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MISSING PRINT



The g-valuc end line width variations of the electron
resonance spectrum, from single crystals of acid met myoglobin,
Lave been measured in both *high spin' and 'low spin'
derivative form, The g-value variation is discussed in conjunc-
tion with the present structural knowledge of the myoglobin
molecule obtained from X-ray measurements. Directions in the
crystal, of importance in the electron resonance study are
found to be closely varallel to features in the molecular
structure, It is found that the direction of the maximm
g-value in the azide derivative, which is also the direction
of the crystalline electric field at the iron atom, makes an
angle of 90 with the normal to the haem plane as calculated
from electron resonance and X-ray measurements on the 'high spin'
complex, This point is discussed in connection with a possible
process whereby molecular groups may be exchanged at the sixch
coordination point of the iron atom,

The line width variation of from 40 to 800 gauss has been
explained in terms of a scatter in the orientation of the
principal g values, due to some form of disarder in the crystal
structure, On this hypothesis, theoretical line width variations
have been fitted to the experimentally observed line width
variations, Values for the standard deviation in the
orientation of the principal axes have becn obtained in this

Way .
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1.1,

Chapter 1

INTRODUCTIC

The work described in this thesis concerns the study of one
of the iron-containing haemoproteins, using the techniques of
electron resanance, These proteins are of sufficient biological
importance to justify their study by all available means, whilst
the magnetic complex is of considerable interest in itself, In
arder, therefore, to relate the two aspects of the work, a very
general discussion follows which aims at introducing the magnetic

study of haemoproteins in a logical fashion,

The magnetic propertics of matter

More than one hundred years ago, Faraday concluded that all
matter has magnetic properties. These have subsequently been
explained in terms of two basic magnectic effects, diamagnetism
and paramagnetism, which are atomio or molecular in origin,
Diomagnetism is present in all matter but the term "diamagnetic"
is reserved for substonces in which it is the predominant magnetie
effect, The presence of paramagnetic ions or molecules in a
substance can lead to various magnetic properties depending on the
degree of magnetic interaction between them: If the interaction is
weak, the substance is classed as paramagnctic, whilst strong intere
actions lcad to forromagnetic, antiferromognetic and ferrimagnetic
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effects. TFor the purpose of this thesis the case of strong
interactions will not be considered. A description of diamagnet-
ism and paramagnetism will show how the measurement of the magnetic
properties of a substance can give information of direct interest

in connection with chemical structure.

Diamagnetism and Paramagnetism

Classically considered, diamagnetism arises from the orbital
acceleration or Larmor Precession of an electron due to a magnetic
field. Thus an increase in magnetic field increases the angular
momentum of the electron. A carresponding magnetic moment is
induced, the direction of which opposes the applied field, The
diamagnetic contribution to the magnetic susceptibility is negative
and temperature independent to a first approximation. From this
reasoning every electron orbit should contribute to diamagnetism
through the Lormor Precession and all matter should therefore be
diamagnetic.

An atomic electron has an angular momentum due to its orbital
motion, and an intrinsic angular momentum known as its spin., Each
of these has its corresponding magnctic moment, both of the same
order of magnitude., An assenbly of non-interacting atoms, each

possessing a magnetic moment, would not show a permanent magnetic

moment in the absence of an external magnetic field, due to the random

orientation of the magnetic dipoles., However a magnetic field
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induces a bulk magnetic moment, due to its orienting effect on
the magnetic dipoles, which is parallel to the magnetic £ield.
This paramagnetism will be temperature dependent as thermal motion
will be the chicf de-orienting agent.

Tempcrature dependent paramagnetism can only be found in sub-
stances whosc molecules possess & magnetic moment. Such substances
arc relatively rarc, because in most compounds the electron spins
arc paired with opposite orientations, while the orbits tend to
form closed shells, The total angular momentum and therefore the
magnetic moment is then zero, The magnetic moment possessed by
certain nuclei is always very much smaller than that due to the
electron and is detected as a hyperfine splitting in the paramagnetic

resonance spectrum to be discussed later.

Chemical Structurc

The previous discussion described the close relationship
existing betwecn the presence of unpaired clectrons in a substance
and its magnetic properties. It was mentioned that in a closed
atomic shell, the elcctron spins are paired with opposite spin
orientations so that the magnetic effects of their spins cancel.
At the same time the orbital angular momentum of a closed shell is
zero and there is no orbital contribution to the magnetic moment,
Atoms and ions with this rerc gas coufiguration must therefore be

diamagnetic, Conversely it must be the valence electrons of most



atoms which provide the magnetic properties.,

Though the interaction of atoms in molecules or in solids is
not essentially influenced by magnetic effects, the spin plays an
important part because opposite spin orientations for two electrons
allow them to occupy the same arbit. Thus in a "covalent" bond
the electron spins will cancel with a consequent reduction in the
megnetic moment.

Megnetic measurements on the various chemical compounds formed
by an clement can therefore give information directly concerning
chemical structure., The magnetic effects of the orbital motion
complicate this situation considerably, but the same effects may
yield valuable informotion about the electron arbits.

Many atoms and ions havc incomplete electron shells and hence
a permanent magnetic moment. However, compounds containing these
atoms are often diamagnetic because the valence electrons have
formed bonds in which the spins are paired., There are two major
exceptions to this general rule, (i) atoms in which the shells
inside the valency clectrons are not filled and (ii) compounds in
which some of the normal bonds have been broken or modified to
leave unpaired clectrons scattered throughout the sample,

The seccond of these groups contains such cascs as organic free
radicals, irradiated crystals and structures with many dislocations
or breaks, and will not bec considered in this thesis. The first

comprises the so-called 'transition elements',



The Transition Group Elements

As stated above the requirement of an incomplete electron
shell, restricts the occurrence of paramagnetism in normal eompounds
to certain well-defined regions of the periodic table, known as the
transitions groups. In these elements there is an incomplete shell
separated by onc or more complcte shells from the surroundings of
the atom, The clcctrons in these shells are therefore not necessarily
involved in thc chemical bonding.

The iren group clements have an incomplete 3d shell so that the
magnetic electrons will play a greater part in the chemical bonding
here than in the rare carth elcments, In the last named group there
is an incomplecte 4f shell separatced from the surroundings by two or
three complcte shells, It is not surprising therefore that the
magnetic propertics of the rare carths resemble thosc of free atoms
and ions.

The maegnetic properties of thesc two groups have been extensively
studied but much less is known about those of the palladium (4d),
platinum (5d) and uranium (5f - 6d) groups.

Salts of the iron group elements with which this thesis is
primarily concerned, cxhibit rather unexpected magnetic properties.
These arc more like those which would result from electron spin only
rather than from an agglomeration of free ions. This lack of an
orbital contribution to the magnetic moment is known as orbital

"quenching' and will be discussed at a later stage. However, it



may be mentioned that this is duc to the presence of strong
crystalline electric ficlds into which the orbital motion is locked.
It is then unable to make its proper contribution to the magnetic
susceptibility.  Another effect is that the magnetic field associated
with the orbital motion will have directional propertics determined
by the crystallinc clectric field, A competition then arises
between this magnetic field and the extermal magnetic field for the
orientation of the spin magnetic moment, This magnetic moment sets
itself along the resultant of the two and magnetic anisotropy results,
Measurcments on singlc crystals will thercfore yield more detailed
information than powders or solutions in which thc anisotropy will

be averagecd out,

Magnetic Measurements

The main phenomenon in any paramagnctic substance is its

susceptibility, which is defincd by the relation
[ isis ot H

where I is the intensity of magnetization or magnetic moment per
unit volume, x the susceptibility” per unit volume, and H the
magnetic ficld.

Susceptibility is essentially a bulk property and is a measure
of thc net effccts of the diamagnetic and paramagnetic contributions.
The latter is itsclf a sum of thc contributions from the magnetic

moments duc to the clectron orbital motion, clectron spin, and
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nuclear spin, However, for salts of the iron group, the orbital
motion is largely quenched, Ignoring the small contribution from
the diamagnctism and nuclear spin the suseceptibility may then be
compercd with that cxpected from clectron spins only. In this way
an estimate of the number of umpaircd electrons present can be
obtained.

Two facts ofteii prevent susceptibility mecasurements from
yielding precisc cxperimentel data. Firs*tly exccept at temperatures
below 1°K a number of levels arc populated and the susceptibility is
an average over these levels., Secondly the unit cell in a single
crystal may contain several paramagnctic ions whose axes of anisotropy
are differcently oriented., The net anisotropy is then a sum of the
individual contributions.

Bearing in mind these two problems therefore, it follows that
any technigic which yields information on the megnetic clectrons in
the ground statc and can give precise data for cach ion will be of

great valuc.  Such a technique is Magnetic Resonance,

Magnetic Resonance

Magnectic Resonance mey be roughly divided into four types:-
nuclecar, ferromagnetic, antiferromagnetic and electron resonance.
As the name implics nuclear resonance is concerned with nuclear
dipoles. whilst the others arc concerned with electronic dipoles,

Ferromagnctic and antiferromagnetic resonance is observed in magnetic



systems in which thc clcctronic dipoles are strongly coupled to-
gether by exchange forces. However elcctron resonance s With which
this thesis will be concerned, is confined to loosely coupled systems
wherc the paramagnetic units may be regarded as individuals.

The term "resonence" refers to the analogy between a microscopic
magnetic carricr, with an angular momentum precessing about the
magnetic field direction, and the numerous macroscopic examples of
resonance, In the latter a systcm performing a periodic motion
absorbs power from a periodic driving farce; this is greatest when
the frequency of the driving force and the natural frequency of the
system are equal, 1f the magnetic carrier is an clectron situated
in a constant magnetic field then its periodic motion is the Larmor
precession, The driving force in magnetic resonance is a periodic
magnetic ficld opplied at right angles to the constent magnetic field.
When the frequency of the driving force approaches that of the Laimor
precession, power will be absorbed from it.

In spcctroscopic terms the principle of the method is again
very simple, A constant mognetic ficld is applied to the paramagnetic
ions and the clecctronic cnergy levels undergo Zceman splittings.
Similtaneously, a small radio-frequency magnctic field is also applied.
The splittings can be mcasured dircctly and very accurately by finding
the frequencies which induce transitions between the Zeeman levels,

The technique of paramegnetic resonance has proved very valuable

in the study of transition group ions, giving four main types of



information:

(i) As mentioned earlier, the bulk propertics of single
crystals, that is thc susccptibility and specific heat, are averages
over scveral populated encrgy levels at normal temperatures. At
very low tempcratures, thesc propertics depend only on the energy
levels within a fow c:m“1 of the ground level. These are the
levels studied by clectron resonance, so that information obtained
can be uscd when studying the bulk properties at low temperatures.

(ii) The magnetic anisotropy in a single crystal has a
symmetry rclatcd tc that cf the crystalline electric field. This
in turn s rclated tc the symmetry of the environment of the para-
magnetic ion in the crystal, The elecctron resonance results will
rcflect the magnetic anisotropy and hence can provide informatior on
the symmctry of {ihe surrounding of cach ion; also about the nature
and strength of the binding betwecen the ion and its diamagnetic
neighbours.

(iii) The broadening of clectron resonance absorbtion lines can
occur in a variety of ways, the majority of which can be divided
roughly into two groups. The first being those which broaden the
actual encrgy levels between which the rescnance absorbtion takes
place. The second being macroscopic cffects, such as the spatial
variation of the cxtcrnal constent magnetic field over the para-
magnctic sample,

The broadening of energy levels is closely related to the
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relaxation time of the level by Heisenberg's uncertainty principle,
Linc width measurecments can thercefore give information on the
various intcractions between the mognetic carriers ond the crystal
lattice, and between the magnetic carricers themselves.

(iv) Whilst clectron resonance concerns electronic transitions,
the interaction between the electrons and nucleus can causc a
splitting of the clectronic encrgy levels. From mcasurcments on
such splittings, information on the nucleus of the paramagnetic ion
can be obtained, for cxamplec; the nuclcar spin and approximate
values for the nuclcar magnetic dipole and electric quadrupole

momentg.

Transition Group Studies

In a study of thc magnetic properties of the transition group
elements the paramognetic ions are usually inserted as impurities
into diamagnetic single crystals, This magnetic dilution allows
better resolution of the spectrum, which in the undiluted crystal
is broadencd by dipoler interactions.

The commoncst method has been to grow mixed crystals such as
potassium zinc suiphate [KZZn(SOh.)Z’ 6HZO] . The zinc ions can
then be replaced by peramagnetic ions to give the requircd paramagnetic
concentration. In the majority of the crystals which heve been used
in the study of the transition group ions, the magnetic complex may

he regarded as approximitely octehedral. The central paramagnetic
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ion is swrrounded by six neighbours, for example water molecules
in the above salt. Another salt uscd with the iron group is
potassium cobalticyanide {KBCO(CN) 6] . Here the trivalent cobalt
ion has no paremagnetic mor;lent due to its 3d  elecctrons being paired.
The paramegnetic ion to be investigated can be substituted, and in
this complex will be surrounded by en octchedron of CN molccules,

The naturc of the six surrounding atoms or molecules will
govern the strength of the crystallinc electric field which the
paromagnetic ion experiences. To study the effect of this on the
mognetic propertice it is therefore necessary to grow two diffcrent
crystal hosts far the samc element.

Whilst a knowledge of the host lattice from X-ray measurements
aids the intcrpretation and understending of the resonance resulis,
the latter are so scnsitive to the symmetry of the magnetic complex

that distortions can be detected which are not observable with X-rays.

The Hacmo-Protcins

A slightly different situation is faced in the study of the
haecmo-proteins, These are large protein molecules known to con-
tain iron in an octahedral environment. Single crystals can be
groom from these proteins but unlikc the crystals mentioned above,
the magnctic dilution is fixed. However, there is in fact sufficient
dilution for the parcmagnetic ions to be only looscly coupled.

The detailed structurc of the hacmo-protcins is larely unknown
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with the notable exccptions of Sperm Whale Myoglobin and Haemoglobin.
Even the structurc of thesc was as yet incomplct‘ely determined when
the first clectron resonance investigations began., In this case
therefore the resonance mensurements were able to provide structural
information from their symmetry which supplemented the X-ray measure-
ments.  Now, howcver, detailed structural information from X-ray
measurenments is available for Myoglobin which greatly aids interpreto-
tion of the resonance results.

A peculiarity of crystols of the hacmo-proteins is their loose
water filled structurec, Due to this, chemical changes moy be made
to thc surroundings of the iron atom without disturbing the overall
crystal structure, In fast the ligand at the sixth co-ordination
point moy be exchenged for vorious molecular groups with subscequent
changes in the crystal ficld and bonding of the iron atom., Any
consequent local structural changes will also be detected in the
rcesonance results,

It can be scen from this description that the hacmo-proteins
form an intcresting system for investigation on purely academic
grounds., However, the haemo-proteins arc of great interecst
biologically, Hacmoglobin itself is the pigment responsible for the
colour of red blood corpuscles. The most important function of
hacmoglobin is that of combining with oxygen at the lungs and
relecasing oxygen wherever it is nccded. This reaction is a

bonding of the oxygen molecule to the iron atom which is the para-
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magnetic unit studicd by clectron resonance. The effects of
various reactions of the iron ateom which arc of such great interest
biologically can thus be studied minutely whilst ignoring the

grecter part of the diamagnetic protein molecule.
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Chapter 2

Basic .Theory

The Free Ion

Historically it was found necessary to add the property of
spin to the fundamental electronic properties of mass and charge,
in order to explain such features as multiplet splittings in
atomic spectroscopy. Spin corresponds to the classical conception
of a material particle rotating on its axis, This rotation gives
rise to a spin angular momentum, whilst the rotation of the charge
gives rise to a magnetic moment., In addition, an electron
belonging to an atom or ion will have an orbital angular momentum
and magnetic moment. The electronic state is then labelled by the
quantum nurbers L and S, which represent the angular momentum

measured in units of /2w, The corresponding magnetic moments are

up = - AL and Uy = - gBS 2.1

where B is the Bohr magneton , and the factor g is the Landé
ng" factor, first introduced in conncetion with the anomalous
geeman effect. The "g" factor has the value 2 (more precisely
2,0023) for electron spin only and 1 for orbital motion only.

These magnetic moments will interact with an external magnetic

field H, the total interaction being

—ﬁ(ﬁL o+ ES) &= ﬁH(L- + Z-S-) 2.0
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In order to derive the resonance condition, the simplest
possible situation to consider is that of an electron in an S
orbital, as in the hydrogen atom., Here there is no orbital angular
momentum, so that the interaction is just gﬂ_i.§. If tne magnetic
field is in the z direction the interaction can be written gAS .
The spin quantum number of an electron is %, and its spin component
in the direction of the magnetic field has the eigen values Ms of
% and ~5. The magnetic energy of the electron is then -r’ggﬁHz or
—;—gﬁHz, which corresponds to the electron spin being aligned parallel
or anti-parallecl to the field, Thec energy of the parallel or (a)
spin is lavered by -;-g,ﬁlz, whilst the energy of the anti-parallel or
(B) spin is raised by ;gb’hz The encrgy difference between the two

in levels is then gﬂ{z. In the case of a frec ion the splitting
is independent of the direction of the applied magnetic field, and
it may therefore be vritten as gFH.

Magnetic dipole transitions can be induced between these levels
by applying an oscillating magnetic ficld in a direction perpendicular

to the main field HZ, with a frequency v such that

hv = g6&H, 2.3
The sclection rule forr the transition is that AMS oty I This is
the gencral rcsonance condition.
The frequency of resonance is thus proportioned to the magretic

field, so that cither may be varied to achieve resonance. In
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practice it is morc convenient to vary the mognetie fisld and to
keep the frequency constant. The spectrum is then presented as
a relation between absorption and magnetic field for a given
frequency.

