined by 1.3.6. Secondly a nucleus j produces at nuclcus k a
magnetic field of frequency (~ﬂ°)j which may induce a transition in
nucleus k with a mutual exchange of energy. Since the rclative phases
of the nuclei j and k change after about ( f«oo)-l sccs the correct
phasing for this spin exchange process should occur after this time;

this should determine the life-time of a spin state.

. 6 . - o ‘

It is convenient |



to introducc a spin-spin iztcraction; or spin-spin relaxatiow, time
n, weere 9 = /8w, = 1077 seccs. to describe this process. In
the presence of the radiofrequency radiation, of wapgnitude H,, the
approach to equilibrium of the spin and lattice systeoms is still
exponential, but the characteristic time is now D,%. ucre I is

is cqual to L+ '\(211121‘1’1‘2]—1.

saturation describes the state when the population of the spin energy

culled the Seturation Tactor and

levels become equal, co that no net resonance is detectable and it
occurs wren the spin-lattice exponcntial dccuy time associated with

depopulation of the upper spin level ic krge, i.c. when T,7% is large.

s the

8

Saturation can be avoided when T, itself is fairly large,eas
case in most solids, by ensuring that the radiofrequency. power level,
Hg’ s kept low.

Thus in general resonaices arce dctectable because ol the simall
population excess of the lower spin level which persists at thermal
equilibrium.even in the presence of radiofrequency radiation absorp-
tion,which tends to dcpopulate the lower level,because ol the competing
process of spin—lattice relaxation which tends to populate the lower
level.

1.5. Observation of Nuclcar Resonances

A sample of material, containing a large number of the nuclel
in which one is interested, is subjected to a steady magnetic fiecld
H , and then a period of time, greater than Tl, must be allowed to
lapse to enable the spin system to come into cquilibrium with the
lattice in the field. To observe nuclear resonance abso%%tion the
sample must now besubjected to a linearly poldrised radiofrequency
field in a direction perpendicular to HO. This is achieved by passing
an r.f. current through a coil wound round the sample tube, the
cylindrical axis of the coil being at right angles to the static
field direction. DProvision must be made for adjustment of cither
the magnitude of H0 or of the frequency ™ of the r.f. so that the )
resonance condition, lwl =¥ H , can be selivv.d. Control of the
magnitude of the r.f. field is also required so that a level, just
low enough to avoid saturation, can be used. At resonancc maxinum
vower is absorbed from the r.f. field and this power loss can be

detected electronically and a resonance signal observed on an

oscilloscope or on & recorder. Fuller details of instrumentatior. tr&

given in chzjter three of this thesis.
=
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1.6. Dependence of Resonsnce Sisnals on Chemical Environtent

‘ In the resonance cguation, w =¥, is actually the field

expericnced by the nucleus, wiich in real situations is not quite

the same as the applied field Ho’ since gmall ficlds are generated

by neighbouring electrons and nuclei; it is as a result of this fact

that chemists have shown such an interest in the pnenomenon of N.ii.R.
These small internal nmagnetic fields arc created by three

diflerent effects.

(a) The surrounding nuclei produce secondary fields at the nucleus
of interest. 1In solids thesé fields are of the oxdcr of 10 gauss
but in liquids and gascs they are eliminated by the existence of
rancdom Brownian motions.

(b) Diamegnetic circulations induced in the electrons in the molecules
by the applied magnetic field, give rise to sccondary fields at
the nucleus of the order of 0.1 - 0.01 gauss.

(C) Nuclear spin-spin interactions through the clectrons giﬁe rise to
sccondary fields of the order 0.01 - 0.001 gauss.

Effects (b) and (c) are so small in comparison to (a) that, when
discussing solids, they are ignored. In such cases the spectroscopy is
called Broad-Line N.M.R. The compounds investigated in this thesis are
solids so that it is this type of spectroscopy with which the following
chapters are concerned. Effects (b) and (c), although very small, may
be observed in liquids or in gases provided a hich resolution N.IiL.R.
spectrometer is available. High resolution spectroscopy will not be
considered further ’

If the nucleus has spin greater than %4 then it may possess a
quadrupole moment which can interact with electric field gradients
generated by surrounding nuclei and electrons. Small guadrupolar
interactions perturb the nuclear magnetic resonance energy, given by
1.3.4. These perturbation terms turn out to depend on m2 and they
cause the (2I+1) nuclear sub-levels to be unequally spacod.‘ Since .
the normal selection rule for magnetic transition is Anm = =1, 2I
magnetic transitions, symmetrically distributed about tiae Larmor
frequency,can be detected. If the perturbation is suwall the net result
may be poorly resolved splitting or simply line broadening. Quadrupolar

effects are dealt with more fully in a later chapter.
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SCLINS

Z2.l. Iinc "roadening

Bach magnetic nuclcus finds itself in a small local magnetic

o

icla, Hlocal’ procduced by the neighbouring nuclei. The direction

the local ficld differs from nuclcus to nucleus, decgending on the
relative positions of the nci jhbouring nuclei in the lattice and on
their gquantum number m. The megnetic field of @ wmegnctic dipole of
moment flat a distance r is ol oxdcr /Ar-3 so that tne field falls
off rapidly with increasc of r; only nearest neirhbours make important
contributions to Hloc. Lence instead ol a charp resonance, defined by
1.3.6,resonances are obtained at W= ¥(H I, ) where h is the

o loc loc

ficld produced by each ncighbouring nucleus. The net effect of many
'neighbouring nuclei is usally to broaden the rcsonance linc — hence
the title broad-line ¥.M.R. In addition to direct magnetic dipole
effects other factors contribute to the width of resonance lincs
obtained from solids. They are the relaxation timcs, T4 and T, and
quadrupolar effects. Quadrupole interactions are discussed more fully
in a later chapter. Tor the moment only magnetic dipole coupling
between nuclei with spin quantum numbers of onc half is considcred.

2.2. agnetic Dipolar Counling of Two Identical Huclei (I=)

The classical expression for the energy of interaction between

two magnetic moments}il, andfé is q
B - Ak 3‘#!‘£}‘fﬂ'£) 2.2.1

where r is the radius vector from Val to Ma

The quantum mechanical Hamiltonian for the interaction is
obtained from 2.2.1 by treating p and 4, as opcrators: My= X,hZLs
and /uz = ‘x2ﬁ22. The angular momentum operators, El and l2 can be
expressed in terms of their components Ix’ Iy'and Iz’ and then Ix
and I in terms of the shift operators I* and I~ which are defined
by I1¥ =1 % in_ When IV operates on a spin stute it increases the
spin guantum rumber, m, by one, and I has the effect of decreasing

m by one. With these operators, the hamiltonian corresponding to

2.2.1 becones )

ﬂd =x,vz‘ﬂ"r_z(ﬂ*B-;—(_-vD—»E*’") 2.2.2

9



P TR _ - o2 \
whore A = Iz'I,_a(l-gcoo o)
—'

B=-; (ITIz+1I713)(1-%3c0s8) .

C=-3(I)Is,+ I, I ) sin®Ocos 6.

D = —% (I La,+ To, I ) sinbeos®. ¢ ,

. g .2 -

= -1, IJ*Sln. 6 ¢ ¢ 2.3.3
. B - -2 e

P= =3I, I, sin”~©-¢

The energy due to interaction with the applied magnetic field, HO,

is given by the Hamiltonian

H, = - ¥ cH, I, — €. hH, I,
which corresponds to an interaction with a2 ficld of about 104 gauss.
in most experimentel arrangements. 'The term K.X; hal:zin the
dipolar expression corresponds to the interaction ol a nuclear moment
with a field of about 1 gauss. Illence the dipolar term can be treated
as a small perturbation of the larger Zecman teri.
Ve are interesited in this chapter in the case of two identical

nuclel with spins of ;,, viz protons, in which casc the direct Zecman

w?
interaction energy is
= —XhH,m - SRhH ™y
where my and m, are the eigsenvalues of operatprs Izl and IZ2
respectively and can each be I %. There are therefore four eigen-—

valucs of ]¥a

+R w,

= —t — o

+ -Tw,

It is convenient to denote the eigenstate'of Z& in which 1y =+
and m, =— by }+=> . The two states }--y and 1-+) are decgenerate
with energy E = 0. The states 3+r+) and 1--) have respectively the
energies - h u)o and +n oao, vnere again uJo = K}%. To determine the
effect of the perturbation on each of these states we now consider

cach term in the perturbation expression 2.2.2. in turn.

=

Term A which is proportional to IlezQ obviously connccts states
lmlm2> {nym,l. Term 3, provortional to (If’Ié’+I£’IZ+) only

connects |m > to (ml+l,m2-li and (mi—l,m2+1]. In other words

m
172
B simultaneously flips one spin uP and the other down, i.e. it

connects |+-)> and ]-+~>. Terms C and D each flip one spin only and
therefore join states differing by #1 w,. Terms E and F respectively

10



fiip both scpins up and down, connceting states scparcted by 20 we.

LA

FNR T
<,0
oA B~\v .-A- ? “p
A, , \

RV L‘D L'D
SR N L ~.L

Figure 0.2.2
the effects of cach perturbation torm are sinown in figure 2.2.2.

A
¥

f
Teras C,D,H,., and ¥ obviously produce slisht admixtures of the
t . . . .
zero-order sates into the exact states but it can be shown by sccond-

[l

order pecriurbation that the amxount of aduixture is small. This saall

adnixture allows transitions wihich would otherwise be forbidden,

%)

i.e. trancitions from }++) to |--> «can itake place. The situation

can ve summarised in figure 2.2.3.

e

Figure 2.2.3

Strong transgétions are indicated by a double arrow, the light
arrows indicating the extra transition allowed due to dipolar
admixture. As a consequence of thils, very weak absorptionsoccur at
w=2L% and w=0, 'The intensity of thesc absorptions 1s so minute,
10~¢© <. of the absorption intensity at w=L5, that they may safely be
disregarded, so that terms C,D,E and F can be dropped from the dipolar
expression 2.2.2.

The remaining dipolar terms, A and B, can be combinzd to give

the Hamiltonian, whick can bec termed J{;
° %Y -, 2 .
H,=¥r(a)" (4 - 3c0s°@ )(31Zl I,~I; 1) 2.2.:
Hence the total simplified lamiltonian for an assembly of dipolar ,
pairs is
— A PR o - 3t O - -
H= ZOshRI, ) +w Fh 2 77 Ak (3T;Tan 5, 5,), . -

",k f\‘_: Coio e

the factor J; being required since the sums over J and k would count

each pair twice.
First order perturbation theory shows that, if a fixed radio-

"



frequency is employed, the dipolar interaction causes resonance peaks
to appear at applied field strgnm ths.

+ - 2
I =i —-a_/ﬁr (Qcos e -1) 2.2.6.

Hy

oxr a pair of identical nuclei. Tor non-identical nuclci the dipolar
Ticld is given by ijur—B(Bcosze -1). ‘he expression of interest in
this chapter is the former; it holds exactly only for a single crystal
in which the protons are paired and the pairs are rcemote {rom one
another 41 The spectrum consists of a pair of lincs cqually spaccd
about the resonance field, H , by an auwount 3-/Ar 5(300559 -1) where

© 1is the angle between the interproton vector and the marnetic field
direction. From studies of angular variation of the splitting of the
dipolar pair spectrum one can determine the magnitude and direction of .

2.3. Iine Shape of Proton Rlesonance Signal of Polyerystalline iiydrates

If the specimen is polycrystalline then the interp5§ton vectors
arc randomly distributed in space so that the spectrun is the sum of
the spectra.for the individual pairs, resulting in a smearing out of
the fine structure. Since the orientation of the dipole pairs is
isotropically distributed, the fraction of pairs for which & lies
in the interval d & is d(cos @ ). Let g(h) be the normalised line
shape function describing the absorption signal as a function of field
strength and let h be(n-u), that is

n=t & ur(s05° © -1) 2.5.1
The contribution of each of the two component lines for a single

crystal to the spectrum for polycrystalline naterial is

c(n) = 3 dcos @) . 2.3.2 ‘

dh
the factor o entering because each of the two terms is equally probable.
Expressing cos & as a function of h, using 2.3.1, one obtains for

g(h) in 2.3.2.
g(h) —(J_'/‘r”l)_l’*k/;;r’)] 2.3.3
The + sign is taken for "’a AT 3( h<+3/u r and the - sign for ;

—B/ur_s(, h<+-}/«r_5o 7 f

g(h) = 0 outwith the range -B/Ar-3 to +j/4r-) 20 thev onliy tnis
rznge neceds to be considered.

The line shape obtained from 2.3.3. is shown as the dotted line in
figure 2.3.1 for an isolated proton pair in a watcr molecule wiere

r = 1.58A and /u = 1.41033x10- The peak separation, Q/Jr—B, is

12







of the orxdier of 10-20 gauss .3 the completc spectrum covers about
20-22 geusg in width.
So far the discussion has been confined to isolated niairs of

N

nuclcar Jdipoles, iznoring the effect of tnext nearces nuclear ncich-
bours. This condition very ncarly holds in the cance of solid hydrogm{é
but fo" hydrates t.e interpair effects are not so swall comparcd with

the intrapair Tcets. Therefore tue proton palrs arce not izolated

from one another and the components of cach pair exert a small magnetic
Tielad, grdgortional to r—ﬁ, at nei:-nhbourings proton pairs. The c¢ffect

of cach pair on its neishbours is to dbroaden out the spectrum delined

by (h). If the broadening function is ssumcd to he uﬁUuSimn7, then |
a lirc shape similar to that shown by thc‘ oy line in figure #.3 3.3‘3,
is obtained. GCaussian cistributions arc oi the form

Y= e [5E ]

afar Qe
wnere ¢ is the sterndard deiation ol the distribution and P iu the
mean of the distribution. Th rerefore the effect next ncarest neioh-
bour broadening has is that the function g(h)dh broadens out and
contributes an zmount equal to

(3
U(h)l“ exp-:Q%;Ql
eﬁ?‘ A
at anovher field h'
ﬁ“the broadening paramcter, 1s the standard deviation ol the
Cavssian distribution function and can be considercd as a function
of the splitting due to the so-far neglected next nearest neighbours.
is taken as ,/4R—3 where R is the next rearest ruclear distance
5332222& urits. Droadening at h increases the probability of

finding a finc structure component between n' and (»'+dh’) by en

amount ) ; 2 .

— b g(n)dn. exp :L%—:%l
Flin A

Thereforc the total probability of finding a finc structure component

an’

5 N { . .
between h' and (R'+ah’) is given by

[ ’sj‘r ( ) \/ 1
c(n)dn' = ¢ h)dh exp( =
‘-f‘,‘f" 2/’
where C = ///};r)ana ¢3/ar 3 are the limit intesration necessary
; . r3pr h -h2
i.e. G(h') =c J’ s(h).exp _(2 h 05
-3)‘,-‘! ﬁ
.is the expression describing the absorption linc shape when next

14




neorest neishbour broadening is considered, replucing the cxpression

eIl -2

Jr ~_ _(m).dn beforc broadcning. A number of =cid hydratbes

233 +
contdin the oxonium ion ﬁBO', which consists of tiirce protons at
the vertices ol an cquilaterzl triaensle. The complicatcd thceoretical
enclysic ol the interactions of such o system hos bheen purformedg
and the cpectrum of a polycrystaliinc specimen of such a hydrate has
a-characteristic shape, from w%@ch. r, the intcrproton vectors, can
he calculated. Some "hydrates" may, in fect, contain hydroxyl groups
raticr than H20 moleccules and this possibility can be recogniscd from
tlie line shape of the proton magnetic resonance signgl. The closcst
II-II approach possible betwcen hydroxyl groups is about 2.5E, so that
althouzh the theoretical treatment is the same as for the true aydrate

casc the line width and peak separation, equal to 5/0 r 9, will be
much less than in the H20 case. In fact for Ol dipole pairs 3/U r 5
is about 2 gauss and this separation can scldom be detected because

of next necarest neighbour broadening so thnat one obtains only one

broad absorption signal. Fiz. 2.3.2 shows spectra from polycrysitalline

- I o o 10,
samples of CaSO42n20 R hNOB.u2U and p—LO3 d20 and demonstrates
that only the first compound contains discrete H2O molecules, the

cctively.

others being more accurately written HBO'Nog and Uoz(()l{)2 TesT

~9q(h) » gCh)
> h > h
-2 o . 12 -2 o +12
Caq So‘*ﬁ I‘L\O ~ HN 0.‘“‘0
Ry ~ h
B- UoyH,o

Figure 2-3.2
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In more complicated systems calculation of line shapes becomes
Tformidable and line structurc becomes so complex as to be unresolved
in detail . Althoush the line shape for seneral systems cannot be
calculated the moments of tihe spectrum can be readily calculated.
Clcaorly the width and shape of an absorption linc depends on the
maane sic interactions between neighbouring nuclei and hence upon

the configuration o. atoms in the immediate viecinity of a magnetic
nucleus. Therefore not only the distances and angles characteristic
of the local configuration arce involved dut also the motion of the
nucleus and its neighbours. One can infer something about the
configuration and motion near a resonant nucleus from a study of the

[ . . v o
shape of the absoggtlon line by means of the method of moment..

2.4. Second Moment of an Absorption Line

The nth moment of an absorption line is defined as
o0 n 5

S =f h"z(h)dn . 2.4.1

n ~o0
where o(h) is the normalised amplitude of the curve at the position
where the field strength is h gauss from the centre. Since o(h) is
an even function for magnetic dipolar broadening the odd numbered
moments are zero. Van Vleck has calculated the second and fourth
moments in the general case?l The fourth moment is a rather com-
plicated expression and is not much used. Tor a crystal containing
only one species of magnetic nucleus his result for the second

moment is 2 -4
: a,,-! LY. . -
32 = %/J N % <3cos Gin l) /‘“‘ ) 2.4.2

where ij is the angle between Tk . the length of the vector Jjoining
nuclei j and k, and Ho’ the applied magnetic field. N is the

number of nuclei taking ﬁgf in the resonance for which line-broad-
ening is being considered, say the number ol rewzonant nuclei per

unit cell. If the specimen is polycrystalline the spectrum is the
sum for the assembly of isotropically oriented constituent crystals
and its second moment is therefore the average of the second moments
of the individual crystals. The isotropic average of (3005269 -1)2

is f%, so that 2.4.2. becomes

: 2 -I<—~ (,_6 -
52 = -3%/4 N j;-R iR 2.4.§

If the crystal contains magnetic nuclei, other tha# those at

resonance, Van Vleck's second moment formula 2.4.2. contains the

16




following additional term
- - =
iyt § /u_; /3_‘;6(3 wtQ = 1) 2.4.4
]

wnere /Up is the megnetic moment of non- res onant nucleus, [, rjf
is the length oi the vector joinin. nuclei | and f zxuié9,f is the
angle wnich this vector makes with the a1pllc1 nagnetic field, ho
Por a polyerystalline specimen (3cos e —l) is again relaced by

its mean value{?, so that the complete second moment formula becomes

-1 -6 ~i
5, = & pW 5o = oM 2:4.5
Therefore the second moment ol a specitrum whosc width is due to
dipolar broadening can be calculated from a knowledge of the relative
positions of all nuclei of non-zero spin i,: the crystal lattice and
of their nuclear magnetic moments. Since magnetic moments are known
for most nuclei, information concerning the disposition of the nuclei
in the crystal lattice may be obtained from the experimentally
determined spectrum, via its second moment.

The second moment of a spectrum is delined, by 2.4.1, as

.4
[ n%s(n)en 2.4.6
and is equivalent to the mean square width of the absorption line

about its centre. If g(h) is not normaliscd then

s, = [:hzg(h)%:g(h)dh | 2.4.7

3ecause broad-line spectira are generally very broad (figs. 2.3.1
and 2.3.2), resonances can seldom be seen on an oscillograph.
Most broad signals are recorded as the first derivative of the
absorption signal, using audiomodulation and phasc-sensitive
amplification. The experimental techniques involved in the
sresentation of broad-line resonance specira are tiie subject matter
of the following chapter. The second momeni of tne absorption signal

may, however, be computed directly from the first derivative spectrum,

since partial integration of 2.4.7 gives

/
s, -1 [ dgb) - /f 883) an 2.4.8
- ~0

where dg(h) is the amplitude of tne derivative curve at the position
dh ,
where the field is h gauss from the centre.

)



h) A
! s
»h
Sh
2.4.8 is approximately equal to
o i S .3 (h <= , ah(h) , . c
S, ® g f;.‘-»oh el A h AZHDQ T An 2.4.9

where A h is a very small field interval, say 0.5 zauss. If A h is

siall enough then

8231, S- W g‘( 2/ dg(h) 2.4.10
dnp . B4 30 ah

and this expression iz generally used to obtain the second moient
from a first derivative spectrua:.

So that useful crystallographic information can be extracted
from broad-line spectra, accurate values ol second moments must
hHe obtained from spectra. In this connection there are four oxr
five notes on essentialexperinental requirements.

( i) the spectra should not be unduly broadened by magnetic field
inhomogeneity.

(ii) the r.f. power level should be low enough to avoid saturation,
which causes distortion, if not tsal loss, of tne signal.

(iii) the field modulation amplitude, used to produce the first

derivative line shape, nustv be sumall compared with the line

width. HModulation broadening, if unavoidable, can be accounted

for by using the relationship’2
5, = 8, 2 2.4.11
where SZ' is the measured second moment, 82 is the true second

moment and h ,, is the amplitude of audiomodulation used in
recording the derivative curse (in gauss)

(iv) the ratio ol the signal intensity to the intensity of the
background of random electrical fluctuations generated by the
spectrometer, the signal to noise ratio, must ve Zood since

S, can be greatly influenced by the wings ol the absorption

2 5

line where the signal is weak but h” is relatively large.

( v) the positions of the atoms in the crystal lattice must remein
fixed. The following section discusses the effects of

i€



molecular motions on spectra and hence on their sccond noments.
I order that 2.4.5 or the simpler 2.4.3. can be uscd, it is
thierefore essential to work at temperaturcs sufficiently low
that such molecular motions do not take place.

2.5. lotional Narrowing of Ncasonance Line Widins

In solids groups of atoms usually undexrgo rotational motion
a2bout one or more axes with frequencies which increase with
tenperature. This motion modifies the interactions between nuclear
dipoles and causcs conziderable changes in the rcsonance spectrun.
The 1limit of this motion is that undergone by liquids and gases,
vhose random motions result in a very narrow absorption line, the
dipolar interactions beins eliminated. In genceral, notion results
in narrowing of the spectrum. A narrowing of absorption lines with
increasing temperature has been observed in many solids and has been
ascrihed to molecular motions within crystal lattices 13,

Molecules are constrained to theircquilibrium positions in the
crystal by ihtermolecular forces and rotation of any molecule from
onc equilibrium position to another is restricted by a potential
bharrier, of heizhtU. A numaber of molccules, progortional to
cxp.(~U/RT), where R is the zas conctant per mole, have sufficicnt
cnergy at any one instent to surmount the barrier, so that there is
2 continual reorientation of all the molecules in the lattice. One
can associate with this process a rate of molecular transitions from
ornz equivalent position to another, characteriscd by a reorientation

. 14-
rate ~, or a correlation time 2;, These parameters are related by

3 =T )" 251

Y. and Y, can be related to the energy barrier, U, by equations

T = 7;exp(+U/RT) 2.5.2a ~k==\%exp(-U/RT) 2.5.2b
wviere T, and ~o, ‘are constants.
Clearly as the temperature increascs, QZdecreases and Ve .