The spectrum for atomic hydrogen, the simple case under dis-
cussion, actually shows two clectron rcsonance lines, This is
due to the spin of thc proton which, like that of the electron,
has a m,:'tgnj.tudc of . Due to the greater mass, however, the
magnetic moment of the proton is nnly about ‘IO-3 Bohr magnetons.
This magnctic moment interacts both with the cxternal field and
with the magnetic ficld of the eclecctron, the latter interaction
being considerably larger than the former. The proton spin is

usually denoted by f, the total magnetic interaction being of the

form

¢od.8 + AS.I + BHJI 2.

v?hcre B depcnds on the magnetic moment of the proton, and A
depends also ou the quantum mechanical probability of the electron
being at the position of the proton.

As with the clectron spin the nuclear spin is quantized by the
external magnectic ficld. The spin component in the z direction
having 2igen valucs MI =t %, the magnetic energies of the electroa

are then
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TgpH, + A+ ZBH, and tepl, - A - BH_
sgfll, + @A - B, and fggl - A + IBH_ .
Neglecting the term BH, in comparison with 4, two transitions
occur with the sclection rulce AMS =% 1 and AMI = 0, as shown
in the diagram Fig. (2.1).
The resonance conditions for the two transitions are
hv:gﬂH1+1§Aandhv=gGH2-%A.
The separation between the two transitions corresponds to a field
change of
Fa S el 2.5
The splitting of the rssonance spectrum is known as Hyperfine
Structure., In general, if the nuclear spin of a paramagnetic atom
or ion is I, the nucleus has 2T + 1 oricntations in the magnetic
field produced by each of the 25 + 1 oricntations of the electronic
moment. Each electronic energy level is therefore subdivided into
2I + 1 components, giving 2I + 1 equally spaced lines of equal
intensity, as long as the external field is very much greater than
that produced by the nucleus.
So far the discussion has considercd an clectron in an  orbit,
having no orbital angular momentum, If thc elcctron has 1 ;( 0,
it has two types of anguler momenta rcpresented by the quantum

numbers s and 1, The interaction between the corresponding spin
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and orbital magnetic moments, known as spin-orbit interaction,
couples these together, to form a resultant total angular momentum
Je (-ﬁ; .*  Por more than one electron the total angular momentum
can be derived using the Russell-Saunders coupling, which supposes
that the individual spin momenta couple, to form a resultant spin
angular momentum S, and the orbits to form a resultant L, These

then counle to form a total resultant angular momentum Ja L &8

where J can have all the values

(L+8); (L+8-1); (L+8=2); ..o (L=28).

Associated with this total angular momentum the free atom or
ion will have a magnetic moment. This will be given by an analogous
expression to that of an electron, that is, EJ = - gJﬁff. In
calculating the masnetic moment it is the value of J corresponding
to the lowest energy (lowest J in a regular multiplet) which is
usually mos® important, since the lowest levels have the greatest
population at normsl temperatures. Calling this value of the
total aniguler momentum Jo’ the associated magnetic moment can be
written as

I’J = 0 gJ 5JO ] 2’6
(o] o]

Sf\rom; The quantum numbers 1, s and j arc the projections of the

precessing vectors VI(IT+ 1), Vs(s+ 1) and V3(3 + 1), along the
z dircction, The valuc of the total angular momentum, therefore,

should really be written as V(3% 1) W27 , but the single letters

are uscd for convenicnce.
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but the magnetic moment of the free atom may be written as

H = IJL + ES . 2.7

Remembering that

and 2:1

it is evident that as

and
R A SR 2.9
1 cannot be parallel to J (or to EJ), but can be considered as

precessing uniformly around T
Wiriting o = E" + EL , where ;1 and Tz_L are components
respectively parallel and perpendicular to 1] , it can be seen from

the diagram, Figure (2.,2), that

ZI“ = [IL cos. (5, 1) + K cos(5, J) = - gJ.B:f | 2.10
where
8(8+ 1) - 1
as = 3, Ms+1) ~KL+ 1) 2.11
2 23(J. + 1)

g5 the Landé "g" factor has the value 2 vhen L = 0, and 1 when

g = 0, However, it may be noted that By need not liec between

these values; for example, in a %l_ state g = % and in a L*Pl state



FIG. 2.2

COUPLING OF SPIN AND ORBITAL ANGULAR MOMENTA
IN A FREE ATOM OR ION
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The time cwverage of u 4_va.nishes due to the uniform precession
of i sbout 3, so that the time average of i is given by L” .
The interaction of the magnetic moment Hy and an external

magnetic field Hz is

v ZIJH' = gJﬂH.E 2,12
The total angular momentum is now quantized, so that its components

in the field direction have the magnetic quantum nurbers:-

MJ = J; J=1; J=2; +ee Jo
There are thus 2J + 1 energy levels having values of gJﬂI'm%. These
correspond to the picture of the angular momentum vector J taking
on (2J + 1) discreet orientations to the ficld direction., Magnetic
dipole transitions are allowed between the levels with the selection
rule A * 1, which is imposed by Quantum Mechanical and Group
Theoretical considerations, The transitions will be accomparied
by the emission or absorption of electro-magnetic radiation
following the condition
hv = gJ&i . 2412

The electron resonance spectrum will, therefore, consist of one
line only.

Free atoms and ions are not found naturally but can be produced

in discharge tubcs, the dissociated atoms being passed in a stream

through an electron resonance absorption cavity,



2.2, The Paramagnctic Ion in a Crystal Lattice

When the paramagnetic ion is situated in a crystal lattice,
the bonding, which takes place between it and the neighbouring
diamagnetic ions, must effect profoundly the energies of the
orbital levels involved. In the iron group transition metals
therefore, the cffects are most pronounced upon the 3d and 4s
orbitals. The reclative energies and the separations between
these orbital levels are, therefore, of fundamental importance in
determining the electron distribution between the levels, and the
subsequent spin pairing in a particular complex.

Two main theories, the Electrostatic Crystal Field Thcory and
the Molecular Orbital Theory, have becn developed to predict the
orbital energies in complexes.

The first of thesec theories considers only the effect on the
paramagnetic ion of the electrostatic field produced by the ligands;
no other participation of the ligand electrons is considered. The
second theory, however, attempts to find orbitals fulfilling the same
function for molecules as the s, p, d orbitaels do for atoms, The
electronic structurc of a molecule is then described by assigning
electrons, both central atom and ligand, two at a time, to the
orbitals, in order of increasing energy. The ligand electrons
arc thus ccnsidercd as participating in the bond, which makes this
theory particularly suitable for the description of covalent bonding,

Conversely, the Elcctrostatic Theory is best suited to the description
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of ionic bonding. However, since few complexes can be classed as
purely ionic or purcly covalent, both theories should really be
considered for the best description of a complex., The name Ligand
Ficld Theory is uscd for such a discussion using both Crystal Field
and Molecular Orbital Thecories. In qualitative discussions the
process is simplified, becausc the principal features of the (d)
orbital encrgy level diagram are the same in both electrostatic

and molccular orbital theory,

The effect of the crystalline ficld on the orbitals of the
central atom is similar to that of the Stark field in atomic
spectroscopy. The discussion, thereforc, cxtends from that of
the frec ion, in the previous section, to that of the ion perturbed
by an electrostatic field, The actual behaviour of the ion will
depend upon the r:lative strengths of the crystalline ficld and the

inter-electronic couplings.
On this basis the camplexes can be divided into three broad

classes.
(1) Weak ficlds = c.g. hydrated 4f group ions.

The megnetic 4f elcetrons lic well inside the ion, and are
thus shieclded from the cnysuq}line electric field, This field
interaction with the magnctic electrons is then weaker than the
Russell-Seunders (s.s and 1.1) coupling and the spin orbit (L.S)
coupling, so that J has the same importance as in the frec ion;
that is, J is still a2 good quantum number, The effect of the

crystalline field is to 1ift the M& degencracy either wholly or partly,
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(2) Medium fields - e.g. most hydrated 3d group ions.

The magnetic electrons are in 3d orbits, which approach the
negative ligands fairly closely, exposing them strongly to the
crystallinc electric field, The interaction of this with the
magnetic electrons is now sufficiently strong to uncouple L and
S, but not to overcome the (s.s and 1.1) coupling. The crystalline
field can then intcract directly with i, so leading to a quenching
of the orbital magnetic moment. The factors affecting the removal
of the overall orbital degeneracy of an ion by a crystalline field
will be discussed at a later stage.

(3) Strong ficld, or covalent bonding - e.g. the cyanides of 3d
group ions.

Here, the internal fields are sufficiently strong to prevent
the formation of L and 8. This results in a reduced spin magnetic
moment from that of the free ion, in addition to the reduction in
orbital magncetic moment.

Thesc classifications consider the effects of fields which
differ only in intensity, so that the effecv on the orbital energies
is only a matter of degree. The important property of the field
in determining thc type of splitting of the orbital levels, is
the symmetry. The (2L + 1)-fold degenecracy of multiplet terms,
and the (21 + 1)-fold degeneracy of orbitals is closely connccted

with the assumption of spherical symmetry, surrounding a goscous



atom or ion. The symmetry of most crystalline fields will be
considerably lower than spherical, so that the spatial degeneracy
of the orbitals will be removed, However, it is useful to dis-
cuss the effcct on d orbitals, of fields of fairly high symmetry
in purely physical terms, Such 2 discussion allows many of the
properties of transition ions in complexes to be understood.

In the majority of the crystals which have been used in the
electron resonance study of 3d group ions, the magnetic complex
may be regarded as approximately octahedral, with the central atom
(i) swrround-d by six neigibours (X). In some complexes, (for
example, 3u2+), the cnemical evidence suggests a planar camplex
of four neighbours instead of six, meaning that two neighbours
are somewhat morc distant from the central ion than the other foucr,
Their effect could, therefore, be neglected in the first approxima-
tion., However, this could still be regarded in terms of a dis-
torted octahedron and, in fact, the interpretation of the resonance
results. in mont cases, favours the concept of an octahedral
complex,

In the Electrostatic Crystal Field Theory, the six ncarest
neighbours (negative ions) are regarded as point charges, or dipoles
with their negative cnds pointed towards the central ion. The
symmetry of the crystalline field so produced at the central ion,
therefore, depcrds on the distortion of the array from that of a

regular octahedron.
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If the central ion (M) is at the origin of a Cartesian
system of coordinates (x', y', z'), the six neighbours cen be given
the coordinates (%p, 0, 0), (0, % q, 0),(0, 0, *r). The vardous
symmetries of the complex are then:-

(1) Cubic.

P = q@ = r, giving a regular octahedron.
(2) Tetragonal.

Pp = q ¢ r, giving an clongation or compression of the

octahedron along the z' axis,
(3) Trigonal,

The octoahedron is stretched or compresscd along a line

through the centre of oppositc faccs - c.g. along [111] -
(4) Orthorhombic,

p # @ # r
(5) Lower then orthorhombic.

Such distortions may arise, if the atom or moleccule, at say

(+p, 0, 0), is not at the samc distance from M as that

approximrtely at (-p, O, 0), or if they lie off the axis, or

if they arc not of the same naturc,

Tn order to sce the effect of the crystalline ficld on the
d orbital cncrgies, the simplcst casc of cubic symmetry will be
considered.

The five 3d orbitals of M have the form indicated in the

diagram,Figure (2.3), in which the coordinate axes lie along the



FIG.23 CHARGE CLOUDS ASSOCIATED WITH d- ORBITALS,
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M{ bond directions. It can be seen that the 4 . and 4
z ‘

£ 282

orbitals have substantial amplitudes in the direction of the ligands,
but that the orbitals a’xy’ dyz and a'zx tend to avoid them., It
follows that the energy of an electron, in the d o Or d 5
z x2wuy?
orbitals, will be substantially raised by the repulsive field of
the ligands, whereas the energy of an electron, in the dxy’ dxz’
%z orbivals, will be little affected in comparison, It is
apparent from the symmetry that the last three orbitals remain
degenerate in a cubic field and, although it is not obvious by

inspection, group theory can show that the d , and dx2 > orbitals
2z

also remain degenerate, This simple argument shows thzt the five
d orbitals split into a lower group of three and an upper group of
two, The triplet and doublet levels are referred to variously by
their group theoretical classifications as t2g and eg or ¥s and Y3
respectively; the terms de and dy are also used by some authors,
The energy level diagram for octahedral complexes of 3d group ions
can, therefore, be drawvn as in Figure (2.4). The energy difference,
or splitting, between the doublet and triplet is given the symbol 4,
On the basis of this result alone, several of the magnetic
properties of 3d group ions can be discussed.
A physical description of the quenching of orbital moments can
be given, taking a 56.1 (that is, one 3d electron) complex, such as
Ti}", as an example. In the sround state the d electron will be in

the t levels, thus having a three-fold orbital degeneracy, This

2g
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implies an orbital moment of 1' = 1 where 21' + 1 = 3, 1' being
called the "effective" orbital moment, The orbital moment has
been effectively lowered or partially quenched, For the case of a
3(11 complex, there should be an electronic transition, in which the
electron is transferred from the t2g to the less stable eg orbital;
this should occur at a frequency corresponding to the separation

A between the two types of orbital, In fact, there is a single
absorption band in the visible spectrum of [Ti(Hzo) 6:] >+ occurring

at 5000A (1) , and this has been identified as the t2g - eg transition.,
This corresponds to a valuc for A of 20,000 o TeI A arat anal e
it would e less correct to think of the electron as being confined

to the t,_ arbitals, with the result that its effective orbital

2g
momentum will be reduced less or morc nearly thel of the free ion.,

In a 3d2 complex the ground state is given by Huid's Rule, which
can be stated as saying that the lowest energy state is that with
the highest spin, that is, the greatest number of electrons with
parallel spins, There are two factors which cause the spins to
align themselves in this way, One is the Coulomb repulsion between
charged particles, which causes two electrons to avoid each other,
as far as possible; this they can do by entering different orbits.
The other is the Quantun Exchange Interaction, which tends to keep
the spins of neighbouring electrons aligned parallel, (This

interaction will be discussed at a later stage.) Thus, in 3d2
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and 3d3 complexes the electrons will be in separate members of

the t, level. The effective orbital moment of a d.3 conplex

2g
will depend on the size of A, If A is large the orBital degeneracy
is 1, as therc will be three electrons in the tZg levels; if A is
small the degeneracy is that of the free ion.,

However, the fourth electron in 3<1lF complexes has a choice of
two possibilities., To obey Hund's Rule requires raising the
clectron into the e level, This can only be done if the Coulomb
and Exchange energies are greater than 4; otherwise, the fourth
electron must remain in the t2g level with its spin anti-parallel
to the th-ee already there., Thus, the resulting spin can be, in
the first case, 4 x & and, in the second, 2 x 3. The same cases
occur for 3(15 complexes with two possible spins of 3 and %, and
Stiariy code 300 and 34/ i Shik SiEHERA 34 and 34 O complares

there are respectively two, three and four electrons in the eg

level, and Hund's rule again applies.

The two types of complex possible in 3(1[*, 5c15, 3(16 and. 3d7
compounds are knovm as "high spin" and "low gspin' complexes. In
octahedral compounds of lower symmetry an intermediate configura-

5

6
tion can occur, in which 3d” and 3d complexes have threec and two
unpaired spins respectively. Electron Resorance studies have
shovm that in Ferric Porphyrin Chloride the central ion has only

(2) (3)

three unpaired spins.
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For a particular ion, high spin or low spin complexes will
result according to the strength of the crystalline field. Since
this is produced by the ligand ions, it is interesting to see which
ions arec associated with the largest splittings., In the casc of
the ferric ion (l"), for example, the complex [FeFG‘I A7 has been
shom to have a high spin 3 with 4 = 10,000 cm-1, whilst
[FG(CN)6] 2 e e spin % with A = 30,000 em™'. | Inithe
Ferric Haemoglobin and. Myoglobin complexes the ion is surrounded by
five' nitrogen atoms, thc sixth ligand being interchangeable, ith
a water molecule in this position a spin of 2 is found, whilst with
a cyanide group there is a spin of .

It has been found empirically that many of the more frequent
ligands can be erranged in a series, such that A increases along
the series for a particular central metal atom. This is known as

the "spectrcchemical" series which is, in order of increasing A,

T aBE L B G, 5OH Hy0, N, cthylenediamine, No2 1 ONLe

The examples abovc fit into this series in order.

Whilst discussing the high and low spin classification of
compounds, it is rclevant to mention Pauling's Magnetic Criterion
for Bond Type. Pauling classified the higlh and low spin compounds
as "essentially ionic" and "essentially covalent'. He argued that
the filling of the t2g orbitals, at the cxpense of reducing the spin,

can only be enforced by thc use of the eg orbitals in covalent
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bonding., This argument cannot, of course, apply to octahedral
ions with less than four, or more than seven, d electrons.

This sharp division between ionically and covalently bonded
compounds is 2 nccessary result of the Valence Bond Theory. Such
& division does not correspond to the situation as ravealed by
experiment, which shows a more gradual transition. However, the
classification of low spin complexes as "covalent" is not without
some foundation., In the Elecirostatic Thecory the abscnce of e g
electrons exposcs thc ligands more completely to the metal ion, and
s0 increases the cxtent to which their o clectrons are polarized.

This is the closest ooproach in an electrostatic theory, to the idea

of a more "covalent' bond.

It can be scen, from the above discussion, that not only is
therc no sharp division betwen "ionic" and "covalent" complexes,
but also there is no sharp division between "ionic" and "covalent"
bonds, It is customary to ascribec a degree or percentage of
covalency to a particular bond. The experimental quantity most
closely rclated to this is the electron density distribution, a high
degree of clectron delocalization being the physical property
described by the term "covalent!,

One of the most uscful methods for determining the degree of
elecctron delocalization is that of clectron resonance, 'The
spectrum of single crystels of copper phthalocyanine, for example,

snows a hyperfinc structure, due to the nuclcar spin of the copper;
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but, in suitably diluted crystals, there is a second hyperfine
structure from the nuclear spin of the surrounding four nitrogen
atoms in the planar molecule. Such an effect can only result if
the magnetic electrons are delocalized, to a considerable extent,
from the central atom onto the ligands, where they can interact
with the nuclecar spins, At the same time, their interaction
with the nuclear spin of the central atom should be reduced.