The width of an absorption line can be related to the

increcascs.

reoricntation rate by the expression
(692 < 12(2/ ) tanL [« (83/3] 2.5.3

89 is tne line width on 2 frequency scale. & is a factor of the

19



wnity introduced to t:lic account of inaccuracics In
Tofining 8V wit™ respeet to ihe line shapes 89, or its ruprnciic
Zcid scale equivalent &I, is tclien as the scparation
otermost points of maximum and Linimun s.0uC O
wrve. A 1o the width of the sbsorption line for a rigid lut:iice,
S that-oc =G as §V= A, As the rcorientotion rate increascs ard
“oproaches the rizid lattice width,~f$ decreases. Since & In usually
27 the order of lO4 - 105 c/s, the spectrumis narroved by wmslocul wr
corientation at freguencices whiich are very low on a thermodyiw ic
wcale. lence information about energy barriers to rotations cf
nolecules in crystals cen be obtained by studying line widths as a
Tvnetion of temperature.

The contributions to the xcsonance absorption line shaje “ren
vne dipolar coupling between two nuclear spins has been showsn o o
sroportional to ()0002 © -1) wvicre & is the angle which the intcr-
~uclear vector makes witl: the zapplicd field. If the moleculc o wuich
Tnese spinniﬁ@ nuclei arc part is rotated around an axis 0¥ wiich

“cs an angle &« with the usplweu field and an angle K with tuac

. <

internuclear vector, (3cos” ©® -1) must be renlaced by (3cos“@ -1)

© 24 this average value must be talen over all the values of © duria-
. ) 16

a rotation. Using the addition theorem for spherical hirmonica

one gets

7 . 2
(30052 & -1) = ., (3c05°§ -1)(3cos“ = =1)
Thus the spectrum consists of two lines occuring at field strengtas
5= H 4/13:-5(30052 ¥ -1)(3cos'2°< -1) 2.5.4

rather than at fields given by 2.2.6 for a rigid syste:.

b

I+

-

If the axis of reorientation 0¥ is perpendicular to the internuclear
. o .
vcetor, so that ¥ =90, as is commonly the case, 2.5.4 becomes
7
T o= .' =2 20( - 2 >
Ho= I gpMr 7 (3cos 1) 5.5
which is similar in form to 2.2.6; the maximum splitting, however
ic only half that for the rigid system. The similarity iz moxc

complete for a polyerystalline specimen since random oricentaticn of

the constituent crystals provides all values ol eis r©or .
Tor completely random rotations as in liguids and jases it turns out

S —————— a 2
that cos * © over a sphere cquals i, so that (3cos ~ @ -1) = 0 and

only onc sharp resonance line appears.

ao



4Ch

Yh - S h > h

igid systen hindered rotation complete frce rotation
Fiyure a-5. |

Tor more general and complicated cystems it is again ncceusary to
turn to Van Vlieck's sccond moment formula walch Jor a single erystal

Bl 1

nas veen chiown to be

2 - ’ - 2 2 Ty 2 - 2
=*§‘/U w1 S (3cos 9-‘.11“” +3N lZ M (5coszejf—1)‘
7R r o - ot r 6
dk Sf 2.5.6

. 2 .
WYhen motion occurs, 2.5.6 must be amended by averaging (%cos @ -1)
as above. It is convenient at this stage to divide tlie second

moment into.an intramolecular part G, and an intermolccular part o,

ilenece, introduction of 2.5.3 into 2.5.6 leads to
-1 2 2 = 2 2 -5
S T (30057t -1)7 “peliees” ¥yoi)ern
sl W - 2 < s ~1\“ 0 5
T (jCOS o ~1) “ /uf (3cos ‘Kjf 1) Top 2.5.7

ct

I the naterial is polycrystalline, therc is en 1uotroplc
. . . 2
distribution of axcs of rcoricntation and the factor (3cos” d. -1)

. 4 . y
must be replaced by its mean value afz;, so that 2.5.7 Decones

. 2 -1 7\2_ -5 y 1Z - (‘2‘ 1 7
U';_%j“ N %(BCO\J X’ -+ .rjk ‘—E,n /Jf \§C0-3 Kif L) X..=0

alz
2.5.8
Comparison of 2.5. 8 with 2./.5 Tor & rigid structure shows that

-

each term in the intramolecular contribution is reduced by a factoxr

~

o1

~ A
.~ 4 < <
i(3c0s” ¥ . -1)
. ik
X , ) o . -
This factor decreascd from unity (when'xjy = 0 ) to zero (when §., =
™ uL\

0] . . - N o]
54°44') aad increascs acain to g (when XSY = 907 ).

Althouch the reduction in Sjcaused by molecular reoricnivation
nay be calculated fairly simply, the reduction for the interrmolecular
contribution is more complicated since it must be rememberc! that
during motion Tk varies a&s well as @_k Therefore a reduction of

total sccond momcnt by a factor sreater the.i 4 can be observed

al
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23 o perviculor molecular notion sets in es o rewult ol the teuperature

of tue polycrystalline sample being raised. se of 2.5.2H and 2.5.3
2llows tiie encrgy barrier to tiie motion to be calculated from a

mewled e of the tranzition teiiserature and roduced line width.
n |

Treguently a large change in tie second moment is witnessed as the

temperature is increascd. This can be explained by assuaning

N
~mnea Y
[SERINPR RG]

naple

that the molecules undergo reorientations which are almost isotropic.

14

Juch motionc cause intramolcecculor local léds to avewagse to zero,
l.c. 9 beeomes zexro, but tiie internwolcecular locnl fields do not
average to zero, =o tnat the resultant second moment is duc toa,

only The only way in which 0°, can avcrage to zero 1s for the centres

o
of mass to move; thic is the situation in ligquids and gascs. The
resonance lines for some sclids beccme extremely narrow at hish
temperature and the only explanation pos:ible is that the molecules
{or atons) diffuse through the lattice 17.

The proton magnetic rcsonance spectrum of a truc-hydrate has

N

. sccond moment of about 28 gauss  when molecular motion is ubeent,

a
and has a derivative line shape similar to that in figurc (=) below.
Should, inctead, the species H30+ or 0ii be present in the solid

phase of a "hydrate", then thcy would contribute derivetive spectra
resembling those of figurc (b) or {c) respectively to the overall
observed spectrum. If the "hydrate" contains both HZO ana OI species
in the solid state, the rigid lattice spectrun is superposition of
spectra (a) and (¢) in the ratio ol the number of water protons to

hydroxyl protons.

dh

-ss/-/\ S ? /-\v A —h - —>
\//t: -6 U‘» 4 <

44 , dsd
’F % T TBE' B /r ‘w)

(a) b) (<)

F':‘3 wre 2S5 Q
Jo ]



.1
p -U0,25,0 is an example of a hydrate ol
D <
“his kind. The proton magnetic resonance derivative sisectrum of
b' +hednll line
this compound 2 ,77 K is of the form shown,in figure 2.9.3 and

1 o}

cdiately that the compound cannot be Teormulated

)
1

abov

wl

it shows
Thi= concluzion is substantiated by the obscrvation that second
nonment auss, a value which is considerably less than that

truc hydrateygiven by the dotted line of figure 2.5.3.

®

Y

o

o

o

[¢9)

s B
)]

P—)

o

H

]

that the spectrum obtained ayrces with a ratio of
5
- "

T in 0l) of % 50 that the compound is betier written

o
>
N

o]

LR 3

2s U2O5(On)2 5H,0.

‘NS
S h

Figure 2.5°3

If the value for the ratio ( Ly 1n II OZ/( I in 0i) is infinity
{true hydrate Caoe) then 02 = 28'gauss . If this retio,q, is zcro
(pure Ol casc) then 82 = 4 gaussd. Obviously for valuecs of { bectwcen
0 andoo , S2 will lic between 4 and 28 gaussz. The uranium oxide
dihydrate example above haes shown that for Q = 3, S2 is about
20 gauss2. A value of about 14 gauss2 is expected for 82 if @ = 1.
This result can Le obtained theigetically by treating the line shape
funetion cexpression, 2.3..1, as a sum of two paris

G(a') = O.SGl(h') + O.5G2(h') 2.5.9

where G h') is the normalised line shape function for the water
of cryota*llsatlon and Gz(h') is the normalised line shape function
for the proton in OE groups. G, (h') and G (ﬂ') arc themselves of
the form of 2. 3 A. and their aerlvatlves, more usceful for comparison

with the experimental spectra, are given Dy
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+3ph

(waﬁli) c, ‘{‘(h—h')gl(h) exp -{h’-h)z .dh

ClhA - ~3 02[3
j{;f‘., ' 2.5 10
? i o)
dGQ(h') = <, éh-h').gq(h) exp" -(n'-n)° dh
d}‘)‘ -'5}.1./:3 Qﬁq

The iwcanings of the terms in 2.5./0. are the sawe as ¢iven in connection
with'2.3.4. ry is the irterproton distance with the water molecules

and liegwithin the limits 1.53Ao</\< 1.65AO; r, is the interproton
distance with the system (n -0 ...i=) and can only have values

2.2AO< r2( 2.7A0. R, the closest distance of approach of a neigh-
bouring pair of protons, can have values 2.2AO< R< 2.7A3. Using these
paramcters in equation 2.%5./0 and then in 2.5.9. 2 line shape can

be obtained for such a situation and a value for the second moument

can be found in the manner described in section 2.4. The figurc

)

obtained, 12 gauss”, is a lower limit fox 82 sincc intcrmolecular
sroton-proton vectors contribute to the second moiient but are not
inciuded in the above theoretical treatment. Accurate knowled, e
of the crystal structure is required for calculation of the inter-
molecular contribution. This procedure is applied in reverse when
one is interested in determining the value of @ and hence the correct
molecular representation of a hydrate. One uses tne line shage
Ffunction expression

o(a') = we, (') ¢ (1w (6,(n")) 2.5

in place of 2.§.9., where Wq is the fraction o

=

total protons

present in water of crystallisation. Clearly Q.= w, . In such
‘ ) l-w,
an experiment one has a derivative spectrum line shape and second
imoment and these are capable of solving 2.5.]1 for wl, rl, r2, /B‘ and /52.
The observed derivative spectrum is scaled by integration and tien

r . . .
normalircation ol the resultant absog;tlon line. A family of curves

!
of Gl(h*) and Gz(hl) can now be calculated for selected values of
R pl and z,
Now the system (I -0
curve for h12-6.5 gauss, so that by concenirating on the part of

muiﬁ2 within thre limits given for these parameters.

...l) does not contribute to the cerivative

i s "
the spectrum in the range 7 gauss { h £ 15 gauss, inforanation concerning

the water molecules only is obtained and hence Wi Ty and‘Zl.
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Lxpericence has shown that for chemically reasonable values of T, and @.
i

all calculated 4cC (h')/dhl cvrves pass throuoh the point
(b’ =11.) gauss ; aC_(h') /dn’ =0.0041 + 0.0003)

This enables Wy to be estimated, because -from 2.5.)

| /1 n . ;o
W, o= G_ nl} in the range 7 causs £ h'! £ 15 auss.
Cy.h')

dae. = [;&C(h’}/dha.i%OOz‘,l | 2512

R A~ N 7 . - R “ .
viicre dG{h'}/dn ;1 1is the no nitude of the observed normalised

J [PTS : - ] Ty . ~ N

dzrivative curve at h' = 11 gauss. Having found w.  the curves
4y

dGl(h')/dh' calculated for a range ol values of r, aud @l are

scaled down in the ratio w conpared with the observed derivative

1’

and the magnitudes of r and.@l.obtained by fitting the observed

1
curve to the collection of c..culated curves.

Having thus determined the contribution from water of
crystallisation to the line shape function, the contribution arising
from (H-O ...H) can be obtained by subtraction from the obscrved
nornalised curve. The resultant difference curve can then be
analysed in a manner similar to inat outlined for wl,r,,andg‘, to
yield z, and @2. |

This is the manner in which the probles of tiue representation
of tne hydrates of magnesium carbonate will be tackled. Information
concerning the onset and nature of umolecular motion in these hydrates
and the energy barrierc to their motions will zlso be discussed.

It is necessary, first, to deal with the instruuentation involved

in detccting and presenting a broad~line resonance signal.
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CIHAPTER 3
INSTRULGMTATION IN  RROAD-I
+ UCLEAR MAGNETIC RESONANCE

5.1. CGenersl Reguirements

1 ~

The resonance condition, w,=Y¥H, is d.tected “y the elfect of
a sizall oscillating radiofreguency field, 2;,003cotapp1iod to the
matenial perpendicular to the direction of the static field, H.
The freguency W of the oscillating field is deternined by the
relationship .~k

: w = (k)
wnere L is the inductance of tke sample coil and C is the capacitance
of the radiofrequency generator. At resonance there is an inductance
change induced in the coil which causes a change in the r.f. voltaye
across the coil equal to
AV = S gmH w0 (=Yt + X s wot) 3.1.1

where § is the filling factor denoting the proportion of the effec-
tive ccil area occupied by material, A is the aregturns value of the
coil, and ' and‘%",are respectively the real and imaginary components
of the susceptibility3‘x, of the material. Bloch has derived expresc-
ions for 'X' and 7(“ in terms of r.f. power level, &,T,and Z the

saturation factor, and typical plois as a function of freguency are

I[\ ')('l

w 7

©

The marginal oscillator imethod of detection of nuclear
resonances coives a pure absorption signal, proportional to X'
Thz spescimen is contained in a cylindrical coil placed with ils axis
perpendicular to the direction of the steady magnetic field. Tais
coil and a condenser form a parallel tuned combination in the grid
circuit of a radiofrequency oscillator and nuclear rcsonances are
Zetected throusgh a change 'in the level of oscillations.

The super-regenerative oscillatcr-detector  which is characterised
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2y othe roagseated “u;lﬁ—u“ and deczy of its oncilletisns, alse deotocts
only chnnses in X .« In tain type of oscillator the chruoc induced -

in the tonk ceil iuductence &t resonsnce causzcs i cacrly of tle

rodiofraguency pulsces to chunge. A simple super-rozconcrative
oreillstor i unaviteole for studics of linc shesso of broad-line

W.MLT . spectra since its output is coiplex and tho ﬁctcctor resSLonze
ig nﬁt Lincnz, DOuech escillatows can, Lowever, bho modificd so that
line chrpoe studics con be perxformed . llore will be cuid abont
thls typc'of oncillator in lotur chopters.

Othcr methods ol detuction are the bridgse and
wethods, both of which reguire corcful control to obtein a responsc
proportional to cither 7(" ox’ﬁ” at. resonance.

Jroad-line N.IL,R. signals are relatively weak ond it is important
that the ratio of gignel strength to hacksround oscilletor and
thermnl "noiszce" be as large zs posnible. The following ucchnl ques
arc used so that tiac signel-to-noisc ratio, 5/, of the Qluylaycd
resonance is optiaun,

The simnal, proéortiOubl to ]’ is audicuniodulatcd by supcr-

inposing e gsinusoidal fliuctuation h Con W, ? cnto the static megnetic
ficld., This field nodulation is cffe0ued by rassing on auldiofroguency
currcnt throush additionnl coils attachced to the mronet. The rodul-
ation frequeney is gencrally in the range 0 - 300 c¢/g, and if the
modulation amplitude h is much less than the resonsnce absorption
line width, a sinusoidél output with anplitude proyortionzl to JQCAV”
is obtained, as netie field is swept tarough tac resonance
volue. An oubput prouortional to JQMYJJ is obtained if frequency
r

modulation and freguency sweep erc cmployed. This metiod of nmodul-

I

ation and sweep is _cnerally avoided, where vossible, since

sinultencous optimisation of oscillator sensitivity would be reguircd

r
pJ

as the frequency is altere
The audiosisnal output from the oscillator, at frcqucnoy-QWJ ,

toscthier with the bacKground of randon r.f. andé a.f, noise, is

passed tiroush a narrow-band amplificr which ampli

fchuancies in the neighbourhood of o’ thus rejecting a large

proportion of the noise. The S/W rati 0 ig further iuproved by passing

the amplifier output through a phase-sensitive detcctor. This device

7



cpeenton Ly wixing the emslificr output wish o rclercnce si_nal of
Troguency O . The mixzed d.e. outpubt fron tac shase-scnocitive
5
>vor can be shown Yo te progortional fo n,cond wierc iy ds the
cGazonony of i nol voltooe ol fundaumental Jregunency 30, wnd ¢ is
too plasce ol thig component wilh resmeet to tunt ol thio relcrcuce

Trequency.  Theoe maximum d.e. voltaoe is obtaoined wlen tiac two wizing
sigrels are in phasc. A phasc-siifter nust, t.croforc, be incorporaicd
into the shasc-sensitive detector. Uhe time constons, ¥ secs, of the
recetifying circuit imvoses o Landwidth of ’f—*c/: on thne detector so
thet o narrow range of noise Treguencics are pusscd to. the detector
output. Thus substantial S/¥ entanceent results from the use of

tine constante ol the ordoer of 1 second. The d.c. signal, together
with the much reduced level ol noine, can be displayed on & d.c. umetcr
or mocorder.

2 Dlic “road-Linc Proton Magnetic Resonance Sucecitrometer

e e

The block diagram ol the uspectrometer is snown below, in fizure

Z.2.1. Digures 3.2.2 and 3.2.5 show some of thie components of the
snectrorecter. The magnet, 1 of fisoure 3.2.%, is an A L.I. clectro-
magret capable of _cncrating fields of up to 14,500 gauss.
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Picld swoep Vas aciiieved by slowly chancing tae current being
sunpplicd to the mesnet coils. As a sweep width of 40 - SObgauss is
reguired to cover a broad-line proton rcsoncnce sisnal, a slowly
rotating motor was made to drive the shalt of one of the finer Tield
currzent-setting helipots, shown in figure 3.2.2. Vith a & rev/nin.
motor a sweep rate of about 2 gauss/min. is obiained.

S A probe insert, comprising a coil assembly, chown in figure 3.2.4,
and 2 dewarcd insert, was constructed to fit exactly into the A.E.I.
probec unit. The coil, five turns of cnamclled copper wire of stundard
guagedbis Tm.ui. long and Ta.m. in diamcter. A ccaxial lead connccts
the coil assenbly to the ».f. oscillator.

The oscillator, 2 of figure 3.2.3, supplied by NewPorf Instru-
ments Ltd., is based on a design by Robinson,QQ,It consists of an r.f.
amplifier followed by a limiter, block diegram figure 3.2.5. With
the probe insert described above, the oscillator could be tuned, by
ncans of & variable condenser, over the range 16.5 - 30 llc/s.

‘e level of oscillation of the oscillator is controllced by varying

-

the anede voltage of the limitcr valve and is monitored on a iwicro-

ameter,’ ol figure 3.2.3. Resonances are detected as small changes
in the r.f. lovel.
OSCI\LLATOR
N\
Temwg / —y— D.C.ourbur TO METER
[ crenise L imurER
Shmre y -—'7.—,{)\4010 OwTPur
<Ot l FBGDB}¢“ '

FPigure 3.2.5
The output from the oscillator, comprising signal at the
noduletion frequency plus noise, is passed through a Brookdeal Lock-In
Amplifier and [ieter Unit, 4 and Sa of fijsure 3.2.37, in which the
sisnal is selectively amplified and phase-sensitive detccied, and:

the d.c. voltaze output from the Meter Unit is displayed on a Cecsvo- -

e

scribe rccorder.

ii

The audiosignal can be monitored on an oscilloscoge just before
hese-sensitive detector stage. The reference for the phase-
sensitive detector is taken from the A.E.I. audiofrequency generator
and is passed through a Brookdeal Phase-Shiftcr Unit, 5b of figure
3.2.5, so that the two mixing signals can be phased for optimum output.
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In most broad-line proton magnetic resonance investigations
the temperature of the sauple must be altered znd accurately mcasured.
I this speetrometcer arrangement a stream of dry nitro-en cas is
.

passcd over the sample in the dewared probe insert. The teaperature

is raiscld by passing the gas over a heating coil and is lowered by

passing the jas throush a copper spiral imacrsed in a bath of liguid
nitvrogen. Control of the temperature is achieved hy wonitoring the
rate of flow of the gas through a flowmeter. ‘The tompcrature of the
sanple is weasurcd by means of a copper-constanteil thermocouple with
its reference junction in an icc-water mixture. The. other junction
is attached to the samplc tube in the coil assembly and the e.m.f.
zencrated when the two terminals of the thermocouple are at differcent
temperaturces is measured by a potentiometer. Iy wmeans of data supplied
by Chalton and Hannéi hecked against fixed points, e.m.f. recadings
can be converted into temperatures.

The oscillator was tuned to about 27 Me/s and the r.f. level
could be varied betwc;n 0.5¢A and 2uA. With this frequency a field
of about 5360 zauss is required for proton resonance. Using a water
semple the field and frequency are adjusted co that proton resonance
occurs when the field-swcep helipot is in the middle of its range.
The sweep width is 41.10 gauss and the sweep rate 2.055 gauss/minute.
64c/s was chosen as a suitcble modulation frequency and the maximum
enplitude of modulation, corresponding to 07 on the audiofrequency
generator output, was 1.0 gauss. Thus Andrew's modulation correction'l

to the second moment of broad-line spectra is not applied in most

|
l
|
|

cascs. A recorder chart drive spced of 3cm/minute was selected for

spectral presentation.
Sample temperatures betwecn 120%K and 3600K are obtained with

the experimental arrangerent of this spectrometer.




A TROAD-LINE  PROTON  MAGNESTTIC  RIUSONALCTH
DIVESTIGATION  OF  SOITY AT REGED  JYDRALL

2

4.1+ Introduction

The term "hydrate" should, strictly.speahiﬁg,bc applicd only
te compovnds vwhose crystals contain discrete wabter molecules but
if the evidence on which the formulac assiz ngd to many alleged
hydrates ol inorganic salts arc buscd is cexamined then it becones
obvious that a large number might not be hydrates at all. For
cxample, a compound orizinally siven the formula Na2O.Sn02.5A20
and called a trihydrate was shown, after the advent of Werner's
coordination theory'a$~to be HaQ Sn(OH)é]. Vells montionsas-that
ony other -called liydrates may, in fact, bLe hydroxy salts.

Copper sulphate monohydrate could bhe CuSO4.ﬂ20 or Cu(OH)(hSO4);
tue latter representation defics no valence laws.