The appcarance of this double hyperfine structure is, therefore,
a strong justification for classifying the bonding of a complex
as "covalent". Conversely, when other information points to
covalent bonding, hyperfine structurc from the ligands might be
expected in the clectron resonance spectrum.

So far, no furthcr splitting of the d orbitals, other than that
by a cubic field, has been considered. For ions other than those in
which the effective orbital momentum is zero (L' = 0), the t2g
degeneracy is reduccd by small components of the crystal ficld,
that arc of lower symmetry, and spin orbit coupling, Before the
expected electron resonance spectrum can be discussed for a par-
ticular complex, the orbital splittings and remaining degeneracy of
the ground states must be knovm,

Two thcorems arc very helpful in determining the degeneracy of
the ground state of the ion.

(i) Kromer's Thcorem.(5 )

This theorem states that in a system containing an odd number



of clectrons, an clcctric field, no matter what its symmetry,
cannot complctely 1ift the degeneracy of the system, It will
leave each level with an even degencracy in spin.

(ii) Jahn-Teller Thearcm. (6)

This theorem states that, apart from lincar complexes, a
complex which has a degencrate ground statec will spontaneously
distart, in such a way, that the degeneracy is removed. A Kramer's
degencracy will, ho/cver, rcmain unaffected.

¥hilst the Kramer's theorem is quite general inside the limits
quoted, the Jahn-Teller ceffect is cxpected to produce larger
splittings for certain 3d complexcs than for others.

The recason for the distortions is that the regular octahedral
environment is only the most favourable onc for a spherical
positive ion swrrvunded by six negative ions. In the 3d group
the spherical ions arc ij - 3@5 (high spin), 3&6 (low spin), 3d8
and 3d10. The rcmoval of an electron from any of these will »
obviously result in a non-spherical charge distribution around the
central ion.

In 3d9 complexes, for cxample, there are t..o possible cg

clectron configurations -

(a

2 - 52

In the first configuration the ligands along the Z axis will be

2 1 1 2
Y (ag) o (esia ol (a5,

morc strongly attracted by the central atom, than those in the
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XY plene., A morc stable environment will, thercfore, result
1f the octahedron distorts so that p=q > r, The second should,
in the samec way, cause a distortion so that p = q ¢r, The
symnetry of the resulting field is tetragonal., Which distortion
will occur in a d9 complex cannot be predicted by such considera-
tions, Experimentally, however, the most common distortion is
the second.

The pwreceding argument for the presence of a Jahn-Teller
distortion depends only on there being an odd number of eg clectrons.
The distortions should be expected, therefore, in the compounds of

the following ions:
a (tzg)3 (cg)1 cr?,  Mn®" (high spin)
al (t28)6 (e’r)1 002.4-’ Nio* (low spin)

a° (tzg)6 ()7 e e :

Converse arguments can show that, as the two ligands along
the Z axis cre removed further from the central atom, the energy
of the <1z2 orbital goes dowvm, with rcspect to the d gl y2 orbital,
Moving the ligands still further along the Z axis produces the
limiting case of a squarc planar complex, with the d orbital
diagram as shown in Figure (2.5).

Finally, the casc of ions with tZg shells, which are neither

filled nor half-filled, must be considered. Since the t,, orbitals
g
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interact much less strongly with the ligands than do ea8 orbitals,
their unsymmetrical occupation should produce much smaller
distartions.  Where there is # bonding present, however, some-
what larger distortions might be expected,

The net result of these two theorcms is that systems with an
even number of electrons have singlet ground states, and those
with an odd number of electrons have doublet ground states.

This refers to the total degeneracy, spin plus orbital.

Thus, paramagnetic resonance should only be observed wvhere
there is an odd number of electrons, As an example, the splitting
of the Cr}" ion illustrates several points., Figure (2.6).

The free ion has a Z'F ground state, that is, L = 3 and S = .:..

so that

the orbital degencracy a by L R
and the spin degeneracy 281 =4
The total degencracy is therefore 7 x /.

As the strensth of the crystalline cubic field increases,
the free icn ground state is split into three: two orbital
triplets with an orbital singlet lowest. The four-fold spin
degeneracy is then split according to Kramer's Theorem to leave
a minimam even degeneracy, that is, two spin doublets., The
splitting between these is a product of the combined Jahn-Teller

b 3

distortions and spin orbit coupling, Since Cr’" is a d” ion,
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however, only a very small splitting should be produced by the
Jahn-Teller effect, 1In fact, the splitting is only of the

-1 : :
order 0.1 cm , which brings both doublets within the range of

(7)

electron resonance measurements.

The threc transitions allowed between these levels with the
selection rule, Ms =t 1, illustrate the tcrm, Fine Structure,
which is the product of transitions between levels slightly split
in zero magnetic field.

As the crystalline electric field increases, it becomes less
possible for the threc eleztrons to enter the eg level. They
become restricted to the t2g level, reducing their orbital
degeneracy to 1, with an effective orbital momentum of L' = 0.
The levels are not, therefore, split in the cubic field. As
before, there is a very small splitting due to Jahn-lcller dis-
tortion and spin orbit coupling, so that the same threc line
spectrum results.

The same orbital splitting in the low field is obtained
also in d7 ions but, since, in this case, there are threec holes
rather than three elcctrons in the d shell, the order of levels

is inverted.

Blectron Resonance of Ions in the Crystal Lattice

The discussion, so far, has given a general outline of the
magnetic behaviowr and energy levels of the paremagnetic ions, in

their environment in crystals. It has shovn that it is possible
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to say in which compounds elcctron resonance should be observed,
and to explain the appearance of finc structurc,

The main features of the electron resonance spectrum from
crystals arc the g value, fine structure, hyperfine stiucture and
line width. The last will be discussed in the next chapter.

g value

Since the orbital momentum is of‘ten reduced to an effective
L', the g valuec is no longer that of atomic spectroscopy, and is
called the "spcctroscopic splitting factor". Moreover, since
the arbital component of ihe g value is dependent on the inter-
action with the crys*allinc field, it will possess the symmctry
of this field, The g valuc is, therefore, usually anisotropic
as are the paramagnetic properties as a whole.

If an ion is situated in a cubic ficld, the magnetism is
isotropic; in a tectragonal field, thc magnetism is axially
symnetric about the tetragonal axis, which, therefore, defincs
an axis of principal g value. In the orthorhombic field, three
axes of principal g value ars defined by the orthorhombic axes,

In general, an anisotropic g value can be represented by
three principal values, 8ys gy, g, along the principal axes of
the complex, If the magnetic field H has the direction cosines
(1, m, n) with respect to (X, Y, Z), the g value measured is
given by

2

2,2 2512 2.2
8=lgx+mgy+ng

f 2.0
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In the case of axial symmetry, when a g 0 and a g L are
defined as g values parallel and perpendicular to the crystalline
field axis, the formula reduces to the form

gze = g "2 cos®0 + g_Lz sin” 8 2315

where 6 is the angle between the magnetic field H and the crystal
field axis.

This can be derived as follows., The magnetic ficld H has
components H cos 6 and H sin 6 respectively along, and normal to,
the symmetry axis. Figure (2.7). The components of the magnetic
moment in these directions are, thereforc, proportional to
g“H cos O end g, H sin 6.

Compounding these shows that the resultant magnetic moment
of the electron is not parallel to the magnetic field, but makes
an angle ¢ with the Z axis. The g value is propartional to the
length of this vector and has the value

eos 200526 + 2s.inze
S0 S ;

Since g is not parallel to ﬁ, the subscript in 8g must not imply

a direction for g. A double subscript ge¢ is less ambiguous,
in that it implies the tensor g acting betveen 6 and ¢. The g
values, measured in experiments on single crystals, are really
only the magnitudcs of g measured with the field in direction © ,
A resonance is obtained with the condition hv = gpgH, from which

a g value is calculated \'rithou’c any direction other than that of
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the field being ascribed to it.

FPine Structure

>+

The example of the Cr”" ion showed the effect of a small
zero magnetic ficld splitting of the spin levels, on the resonance
spectrum, The total spin of the Crot don is 8 = 2. Due to the
axial crystalline electric field, there is an initial splitting
between the doublets M= % and M = * 2; the axis of quantiza-
tion is taken to be the same as the ficld axis. Applying a
magnetic field parallel to the axis the energy levels diverge
linearly, and threc transitions are allowed with the selection
rule M =21, If the oscillating magnetic field is also
parallel to the axis, transitions 1 = O are allowed.

When the magnetic field is applied at an angle to the axis,
there is competition between the crvstalline field and the
magnetic field, to dectermine the axis of precession of the spin.
In this casc the lincs no longer diverge linearly, unless the
magnetic field is very much greater than the crystalline field.,

The first order variation of the spectrum (8) has been shown
to followr a { 3 EL'— - cos6 - 1} law, so that the splittings
collapsc to zero wﬁen Of= cos_1 ( 5—3— E?,_ ) « The g valuc of the
lines is taker. to be that of the centre line, the +-§- -f;— transition

in the example., This is known as a true g value, since g remains

constont, independent of the radiation frequency used, The total
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spin S = 3 and there are three transitions 5 1in general, there
are 25 transitions in the fine structure,

The magnitude of the zero field splitting (2D) can be
determined from the separation between the outer transi%ions,
when the magnetic field is parallel to the crystalline field
axis (8) . The size of the splitting varies usually in the r ange
zero to a few cm .

Hyperfine Structure

The splitting of the resonance spectrum, due to interactions
between the magnetic momenis of the electron and the magnetic
moment of the nucleus. has been mentioned already. A hyperfine
structure can be expected, owing to the nuclear spin of the central
ion and, in certain cases, from the nuclecar spins of ligand ions,

In general, “the nuclecar magnetic moment produces a magnetic
field at the electron, This gives rise to the following inter-
actions:-

(a) Dipolar interaction between the clectronic and nuclear spins,
The magnitude of the interaction falls off vith the third power of
the dipolar separation. The splitting itself follows as

(3 cosze - 1) variation, where 6 is the angle between the magnetic
field and the linc joining the dipoles.,

(b) The iuteraction of the nucleus with the field produced by the

orbital motion of the electrons at the nucleus. This also varics

1
=2



(c) The Ferui contect interaction. The interaction requires
the electron to have a finite probability density at the nucleus.
In the case of hyperfine structure from ligand nuclear magnetic
moments, the dipolar interaction will be reduced considerably by

the b term., However, for a covalent complex, in which the

5

X
central metal clectron may be said to have a finite probability

density at the ligand nucleus, this becomes the most important
interaction. Thesc hyperfine splittings are isotropic, which
distinguishes them from the dipoler splittings.

Since the magnetic moments of the nuclei also interact with

the magne®ic field, tae total magnetic interaction with the nuclei

is given by

AS.T + BH.I . 2.4

If H is not very large, the spacing between the lines may vary
with the direction of the field; also A is usually anisotropic
when g is anisotropic, In this case, three principal values
Ax’ A and Az arc defined as the values of A along the X, Y and Z

oxes, respectively, The interaction is given by
AS .I  + Aysy'Iy + AS,.I, 5 2.16

The interaction of the nuclear moment with the magnetic

- -1 :
ficld is of the aorder 10 + cm , and is usually negligible,

However, in combination with the nuclear clectric quadrupole

moment it has been usced to determine the rclative signs of the
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zero field and hyperfine splitting parameters D and A. (8)
Experimentally, the structure constant A is found to have values
betveen 10"1 and 10“'3 «::m"1 for many transition group ions in
crystals.

Besides magnetic nuclear inteructions, electric interactions
exist with the nuclear electric quadrupole moment., However,

these will not be discussed here, as they have no direct bearing

on the results.

2.l Spin-Hamiltonian

The description of the resonance properties of ions has
been greatly simplified by the use of the so-called spin-Hamiltonian,
introduced by Abragam and Pryce. (9) The spin-Hamiltonian describes
the rather complicated behaviour of the lowest encrgy levels of
the ion, in terms of a relatively small number of paramcters,
which can be determined experimentally by electron resonance.,
The form of the spin-Hamiltonian can frequently be guessed with
little detailed knowledge of the crystalline field., Experiment
is, thereforc, aimed at finding the spin-Hamiltonian, and theary
at passing from a model to a spin-Hamiltonian, or in the reverse
direction,

A normal Hamiltonian exprcsses, mathematically, the various
interaction cnergics and factors whicn influence the ion., For

exomple, the Hamiltonian
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& = pH.(L + 28) + LS 2,17

expresses the interaction between the magnetic field and the
orbital and spin magnetic moment, and the spin-orbit coupling,
Using a Hamiltonian of this form, it is possible to calculate
the splittings of the levels of an ion in a magnetic field.
However, it was shown, by Abragam and Pryce (9), that these
splittings are just the same as those, which would be obtained
by ignoring the orbital m@lw momentun, and replacing its
efi'ect with an anisotropic coupling between electron spin and

magnetic field of the form

PH.g.8 = PpgHS + ﬁg&(HxSx+ Hysy)' - 2.18

Por a particular ion, there can be derived a relation
between the g vaiue and the orbital angular momentum, In the
FetraNadralienirorment ob i1t oe sasTs HULC) ohe Uap] tting
of the ground state has been showm to be 2[9Hz, when the magnetic
field is parallel to the tetragonal axis, and QﬁHx(‘l - -}A—)‘) when
it is perpendicular. This can be expressed in terms of

g = 2

and 2.19
2(1 --332‘-

(e
-
1

where A is the spin orbit coupling, and A the tetragonal field

splitting.
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The spin~-Hamiltonian can be used even in cases where the
lowest level is orbitally degenerate. If transitions between
28' + 1 levels are observed cxperimentally, S' is defined as the
"effective" or fictitious spin, and is used in the spin-Hamiltonian.
With an orbital singlet state lowest, the splitting of the spin
degeneracy is usually fairly small; the effective spin is, there-
fore, equal to the actual spin, For an orbitally degenerate
state, however, components of the crystalline field of lower
symmetry and spin orbit intercetinn usually produce a splitting,
of the order of 100 cm'_1 . In accordance with Kramer's and the
Jahn-Teller Thecarcms, no resonance would be expected if the number
of electrons is even, and the effective spin would be % if the
nunber of electrons is odd.

A sufficicntly general spin-Hamiltonian can be written in

the component form as

210, 2 2
H = plg S, + g8 + ngysy) + D[SZ - 35(8 + 1)}+ E(8 " - 8, )

2.20

The first term in the brackets represents the splitting of the
(25 + 1) multiplets by the applied mognetic field, In this term
g xgygz arc the values 2long the principal axis. The term
D{Szz - 33(s + 1)} represents the initial splittings, in zero

mognetic field, of the spin multiplet, by an axially'symmetric



component of the crystalline field. The term E(sz - S 2)
J
represents possible initial splitting by the crystalline field

components of lower symmetry.

2.5. S state ions
For half filled shells, the ground state is an orbital
singlet. This occurs in the iron group for 36.5 high spin

o s With a ground state of 685/ .
2

complexes, that is an+ and Fe
With no orbital cortribution to thc magnecic moment, isotropic
magnetic properties arc expected with a susceptibility corres-
ponding exactly to the spin only value, In most complexes of
these ions, however, slight departures from the expected
behaviour arc obsecrved, which require explanation.

Van Vleck and Penncy (11) derived a possible mechanism for
a splitting of the 6S state, The crystallinc field cannot split
the S state, nor can spin-orbit coupling alone remove the six-fold
spin degeneracy., They showed, however, that on going to a high
order in pe—turbation theory, the combination of a cubic crystalline
field and spin-orbit coupling could produce small splittings of

the spin levels,

Lxact comparison with experimental date awaited the clectron
resonance investigation of an+ by Bleaney & Ingram (13 ) which

shoved that small splittings did exist. Abrogam & Pryce ¢12)

showed that thesc splittings are in fact too large to be explained
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by the above proccss, They suggested a mechanism depending on
the distortion of thc otherwise spherical electron-cloud
distribution by the tetragonal (or trigonal) component of
crystalline field. If, for cxample, the distribution is slightly
ellipsoidal, the dipole-dipole energy of thc spins will vary with
their orientation with respect to the axes of the ellipsoid. The
spin levels arc therefore no longer degenerate,

In Mhz+ the small splitting ~ 0.1 c:m—1 leaves three Kramers
dovblets. These arce all populatzd at normal temperatures so that
on application of a magnetic field, clectron resonance transitions
can occur betwecen the six spin lcvels with the selection rule
A= *1, A fine structure of five lines is observed., Super-
imposed on this is a large isotropic hyperfine structure, from
the nuclear spin 5/2 of the manganesc ion. This is unexpected
since d orbitals have nodes of zero electron probability at the
nucleus with the result that the Fermi contact term is zero.

This leaves only thc much weaker anisotropic dipolar interaction,
Abragam & Prycc suggested that the origin of the hyperfine gtructuxc
lies in a configurational interaction of the form 3s§d51+s with
3323615. Since s electrons have a finite probability density at
the mucleus their contribution to the hyperfine splitting through
the Fermi contact term is considerable; only a small amount of

configurational intcraction may be necessary to explain the

splitting.
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Measurements on Fe}" show & similar small splitting except
for ferric haemoglobin and myoglobin., The g value anisotropy
::Ln these complexes indicates a very large splitting of the
spin states ~ 10 cm'-‘l s which requires the presence of strong

asymmetric crystalline fields, This subject will be discussed

more fully at a latoer stage.
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Chapter 3

Mechanisms for the Line Broadening of the Electron Resonance

Spectrum of Single Crystals

Introduction

All electron resonance lines have a finite width known, in
the limiting case, as the natural width., This arises from

Heisenberg's uncertainty principle
AR S ETEoSN .