Information on the correct representation of a so-called
hydérate can oiten be obtained {rom a study of the conditions
required for dehydration Q; everal hydrates retain their water
nolecules above 200°C while others recadily lose theirs on hesting
to 100°C Some even undergo decomposition before complete dehydration.
The more vigorous treatment is often required for true hyd rates il a
transition metal is present, because the latter can bond to their
water molecules very strongly as a consequence ol the availaovle
d=crbital vacancies of such metals 46. With ions of the inert gas
confizureation s2p63 such as Ya© and Mg2+ true hydrates would be
expected to dehydrate fairly rcadily. Some do not, so these may be
hydroxy-salts. '

Only physical tcchnigues however, can supply conclusive proof of
the correct formulaticon of an alleged hydrate. X-ray crystallography,
where applicable, usually solves problems of structure determination
but protons, because of their low X-ray scattering 11ower:)7, cen only
be positioned accurately on an electron density mzap after a preat deal
of effort. The related techniques of elcctron2 and neutron 29
diffraction are able to locate the protons with the same amount of

la the lather )
effort as is required to locate heavier nuclei, thie scattering
is produced by interaction of the particles with thc nucleus and not

with tho extra nuclear electrons. It is simpler to apply one or other
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of thesc dillraction methods only wiien the crystal has zlrcady tecn
Investirated using X-rays and the positions of the other atoms are

already known. The dihydrate of oxalic acid wog investijated using

) e o . 30 . .
neutrorn diffraction together with the information supplicd by A-ray

'

31/ . - N 5 .
cnalysis and it wac found that the specics H_ 0 was not present in
2
the crystal but that the dihydrate contains wlmost wnperturbed water

7

molecules This conclusion had been arrived at two ycars carlier

-

by means of broad-line proton magnetic resonance ctudies, together

4

with the result that the crystalline hylrates ol nitric, »crchloric

end sulphuric were morc corrcctly represented by H,0°%0,, KTO+ClOi—
. Formp = . . 32 ° 2 .
and T G uSO4 respectively. Infrared analysis can supply informatiocn
/

Fn

on the type of 0-11 bonds zrescnt in an alleged hydrate and on the
hydrogen bonding involved.
H.MLR. can supply the answer to the question of the correct

representation of an alleged hydrate in a shorter time and with less

cffort than are involved in the diffraction mcthods although the
latter supply fuller structural information such as all tne bond ang;les

and lengths in the unit cell of the crystal specimen. DBroad-line
N.M.,R. is able to supply the reguired data from =z sinzgle crystal or
a polycrystalline study. In general when 1li ttle is known about the
crystal structure of the compound it is better to examine the poly-
crystalline material first.

Only a small amount of chemical infornation is aveilable for the
magnesium carbonate hydrates formulated empirically as ”“COBBH 0 and
HgCOBHQO. The trihydrate is converted to ihe monohydrate on heating
at 100°C. Further heating, of the mononydrate results-in dccomposition
at about 2500C to magnesium oxide with loss of carbon dioxidec. These
oberV¢tlons might sugzest that at least the third molecule of water

is actually "tied up" with the crystal structure and that the coupounds

micht be better formulated as hg(Oh)(Hco ). 2H,0 and I.Ig(OH)(HCOB)

spectively. ) |
both are iﬁdeed‘true hydrates one would cxpect their magnetic
rmonance spectra, when motions arc frozen out, to resemble that of
CaSO4.2H20, for example, (see Figure 2.5.2a) but to be quite '
Cifferent if they are hydroxy-bicarbonates (see fizure 2.5.20).
This chapter deals with the experimental Jdectalls ol how thae spectra

of .thesc hydrates were obtained at a number of temperatures and how 5




trhe speetra at the lowest touperature cmployed distin, vish beotween
vie different represcntations. In addition & discussion is given
of the types of motions which teke place within the "aydrate" crystals

waen their temperature is altered.

Me2. Proparation of the "idydrates”
it h:as been renortod33 that when a sclution of magnesium bicarbonzie
is rcerystallised at 50 C then crystals o. the trihyirate, HgCOB.BHqO
.~ . S
arc obtaincd. Japanesc workorsj‘*have extensively studied the

a
preparation oo the "bicarbonate" and sive the following rclevant
inforxation concerning thce rcaction.

MgO0+1k,0+2C0, = Mg(HCO )2
2 2 3 .
They state that when carbon dioxide is passed into a basic solution,
three competing reactions take place.

r.  CO, + OH = Hcog

-
T
.

Hcog +0H T = co?” +H,0

- 3
c. €O, + H,0 & H,CO
= 2 2 2773
Inorder to preparc magncsium bicarbonate reaction . must predominate

and the Japanese workers report that this is the case only if tuc reaie
of f of 002 and the agitation of the magnesium oxide suspmnsion are

correctly adjiusted. They give as optimum conditions, at 25 C, the

[
O
=

rate of stirring = 1000 r.p.m., CO2 flow rate = 51./min. and the

retio of oxide to water = 30 /1. ' ;
Carbon dioxide was paosed into & suspension of stock masnesium

oxide using these "optimum"vconditions but the milky colour of the

suspensicr did not dissppear and no reaction @ppeared to occur. It ;

=]

realised that possibly the stock Kgo had formed a coating of
inpervious magnesium carbonate on standing and so it was decided to
perform the reaction on freshly prepared magnesium oxide. Standard
sodium hydroxide solution was added to a weighed amount of magnesium
the resultant precipitate of mesnesiun

+

thicn suspenaed

sulphate heptahydrate and
hydroxide quickly filtered, washed thoroushly with water

-

in water and allowed to react witih gaseous CO2 under the conditions ‘
’ 1

quoted above. The solution became clear almost at once. Alter :
recction for 30 mins. the solution was left for sevcral days after i
which time crystals had formed on the side ol the reaction vessel.

These were collected and analysed for magnesium and carbonate;




they proved to be the required MgCO,31,0.
. <

3

Some of the trihydratc was converted to the monouydu-.b. by
henting o known amount in an oven at_lOOOC mtil constant weli_it
was obtained. The resultant loss in weight was concistent wish
the formation. of M5003H20'fr0m thé trihydrate., JStondard nciliods
of magnesium and carbonate analysis confirmed this cmpivienl Tomunir..
‘Both samples were kept in sealed containcrs to prcvent any

absorption or loss of moisturc.

AeBe Tnvcstiﬁation of the Tri~ and Mono-hydratcs of !ioonenmiic:
Carbonate '

31{20 ond MgCO,H, G

350%7,  wh

signal-to-noise ratiosof many of the spectra were enhanccd using o

The proton macnetic resonance spectra of MgCO

1w

©

. . o
were ;nvcstlgﬁted over the temperature range 140

Cumputer of Aierage Transicnts, a C.A.T. Tigures 4.3.1, 4.5.0 2w
4.3.3 show the derivative spectra of the trihydrate at, rermgoet ' v.ly
l4l°K, 2710K and 3159K. The derivative spectra of the monoliyin: %c
species at 1530K, 500°K and 5470K, dre shown in figurecs j.2.74, <...5
and 4.3.6, respectively. The variation of the obscrved =merond
moments of the proton absorption.curves over the teuperaturce curge

studied is shown in figure 4.3.7.

The curves of second moment against temperaturc show that iu
both compounds there is unlikely to be any motions which afflacti the
shape of thc absorptionm curves below about.lQOOK. Conncyguenbly,
the dcrivatives‘of the absorption curves at. about 150°K represent
the "rigid lattice" spectra. These curves, fijurcs 4.7.L #na t. .0,
are not typical of simple hydrates. The proton nmagnctic remocniicce
spectrum of a simple hydrate is of the form shown by tiic “ottcd
curves in figures 4.3.8 and 4.3.9. The observed "rigid latticce"

(ST
7 :

spectra, shown by the solid curves in figures 4.3.8 ana /.3,

RN
2wl

obtained as an average of a number of spectra, arc clcarly o
differcnt from those which would be expected if all the protousn i
present in water molecules. lence some of the protons in bouir T o
compounds are in environments different from watcr ol crynt-~liinaticn.
This is further borne out by the magnitude of the obmerved . coend
noments at. 150°K; these are 25-1 gau552 and 23.5<1 gouss roc,ectively
for the tri- and mono-hydrates whereas the seccond momcnt of tuc ,roion

RN

magnetic resonance absorption spectrum characteristic of rigit unocr
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roton magnetic resonance derivative syecfcruink o ained after four

accumulations in the C. of pPolycrystalline .gCO7HoO at JOOQ%.

A

4 2
hie second moraei sorption spectrum is 2Q./]1-Q#4 gauss

Pijure 4-3*5
4-2
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. 2 i , : -
molccules is about 28 gauss®. Furthermore since the sccoud aoncit
2l

characterintic of protons in OII groups is about 3-4 sonnnT, the

»

observed cecond moments arc too large to arise solely £ ich
croupr. Therefore the obscrved second mements exclude bl Forunls
16CO., 3H20 for the trihydrate and the forimulaec lgCO. U20 #1.0.0
Mg(ON)(ICO ) for thc monohydratbe.

A mo;c complete study of the "rigid lattice" line shapes,
outlined in section 2.5, provides more quantitative information
about the cnvironments of the protons in there two hydrates. M.
solid curves in figures 4.3.8 and .4.3.9 arc the normalised abcorption
and derivative spectra of the tri- ond mono-hydrates, rcspectively,

o, .
at abont 150°¥. From there curves, values for w the fraction of

l,
total protons present in waters of crystallisation, are obtuincd
using 2.5.12. A scries oi calculated spectra of the form 2.5.11,

r,, R, and B,, were coi_wred
2 27

with clhiemically rcasonable values of r 1

l,
with the observed spectra.

Tor the'trihydrate a value of O.84t0.03 was obtaincd iorx Wy
and tlie dashed curves in figurc 4.3.8 are calculated using the

poaraneters

w, = 0.84, r, = 1.584, R, = 2,354
W, = 0.16, r, = 2.354, R, = 2.434
The dotted curve is calculated using the parameters
w, = 1.00, r, = 1.58}, R, = 2.354

Thus the proton magnetic resonance spectrum of polycrystallinc
magnesium corbonate trihydrate at 140°K in explaincd in terius o4 o
formule in which five-sixths oi the protons are in waters of
erystallisation with interproton distances of 1.58A. The rcuren-
cutation Mg(OH)(HCOB)2H2O is clearly not valid but the loraula
Mg0033n20,Mg(0H)(H003)2H20 is consisyent with the spectral
observations. ‘
From'analysis of the normalised curve for the monohylr:stc,

solid line of figure 4.3.9, w, was found to be O.BOiO.US. The
dashed curves of ligure 4.3. 9 are calculated usin, thc paroacte:.
vy = C.80, , ry o= 1.58A, : Rl‘= 2. )bn
& . »
w2 = 0.20, r2 = 2.35A, R2 = 2043/\.
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Table 4 .3 .1
Infra-red absorption frequencies of magnesium carbonate tri- nono-

hydrate and o.f some other carbonates and bicn rbonates.
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The ”"implo hydrate" spectrun, with wl = 1,00, ry s 1.534 and
Ql =2 2.)5A 1” egain chown, ars the dotted curves in fignre 4.5.0.
Tn the representation [igCO, H2O,n’(OJ)(uCO7,, Wi = W, = 0.50 aud
<

this is inconsistent with the observed "rigid lattice" cpectrum.
e represcutation 4HUCO,U20,Hg(OH)(nCO,) has the required w, value.

The proton magnetic rerononce results can be explainced by
ngouming that when the trihydrate is prepared from. the bicarbonutce
by the method outlined in the previous wcection then a 50:50 mixture
ol tie speeies IDCOL)N 0 and hU\OH)(uCO “H 0 is obtoined. Illcating
at 100°C converts' tho‘"trlhyﬂr%to” to ”monohvdrate”, the MbCu J“qO
being dehydrated to HgCO ii,0 and the Mn(OH)(nCO )ZH 0 being oorV(rtcd
to o mixture of ,qg(on)(uco ) ané MgCO. 1120.

Infra-red absorption spebtra ol uhc ﬂwo hydrates ol iz nesiunm
carbonate were reccorded over the {reguency range 4000 = 300(:m_l as
VBr discs. The spectra of the "tri- and mono-hydrates" arc very
cimilar. Tmblo 4.3.1 shows the infra-red absorption frequencier and
relative: 1ntcnoltles of a number of carbonates and blcnrbonatcs jb,
together with those of the "magnesiw:s carbonate hydrates'", Qhe
nymbols vs, s, m, w, vw denote the intensities of the ahsorphions N\t
as, recapectively, very strong, strdng, medium, weall, voery weall,
some absorptions are further gualified as broad (b), very broad (vh),
spur (op), or shoulder (sh). Infra-rcd absorptions in the ronge
1700 — lSOOcm-l in the ”\ydrato spectra" arc consistent with the
presence of bicarbonate in these compounds,

The graphs of second moment versus temperaturc for the two
hydirates show that, above 2400& internal motions set in in the
crystals and some of thewater molccules start to rotate about axcs
pverpendicular to the l-II vectors. This causes the rigid lattice
spcetra to collapse. Tigures 4.3.2 and 4.3.5 shgw the recorded
Jerivative spectra of the "trihydrate" and "monohydrate" respectively,
at temperatures where such motions are present. Tor the tribhydrate
“b 271°If the line widtlh of tho ebsorpileon speetrua, mcosurel as the
soparation between outermost points of maximwa and winiaun slope.ofl.. —-
the absorption curve, is 1310.5 causs, so that, using 2.5.3 and 2.5.1,
the correlation time, Tescharacteristic of the motion present at this
temperature turns out to be 6,2l2}lsecs, using a value of 1570.5 gauss

for the line width of the ”rigid lattice" absorption spectrum. A
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Opr 4 . . . . \ .
5071 tihie line width is 14- O 5 sauss so that T; for thc motion ot
L . oo .

this temporature is 11.6—3.9"3003. The encrgy barrviocr, U, 'to the

motions present at these tewperatires is found from the relationship

_:".’c‘(*Tl) =o/piU(l-£)} '
T () LR
to be 4.0%1 k cals.
A similar analysis of the monohydratec spectra a% 2700K and 3000K
shows that the correlation timce of 11.6l3.5}15008 and 4.411/lsocs.
respectively, are asgocinted with the motions present in this
coitpound at these temperatures. The cnergy barricr to these motions
S.Oil.B k calgs.

Iarther motions set in in thesce compounds 2t temperaturcs above

3200K resulting in further collapse of the spectra. The spectra
dl,plaJod in figures 4.3.3 and 4.3.6 were recorded at tenperotwres
where these motions cxist. At 3350K-thc linc width of the absorption
spectrun of $he trihydrate is lli0.5 causs gso that 7; for the motions
present at this temperature is 3.410.5/13908., using a value for A,
the line width of the "rigid lattice" épectrum, of 1510. goeuss.
"The linc width of 12-< O 5 gausas for the spectrum at 3150h indicates. a
correlation time of 4.4—1r sees. The energy barrier to the mot'ions
present at these tewperatures is Tound to be 2.7i1.0 k cals. .The
spectra of the monohydrate at 3370K and 547°K show that the corrclation
times associated with the motions present at thesc teuwperatuics zre,
espectively, 4.4~ 3] poees and ‘3.4~ fo. 5/A cs. so that the eneryy

barrier +to these motions is 6.0—1.7 k cals. '

In order to study the encrgetics involved in the decomposition

"H30053H20" —> "chOBHZO" -——AyNgCOB~———9 ilg0,
thermogravimetric studies were carried out on the two hydrotes at a
series of fixed temperdtures within the range 1060° — BOOOC. It wos
foﬁn& that both "hydrates" dccompose according to second-order

kinetics with two distinct steges. DJecond order rcactions obcy the N

relationship
k ='_ Ea-x)

vhere k is the rate,constant, a is the initial quantity of substance
present and (3-x) is the quantity present after time t("ecs). The

rate constant is related to the enexrgy of activation 1nvolvcd in

Lo
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the rcaction, by the Mrrheniuc cquation
k = AC-E/RT

vhere A is a constant for ecach rcaction.

Tigures 41.%3.10 and 4.3.11 show the grophs of z/(a-x) vercun
' gTop (

tine (minutes) ot two temperatures, for respectively the "tri-"
and. "mono-hycratea”. Trom the Arrhenius equation a plot of log ‘
caingt T“l(OK) gives a straight linc.of gradient -1/2.303R. '
Trom such plots of log kl and log ké a@ainst (temperature, OK)-l
for the tri- and mono-hydrate decompositions, activation cnerdgies
of (12.9+8.,6) k cals/mole and (6.3+5.4) k cals/mole are found for St
the rcactions : 0

”Mg0053h

0" o [igO+3I O+CO2

2
0" —> HgO-+HI

2

O+CO2

and  "LgCO_II 5

372

respectively.
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CHALTIR 5
QUADRUPOLE  IUIERACTIONS

A nucleus whose quantum number I obeys the condition T > 1,

possesnses, in addition to a magnetic dipole moment, a wnclenr clechric
gurdrupole monment which can interact with electrostatic Ticld gradicnts
In chemically interesting systems, these field gradicnts sre prodvced
by clcctrons and nuclei close to the quadrupolar nucleus of inturcst.

" When the quadrupolar interaction is small compared with tiac
magnitude of tlhie nuclear magnetic intceraction energy, 1.%.4, tiaen
the foriner interaction can be treated as a perturbation on tic
eFgonfunetieons and eigenvalues. &£ 1.%3.4. In this "high ficld" cane
the N.I'.R. cxperiment is performed in a conventional aanncr and &
number of resonance lines are detected, the number of lincs providing
a determination of the wvalue of I and the separation betwern the lines
yielding information concerning the quadrupole moment-fiecld gradicnt
interaction.

On the,dther hand, when the nuclear quadrupole interaction is
very large compared with the magnetic interaction, the "low ficld"
case, then the magnetic interaction is considered as a perturlation
acting on the quadrupolar cigenvalues and cigenfunctions. Whiy
magnetic pefg;bation can be made zero so that transitions bLetw .o the
energy lecvels which arise from the interaction of an clectric qunl-
rupole momcnt with an electric field gradieni can be studied.

Detection of transitions between pure nuclear quadrupolc cincrgy
levels oxr "low field" perturbed quadrupole energy levels may rcguire
instrurental arrangeﬁents which differ from those used in purc N....RR.
or "high-field" cases.

Since the energy of transition between pure nuclear quadrupolc
levels depends on the interaction of the quadrupolar nuclecus with tle
clectrons and nuclei around it, information concerning the structure
of a compound may be obtained by measuring the energy of scparation
of the quadrupolar levels of one of the constituent nuclei. ULc
second topic in this thesis is an attempt to measure the qunirupoloer
transition energies of the chlorine nuclei,spin%‘, in a scrics ¢
complexes of mercuric chloride with a view to relating thc ca
transition energies to structural changes throuchout the serico.

It is necessary, in this connection, to deal, at somc lengta,

with the theory of nuclear quadrupole resonance spectroscopy, which

¢
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is concerned v/ith the nature and detection of interactions bctv/een

a quadrupolar nucleus and its environment.



CHAPTER &

NUCLEAR QUADRUPOLE RESONANCE SPisCTROSCOYY

Zo1.  Intreoduction |

Mielei with spin quantum nuaber T = O behave an chinred

C
!

ntetionary sypnheres, ond nuclei with I = % behiave as L0 tLoy wre

chorged spinning cpheres. To on cxtcrnal obncrver the eleciricul
propertics of sueh nuclel arc equivalent to tuose which Lo would
cxpowicncé from a point clinr_ e equal to the total chirge ou Llhu
nucleus concentrated at the centre of the sphere. MNuelci witu

T > . behnve like charged spinning ellipuoids. Siuce tuny o
spinning they possess magnetic moments and since they ere cllipooidl
thiey possens cleetrical propertics of intercot. This ig Ldll:-teooted
by eonsidering the arrangements shown in figure 6.1.1. Tn tiiin

fi ure a non-spherical nucleus experiences four charges, +gq on buc

'
- 1

+ X . :
- «<-axcs ond.-q on the - y-axes. Clearly configuration G.L.Ll.0h;

iz encrgetically more favourable.

> rege = M/ T
| ¥

(b)

A
-4

()
Tigure 6.1.1

There is, therefore, a conitribution to the potential encryy of

Sy

the system which arises through the electrostatic interaction

hotween the nucleus and the environsent, and which varics wie.
' s 3 4 ~ I e AP

nuclenr orientation. Spherical nuclei arc obviously wnaflf ..

by such charge distributions.




. . . 36,37
6.2, F¥lectrostatic Interaction of a Nucleus with ¥nvironment ’

To develop a more gquantitative theory it is uscful to bein by
describing the interaction in terms df the classical intcraction of
the charge of the nucleus, charge density ( (r), «nd an elcctrontetic
potential V(r) and then, at a later stage, to inscrt appropriate
operators into the classical expressions in order to obtain a quentiu
mechanical picture.

Classically, the intcraction energy, B, of a charge distribution
of density f (r) with a potential V(r) due to external sources ic

L - jg(r) V(r)dx 6.2.1

nuclear
voluwae

The potential V(r) can be expanded in terms of the potential at tle

nuclear centre of mass (r=0) by means of Taylor's thcorem, thus

v - i)« 5{3) )y

+y7§iﬁ +z2(32 ) +XY éiz)
ayz r=0 bz r=0 (dxdy/ r=0

+; xi/)zv)
éxz r=0

= +.g, L P ..
° ' z (bxd)r <0 * xP 'd Xp) =0 6-‘

in which, when d,F = 1,2,3, X4 0T x'e = X,¥,2 respectively.

9
.
re

Now cefine
( av ) =V, -(electric field component in the xg dircction =t
2 r=0

-

3x the oricin)
and 5
(& \s = Vup = -(the gradient of the electric field conio o
Exu&xp r 6 with direction x,x ﬁevaluated at thce ceatre

of the nucleus)
Then 6.2.1. becomes

E V(O)J' (D(r)d’l’ +E-:_ V*fxd e(r)d’t +2 p[x X g f\r/u +

52
.L./

=E, ~+ E, <+ By + -0
Taking the origin of the coordinate system at the centrc of nazaz of
the nucleus, then Eo is that energy which would arise from the
interaction of a point charge, equal in magnitude to the total cruar_c

on the nucleus, with the potential at the origin. I, arises frou tic
interaction of the components of the nucleus's electrical dipole .iowiat

£Y>)



with the clectric liecld components at the nucleus. If the nucleus is
centrocsymmetric then it follows that the contribution of rxp(r)drto I,
cxactly counterbalances the contribution from —xf(r)d’r, and o on, il.c.
if nuclel are centrosymuctric then they.cannot possess clecliic dipole
moments; experiments devised to detect electric dipole moments in
nuclei have all failed so that it seems that all nuclei arc centro-
symmetric., llence E.a O.

E2 is the energy duc to the quadrupolar temrm with thc componenis
of the gradient of the electric field at the centre of the nucleus.