The spins in all levels except the lowest one have a finite
'lifetime! because oy the probability of spontancous emission.
Thus all such levels have a finite energy spread, which gives
rise to the finite widths of the corresponding transitions,
These line widths are quite negligible, compared with other
factors at the radiation frequencies used in electron resonance,
however.

Line widths are usually expressed as the frequency scparation
between half-powver points. Since very often it is the derivative
curve that is experimentally traced, it is much easier to measure
the frequency scparation of the maximum slope points of the
absorption curve and this is frequently quoted as the line width.

The shape of an absorption line, as a function of frequency
in a fixed magnetic field, can be described by means of a

normalized function g(v), vhere v is frequency end
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/O g(v)av = 1 :

For absorption lines of similar shape, the maximum value
of the shape function, g v)ma.x’ will be large for narrow and
small for broed lines, The line width can therefore be defined

as

v s 1 o
T

Line shapes are difficult to calculate theoretically,
Generally, different moments arc calculated for comparison with
experiment., The nth moment is defined as

+ 00
> = [ rm )l - ) Al - v)

where v is the frequency of the centre of the line,

Theorctically the expressions for linc width are frequently
derived on the assumption that the magnetic field is kept constant
and the measuring frequency is varied, whereas experimentally it
is the field that is varied and the frequency kept constant. It
is easy to rclate the line widths when the energy levels diverge
linearly with magnctic field, but where this is not so the relation
is complicated. The levels are known to diverge linearly in
Haemoglobin and liyoglobin complexes but this is not the casc

where resonance takes place, at low ficld values s between levels



{9

which arc split in zero magnetic field.
Assuming that the levels diverge lincarly the relation

between the encrgy and ficld is
AE = gp AH .

It follows that cven when the actual energy line width AE
is constant, if the crystal has an anisotropic g value, the line
width (in gouss) AH measurced by clectron resonance will vary
inversely with g.  Line widtls measured by electron resonance can
therefore be comparcd either by converting to a AE or by simply

multiplying by g or o/ 8y» where 8, is the free spin value.

Homogeneous and Inhomogencous Broadening

The linc width in electron resonance spectra of single
crystals is caus~d by a number of different mechanisms., It is
customary to classify these into two groups, after Portis (1) as
homogcneously or inhomogencously broadencd lines.  In homogeneously
broadened lines thc absorbed encrgy is distributed over all the
spins, Examples of such broadening arc dipole-dipole interactions
between like spins and spin-lattice interactions. Inhomogeneous
broadening exists when energy is transferred only to those spins
whosc local fields satisfy the resonance condition, Examples of
this broadening are, hyperfine interactions, impurities and defects

near the paramognetic ion and mosaic structure in nearly perfect

crystals,
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Spin~lattice Relaxation

In a paramagnetic ion with effective spin S' = 3§, electron
resonance is obscrved when absorptive transitions are stimulated
between the two lovest spin levels, by the incident radiation.

It has been shovn by Einstein that in this case both absoritive
and emissive transitions have equal probability for a particular
clectron, However, sincc at normal temperatures, in a system at
thermal equilibrium, the lower state has a greater population,
there will be a greater absorpticn than cmission of energy. The
relative population of the levels at thermal equilibrium is given
by Maxwell-Boltzmann statistics, for a particular temperature of

the crystal lattice TOK, asi-

n —(——E)
Upper ey KT
n.,

lower

where AE is the cncrgy differcnce beticen spin levels, If, duc

to induced absorptive transitions, the population of the upper

state increases, the population ratio becomes equivalent to a
temperature TS greater than that of the lattice T, This temperature
is known as thc spin tempcrature. Unless the spin temperature is
to remain permancntly higher than that of the lattice, there must

be some form of relaxation mechanism between the spins and the
lattice, This rclaxation mechanism must allow the spins to

i feel" the thermal motion of the lattice, thus inducing transitions

between the spin levels so that equilibrium is reached. In this
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way the lifetimec of the spins in the cnergy levels will be reduced
and through Heisenberg's uncertainty principle the levels will be
broadened.

The time toaken for the spin temperature to relax back to that
of the lattice is knovm as the spin-lattice relaxation time,
usually given the symbol Iy An expression for the rclaxation
time in a two level system can be derived simply as follows.

Let the numbcr of spins per cubic centimetre in the upper
level be N_ and in the lower level N+. Let the upward and dovme-
ward transition prcbobilitics be W+ and W_ respectively,  Then if
the wholc system of spins and lattice is at thermal equilibrium
at temperaturc T, the number of transitions upwards and dowmvards
mist be equal and

WN = WN_ . (1)

But N and N_ arc related at cquilibrium by the Boltzmann factor,

so that
AE
W N (—-—) E
—_— = .- = e e ~ 1+ -A'L"‘ (2)
W KT

i B2 ¢ 1 vhich is the case if AE the magnetic splitting is due
KT
to ficlds of loss than 10k gauss and if T is greater than 20°K.

Therefore V/_ and V{P can be written as

W w(1+-‘-‘§-)2
2KT

/
'\,‘{" NW(-—&\
2t | J
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where W = mean of ’;{+ and ‘r'-.f_ = —— %
2 .

The above expressions state that the upward transition
probability is less than the downward. Ualike the radiation
stimulated transitions, the transitions stimulated by interaction
with the lattice do not have equal probabilities up and down.

If the spin system is no longer at equilibrium with the

lattice, but has a spin temperature Ts £ T, the excess number of

electrons n = N+ - N_ in the lower level will be reduced. The
relaxation process will therefore tend to increase n, which
changes by 2 with each transition. The rate of change of n is
given by

dn -
She 1 A Raiae (%)

Using the equations (3) above this becomes

dn _ 2ii(n_ - n) (5)
dt
where
n, = N-E ; (6)
2KT

ng is the excess muber of electrons at equilibrium and N = N+ FEN
Integrating giveus

n -n= (no - ni)e-ZWt (7)

where n; is the value of n at time £ = 0, Thus the approach to
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equilibrium is seen to be exponential with a characteristic time

4

of =~ . The relaxation time is therefore inversely proportional
2i
to the mean trensition probability

T = Ak - (8)

Saturation Factor

In the absence of radiation, the differential equation
governing the time variation of the excess number n of eléctrons

in the lower level, is given by a combination of equations 5 and 8

&L 0 (9)

When radiation is present, however, another term must be added
to account for the upward transitions which correspond to the net

absorption of energy. This gives the equation

Qi o 0 - 2nP (10)

since P is the samc for upward and dowrward trensitions and is the
probability per unit time of a transition between the levels under
the irfluence of the radiation. A steady state is reached when

dr/dt = 0, and in this condition the steady state value ng is given

from (10) by

Iy 1
= £ . (11)

= 1+?.’PZI.‘1
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Since the population of the lower level is always the
greater at normal temperatures,at thermal equilibrium there will
be mare upward radiation induced transitions than dowrnward.
Therefore n, will be less than nO by an amount depending on the
transition probability, From radiation theory and for the case

of 8 = %, the transition probability is given by
1 2
P o= % &) (12)

where H1 is the high frequency magnetic field which is perpen-

dicular to the d.c. magnetic field, so that

=3
by = . (13)
n 1+ %y H12 T, g(v)

If the spin-lattite relaxation time T1 is large, end if the
amplitude H1 of the high frequency magnetic field is large, the
factor ns/nc> will be small and since, from equation (6),

n, = NAE/ZKI‘S , thc spin temperature Ts will be high,

In this condition there will be fewer 'pward radiation induced
transitions and the nct absorption of energy will be reduced; the
spin system is said to be saturated, Tor this reason the expression
n s/ n is called the Saturation Factor, given the symbol Z.

It can be shown, using equation (6), that the spin temperature

of the steady stote is rclated to the lattice temperature by the

expression

e (11)
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and also, by integrating equation (10), that ths approach of the

spin system to the steady state followstthe exponential relation
=4P5Z
1
(ns—n)..(ns-ni)e . (15)

Comparison with the approach to thermal equilibrium in the

absence of radiation shows that the characteristic time is now

T,Z instead of '.I.‘1 S

1
The Nature of the Srin-lattice Relaxation Mechanism

According to Kronig (2) , the thermal motion of the lattice
alters the crystalline electric field and thus acts on the spin
system through spin-orbit coupling. There are two mechanisms
whereby the spins can exchange energy with the lattice. They can
either exchange & vhole quantum with a lattice vibration or phonon
of the appropriatz frequency or transfer ecnergy by scattering a
quantum from the lattice and changing its value, This latter is
known as the Raman process,while the former is the direct process,
and will predominate at the higher temperatures.

In the case of S = % the Raman process leads to an expression
in which T, is proportional to A6/)~2T7 for T smaller than the Debye
temperature, and proportional to 1/ 7% for T larger than the Debye
temperature. Here 4 is the height of the next orbital chove the
ground state in cm-1 » M is the spin-orbit coupling coefficient and
T the absolute temperature. It follows that in "spin-only"

magnetic substances there should be long relaxation times since A
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is large. This is found to be so for most of the iron group
complexes,

The direct process leads to a relaxation time proportional
to Al'7 7\21' and must be of importance at lower temperatures, How-
ever this process is not sufficient to explain the relaxation
times actually obscrved. There would appecar to be too few
phonons of the appropriate frequency to transfer the én@ry at
the ratc indicated by the reloxation times.

Tormes (3) has suggested that there are actually two kinds
of relaxation mechanism at low temperatures, the usual spin-
lattice relaxation and the lattice~bath rclaxation., It is
thought that in many crystals the latter mechanism predominates.
In order to account for the high energy transport of the few
phonons available irith appropriate frequency, Townes suggested
that the lattice modes are broadened by the interaction with the
spins,

The theory of spin-lattice relaxation requires special
treatment when applicd to S state ions since here the orbital
momaentun is zcro.. It is necessary to introduce a configurational

interaction betwecen the ground state and excited states with non-

zero orbital angular momentwa, Theory (%) indicates that relaxa-

tion times for M_qz* will be onc hundred times longer than for

non-S-state iron group salts.
Although much work is being done on the subject it is at the

moment impossible to predict quantitatively what rolaxation time
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o given ion will have or how it is influenced by crystal field
strength or crystal symmetries,

In general T1 may vary from seconds to 10'-11 seconds for
various paramagnctic ions.  Experimentally electron resonance
measurements arc made at temperatures which are sufficiently low
for line widths to be duc to interactions other than spin-lattice.,
7

Relaxation times longer than 10° ' seconds usually give a contribu-

tion to line width which is negligible compared with that from spin-
=5

spin interaction, If T‘l is longe than 10 © seconds, however,

undesirable saturation effests appcar.

If spin-latticc relaxation is the major source of line
broadening the line shape is similar to that of collision broadencd
lines in gascous spectroscopy. This broadening has been treated
theoretically by various authors, particularly Van Vleck and
Weisskopf (5) who give an expression for the line shapc, Using
this expression the spin~lattice relaxation time could be calculated

from the half width of the resonance absorption lines,

Spin-Spin Relaxation

Besides their interaction with the lattice, the ions interact
with ecch other., From a semi-classical point of view, cach ion
con be regarded as a gyroscopic magnet; that is, its angular and
magnetic moments arc parallel. In the presence of a uniform,
stcady, external magnetic field ﬁo’ the magnet will precess around

this direction at the larmor frequency, cqual to Yﬁo. The magnet
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can therefore be regarded as equivalent to a magnet fixed in
the external field direction, together with a magnet rotating in
a plane perpendiculor to this,

In an assenbly of such magnets, a particular magnet will
experience not only the external magnetic field H o but also a
small local field i, _ . due to its neighbours. This local
field will be of th= order of u/ 27 Sihere u is the magnetic dipole
moment of the neighbouriig magnet and r is the nearest neighbour
distance., Iach magnet then precesses about the resultant field
H. The value aid orientation of H will vary from one megnet to
another with the result that there will be a spread 6Wo in the
precessional frequencies, This spread in frequency will be of
the order of yﬁloc Wl If two magnets have precessional frequencies
differing by Gwo and are initially in phase, then they will be out
of phase in a time 1/6w°.

This spread in preccssional frequency will appear as a broaden-
ing of tine rssonant sbsorption line, The broadening does not
depend on the magnets all having the same gyromegnetic ratios and
may be termed “"steady field' broadening.

The fieclds set up by the rotating magnets will also have a
broadening effect, If two magnets have the same precessional
frequencies, the rotating field from one will be at the right
frequency to inducc transitions in the other, I the preccessional

frequencies are different, hoever, the rotating fields will have
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little effect, The broadening produced by this process is some-
times referrcd to as "resonant" broadening, Since the total
energy of the intcracting ions connot change, the process may be
considered as a mutual exchange of energy between the ions. The
correct phasing for the transitions should occur periodically after
a time interval of the order of 1/8wo. This can therefore deter-
mine the lifctime of a spin state so that using the uncertainty
relation the order of cnergy spread of the levels will be

vl ol R R €l
h&wo By a1 = 1&( g 5 \
m .

Hocal = -gﬂ?local.

The broadening of the resonance line is therefore of the order

of ﬁlocal. The lifetime or phase memory time of the spin states

can be described by a spinespin rciaxation time T2 where
PO 1/5wo. This relaxation time is more precisely defined by
the relation
- 1 X T
T, =% Lg(u)__l max
and since the line width is defined as

3
{g(v)] 3o

the spin-spin rclaxation time is approximately given by the

A(U) =

inversc of the half-width of the absorption line if this width
is caused only by spin-spin interactions,

The theory of spin-spin interaction has been developed by
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Van Vleck (6) and by Pryce and Stevens (7) . Van Vleck treated

in detail the case of free spins and derived an expression for
the mean-squarc width of a line due to dipolar interaction between
the spins. Written as a field width rather than a freguency
width, this expression is

2

2B 2.2 3(1- : '

(an)? = 35(5 + 1)a% i[———-——3r§°s 6}2_1 s (s e 1) B g2 L
JK g

{1-'3’ coszg}2
r3 jk'
The transition concerned is between the levels of ions with spin
S, and spectroscopic splitting factar g, r being the distance apart
of the jth and lcth ion, The second term represents the contribu-
tion to the broadening by "dissimilar" ions of spin S' and
spectrogcopic splitting factor g'., The line width will be
anisotropic following a (3 cosze - 1) variation, where 6 is the
angle between the magnetic fiecld and the line joining the dipoles,
In the case where there are two identical icns in a unit cell
differently oriented with respect to the crystal axes, the contri-
bution from "dissimilar" ions will be \/%7-—2,’-' =-32- that from
"gimilaxr" ions, The general case of ions other than free spins
is more corplicated., The line width depcnds considerably on the

direction in the crystal along which it is msasured, The

(5 c0326 o 1) variation will no longer be true.
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There are three types of spin-spin interaction which can
occur, These are interactions between:=-

(a) the electron spin magnetic moments of neighbouring iocns,

(b) the electron spin of one ion and the nuclear spins in the

same ion,

(c) the electron spins and nuclear spins in a neighbouring

ion.

The mognitudes of effects (a) and (b) arc often of the same order
whereas that of (¢) is very much smaller,

The magnitudes of the steady field broadening can be con-
siderable in the case of paramagnetic ions, Tor example, the
field of a nearest neighbour with magnetic moment of about 1 Bohr
magneton at a distence of 3A is of order 350 gauss and the sum of
nearest neighbours may be over five hundred gauss., However since
the magnitude of the interaction varies inversely with the third
power of the separation of the ions, the broadening will be very
much reduced in dilute crystals, At 9A the field will have been
reduced from 350 to 13 gauss.

In more concentrated samples, the broadened line is made up
of a large nunber of lines from individual ions each with differing

local fields. The resonance condition for these is

nviee gﬁ(ﬁ-’- ﬁloc) e

The actual resonance absorption curve is the envelope of the

individual resonance lines so that its detaileq shape will depend
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on the arrangement of the neighbours. If this has high symmetry
the line shape may approximate to gaussian,

Spin--spin interaction is independent to a first order of
temperature and frequency (or magnetic field strength).

3.5.1. Exchange Inseractions

Line widbth measwrements in crystal, with a high concentration
of paramegnetic ions, rarely agree with widths calculated on the
assumption of dipolar broadening. One of the main reasons for
this is the exchange interaction between electroas. These are
the fictitious forces to which is attributed the exchange energy
term in, for example, the bonding of the hydrogen molecule. This
is a purely quantum mechanical effect which cannot be explained in
classical terms,

As a result or the uacertainty principle it becomes impossible
in quan*um mechanics, to distinguish between identical particles
such as electrons. If therefore two atoms, for exampls, hydrogen
atoms, are so close to eech other that the wave functions for their
electrons overlap, the clectronsin overlapping orbitals become
indistinguishable, Each electron is then equally associable with
both atoms. In the Valence Bond theory, this situation can be
described as a resonance between two states of equal probability,
One, in which clectrons (1) and (2) are near atoms (1) and (2)
respectively, and the other, in which electrons (1) and (2) are
near atoms (2) end (1) respectively. Thc combination of these

two states produces two new 3tates, one of vhich has a higher
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energy, and onc o lower energy, than that of the ariginal states.
Thege states differ in the relative orientation of the electron
spins, According to the Pauli exclusion principle, electrons
with parallel spins avoid each other, Their orbitals will there-
fore overlep very little resulting in an anti-bonding state, the
energy of which is greater thon that of the original states. When
the electron spins are anti-parallel, however, the overlap will be
large and a bonding state results. The lowering of energy in this
gtate is due to the facl that the electrons are under simultaneous
attraction to two positive nuclei instead of one, This is known
as the exchange interaction, and the energy decrease as the exchange
ernergy. Using Plank's relation, E = hv, an exchange frequency
con be associated with the interaction, although it must not be
regarded as the frequency of an actual exchange.

The relative spin orientation of the electrons, governs the
degree of overlap of the arbitals, which in turn determines the
magnitude of coulomb interaction between the electrons, Due to
this relation, therefore, the coulomb interaction between two
electrons can be thought of as a strong interaction between their
spins, Dirac (8) has shovm that when all spin-orbit interactions
arc neglected, the coulomb intsractions between electrons can, in
fact, be replaced by an interaction between their spins of the

form
2701 + 5 - .§2) X

The constant term is usually neglectced as of no interest, The
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g

value of J, thc exchange integral, depcnds on the degree of
overlap of the orbital wave functions of electrons (1) and (2).
Applied to crystals, thce interaction need only be considered
between nearest neighbour ions since J degreases very rapidly
with distance., The scalar product J§1 5 §2 is knovn as the
isotropic exchange interaction, its value depending only on the
relative orientation of the spins, The sign of J is a subject
of considerable controversy but the usual sign is negative as
is nccessery in order that a chemical bond may be found.

If spin-orbit coupling is taken into account, the interaction
cannot be censidered as isotropic. The orbital wave functions
are rarely spherically symmetrical in crystals, and this asymmetry
is felt by the spins through spin-orbit-coupling. The anisotropic
exchange has becn shown to give an expression similar to that for
dipolo-dipole (% interaction. It is of impartance in explaining
the ferromagnetic-anisotropy in cubic crystals but has rarely been

used in the discussion of line width mecoswrements in concentrated

paramagnetic crystals,

Exchange between identical spins with S' = &

The effect of isotropic exchange interactions on the line
widths in electron resonance can be described, for this case,
simply as follows.

In the presence of an external magnetic field, and in the
apsence of exchange interaction, the electron spins will line up

rendomly, parallel or anti-parallel to the field dircetion. The
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dipolar interaction between the spins rcsults in each spin
experiencing, in addition to the external field Ho’ a local

field Hloc due to the neighbouring spins., This local field will
not be the same at every spin site because of the random distribu-
tion of parallecl and anti-parallel spins, The resonance con-
dition

)

hv = gﬂHo+ H o

will not, therefore, satisfy all spins in the lower spin state,
together. Resonance will occur over a spread of external field

values.

The effect of exchange interaction is to average H For

loc®
exemple, exchange between two spins at whosc sites Hy o is equal

in magnitude but onposite in direction would mean that the electrons
concerned sec an average H, . of zero, The effect of this averaging
is to increase the number of individual resonances occurring at the
central value corresponding to Hlo ols 0, cauvsing the linc to be
sharper et the centre, This peaking of the absorption line is
knowm as exchange narrowving. The actual line width, however, is
difficult to predict since exchange narrowing is always accompanied
by dipolar broadening, The theory of Van Vleck (6) shows that,

in this particular case of identical spins with S' =, the exchange
contributes to the fourth but not to tae second moment of the line,

with the result that the centre of the line is narrowed. Since

the area must remain constant, the wings are broadened.
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3.5.3. Exchange between non-identical spins and betiicen dissimilar ions

The theory of Van Vleck (6) and also Prycc and Stevens (7)
shows that in all cases but the above, exchange interaction will
contribute to the sccond moment and the line will be broadened.
The casc of strong exchange interaction between two ions with the
seme erfective spins but different g values, is of special
interest, in that it provides a direct measure of the size of the
interaction between dissimilar ions, In the absence of exchange
interaction, two transitions will be observed corresponding to
frequencies h' = g'fH and hv" = g'gH. If however the exchange
energy is such that J s> (g' - g")SH only one transition will be
observed at a frequency given by hv = #(g' + g")pH. With very
strong exchange the one absorption line will be narrowed., This

0)

sulphate crystals, The lines from the two inequivalent copper
1

effect has been observed by Baggulcy and Griffiths \d in copper
ions per unit cell were not resolved at a frequency of 0.3 ocm’
but at a frequency of 0.8 c:m“1 the lines werc almost resolved.

This corresponds to |[J| ~ (g' - g")BH at a frequency of 0.8 on”’ )

-1
giving the value of IJI ~ 0,15 cm .

3.5.4. Excharge interaction between ions with nuclear spin

The production of a nuclear hyperfine structure in electron
resonance spectra has been discussed in the previous chapter.
The effect of exchange interaction on this, can be discussed,

simply, in the same way as in the case of exchange between

identical spins.
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If the nuclear spin of each ion is I = %, thesc spins will
be aligned either parallel or anti-parallel to the magnetic field
produced by the clectrons, at the nuclcus. The effect of
exchange interaction, on the system as a whole, is to average
out the effect of the nuclear spins on the electrons. For
exomple, if exchangc occurs betiween the clectrons of two ions
whos¢ nuclear spins arce cppositely oriented, the electrons see an
average field, due to the nuclear spins of zero. The appearance
of the resonance spectrum will denend on the magnitude of the
exchange interaction. If the exchange energy is smaller than
the hyperfine splittiag, the lines will merely be less well
resolved. If the exchange energy is of the same order as the
hyperfine splitting, the lines will be only just resolved and
one broad line results, However, for larger exchange energies,
only one transition occurs, at the central frequency. This
carresponds to all the local fields due to the nuclear spins
being averaged out to zero. The line will now appear much
narrower since it is no longer the envelope of unresolved

structure.

The megnitude of the exchange energy

The direct way of estimating this is to measure the mean
square line widths and subtract the widths calculated from
dipole-dipole interactions. This method has been used by

SR

Ishiguro, Kambi and Usui in the case of nickel fluosilicate.
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They assamed that the exchange interaction with other than
nearest neighbours was negligible and found |J| ~ 0.0 o i

A similar procedurc has been used for nickel ammonium selenate by
Stevens (12) who found o value of ]J I ~ 0,025 cm-'1 with a sign
usually associated with ferromagnetism,

Griffiths (13) ct al, have observed an exchange in ammonium
chloroiridate, In semidilute crystals, there is a reasonable
chance that (IrCl6) &5 complexes occupy nearest neighbour positions.
There is then an exchange intcraction between neighbouring pairs

of iridium iouns because of the transfer of unpaired electrons to

the intervening chlorine ions. They found an anisotropic exchange

i -1
Jx = o Oo&-, Jy = t 0.61'}-, Jz = - 0020 cm .

Unless the exchange interaction itself is to be determined,
mognetically dilute samples must be used for electron resonance
study. Both dipolar and exchange interactions should then be

reduced sufficiently for the resolution of any structure.

Delocalization arrowing

This is the motional unarrowing due to the delocalization of
the unpaired clectrons in a molecular orbital, If the electron
passes over scveral atoms with a nuclear spin in its orbit, the
motion may produce an averaging similar to the exchange inter-
action described above. This possibility has been investigated

by Walter (“*'), who concluded that therc is definite experimental
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evidence for this effect.

347. Others Sources of Broadening

3.7,

Defects, Dislocation and Mosaic Crystal Structure

At very large dilutions it moy be expected that the dipolar
and exchange contribution to the line width will be negligible,
In practice, however, there is often in crystals a residual line
width which cannot be attributed to any of the mechanisms so far
considered. This line width is particularly great for crystals
in which there is lorge magnetic anisotropy.

The residual line width can usually be attributed to small
variations in the parameters of the spin Hamiltonian., Instead
of the usual sharp values for g, D and E etc.,, there is a distribu-
tion of values. This can happen if the surroundings of the ions
are not all the saue, due to defects and dislocations, or if the
symmetryv axes of individual ions are not all parallel due to a
mosaic crystal structure,

To 4Tub6, nickel £lnosiiioatel ol U)ot o e b
should be nct more than 6 gauss, but the line width is found to
be between 20 and 50 gauss, depending on the care with which the
crystal was grown., It is thought that this is due to small

variations in D since g is isotropic, E is zero whilst D is between

0.1 and 0.5 cm"1 s

The line width in Ruby (15) is ccnsidered to be due to the
fact that the symmetry axis changes direction in some manner

along the crystal and may shov a curvature along the boule., The
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deviaticn across a crystal about one inch in length may be
1

several degrees, The angular behaviour of the % -% -t 5
transition of Cr3+ in A."L,)O3 is given by

hv = ggH + D(3 00526—1) .

Since g is isotrooic, the differential of this expression is

AH | e D sy s
gp 2

where AH is the half line width and 6 is the angle between the
magnetic field and crystal axis, This should show a maximum
line width for 6 = 45°. At this angle and for an angular spread
of 0.5o the corresvonding half line width is ~ 50 gauss, This
is larger than the spin-spin interaction for all er * with
concentrations less than 0.2 mole percent of C:c'3 f".

Sraltiel and Low (15) have discussed this example and in
the same paper derive theoretical expressions for the line shape
and width due to a mosaic structure in a single crystal of Th 02
containing a small amount (less than 0.01 %) of Gd.3 15 They
assume that the nearly perfect crystal consists of a large
nunber of perfect crystallites which differ only in that the
crystal axes point in slightly different directions., A co-
ordinate svstem is attached to each crystallite, in which the co-
ordinate axes ccincide with the crystal axes. The coordinates
in this system arc denoted by 6 and ¢. The frequency of the

transition betwecen any two paramagnetic levels in an external
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megnetic field H can be described by

vV = F(Hs 9, ¢) .

Assuming a gaussian distribution of crystallite orientations
about the average, and that the misorientation of the crystallite

is small, they derived an expression for the half width at half

intensity
ARG S Lo a L1
20 aH

where a is the avcrage misorientation of the various crystallites.
The calculated line widths were normalized to give a best
fit to the experimental curves by choosing a = 0.12° + 0.02.
The effect of the mosaic structure is to cause variations
in the parameters of the spin Hamiltonian, which for Gd.3+ with
an 837 /2 ground state has a number of new terms due to The high spin
value., Small differences between theory and experiment were
explained by supposing the presence of a small additional axial
ficld along the principle cubic axes. This is described as a
distribution of values of D centred around D = O,

These line widths will be frequency dependent,

3,7.2. Unresolved Hyperfinc Structure

If there is sufficient line broadening, due to any of the
mechanisms discussed so far, the individual lines of a hyper-
fine structure may not be resolved, In the case of strong

exchange interaction it has been mentioned that the structure
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is replaced by a single exchange narrowed line, However, for
all other mechanisms the overall line width will be governed by
the splitting of the unresolved hyperfine lines, and will be
frequency independent,

3.8, Experimental Sources of Line Broadening

3.86.,1. Power saturation broadening

It bas been shown in Section 3.3.2. that in systems which
have long spin-lattice relaxation times, spins when excited, may
not return to the ground level sufficiently quickly for thermal
equilibrium to be meintaincd. This happens when the incident
powver is high. It cun be seen from cquation 3,13 that the
saturation will be a maximur at the peak of' the resonance curve,
where g(v) is a maximum, and falls off on both sides, the line
will therefore be brcadened on saturation.

This is not true of inhomogencously broadened lines, however,
because the spin packets will saturate individually and their
peak heights will each be reduced by the same fraction. Hence
the overall resonance curve which is the envelope of individual
resonances will decrease in height but retain its shape,

Ia practice, the power density per absorbing atom or molecule,
in the solid state is rarely high cnough for saturation to occur
at ordinary temperatures. Conditions must usually be adjusted
in order to observe it,

3,8.2, Inhomogeneous lMagnetic Field

If the magnetic field varies over the sample, the resonance



condition will not be satisfied for all ions together. A
broadening of the line results,

3,8.,3. Modulation Broadening

Karplus (16) showed that modulation of the source or of the
magnetic field at the sample ore equivalent, and if either is
modulated sinusoidally at a frequency, V, then side-bands appear
cn both sides of the true resonance, separated from it by the
modulation frequency., Classically, a high frequency modulation
of the magnetic field may be thought of as a modulation of the
Larmor precession frequency which would produce side-bands,

These would be resolved or contribute to the line width, only
if v is of the order of or grecter than the line width, and if
their mngnitude is sufficient to produce a noticeable effect,

The phenomenon has peen noticed experimentally, and accounted
for, by various workers, for example Tovmes and Merritt (17), who
observed the side-bands produced by high frequency Stark modula-
tion of a molecular absorption.
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Chapter 4

The Spectrometer

General Considerations

The requircments for the observation of electron resonance
are vasically very simple., The sample containing unpaired
electron spins must be placed in a uniform magnetic field H,
which will split the spin levels by the amount gAH, If an
oscillating magnetic ficld of frequency v is then applied to the
sample, at right angles to the direction of the uniform field
megnetic dipole transitions will be induced between the levels

when the condition

nv:gﬂ{

is satisfied., A net absorption of energy from the oscillating
field will occur as long as there is a greater population in

the lower level, This has already been discussed in the section
on spin-lattice relaxation., The magnitude of the absorption
will be proportional to the difference in population (n) between
the levels, This is given by equation 3.6, if ilcxcell

Boltzmann statistics are obeycd,

ni= N-}-ly- when 2.1 << 1
2K 1

N is the total nuiber of spins in the two levels and T the

iemperature of spin system and lattice at thermal equilibrium,
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Since a large absorption of energy will be easier to detect than
a small one, it is apparent from this relation that a sensitive
system must employ a high frequency oscillating magnetic field
and lor temperatures., However a limit to the frequency which
can be usea, is sct by the strength of the magnetic field
required to satisfy the resonance condition. Practical considera-
tions such as the size of the magnet and power required, at present
limit the strength of magnetic fields, with sufficient homogeneity
for electron resonance, to not much greater than 15,000 gauss,
This corresponds to fréquencies of between 9 and 30 kMo/s s which
lie in the microwave region of the electromagnetic spectrum and
ere casily produced using the klystron valve., Recent developments
in superconducting magnets and coherent infra-red sources may
modify this situetion in the ncar future.

The basic units of the electron resonance spectrometer arc:-

1. Microwvave Source.

2., Absorption Cell.

3, Detection and Display System,

4, Magnetic Field,

Microwave Source

The frequencies most commonly used for electron resonance
spectromcters arc 9, 24 and 36 Kli¢/s, corresponding to wavelengths
of 3 cms, 1.25 cms and 0.8 cms respectively. These are usually

classified as being in the X, KX and Q bands respectively, The
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microwave source is usually a reflex klystron, which, due to its
high stability, more monochromatic output and ease of tuning, is
preferred to a magnetron except when very high power is needed.
The power output of the klystrons used is most often of the order
of 20 to 200 milliwatts., The spectrum produced by the reflex
klystron is highly monochromatic, so that, unlike optical
spectrometers, no dispersive element is required.

Absgorption Cell

According to equation 3.12 the transition prebability between
the levels Iy = + 3 is preportional to H12 where Hy is the ampli-
tude of *he microwave magnetic field. In most spectrometers
therefore the absorption cell is designed to increase the value of

H, at the sample and, therefore, the magnitude of the observed

1
resonance signal, A resonant cavity is frequently employed for

this purpose, and the extent to which it concentrates the field

at the sample is described by the "Q" factor. This can be defined

as
gi%s 27’_( IEnergy stored
En

\Znergy Dissipated per cycle

The energy dissipated per cycle is that lost as heat in the
walls by the currents which must flow in order to sustain the
standing wave pattern plus any lost in dielectrics etec.. Tha
heat produced will depend on the electrical conductivity of the

walls, which arc usually made of copper brass ar silver, with
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the result that the "Q" factor may be very large, of the order

of 101*'.

The configuration of the magnctic and electric fields is
known for most cavity designs, so that the samplec can be placed
in a position of maximum magnetic and minimum electric field,

The last condition ensures a minimum dielectric loss or damping
in the cavity and a maximum absorption of microwave energy by the
spin system at rescnance., The size of the sample must be such
that it occupiecs as much of the region of maximum magnetic field
as possible, whilst projecting as lictle as possible into the

electric field.

This is expressed in terms of the filling factor, F, which
is defined as tanc ratio of the magnetic energy in the sample to

the magnetic encigy in the whole of the cavity volume.

Thus -
f HZ @

S

the intecgrals being taken over the samplc volume and the cavity

respectively.

{L.1 .3. Microwave Detection

The level of microwave power leaving the absorption cavity is

nearly always detected with a silicon-tungsten crystal rectifier.
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This converts the microwave radiation into a d.c. signal so that
it would be possible to observe resonance as the change in deflec-
tion of a sensitive galvanomcter. Hoviever it is a general
principle that a.c. tecaniques are more convenient than d.c.. In
the simplest spectrometer, therefore, the magnetic field is
modulated with a small a.c. component so that the resonance condi-
tion is satisfied twice in every field cycle. The output from
the detecting crystal is therefore modulated with an intermediate
frequency twice that of the field modulation, and can be amplified
and displayed on ar oscilloscope screen, With a suitably phased
sweep on the X platec the resonance signal appears as a dip in the
trace.

Such an arrangement is known as Crystal Video detection.
Most spectrometers can operate in this way since it is convenient
for a first examination of untried samples., It is not, however,
the most sesitive detection system, and a means must be found of
increasing the signal-to-noise ratio. A simple method of doing
this with the crystal video spectrometer is to photograph the
signal trace on the oscilloscope screen, The noise is then »
averaged over the time of the exposure which can be made long,
with consequent improvement in the signal-to-noise ratio,

In general to improve the signal-to-noise ratio the signal
must be made as large as possible and the noise as small as possible,

Assuming that the conditions of high radiation frequencies and low



temperatures have been fulfilled, there is an upper limit to the
power which can be absorbed during resonance by a particular
sample in a given cavity. The signal cannot be increased further
and the noisc must therefore be reduced.

With a good Xlystron, the largest single source of noise in a
spectrometer, such as the one described here, is the detecting
crystal, The noisec generated in the crystal varies inversely
with the intermediate frequency, so that wherever possible a high
frequency fiecld modulation is used for the greatest sensitivity.,
The frequency of thz field modulation which can be used is limited
by the broadening it will produce and by the difficulty of
producing a large sweep amplitude at the sample, A good compromise
is found by using a modulation frequency of 100 k,c/s, whilst to vse
higher intermediate frequencies a supcrhetrodyne detection system
must be employed.