Terms beyond E2 are due to interaction of higher elecctric multi-
pole moments of the charge with higher derivatives of the clectric
ficld. The contribution of the next highest term,clectric occtopolur
interaction,in the expansion for E is zero, but the electric hexn-
decapole moment interaction is non-zero. In fact it turns out that
the even electric multipole moments are [inite, the odd nultipolec
moments arc zero. Similar arguments involving generalived interactions
with a magnétic field show that nuclei can possess wagnetic dipole
moments and magnetic octupole moments but not magnetic quadrupolc
moments. The even nuclear moments are electric momentis, the odd nuclear
noments are magnetic moments. It is worthwhile at this point coumcnting
on the orders of magnitude of successive terms in the cxpansion 6.2.3.
VU is of the order of c/r where T, is a typical atomic dimension, ooy
IO-BCM. EO is the electrostatic energy Ze//r which iz equal to about
lOSCm—l, corresponding to an ultraviolet frequency. E, =0 as do uj, E5
etec. L, is of the order of er, (e/r 3) where r, is the nuclcar radius
(zlo—lé
(}7/'6 ) times the electrostatic energy, i.e. of the ordcr of
10 %en™t “or 30 Me/s. Similarly thc next non-zero term, E4,thc nexo-~
decapele term, is of the order (rg/%e.)21=10-8 that of the gquadrupolcr

term, i.e. of the order of lc/s. Illexadecapolar intecractions nre

cm) Ience the quadrupolar interaction is of the oxder of

2 al

ordinarily outside the range of experimental detectability anc shall
be neglected henceforth.
E2 = 4 Z_ quQ“P .;‘.'..
where Q'*P=J Pe(r)d’(
Poth V 4 ¢ and Q ldP are second rank tensors and, by thcir Jelinitlon,
arc symmetric. Therefore ther@ are six independent components of both
these tensors. The tensor Vap can be diagonalised by choosing a

§7



particular set of axes, X, Y and 7, principal axes, of the potential
V(r). Also V(r) must satisfy LaPlace's equation AW A Y

so that at tie centre of the nucleus

Z V. = VXX + V v ¥ VZZ =0 $.2.5

ol
in terms of thie prinecipal axes X,Y,Z
. llence two parameters are rcquired to specify the ficld gradicnt
in the principal-axes system. A convenient choice of tiie two parancicres
i the following. One can choosc to orient the principal axces so biuat
the Z-axis lies along the divection of maximum field gradicnt and tic

X-axis along the direction of minimum gradient, i.e. such thai

1V 1 2| Vyy | 2|y 6.2.6
One defines the two parameters q and'7 by

¢« =V, - G.2.7

N = (Vy=Vyy )V, ' G.2.3
3y 6.2.5. i | Vagt YYI so that 6.2.6. shows that. V.. and V..

must have the same sign.

Thus 6.2.5 and 6.2.6 show that 4 has the property 0 £ 7% |

lence ficld gradient is specified by the orientation of thc prinecipal
axes of the ficld gradient tensor and by two paramctcrs, g ~ud . TT
the field gradient is axially symmetric, VXX:VYf and 9 =0, Thcrcforc-?
can be called an "asymmetry parameter" and measurcs the dcpurturce of
the field gradient from cylindrical symmetry. If the ficld gradient
‘is spherically symmetric, or has cubic symmetry, V"v YY so that

FAWN

by 6.2.5 each component equals zero and the gquadrupolar 1ntcraction
vanishes. B

The tensor Q LP also has six independent components and it is
advantageous to define a simpler tensor, which is not only syanctric
but traceless (i.e. the sum of the diagonal components is ZCTO) S0
that this new tensor thP has only five independent components. Tiis

is achievedby defining

Qup= [(Gx.xp - Sapr) Q(r)” 2.0

where Sup is the Krdnecker delta, i.e. where gup— 1 forezpand is

zero for o0 % .

6.2.9 can be re-written

[raxa (@37 = agp - %'[Q.,,, + [ Sep et J'L’J

5



Ience the gquadrupolar contribution to the ener_y of the nuelcus in on

cicctric ”iﬁlJ is siven by |

E( - I, = ZLv,g Qup + Vup Sup Jr2 o (x)ax] 6.2.10

e sccond torm on the rizht hand side of 6.2.10 involves only traces.

If Qeap is cdefined relative to the principal axes of V(r) - it involves

an integrul over the total nuclear volume and is thercflore independent

of the choice of axcs - then this sccond term vanishes since V YY'I 7
cguals zero,

Therbforc, in terms of the principal axes of the potential V(z)

('[-vm@% Vg * VYYQ‘YY-]

where, for oxample,

f(3~ =) ezt
= Z _c()zzk -I‘k)

'k protons

6.3. The Quadrupolar ITamiltonian

In oxrder to go from this classical description to a quantunr
mechanical description ol the system, the followin; proccdurc is
employed.

The Iamiltonian, 1’ describing the quadrupolar interaction is

Q’
siven by
yQ=t~ZpV“F Qup 6.3.1

The quadrupolar contribution to the energy of a nucleus in an cicciric

field now becomes

E = f * bH 4 dY

Q nucleus nucleus Q nucleus 0.%.2

vhere is the eigenstate of the nuclcus.
nucleus

Solution of this equation seems to require that fhc nucleus be
treated as a many-particle system. Ilowever, in cheaistry one is
generally'concerned with the ground state of a nuclecus in which %l
eigenstates are characterised by a total angular momentwa, I, of each
state, (2I+l) values of a component of angular momentum, @I’ and a sei
of other quantum numbers, €. Since nuclear gquadrupole resonance
spectroscopy is concerned only with the :peiial recorientation of the
nucleus for the nuclear ground energy.level, I and &€ are constant.

The expression 6.3.2., for E, can now be re-written in the form

Q
g =J‘:EIZZ(I"mI’e, Qzzl Timp, €> + Vyx(I,m1,€|Qxx|Imy, €
+V17<I’ma1:€|nylI’mzaé> 6.3.3
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o0,

At this point use is made of the theorem thnt tuc cor:cs;ondin;

usnins the notation (a,b, cIO,I a h,c‘)forJaP b,c-

matrix clements of all traccless, symmetric, sccond-ranic tensorn ore
proportiondl 3? Q«ﬁ is such a tensor aﬁd using the coimponents ol thc
total nuclenr spin I another such tensor can he constructed. $.3.7 can
be written in the form

St fdp( I,mI,é, Q“plI,mI,é Y

=p
va"(’(I s ,elc. (jxﬂkx@h-éﬁri)lI’”]”€>
wprotons )
By making use of the above thecorem thlu can bce shown to cqu0¢
___z__v e mI,ela\I Ip +1,Ta )-&p X }r,nI,e > 6.5/

wiiere C is o constant, different for each set of the quantwn mwwuibers
I ond €.

Assuming nuclecar spin to be gquantised alonyg the Z-axis, nuclcar
quadrupole moment Q is defined as the expectation value, in units of

proton charée e, of Q?Z in the state in which the component of I

along the 7-axis is a maximum.

i.e. eQ =(I,I,e‘.(Q77[I,I,e>
2 o
=L e|e 2 oot s(:;’z,f.r‘k\l:[,:t,e) 6.5.5
=, T, e \3I§ -_I_2|I,I,e Y
- 0[312-1(1}-*-1)]
= ¢I1(21-1)
That is

[2N
.
(S}
L]
[G)N

C= el
I(2I-1

so that all componcnts (de can be related to the one scalar guantity .
Note that if I = 0 or &, the nuclear quadrupole moment must be
Zero. Only nuclei with spin quantum number I 2 1 can possess guadrupole

moments. It should also be noticed that for points on the surfacc of

a sphere x° = y2 L %r2 so that if a nucleus is spherically ’
symmetrical(zz) ‘:.-—'g ,(rz) and therefore the quadrupole moments will be
iero. One can visualise, in physical terams, the nuclear elcctric
quadrupole moment as defined by 6.3.5-as being a measure of the
departure of the nuclgar charge distribution from spherical symizctry.

Q = O for spherical symmetry. If the nuclear charge distribution is
elongated along the nuclear spin axis, figure 6.3.1(a), then ( is
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pocitive; 3T it is [lottened along this axis as in fisure C.5.1700 0,
then o is negative,

Muclei with spin quantum numbers I = Q =nd _ suow no oricntation
dependent clectrostatic interaction and so can be considored oo
spheres; those with zero-spin have no axis of nuciear spin and thosc

P . 1
with spin

&

have two possible spin orientations or thie nuclens bLut
they differ only by reversal of the spin dircction and tius corrcsiond

to the same effective nuclear charge distribution.

A - M

:B J$5 ND)
Q +ve Q=0 _ Q -ve

(a) ¢6) (<)

Figure 6.3.1.
If, therefore, an assembly of nuclei with I%1 is placed in un

clectric field then each nuclcus interacts with the elcctric ficld

IR

gradient and the quadrupolar contribution to the total encr .y of tae

~

system is given, for an arbitary (i.e. non-principal) set of axes, by

. 2
Eg = < g_;_v (I,mIél.!;_(I‘Iﬁi-I"I_‘) —J;P_I_ | Tomp, e 6.3.7
It is useful to write 6.3.7. in terms of IZ'I+ and I~ for an
arbitary set of axes. '
By defining vV =V
o 22
.|_
Ve, = V; - iV
o b €.5.8
= A(V__-v_ ) av /'
V&Q" R\ Vx T yy’ T Hxy

it turns out, after suitable algebraic manipulation, that

2
By - e v, (315 -I°)

WV (I7T I 17) +V (rf1 41 1D
1 -1 ot
4I(2I—1) + zZ Tz z' Ty

-\2 2 ;
V(TS _, (17) } 6.5.9

In terms of the principal axes (X, Y and Z), when terms of tihc type

Vu{a with x# @ vanish, 6. 3 9 simplifies to

EQ = e;zrcar-‘ { l(BI I ) + (VM YY)(I}\ Y2)j
= 3m -1(1+1) +7 (1, -I 6.3.10
S (1+1) +9 (1, -1,% ) ] 3
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in terms of the two purameters ¢ and % defined earlicr. oy is teracd
thie quadrupole coupling constant for the nuclcus in the porticular
environment under consideration.

6.4. Quadrupolar Fnergy Levels and Production of Cpectrs

Tor an axially symmetric field gradient this equation simplifies

- 0 |
.= ef 2m -I(I+1)] G.4.1
4 41%21-1){ I

Therefore the effect of an axially symmetric electric ficld

to

gradient on a quadrupolar nucleus of spin I is to produce a nwiuer of
energy levels of energy given by 6.4.1. Tach of these encrgy levels,

= 0, is doubly degenerate since EQ depends on mx? and not m. -

cxcept m rd

For halffintegral spins therc are (I+)) groups of cnergy levels, all
doubly degenerate, while for integral spins there arc (I+l) _roups,
of which I of these are doubly degenerate.

Transitions between the energy levels ziven by 6.4.1 can be
produced by applylng an oscillating magnetic field which inieracts
with the maﬁnetlc dipole moment which is always associated with a
quadrupolar nucleus.  Transitions could be brought about by applyirg

oscillating inhomogencous electric fields with which the nucleuna's

192

clectric quadrupole moment would interact. But. electric ficld radicnts
too large for generation in the laboratory would be required to iniuce
a sufficient number of transitions by this procedure; Thus trainsitions
in nuclear quadrupole resonance spectroscopy arc caused by means of the
interaction which is used to induce transitions in N.M.R. (sce scction
1.3 of this thesis). .Similar sclection rulcs hold foxr the detcetion

of transitions between quadrupole energy levels. . That iz, if an
alternating magnetic field is applied with a non-vanishing componcent

in the XY plane, it produces transitions governed by‘éﬂxnl =<1,

If. the small perturbabing ficld is applied in the XY plane the intensity
of A mg = I 1 transition is maximum, whereas if'it is applied parellel
to the Z-axis the intensity. of these transitions is zero. Therefore

transitions of energy (Em E‘“z) are involved and are induced by

+1

an oscillating field of angular frequency « such that.