The scnsitivity of detection can then be improved still
further by reducing the bandwidth of the system until only noise
at the intermediate frequency remeins, Since the actual resonance
absorption signal is carried as a slow amplitude modulation on the
intermediate frequency, a very narrow band amplifier, tuned to this
frequency, can be used without losing any information. The band-
width of the system can be reduced still further by the use of
phasc-sensitive detection which allows only noise components which

are in phase with the signal to pass through, There is a d.c.
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output proportional to the first derivative of the absorption

curve, After d.c, amplification this is passed to some form of
pen recorder. The great advantage of this method of detection

is that the signal-to~poise ratio is only dependent on the band-
width of the last recording stage, the noisc componenta of previous
stages being eliminated.

Magnetic Field

Since the resonance condition is usually satisfied by
varying the magnetic field strength whilst keeping the microwave
frequency constant, the mngnet is usually an electro-magnet, 1In
the study of frce radicals, which give signals very close to the free
spin g value, a permanent magnet is often used, For thc most
general application, however, the magnet must be able to produce
fields continuously variable from zero to those corresponding to
g valucs of less than 2, The magnetic field must be uniform over
the sample and must not vary with time, This requires that the
ratio of pole piecc diamcter to gap width must be as large as
possible, the magnet fed from a good currert stabilized power
supply and the temperaturc of the coils regulated with water cooling,
The first requircment is, however, frequently a compromise between
the need for a homogencous field and the nccessity for having a
wide enough gap to accommodate dewars for low temperature
measurements, The actual degrec of homogeneity and stability of

uagnetic field required in electron resonance is detormined by
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the minimum line width expected., Linc widths of less than

0.1 gauss arc uncomuon so that a homogeneity over the sample and

5

stability of 1 part in 10" may be needed.

The Spectrometer

Special Reguirements for the Study of Haemo-proteins

In the study of single crystals of hacmo-proteins there are
three main considerations which influence the choice of spectro-
meter to be used. Thece are:- |

1. The small size of the crystals (1 or 2 mms. across).

2, The na“urc of the crystal, which is only stable when wet,

3. The very broad lincs obtained (up to 700 gauss peak to peak) .

A small crystal makes it necessary to use a small sample
cavity in order that there will be a good filling factor, This
requires the usec of Q or K band firequencies.

The watcr content of the crystal will damp the cavity at
room temperature so that all measurcments mast be carried out
below ¢20.

The broad lines observed make it impracticable to displayv‘
the absorption on an oscilloscope screcn as this requires magnetic
field modulation with an amplitude excceding the total line width,
A modulation amplitude of between 500 and 1000 gauss is therefore
needed to display the broadest lines, otherwise only a tilting of

the trace will be scen. Becausec of this it is more convenient
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to trace out the absorption linc by a pen recorder as the
magnetic field is swept slowly through resonance., This suggests
the usc of phase sensitive detection with say, a field modulation
frequency of 100 k¢/s. However for maximum sensitivivy it can be
shom (1), that the modulation.amplitude. showld ba twice the dins
width, although a distorted line shape results from such a
modulation. The optimum modulation amplitude is thereforc taken
to be about onc quarter of the linc width, which in the case of
the haemo-proteins mcans up to about 150 gauss. To produce such
a modulation at the sample using a frequency of 100 ko/s would be
very difficult and the power lost through eddy current heating
would be consideruble even if the modulation coil were placed.
inside the cavity. In general the modulation amplitude obtain-
able with spectrometers working at 100 k¢/s is around 10 gauss,
For very wide lines, therefore, the full advantage of using high
frequency modulation is not felt,

By working at an audio frequency such as 400 /s it is a
simple matter to produce field modulation emplitudes of about
100 gauss so that thc detection system cen work under optimum
conditions. This partly offsets the incrcased crystal noise at
low intermediate frequencies, Another distinet advantage is that
the skin Gepth in brass at 400 /s is about 50 thousandths of an
inch ac against L4 at 100 k¢/s, so that the modulation can be

applicd from outside the cavity and dewar; eddy current heating
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will be reduced with a consequent saving in liquid coolant.

As a result of these arguments the spectrometer used for
most of the mecasurements on haemo-proteins, carried out in this
work, operatesat Q or K band frequencies with 400 o/s ticld
modulation and phasec sensitive detection, It can also be used
with 50 ¢/s crystal video detection.

The Microwave System

w2, 758 Klzstron

The spectrometer is able to work at both Q and K band
frequencies since the electronics including the klystron power
supply are identical in each case and only the waveguide runs are
separate, The microwave system is essentially the same for both
frequencies so that only one nced be described in detail,

The X band klys®tron used is the 2x33 with a frequency of
2, .7Mc/ s and a pover output of 40 milliwatts, The Q band
klystron is an E.J,I. Type R5146 with a frequency of 36 <¥c/s and
maximum pover output of 60 milliwatts, which varies considerably
over the tuning range. The frequency of cach klystron can be
varied by about 10% by mechanically distorting the resonant
cavity and also by a few tens of megacycles by varying the
reflector voltage,

The power supply for both klystrons is a conventional series

(2)

stablized type » capable of delivering 2000V (varisble) for

anode-cathode potential, the anode being ecarthed. Another
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similarly stabilized 650V supply has its positive line at
~2000V so that negative voltages of 650V (variable) for the
reflector to cathode and 200V (variable) for grid to cathode
may be obtained through a resistor chain in the output. The
heater supply is a 6V lead-acid accumulator, A diode is fitted
in the reflector circuit to prevent positive voltages being
applied to the reflector which would result in its being burnt
out by the elcctron bombardment.

The kKlystron is air cooled by an electric blower mounted on
a separate stand s> that vibration of the klystron and wave-
guide arsembly is kcpt to a minimum.

Automatic Frequency Control

In order to obtain an accurate comparison of results. taken
over periods of up %o onc or two hours it is necessary for the
frequency of the klystron to remain constant during that time,
This is achieved by locking the klystron frequency to an
external high "Q" rcference cavity. At the same time there
should be an appreciable reduction in the noise from the klystron,

The klystron is frequency modulated at 33 ko¢/s and a dis-
crininator curve is obtained from the reference cavity. This is
used te apply error voltages in the corrcct phase to the klystron

reflector.

The block diagram Fig. (4.1) shows the arrangement of the

locking system.
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The oscillator (3) Fig. (4.2) supplies an adjustable voltage
for the modulation of the klystron frequency and a two-phase
voltage for the phase scnsitive detector. A wien bridge, shown
in the dotted square, is driven by two separate amplifiers V1 , the
output being applied through cathode followers V2 across one
diagonal of the wicn bridge. The bridge unbalance signal which

appears across the oppositc diagonal is applied to the amplifier

input temminal,
At a frequency f ~ 1/2aRC, where R, = ZR3 = R, G, =321 = C,
this bridge unbalance sigral is rcal and in the same phase as the
driving voltage, As the amplifier gain is high only a small
amount of unbalance signal is required to just maintain oscillation,
The thermistor adjusts itself so that the above conditions are
realized., The oscillator cutput amplitude is largely independent
of ampiifier charactcristics and depends mainly on the swien bridge.
Variativons in the ambient tempcraturc of the thermistor will
cause Tluctuations in the oscillator output. To reducec this to
a minimum the wicn bridge is enclosed in a separate aluminium
box and connected to the xest of the circuit by a standard octal
plug. The switch in the iaput to the bridge enables the oscilla-
tions to be 'stopped' whilst tuning the klystron. This was found
to be nccessary because of an intermittent and untraced 33 kg’s pick

up which tended to keep the klystron locked even when the 33 ko/s

nodulation was disconnectéd from the reflector., After tuning
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the klystron, the oscillator could be switched on again, oscilla-
tions starting immediately without any warming up period.

Two opposite phasc voltages are supplicd through cathode
followers V3 to thc phese sensitive detectors., A small voltage
(15V max.), variable in both magnitude and phasec is supplied for
the klystron rcflecter modulation, This is arranged by connecting
both sicdes of V2 which have opposite phases, through a phase
splitting R.C. circuit. A variable rcsistance is the phase
vontrol, the centre tap going to the grid of a Sriode with cathode
followcr output,

The modulation of the reflector voltage causes the microwave
output to be frequency modulated at 33 kg/s. The high "Q"
rcference cavity is tuned to the centiral microwave fregquency and
in this condition the 33 ko/s modulation will not be present in
the output of the detector crystal at the cavity. The amplitude
of the 33 k¢/s signal at the detecting crystal is proportionsl to
the dezrec to which the klystron frequency has drifted from the
resonant frequency of the cavity, and thc rhasc is devendent on
the dircction of drift. This error signal is first amplified
then fed through a high vass filter and into a diode bridge phase-
scnsitive-detector via a cathode follower stage., The bridge is an
adaptation of that used by Strandberg (l"), using semiconductors
because the whole circuit is floating at 2000V,

The circuit of the bridge used is shown in Fig, (4.3).
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A sufficiently large reflerence voltage is able to effectively
"switch off" the detccting diodes, independently of the magnitude
of the signal voltage. Thus thc detecting diodes may only con-
duct during every other half cycle. Then, depending on the phase
of the signal voltage, either diode (1) or diode (2) will conduct.
That is, the potential of A will either rise or fall with respect
to earth, depcnding on the phase of the signal voltaée. This
change in potential at A is then amplified by a double triode
in cascodec and fcd onto the klystron reflector. The voltage
correction applied is in such a direction as to bring the micro-
wave frequency back the resonant frequency of the reference cavity,
The bridge is noteble for its independence from variations in the
reference voltage amplitude., The phasc scnsitive detcctor and
d.c. amplifier arc mounted inside the klysiron power supply and
are floating at the reflector voltage. Reference and signal
voltages come in through 6000V d.c. isolating condensers.

When locked to the reference cavity the reflector volts on
the klystron can be varied over a 30 volt range without the micro-
wave frequency changing. The signal to noise ratio is improved
by a factor of about 3/2 and drift is negligible over long periods,
This degrec of stability could not be obtained by locking to the
sample cavity since this has a low "Q", being of the transmission
type. Once cooled dowm to liquid nitrogen or hydrogen temperatures,

ihe sample cavity stayed on tune, since temperature fluctuations
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arc the chicf causc for changes in its resonant frequency and
these shovld then be very small, The procedure for locking
the klystron is o tune the frequency to that of the sample
cavity and then to adjust the reference cavity to resonate at
this frequency.

'*.2.2.3. Javeguide Components

Since K and Q band systems are identical except in the size
of components and since @ band was used for all the myoglobin
measurements, only this system will be discussed in detail.

(a) Isolator

This component is a microwave gyrator so designed that it
offers practically no attenuation (less than 1 db) to microwave
power when floving in one direction but over 30 db attenuation
in the reverse direction. The isolator is situated just after
the klystron and in this position prevents reflections from the
waveguide system reaching the klystron. The insertion of such
an element should therefore increase the amplitude and stability
of the klystron by a large factor.

(b) Wavemeter and Reference Cavity (5)

The wavemeter and reference cavity is a cylindrical transe

mission cavity oi 4,0 cms. diamcter operatirg in the H mode,

03p
It is heavily constructed from brass so that it is insensitive to
mechanical end thermel changes. The movable plunger which forms

one flat face of the cavity is driven directly by a rotating



micrometer screw., The microwave power is fed into the cavity
through two holes, in the narrow sidec of the main guide, which
are spza.c:ed-?:g apart along the centre line., These two holes are
situated syn?metrically along a diameter of the end face of the
cavity, The output coupling is located in the same face at a
distance 0.,55r from the centre along a diameter which makes 14.50
with the line joining the input holes. The wavemeter is used by
rotating the micrometer screw head until a resonance absorption
occurs in the cavity at at least two different positions. The
guide wavelength 7\.8 is measured directly from the micrometer

readings. The free space wavelength A , is then given by the

relation
1 1 1
R s o + 3 (1)
A '\g }‘c

where A 1s the critical wavelength and is given by A, = 0,618r
for this mode, r being the radius of the cavity in millimetres,

Thus the free space wavelength for the cavity is

1 1
;:-2- = ?‘ + 0.0065 (2)
g

where A and ‘Ag are measured ir. millimetres,

(c) Mutching Units

It is necessary to have matching units on either sice of
the sample cavity to compensate for discontinuities in the guide

at the input and output coupling holes. These matching units are



phase shifters using waveguide 'squeeze! sections. These con-
sist of a waveguide with slots cut in cach broad face 6" long
and;é" wide., A simple clamping screw enables the narrow sides
to be compressed inwards. This alters the width of the guide
and hence the guide wavelength and impedance over the compressed
section. This effectively alters the phase of the wave arriving

at the end of the !'squeeze' section.

() Sample Cavity

Two cylindrical transmission cavities, operating in different
modes are used. The diazram Fig. (4.4) shows the direction of
the microwave magnetic field in the two cavities, since it is the
position of the mwximum of this field which is of importance in
electron resonance . The two modes are the lowest order modes
which can be set up in cylindrical cavities and the patterns are
determined as H modes., The first two subscripts of the H
indicate the type of travelling wave pattern the mode represents
and thz third subscript, the number of complete patterns (i.e.
the number of half guide wavelengths) which are accommodated in
the length of the cavity. The cavitics are excited by iris
coupling holes and are of the transmission type, The diagram
shows the method of coupling to the guides in the respective modes.
The black dot shows the position of maximum magnetic field at which

the sample is placed, Since the microwave magnetic field in the

HO11 mode is perpendicular to the d.c. field regardless of the
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rotation of the magnet the tilansition probability remains constant
as vhe magnet is rotated. However for the H,‘ i1 mode cavity the
transition probability falls to zero when the microwave and d.c.
fields are parallcl,

For crlindrical cavities, the cut-off wavelength )\c is not
given by a simple formula involving the dimensions of the guide '
as in the case of rectangular guide, but depends on the roots of
a Bessel function, The cut-off wavelength A, in a circular guide

of radius r for the two modes used is given as

A = 1,64

H01’ (e}

1{11, 7\0 = 3014-21'

ucing the expression
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gives the resonant wavelengths of thesc modes in a cylindricel

cavity of radius r and length d as
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where the length d is an integral nunber of half guide wave-

tengths.
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It has been mentioned earlier that the magnet gap must be
as narrow as possible for the production of large homogeneous
megnetic fields, This requires that the sample cavities be as
narrow as possible, It is obvious from the equations 3 above
that the radius may be made small by increasing the length,
however the limiting measurement is that of the waveguidcs into
and out of the cavity. The positions of thcse guides at the
coupling holes is chosen so that the correct mode is excited
preferentially in the cavity., In the H111 mode the guides must
have their Lroad faces together and in the Hyy4 mode they must
have their narrow faces together. The H,,, mode cavity can
therefore be narrower than the HOH mode cavity, The actual

dimensions of these cavities are for @ band.

H111 cavity internal diameter 7.14 mms.

HO‘H cavity intermal diameter 10.25 mms,

Although it vould be more convenient to use the H01 cavity
for single crystal study, since full 180° measurements can be
made in a crystal planc with only ore mounting, better signals
arc obtained using the 1-1111 mode cavity. This is probably due
to the fact that the H111 mode is dominant in a cylindrical
cavity and also because the H‘111 cavity has a smaller volume at
resonance than the H011 cavity. The latter fact results in a
petter filling factor when working with the very small myoglobin

crystals in the Hyq4 mode cavity,
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The photograph Fig. (4.5) shows the Hyy4 cavity used,
The waveguides, which are of thin german silver for low tempera-
sure vork, arc soft soldered into a circular threaded brass block,
the diameter of which is only just greater than the diagonal of
the wavegride square, A thin brass collar screws onto this,
holding firmly in place the iris coupling hole diaphragm which is .
of brass 0,5 mm, thick, The cavity, also of brass, screws into
this collar tightly up against the cnd disphragm to make good
electrical contact, The bottom face of the cevity forms the
top face of a screw plunger which runs in a fine screw thread in
the lower part of the cavity wall, A choke joint of length
xg/Z is used between the plunger and cavity wall so that the
actual contact betwecen them is at a point of zero current in a
half-wave shorted line, and the contact does not have to be good,
A microwave lecak between the two parallel guides above the coupling
holes was stopped by building up the dividing waveguide wall with
soft solder which was flattened on screwing the assembly tightly
together., The iris coupling holes arc drilled in positions such
that they arc at the centre of the waveguide cross section. The
optimum diameter of thesc boles was determined empirically as that
which gave the best electron rcsonance signal, This diameter
was found to be 2 mm,, which resulted in the cavity having a rather
low "Q" but a smaller hole and higher "Q" would result in insuf-
ficient microwave power reaching the detecting crystal,

This type of cavity assembly makes it possible to clean not
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only the cavity but both sides of the coupling hole diaphragm
and the waveguides, It was found that accumiiated dirt just
above the coupling holes could produce a broad resonance absorp-
tion around. 5 = 2, at lov temperatures, which frequently obscured
the broad myoglobin lines. Cleaning the whole cavity system
usually curec this, Dirt in the waveguide outside the magnetic
field can also absorb microwave power due to dielcctric loss,

The wpper ends of the german silver waveguide go into a
dewer head assenbly and are vacuum scaled with transparent plastic
adhesive tapc. The cavity itself is scaled with grease on the
screw threads, a rubber '0' ring between cavity and brass collar
and a coned brass cup over its end, The cavity can thus be

evacuated to prevent the formation of liquid air inside it at low

temperatures.

(e) Ciystal Detector

The crystal detector is of the 'open' type, G.E.C. SIM 8
which is mounted across the waveguide, the case forming a con-
tinuation of the guide walls, Both the silicon crystal and the
tungsten wire are located in this aperture, the latter being placed
in a position of maximum electric field and acting as a pick up

probe, The rectified current is taken out from the crystal holder

by coczial cnble,
The crystal holder is insulated from the rest of the wave-

guide run in order to break the low frequency path which could
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result in 50 ¢/s pick up. This can make it impossible to use
high amplification on crystal video detection,

The end of the waveguide is terminated in a movable plunger
which is used to eliminate the wave reflected by the dctector
back along the waveguide.,

Magmetic Ficld

The magnetic field is produced by a Newpart Type D 8" magnet,
This magnnt has intcrchangeable pole pieces and is mounted on a
calibrated turntable for single crystal wark. With flat unconed
pole pieces and a 10 cm, gap the ficld homogeneity is at least 1
in ‘IO5 over 1 cm3 but the maximum field obtainable is less than
8 kilogauss. For Q band. frequencies, fields of at least 14 kilo-
gauss arc required and these arc achieved using 60° conical tips.
The face diamcter is then reduced to 10 cms, with a gap reduced
to 3 cus. which maintains a homogencous ficld over the sample,
This gap just allows room for a tailed dcwar and absorption cavity.

Tlic power supply is a Newport Typc B lark IT current
stebilized unit, This has thrce current ranges which for the
type D magnet arc (0.5 = 12) amps, (2.5 = 13.5) amps and
(5.0 - 15.5) amps, The field ripple produced by this unit is
quoted as 0.25 gauss peak to peak for the 8" magnet,

The field is swept using a Newport Type A sweep unit whish
has variablc range and time, The maximum sweep possible is

2.5 amps the smallest 0.25 amps, sweep times are variable from
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32 minuves to 8 seccs,.

Field modulation at both 50 ¢/s and 400 o/s is applied
externally through a modulation coil mounted on the yoke.
This coil is described more fully in connection with the 40O o/s
electronic system,

Electronic System

Crystal Video Detection Fig. (4.6)

Ficld modulation at 50 ¢/s is supplied from the mains through
a variable transfaormer, This is adjusted so that the total sweep
is greater than the width of the resonance line under investigation,
Thus when the d.c. field is at the resonance value the signal is
passed through twice in every cycle., The output from the crystal
is fed through a wide band amplifier onto the Y plates of an
oscilloscope. £ 50 ¢/s voltage is spplicd to the X platcs and
adjusted to be in phasec with the a.c, componcnt of the magnetic
field. Conscquently a graph of absorption against magnctic field
is traced out on thc oscilloscope screen.,

The wide band amplifier is a normal R,J. coupled amplifier
Fig. (4.7) with a gain of about 10* and a reasonably flat
response from 20 /s to 10 k¢/s. There is a variable input

impedance of 500 @ to 20 kil and a variable output attenuator.

L00 /s Phasc Sensitive Detection

Thz advantages of using this mcthod of detection have been
dgiscussed carlicr and the layout of the spectrometer is shown in

the block diagram Fig. (4.8),
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(a) 400 ¢/s Oscillator Fig. (4.9)

This is an R.C. oscillator of conventional design in which
the frequency determining network is a Wien bridge. A thermistor
ir. one arm of the bridge stabilizes the amplitude of oucillation.
Three EF91 valves arc used, the last acting as a cathode follower
with two outputs. The fixed output serves as thce reference
voltage for the phasc scnsitive detector and the variable output
is fed in%o a 50 watt speech amplifier (Admiralty pattern 125224),
The output of the spcech amplifier is delivered by two 807 valves
in push pull to the ficld modulation coil.

(b) Modulation Coil

The modulaticn is carried out using one single modulation
coil of 8" internal diameter, 2" thickness and 600 turns of glass
covered copper wire (B.S. 4O gauge). The coil is cast in epoxy
regin in arder to prevent chafing due to vibration in the field.

For crystal vidco detection the 50 ¢/s current is fod through
the coil from o variable transformer. With 50 volts across the
coil a peak to pecak field modulation of 20C gauss is produced and
vrith 100 volts the modulation is incrcased in direct proportion.
Por short periods the full 230V can be used, producing nearly
1000 gauss modulation, but heating in the coil is considerable,

For opcrotion at 400 ¢fs the maximum field moduletion
will only be produced if the impedance of the load matches

the output impedance of the power amplificr, This was
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found to be much less than the impedance of the coil, due to the
coil's self induction at 400 ¢/s. Matching was achieved by
adding series capacitance to the coil until there was a maximum
voltage across it., With 2,5 uF in series with the coil the maxi-
mum is 200 volts., A 400 ¢/s field modulation of 75 gauss is
obtained under thesec conditions, Careful selection of the 807
output valves in the amplifier is also required to reach this
value., The series capacitor is shorted out for 50 ¢/s operation.

(c) 400 /s Narrow Band Amplifier Fig. (4.10)

The output from the crystal detector is fed into the narrow
band amplifier through a1:10 transformer designed to match the
nominal 350 ohm output impedance of the crystal to the input of
the amplifier,

The amplifier- is direct coupled, to reduce any possible phase
shifts during amplification, and combines a high gain (of order
5 x 101") with a narrow band width (less than 15 ¢/s) a% 400 o/s..
This band width is achieved by employing negative feedback in
conjunction with a twin 'T' filter which acts as a rejector
circuit fof 400 c/ Se The gain of the amplifier is therefore low
for all frequencies but 400 ¢/s.. The ncgative feedback is variable
and can be reduccd to zero for wide band operation., A small
positive feedback is provided at all frequencies and the output

is from a cathode follower stage.

(A) 400 ¢/s Phase-Sensitive-Detectar Fig. (4.11)

The phase-sensitive-detector is a modified form of Schuster!s
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circuit using a double triode 12AU7., Apart from this valvé,

the circuit includes one stage of amplification for both signal
and reference voltages. The refcrence phase can be varied in

a phase-shift network employing one half of a 12AU7 and is split
into two auti-phase outputs by a triodec 6C4. In order that both
outputs have the same impedance the anode output is taken through
a further cathode follower stage wusing the other half of the
12AU7.,

The anti-phase reference voltages are fed onto the grids of
the Schuster valve with svfficient amplitude to bias each valve off
during the negative half cycles. The anode voltages therefore
fluctuate in anti-phase with cach other., However, this fluctua-
tion is smoothed out by the by-pass condensers on each anode,
and by adjusting the potentiometers in anode and grid circuits,
the meen potential on each anode may be made equal, There is
then no potential difference between points A and B in the absence
of a signal,

If a signal is applied, to both valves simultancously through
the strapped cathodes, which is cxactly in phase with the grid
voltage on onc and out of phase with the other, the system is
unbalanced. The mean voltage on the anode of the in-phase valve
will decreasc, and the magnitude of this potential difference will
depend on the size of the signal, If the phase of the signal is

roversed, thc size of the potential difference is also reversed.
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Thz elcctron rcsonance signal therefore emerges as a slowly
varying potential differcncc between the points A and B , and is
passed through a variable time constant circuit to a d.c,
amplifier, The gain of this amplifier is made sufficicnt to
operate the pen recording ammeter on which the resonance
sbsorption is traccd.

(e) D.C. Amplifier Fig. (4.12)

The d.c. amplifier uses two stages of amplification with a
cathode follower output to the recording ammcter which has a
range of O - 5 milliamps and a resistance of 350 2 ., A jack
plug socket is so arranged that when the ammeter is disconnected
a 350 0 resistance replaces it across the output, In éeries
with the recording ammeter is a centre zero microammncter, with
variable shunt, which is usc¢d when balancing the amplifier, 1In
general the gain of the d.c. amplificr is kept fixed and the
magnitude of the output signal controlled by an attenuator between

narrow band amplifier and phase-scnsitive-detector.,

Experimentel Techniques

Measurement cof Magmetic Field Strength

'The magnetic field strength is measured by a proton resonance
meter. The protons are those present in a water sample to which
a paramagnetic salt has been added in order to reduce the spin-

lattice relaxation time and prevent saturation, This is con-
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tained in a small coil which forms part of the tuned circuit of
a marginal radio-frequency oscillator. The coil is oriented so
that the r.f, and d.c., magnetic fields are perpendicular and the

frequency of the oscillatar is varied umtil the resonance condition

for proton spin,

h = gy

is satisfied., Here ﬁN is the nuclear Bohr magneton and gy is the
nuclear g factor of the proton. The absorption of energy which
oceurs at resonance is detected and displayed with 50 ¢/s field
modulation on an oscilloscope screen. The proton resonance

frequency is related to the magnetic field by the above equation

which reduces, for protons, to
H = 234,87 x v

whau H is in gauss and v is in M¢/s. It can be seen from this
equation that values of magnetic field strength from 2,000 to
20,000 gauss correspond to frequencies between 10 and 100 M¢/s..
One of the proton rescnance meters, Fig. (4.13), used is, in
fact, a simplified version of Pound and Knight's n,m,r., spectro-
meter, The circuit consists of a cathode coupled amplifier with
the tuned circuit in the grid of the first valve, A positive

feedback is provided from the second anode and the level of

oscillation can be controlled by altering the amount of negative
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feedback in the common cathode lead., The absorption of energy

at resonance is detected by means of the change in voltage across
the resistor in the H,T. lead, and this voltage is passed through
an audio amplifier on to the second trace of a double beam oscillo-
scope. A plug in system is used for the sample coils which can
be changed to cover the frequency range 10 - 60 M¢/s.. At the
higher frequencies, possibly due to its construction, this par-
ticular meter becomes less sensitive and one using a Hopkins
circuit Fig. (L4.14) was built which could cover the range

50 - 90 Md/s.

The frequency of oscillation is measured with a hetrodyne
frequency meter (U.S. Navy L.iL1L4) which has an overall accuracy
of 1 in 105, this error being mainly in reading the dial, The
meter is occasional checked against the N.P.L. 5 Mg/s standard
frequency.

For accurate {ield measurements the proton resonance meter
is used but for less accurate measurements a calibration curve
of magnetic field against magnetizing current is sufficient.
Using both the meters the magnetic field with 60° pole tips has
been calibrated from 2 - 15 kilogauss. The magnetic field was
taken through a complcte cycle before each mecasurgment to avoid
the hysteresis cffects and was set only from one direction which
was chosen to be with current increasing., The calibration

showed the field to be far from saturation even at 15 kilogauss,
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When using the curve, all current readings have to be taken
with the field increasing after a full cycle. The pole pieces
were not disturbed once the calibration was made and the curve
has proved to be quite reproducible.

4.3,2, licasurcment of g Values

In all cases the g value of an abosption line has been
measured by comparison with a standard g marker. This is the
stable free radical diphenylpicrylhydrazyl (d.p.p.h.) which in
the powder has the g value 2,0036.

The €lectron r<sonance and proton resonance absorptions are
displayed simltaneovsly on a double beam oscilloscope screen
and Brought into coincidence by changing the r.f. oscillator
frequency. In this way the magnetic field at resonance is
measured for both the d.p.p.h. line and the line under study.
Since the klystron is locked, the frequency is accurately constant
over the pericd of the two measurements, so that the unknowmn g
value can be calculated from the resonance conditions which
reduce to

8 = &, —,-Hh

H
X

where the subkcript (h) denotes the values for d.p.p.h. and the
subscript (x) the sample.
In thesc mcasurements care is taken to position the proton

eample as closc as possible to the cleciron resonance cavity in
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order tc minimise any errors caused by difference in field at
the two positions.

Measurement of Line Widths

Two methods have been used to measure line widths of the
myoglobin crystals. With wide lines it is often sufficiently
accurate to mark magnet current recadings on the recorder chart
and translate these into field values using the magnet calibra-
tion chart.

The magnetic field is swept slowly through resonance whilst
the magnetizing current is measurcd on an accurate diagonal
scale ammeter. Precise readings can be made every 0.05 amps
(roughly 50 gauss) and merkers arc put on the recorder chart by
a 1.5 volt dry battery copnccted across the meter and operated
with a bell-push, Examination of the marker spacings enables
the linearity of the sweep to be checked and interpolation
between the markers can then give the actual line width.

Whenever necessary the accuracy of line width measurement
can be increased by using proton resonance calibrated markers,
This involves the use of a commmicatiorsrcceiver which has
crystal contxolled check points at 100 lcc/ s intervals, The
frequency of the proton resonancc meter is set by beating it with
one of thesc check frequencies, whilst the magnetic field is
increasing. As the field passes slowly through the proton
rasonance value, the absorption signal crosses the oscilloscope

screen and a mark is put on the recorder chart with the bell-push,
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The proton resonance meter is then turned to the next highest

check frequency and a further mark is made at resonance., The
electron resonance line is thus calibrated by a series of marker
lires corresponding to eccurately known proton resonance frequencies.
The line width can bc measured this way in terms of proton resonance
frequency over the whole range of field values 2 - 15 kilogauss.

Measurencnts on Broad lines

In all the measurements on very broad lines, the greatest
source of error lics in determining, precisely, the positions
of the centrecs and the pealirs of the derivation curves. In general
the area under the curve will remain constant as the line width
changes with direc*ion through the crystal, Therefore it can
happen that the pcak height will be very reduced in the broad
linc and the signal-to-noise ratio made low., A faster sweep
makes tiic peak sharper but the field markers become less frequent
or less accuratc in proportion. ‘Vorking at liquid hydrogen
temperabure cnsures the maximum signal intensity for the broadest
lines but the results in many cases have to be the average of
several mcasurcments,
The cstimated error in the line width mcasurements was as
follows:-
For lines of width 0 - 150 gauss about 5%
150 - 600 gauss about 10%
600 and over about 15%.

The accuracy With which the g value of a line can be
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measured. also depends on its width. Using crystal video
detection on lincs more than 50 gauss wide the g value cannot
be measured with less than 0.75% error. Using proton resonance
markers on the pen chart this error can bc reduced to about
0.2.
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Chapcer 5

Myoglobin - Its Structure and Properties

Haemoproteins

The haemo—-proteins are so called because they each consist
of a globular protein molecule containing one or more haem
prosthetic groups. The structure of this group varies only
slightly from one haemo-protein to another and consists basically
of a tetrapyrrolic ring (porphin) surrounding an iron atom Fig.
(5.1). The protein molecules, huwever, vary considerably in
molecular weight anG also in amino-acid composition.

Myoglobin is of particular interest because it is onc of the
smallest protein molecules end is closely related to the blood
pigment haemoglobin, Because of its size it was chosen by
Kendrew for the first detailed X-ray analysis of a protein., It
is contained within the cells of the tissues and its function is
to combine reversibly with oxygen, brought by the haemoglobin in
the blood, storing it until it is required. As might be expected
the tissues of diving mammals contain a particularly large propor-
tion of myoglobin, The myoglobin studied by Kendrew and that
used in this work was in fact that of the Sperm Whale, X-ray
measurements however indicate that the myoglooin molecules
obtained from different species are, apart from minor differences
in amino acid composition, more or less the same, Conclusions

dravm from the study of any one, therefore, may be applied to the
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elucidation of the structure of the other,

Since the haem group is basically the samz in each haemo-
protein it must be the protein which modifies the function of
the haem group. Conversely since the functions of the haem
groups, i.c. reversible combination with oxygen, in myoglobin
and haemoglobin arc similar, the proteins should also be
gimilar., The differences in the oxygen binding characteristics
of the two, should recflect the differences in their structure.

The result of the X-ray measurements of Keadrew on myoglobin
and Perutz cn hacmoglobin make an intcresting comparison. It
has long been known that the molecular wcights‘ of myoglobin
and. hacmoglobin arc respectively 17,000 and 65,000, This one
to four rclationship is repeated in the number of haem groups per
molecule which is one in mycglobin and four in haemoglobin,
These facts, considered with the similar functions of the two
proteins strongly suggest that one molecule of hacmoglobin could
be made up of four subunits, cach one sim:i.lar-to a myoglobin
molecule., Foetal hacmoglobin with a molecular weight of 3l,000
scems to consist of two of thesc subunits, X-ray measurcments
show that the hacmoglobin molccule is in fact made up of four
polypeptide chains in two scts of identical pairs, whilst the
myoglobin molecule has only one., Models of the myoglobin
molecule and of the subunits of the haemoglobin molecule, at

5,5A resolution, do show a remarkable similarity, It is there-
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fore surprising that the amino acid sequences of the polypeptids
chains should be found to be different. The exact way in which
the characteristic tertiary structurce of these proteins arises,
is not fully understood. However it is certain that the haem
group plays an important part in providing the nucleus, as it
were, around which the globin chain is folded.

The structure of myoglobin has been detcrmined at 2A resolu-
tion and wherc possible the amino acid sequence has been fitted
to the three dimensional electron density distribution, The
model which resulted Fig. (5.2) shows clearly the course of the
polypeptide chain, the position of the haem group and how it is

bonded to the rest of the protein molecule,

The Iron Atom

The principal bond between the haem group and the protein
is that between the iron atom and a nitrogen atom in a histidine
ring side chain, Chemizal evidence had suggested that this
might b2 so, soume years before the X-ray results, There are no
other stronz bonds to the protein, Hydrogen bonds link the
proprionic acid groups of the hrem to side chains extending from
the polypeptide chains on either side of the haem group, Else-
where the haen group rests at the Van der Waals distance from
various atoms in the protein molecule, The haem group is in
this "l:yfpe of contact with about 90 different atoms in the protein,

The sixth coordination site is the one which combines
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reversibly with molecular oxyzen. In the absence of oxygen the
site can be occupied by various other molecules usually water,

State of the Fe ion

As normally present in the body myoglobin contains iron in
the ferrous state even when combined with oxygen. On removal
of myoglobin from its normal environment, the iron atom is easily
oxidised to the ferric form in which it no longer combines with
oxygen. This ferric form is known as ferri- or metmyoglobin,
and in it the sixth coordination point is taken up by a water
moiecule or, at high pH, by a hydroxyl group.