‘RU\) zE"I"'.‘- EM:

i.e. = 2 { 6.4.2
ice o%%%%m(lmtn) |
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iz the Troquericy ol the radintion at whichi abusorption ol rower oceuzn
for un axinlly symuctric field ;radient. Thers cre (T-_) Giffcren
absorption frequencics for half-intesral spins and I diflcreath
Iregquencics for integral spins. The quantity cfg caa be obiaincd

very acenrately by measuring these resonance frequencics and wonioning
cach transition frequency correctly to its myvaluc. Vor uwpin I ={}
and 1 therc is only one transition frequency in cach casc no that the
problem of assignment does not arise. These resonances oceur atb.
fregquencics yiven by

«% = 5cQg for I =1

4h
and Dy = eQq for I = 2
g =
Tor I = 2 therc are two resonance freguencies (\)i::-_ pd JHO;'O"E'AQHII)
! . - o - i
f\)a- cg and ‘\)2 =-30Qqg = 304
8h 8h
- \ +0 .o“fﬁ';&——?té)
while T =—% has two frcquencies, also, (0 =t¥4>=3 ="
' u i
\)j'-_ = 3cQq and g = ZeQg =2 ""s‘/.‘l
*  20h 2 10n

fore generally, for two lines corresponding to transitions betweehlxill

and[m14”and lnxfls and FQI'_f l’,‘thc ratio of their lrequencics is

2 |mg| 1
almll+1

The orientation of the axis of sywmmetry of the field . radient
tensor (7) could be found by studying the dependence of the intensity
of the resonance lines on the orientation of the.applied oscillating
field with respect to axes fixed in the crystal in which the nucleil
are contained. The intensity vanishes when the perturbation is applicd
along the symmetrirgnd becomes maximum when applied in a plane
perpendicular to the symmetry axis.,

So far in this section‘? has been taken as zcro. It is now
necessary to consider the effect of asymmetry on the elcciric field

gradient at the nucleus. The quadrupole energy levels are given, by '
‘ B 2 2 2
E = eQ LBm ~1(141) ] + (K1) - (1 >)} 6.3.10
4 _41221-1){ I x ¥ .

When deviation from cylindrical symmetry is small then the second
term is small compared with the first term and the second term can be

trcated as a perturbation on the first.

¢3



Tic outcome of such perturbation treaticnt is a wixing of sc.c
of the "pure" encrgy states whose energics werc given by 6./4.1 for 7 =
This alters the encrgiecs of the states and causcs the sclcetion rule

4

+ .
A = 21 to break down. It proves more manaseable at thnis stace to

I
treat separately nuclei with half-integral spins and nuclei with

integrel spins. This part of the thesis 'is concernced with complexcs

, . . . . 201 354 57 .-
of mercuric chloride, HgCl2, and the nuclei gz, °2¢1 snd ‘1 a1l
have Isr%. Tor this reason much more cmphasis will be placed on tiie

discussion reclevant to half-integral spins.

For half-integral spins the effect of the asymmetry term of $.5.10

is to cause the "pure" energics
o ! - 2 (T ]J 1] ,
<AnI ‘7UQI mI> = A [smI - I{I+1) mpl,my

to be altcred by amounts given by 31

(mI'!jJQ‘ me> o= L A i fI(imI> fI(limI) ) mII’mI'lQ 6ed .4

where
A = el
41?21-1) 4
and + ]
fI(-mI)v~ fI(—mI-l) = [KI-mI)(I+mI+1)
The prescnce of M mixes states 7& which differ bydm_ = z2.

I I

: + . ' .
Also the. degeneracy of -m_. is not removed by the presence oi an

I
asymmetric field gradient. This is not the casc with intecgral oning
whose 1LmI degeneracy is completely removed when N#0. This result
is an example of Kramers' theorem which states that for a system of
angular momentum I = n+} where n = 0,1,2, etc. the degeneracy of any
state éan never be completely lifted by electric fields.

In an asymmetric field gradient thec eigenfunctions are lincax

‘combinations of the basis funcations lI,mI, &) with functions whosc .

oy . . -
values are (mI—2) and, using these and the matrix elements 6.4.3 and
6.4.4, the secular equations for the system can be worted out.

. 4-0
Table 6.4.1 tabulates the secular cquations for spins f%,‘§,fk .

T Secular Tgquation Units of
3 X - 3.»12 -9 =0 o B/A

-5 % - 7(3-:»7“):»:2-20(1-0;22 =0 '2 E/2A
:.'5 x4 - 42(14*3‘7?)3{.2-64(1-7‘)x+—10c5>(1+'é"2") - B/3A

Secular Equation for Ture N.Q.R. when # %+ 0.
Teble 6'4.24
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Jor T -5% he solutions are

oy = 34 (Lig = K

-a
L
' 1\ a
E ,=-3& (1i% ")
gy
the sufflices of T refer to thc pure states to which they reduce when

7 = 0. The single resonnnce frcquoncy becones

«),/a=_gg_<l (114 m* )% 6./4..5

2h
Thercfore both ]ch[and’?cannot be obtained from a quodrupolc resonsncec
spectrum alone since there is only one absorption frcquercy.
An expansion of the cncrgy levels for I=r§, limitcd 4o tic

. 2 . .
lowest power 1n.q (which is valid for 7 < 10;0) gives

Ei;ax/-\(lof n?) Ei%xA(-zs-Bq?), th—z A(-8- 32 9 )

The frequencies of the two transitions governed by the rulec A 1 _i
e (x+ELm?) ! (1= 2 m?) 5ot G
o? x38ia (Faun Ny adela (-5 6t
whence

“ ’
N, g 2(1- )
Therefore for a nucleus with spin f% the asymmetry of tho cleetric
field gradient can be determined frém the ratio of the two rcsonance
frequencies.

For higher spins Iqul and M can be determincd if {wo o. the
nunerous resonance lines can be found and identified.

The transitions other than those corresponding to A my = 1 are
forbidden for axial symnctry and are weak except for lurge values of?
These need not be considered [further. \

. . . + . , .
Tor integral spins the -m. degeneracy of the axially synuctric

I
case 1is removed when'1-$0. Tor I = 1 the My = 0 remeins unaffectcd,
with energy Eo - -leqq
and the m_ = X1 level is split by the amnisotropy of the field cradient,

I
into37

B+ = 3 ¢Qq(1%72)

The values of Iqu], the quadrupole coupling constant, and?, tie

asymmetry parameter - both functions of the elcctrostatic potential
L3 .

»experienceJa#Jthe quadrupolar nucleus and gencrated by surcroundinr;

charges in the molecule and environment - can be determined, in =211

(¥4



cascs cxcept I ="% by mcasurciment. of the [regrencies at which

quadrupole resonances occur. The axis of symmetry of the ficld
or the axis from which swall deviations from axial symmetry arc icasurcd,
can be estimated by studying the dependeiice of the intensity of
rcsonance lines on thie orientation of the applied oscillating ficld.

A superior method of obtaining the direction of this axis is outlincd

in section six of this chapter.

,

6.5. Dctection of Nuclear Quadrupole Rcsonances

It tﬁrns out tnat the froquency,é y ol tlic applicd perturving
fielad, l#l(t), waich is required to cause transitions betwecn adjacent
gquadrupolar cnergy levels is, for a large numuor of qua urapolar nuclei
in normal chemical situations, in the rangelmio Mc/s. Therefoxc
again, as in N.,I1.R., a radiofrequency field can be uscd to induce tie
transition described by 6.4.2 for M = 0 and equations similar to 6.4.9
and 6.,4.6 for'ﬂjﬁo. It will be shown in a later scction thuut quadrupole.:
regsonance experimcnts cannot be performed in liquids or in solids near
the melting point because the continual tumbling of the molcculces
produces an effective electric field gradient at the nucleus cf zero.
Quadrupole resonance may he observed in gases at iow pressurcs, woen
the probabillty of intermolecular collision is greatly rcduced and thuc
field gjradients at the nuclei do not average out to zero. Illost work
in nuclear quadrupole rcsonance spectroscopy is performed in the solid
state. Tor pure N.Q. R. either a powdered sample or a singlc crystal

used.

is
6.6. The Effect of a Small Applied lasnetic Tield on Quadrupole

Resonance Spectra

A small magnetic field, through interaction with tihe nea;netic

dipole moment of the quadrupolar nucleus, causes the purc quadrupolc
energy levels, defined by 6.3.10, to be perturbed. This is tue "low
field" situvation mentioned in chapter five.

If, for simplicity, the electric field gsradient at the nuclcus iz

assumed to have axial symmetry, 9 = O, then the effect of tl.c Zceuon

interaction. is to produce enerﬂy levels defined by

E = CBm —I(I+1)} - X"ﬁHmIcoss G.6.1
4I 21-

T
where ¥ is the magnetogyric ratio of the quadrupolar nucleus,-H is the

Zeeman field magnitude, © is the angle between the field and the

66




~ 1 11 i - . e -

cymmotry azis ol fthe ficld _radicont and f"vI7 Lo rhun the Co_nrozoegg
or thoe 4;:1T levels is reowoved Dy this perturbation,  Tho g = =2 o

cre nnigne.  They have identienl cnergies in tihe abnoenee o7 Ll

Zecman fiecld but when the Zecwman perturbntion iu upplicd, tiic

9]

tatos aix, to Torm new stote@ |+Y and l—) whose encergics wre found
9

o

N

w

to be described by
u.i — ng ]>[: —I(IIl):] 75 £Xhllcos & G.G.2
where © [l 4 tan” 9]
The states |4> and |->  which reduce to li2> and l—,,“) roooceiively
when [ = 0 .0 when @= 90°, nxe given i)y

14+ i) . sin e 4 |—~> cos &
|~ = |-1> sin -|..) cos x Go603
where tan2 « = (£+1)/(£-1).

L0C F esonance 1C Y 1 U S L S DAV
The single resonance line obtained for a nuclcus ol spin3 ot o

il

frequency
. = clg/2
. '\) Q = C\3Q/c.
in =zero nngretic {ield is revloced as a result of Zecaan perelur . bion
by four lincs at frequencies
Vg = eQg/2h -3-1 Y icos &
4 i
547 ,f -icos @ .07
4
5-0 .¥% llcos @
4
24+L .Y licos @
49T

wlicre the o= type lines are due to the transitiong, |+% 2y ey 4y il

I
i

'QP Q,Q_/c.ll

-

f\)“'= cQg/2n

1]

..1’_

.\)P‘ e(q/2n

|-%)4_—9 | =y end the 8- lines srise fronm 1+3Y e | =) ond =2 &y
trancitions. Tigure 6.6.1 shows thc effecct of a Zecman ficld on
resononces of nuclei with I =3

-3 +-‘;¢.Q1“’3""X““‘9

T 3 4";‘,101' '}ih K”"'"’e
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Fa’sure L. 6.1

: to

[}

The intensity rotio of the outcer, ?, peir of wrenonsncce lire
N . . (-4
the incer, o, pair turns out to be (£-1)/(£f+1),When 6= 0° t.c

separation between the « lincs is 2 8il c¢/s cud the Elincs vanisi:,
(el -fr
[~

since £ = 1. At 9=70° only two lines are obscrved, agein at «th ¥ Hmw)

due to overlap of the ® and P lines. #urther 1o tucse trancitions,
tiicre is the low frequency transition 