It is found that myoglobin is converted to metmyoglobin,
met Mb. ior short, during the purification processes necessary
for crystal growing, Single crystals are found to grow best
at acid rH, so that the crystals studied so far have been of
sperm whale acid met Mb.. In these crystals the iron atom is

b which has five d electrons, whilst the

in the ferric state Fe
ferrous ion has six d electrons, Application of Kramers theorem
to Fez+ predicis that all the degeneracy will be removed by
ficlds of Jow symmetry and it will be difficult to observe
clectron resonance,

It was shown in Chapter 2 that a 36.5 complex can have a
spin value of either 5/2 or 1/2 with possibly an intermediate
configuration of spin ST These corfigurations correspnnd to

5,1 and 3 unpaired electrons respectively. From magnetic

susceptibility measurements on the various complexes it is
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possible to estimatc the number of unpaired electrons on the
iron atom in each.

Susceptibility licasurements

The results of measurements of paramagnetic susceptibility
are usually represecnted by Curie's formula,

N ul
X = NS 5.1
3KT

where N is the nunber of magnetic ions per unit volume and u
denotes the absolutc mognitude of the magnetic cipole moment,
Thus

u = uB . ﬁ 502

where “B is the magnetic moment measured in Bohr magnetons or
the''nunber of Bohr magnetons"., When the magnetic moment comes

from the parallel coupling of spins of n electrons,
Hy = va(n + 2) 5.3

The ustal procedurc used in the analysis of x is to measure x at
a certain temperature T, From this result the value of p is
found and then from (2) a value of Hpe 4n integer n is then
chosen, which can give Hy most closely which is then taken to
be the number of wmpaired electrons.,

These arguments hold only on condition that the magnetic
moment due to the orbital motion of electrons has been complctely

quenched and that the spin of the electrons is completely free.
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If these conditions are satisficd the number of Bohr

mognetons for 1, 2, 3 etc. electrons arc, using (3)

No. of electrons: Oy =1 2, 5 Ly 5.

“B: 0, 1073, 2083, 3087) 4090, 5092'

Departures from these values indicate that the above conditions
have not becn satisfied and are usuwally interpreted in terms of
orbital contribution,

A great deal of work has been done on the susceptibilities
of haemoproteins since the first precise measurements by Pauling
and Caryell (1) in 1936, Much of the work up to 1946 has been
revicwed by Hartrce (2). These measurcments showed that haemo-
proteins could be expected to have values of magnetic moment

roughly equal to onc of the following:-
Hy = 5.80; 5.43; LJi7; 2.8k

which arc for acid methaemoglobin (acid met Hb), ferro Hb,
alkalinc met Hb, and met Hb azide, rcspectively., The first of
these indicates the presence of five unpaired electrons with an
orbital contribution of 0,12, The others however differ con=
siderably from the vaelucs to be expected from the possible
nurnbers of spins, The results have been taken to indicate the
presence of 4, 3 and 1 unpairced electrons respectively,
In explaining the measurced values, Pauling rejected the

idea of large orbital contributions and attributed both high
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and low values to a magnetic interaction between the Tour

haem groups in the molecule, Measurements then followed on
nyoglobin which showed My for acid mct and ferro Mb to be 5.85
ard 5.46 respectively, Since the molecules were in solution
there could be no interaction between the haem groups in myo-
globin. The similar results from hacmoglobin and myoglobin
thereforc indicated that therc was little magnetic interaction
between the hacm groups in hacmoglobin and that departure from
the spin only values, must be duc to a large orpital contribution
in these particular derivatives.

It must be mentioned here, however, that an interaction
betwecn the haem groups in haemoglobin is indicated by the shape
of the oxygen dissociation curve, which is a plot of the percent-
age of oxy Hb against the partial pressure of oxygen. The slope
of this curve incrcases with the partial pressurc of oxygen,
until about 60 is converted to oxy Hb. This means that the
oxygen affinity of hacmoglobin, up to this point, is dependent
cn the percentage of oxy Hb present. Interpreted in terms of
cne molccule this implies that the oxygen affinity of any one
haem group is influenced by the state of oxygenation of the other
threc. The curve for myoglobin is quite different, very low
partial pressurcs of oxygen resulting in a high percentage of
oxy Mb, and no interaction is indicated, Since the interaction

2n haemoglobin is not magnetic its actual nature remains unknown.
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The suggestion by Pauling that the magnetic moment
(uB = 4.47) of alkaline met Hb indicates a spin of 3/2 has becn
questioned by Griffith (3). His calculations suggest that if
there is onc compound with S = 3/2, therc can be none vith S = §/2
or that therc cannot be complexes with all three kinds of spin,
The magnetic moment in the alkaline met Hb might therefore be
due to & thermal equilibrium between molecules with 8 = 5/2 and
S = 1/2. This could be tested cxperimentally by measuring the
temperature variation of the magnetic susceptibility or by electron
resonance. There has been little success with the latter, however,
duc to the difficulty of converting large cnough crystals to the

alkaline form,

Table 1
derivative form no. of unpaired
electrons
(group attached to Fe at
6% coordination point)
acid met
HQO 5
)
CN 1
N 3
iminazole
SH
NH3
roduced
H20 n
) 0
co

CN
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Besides those derivatives already mentioned, several
others have been studied; the high and low spin complexes are

listed in Table 1 abovec.

Dicetron Resonance leasurements

Ho attempt will be made, in this scction, to exhaustively
survey all the work which has bcen done on the haemoproteins
using clectron resonance techniques. Only two examples are
considered which arc typical of thc rcsults from high spin and
lcw spin complexes. These results arc discusscd only in connec-
tion with the information they can give on the state of the ch s
ion, The structurel information obtained at the same time will

be discussed later in the ~—hapter,

Acid Metmyoglobin

Susceptibility measurcments indicate that in this form, the
iron atom has five unpaired electrons and that the orbital con-
tribution to magnctic moaent is not large, The d shell is thus
exactly half €illed giving e 655/2 ground state, The splitting
of this ground state in M.n2+ has been described in the section on
S state ions, Chapter 2, and the same typc of splitting has been
obscsved in high spin ferric ions. No hyperfine structure is
observed since the most abundant isotope of iron has zero nuclear
magnetic moment,

Tne orbital singlet ground statc, of the iron atom in

acid met Mb, might therefore be expected to be split into three
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Kramers doublets separated by roughly 0.2 cm_‘I . The electron
resonance spectrum should then consist of five lines centred on
the free spin value of g = 2,

In fact only onc transition is obscrved (%) . The clectron
resonance spectrun from single crystals of acid met Mb (5) con-
sists of two lines, onc from each of the differently oriented
haem groups in the unit cell, whose g value varies from 2 to 6,
The value of g = 2 occurs when the magnetic ficld is parallel to
the crystalline clcotric field, which is assumed to be perpendicular
to the haem planc., Thus gy = 2 whilst the g value in the haem
plane is found to be approximately isotropic, g = 6. This same
g value variation is found in all types of acid met Mb and Hb.

It is immediatcly apparent from the electron resonance
spectrum that the splitting between the three Kramers doublets
must be very much greater than that found in most ferric complexes.,
If the splitting is much greater than the microwave quanta (hy),
A single rcsonance from the lowest lying doublet, assumed to be
8, = + 1 as in M112+, will be obsecrved. The result has been
considered by Griffith (3) and more recently Kotani (6) e lal
culations show that a splitting of at least 10 c.m'-1 between the
Kromers doublets is required to explain a value of g,= 5.90.

A variation fromg, =2 to g, =6 can be explained simply
provided that the splitting between the three Kramers doublets

is very much larger than that between the twvo spin levels of the
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lowest doublet,
When the magnetic ficld is parallel to the axis of quantiza-

tion or z axis, the Hamiltonian reduces to the form
J:/’ > goﬁ Hz Sz Db
where goﬁ Sz is the component of the clectronic magnetic moment

in the z direcction and therefore g3i= 2%

The operation of the spin on the £ % states gives
£1z> =28, pH, |2
> =g pu, |=)

and hence the differcnce in cncrgy between the +% and -'js_' states

is goﬁ Hz. The results of the elcctron resonance measurements

arc vritten in the form of a spin Hamiltonian
H = g,FH, © 5.5

so that by comparison

When the magnetic field is perpendicular to the z direction the

Hamiltonian has the form

#: gOﬁH’C Sx . 506

S  is expressed morc conveniently in terms of the "step up"
and "step down® operators as #( 8, + S_) vihere
=) S(S+ 1) =M (11 * h

{ (8+ 1) =M (1 Z4)

24
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No interaction with the higheir spin states is included so that

with 8 = 5/2 and M, = * % the matrix elements ave,

13> =epH 3]-1)
NoAED)

and the matrix is thercfore

D +)

1) 0 3 g, BH,

| 2> | 3g,8E, . 0

g8.BH, §|+ )

The eigenvalucs arc the roots E1E2 of the seccular cquation
det.(H - EI) =0

where H is the Jdeterminant and I the unit matrix of the same

order.,

Thercfore
E = + 6 H
i i. g0 X

and the cnergy difference betireen the spin levels is now
Ey ~E; =38 pH,
which is expressed in thc spin Hamiltonian as g, pHx.

Thus
g.L o 58 = 6.

Any departurc from this valuc of 6 will indicate the
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extent to which thce assunption that there is no interaction
with the higher spin states holds for a particular complex.
Thus taking g, = 5,90 Griffith obtained o lower limit of 10 cm’
to the size of thc zero field splitting, An upper limit to
this parameter has been provided by susceptibility measurements
made on singlc crystals of acid mect Mb (7). The magnetic
anisotropy in the ab planc of the crystal was measured at
temperaturss from C‘OOK to room temperatuwres., A measurable
anisotropy was obscrved below 150%K iner cesing repidly as the
temperaturce was lowercd, This was compared with theoretical
curves calculated for verious values of D, The experimental
values lay between D = 2,5 and 5,0 ot and an upper limit wes
sct at 7.5 cm"1 s Which corresponds to a splitting between the
Kramers doublets of 15 cxxf-1 -

The origin of this large zero ficld splitting is as yect
unexplained but a few possibilitics have been put forward by
riffith,

The splitting may be duc to admixturc cof excited states
with S = 5/2, in particular 3dl*2.s and 3d44p, by the crystalline
ficld and spin orbit coupling, Alternatively it may be due to
bonding dyz and dzx orbitals being partially delocalized into the

cmpty wT-orbitals on the porphyrin ring system,
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5.3,2., Acid met Mb azide derivative

Susceptibility mcasurcments have indicated that this is a
'low spin' complex, The five d electrons must all be in the

t,_ orbitals which suggests a largc valuc of A, The ovbital

2g
degencracy is thus rcduced from 5 to ) making the cffective
orbital moment L' = 1. The total degeneracy of the ground
state is thercforc six, and this should be split by the
crystalline ficld into a quartet and a doublet., Elcctron
resonance transitions should be observed from this lowest
doublet giving a single line with g factors sprcad across the
frec spin value,

The experimental results (6) agree with these predictions
and from the g valucs obtained Griffith (9) has been sble to
deduce the splittings between the t?_g levels and their order,
A full account of thesc measurcments is reserved until it can

be given in conjunction with a discussion of the present work,

5.4, Crystal Structure

Sperm whalc myoglobin is found to crystallize readily in
cither of two forms (10) depending on the salting out process,
From ammonium sulphate solutior the crystals are monoclinic and
novn as Typc A, whilst from concentrated phosphate buffer they

arc orthorhombic and known as Type B, The crystals which have
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been studied in most detail are Type A and it was crystals of
this type which werec used in the present work.

These crystals normally form flattened four-sided prisms
whnse axis is b: at pH values below 7 they are flattened on
[001} , that is to say in thec ab plane, but if grown at higher
pH they tend to become flattened on {1 OOJ’ or the bec planc and
are knowa as Type A'.,

For electron resonance studies it is better that the
crystal should bc as compact as possible for its volume and in
the crystals used, the ab and bc planes were almost equally
developed. In both cases the prism is terminated by dome
faces {110} » A perspective drawing of the unit cell is given
in Fig. (5.3) with for comperison a drawing of the crystal in
the samc oricntation,

The space group of the unit cell is P21 » This implies
that a screw diad axis runs through the cell parallel so b,

The meening of this is that, any unit of structure S Fig. (5,3)
if rotated through 180° about the axis and then translated
through a distance b/2 parallel to i%, must come into coincidence
with an identical unit of s*ructure S'.

The X-ray analysis of the three dimensional structure of
myoglobin has so far been completed at a resolution of 2A, This

is too coarsc to resolve individual atoms but sufficient to show

the haem group, the configuration of most of the polypeptide chain



= DA

and the shapc of the majority of side chains,

Figure (5.4) shows two sections through the three
dimensional electron density distribution of the haem groaup,
one parallel and the other perpendicular to the haem plane,

The xnown chemical structure is superimposcd upon these patterns
and by careful fitting, the positions of the various atoms have
been estimated. The position of the iron atom is fixed to
within A and of thc other atoms to within 3A,

The coordinatcs of the positions of the atcms in the haem
group, the histidine ring and water molecule are listed in
Table (2) as supplied by the M.R.C. Molecular Biology Unit,
Canbridge. These coordinates are given as fractions of the
unit cell edges, The dimensions of the unit cell and the
monoclinic angle [ arc also given in this table, The distance
betweer two atoms in a monoclinic unit cell is given by the
relation

2RE2
d2= a AxX

+ bzﬂyz + c2Az2 + 2acAxiz cos B
where the coordinates of the two atams (x, y, z)(x', y', z')
arc such that x! = x = Ax etc,

Trom the coordinates of the iron atom (I) given in Table
(2) it is possible to calculate the coordinates of all other

iron atoms in the crystal and hence the distance of the nesrest

neighbour iron atoms, For example if the coordinates of the



Table 2

atonm X y 2
llaen _section
iron (I) 24,05 43,76 6.93
nitrogen 23,59 41,64 8.85
" 23.69 41 .45 4.95
o 25,30 45,58 5.21
" 25,19 45,77 9.12
Histidine
nitrogen 18.38 46.09 6.96
carbon (1) 20.33 45,60 7.80
nitrogen 21,12 44,72 6.45
carbon (2) 19.61 44,67 4,75
carbon 17.87 45.53 5.04
Water Molecule
oxygen 27.00 41.75

x is in 96*® of unit cell edge a

y is in 48ths o¢  w w

gisin 48P o n w

Unit cell dimensions
b=30.86A, c=34.7A, B = 106°.

a = 64.5A’

b

c

to iron

7.00 (accuracy

doubtful)



FIG. 5.4
CROSS SECTIONS THROUGH
HAEHM GROUP
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iron atom in Table (2) are (x1, Yqs z1) the coardinates of the
other iron atom in the unit cell (x)+, ), z)_l_) can be calculated
in the following way.

In Figurc (5.5), atom (1) is related to atom (2) by the
screw axis so that the coordinates of (2) arc (-x, z + y,, ~z,).
Ltom (2) is relatcd by translation along a to atom (3) and atom
(3) is rclated by translation along c to atam (4). The
coordinates of thc other atom in the unit cell are thercfore
{(1 - %), (F+ y1), (1 - zl)} . The coordinates of all the
necarest neighbour iron atcms have been worked out and the dis-
tances between the iron atoms are given below,

The two ncarcst neighbours are related to (I) by a 360°
rotation along the same screw axis., They are therefore
separated from (T) by a tronslation through the distance b,
which is 30,864,

The next ncarcst neighbours arc those related to £ by a
180o rotation of thc screw axis, At the same distance are two
atoms rclated to (I) by translation along the ¢ axis. Thus
there arc four iron atoms at a distance of 34,70A.

The other atom in the it cecll is at 38,01A and so is the
atom related to it by a 360° rotation and upwards translation
of b along the screw axis, This atom is denoted by the number
(5) in Fig. (5).

Two atoms rclated fo I by a translation in a positive
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direction along c and thence Ly a 180° rotation, up and down,
of tnc screw axis arc at a distance of just over 38A, These
arc positions (6) and (7) in Fig. (5).

In the hacmoglobin moleculc, the smallest distance between
the iron atoms is found to be 25,24, Others are at 33,4 and
36,04,

The oricntation of the hacm planc with respect to the
crystal axcs can also be calculated from the X-ray results,

The orientation so calculated was found to agree closely with
that worked out sometime previously from the symmetry of the
electron resonance result on acid met Mb (11) « The large g
valuc variation ﬁ‘bm 8, = 2 to g, = 6 makes a very precise
determination possible,
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Chapter 6

Expcrimental Results and Discussion

Cxrystal Mounting

The crystals used in the clectron resonance study vary
considcrably in size, the average having e maximum length
along the b axis of about 2 mm with a 1 mm, cross section,

They arc dark reddish brown, almost black in colour and have a
loose water filled structurc which is extremely fragile, If
allowed to dry the ocrystals frequently disintegrate, so that
when mounting, a small drop of buffer solution is always allowed
to rcmain with them. The faces are well defined, but crystals
from the same batch have been found'to be flattened in either
the @b or be plancs, so that they must be carefully cxamined
before mountinge.

In general ricasurcments arc made with a particular crystal
planc mounted parallel to the face of the clectron resonance
cavity plunger. These crystal planes arc usually the ab, bc“
and ac plancs, where (a, b, cx) arc mutually perpendicular axes,
Of these, only thc ab planc is parellel to an actual face of the
crystaL To mouns the crystal in the other planes requires the
use of small wedges of a non absorbing material such as polystyrene
or p.t.f.c.. The crystal is then mounted so that the ab plane is
vertical with cither the a or b axis Lorizontal, Since the two

haem groups in the unit cell make the same angles with the ab and
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c* axes , the electron resonance signals from them coincide
along thesc axcs, This can be used as a check, since if the
crystal is mountced correctly in a plane, such as the ab plane,
$he lincs should coincide at points exactly 90° apart around
the planc, Thesc "cross over" points can be quickly determined
with crystal vidco dctection and the mounting checked, If the
cross over points arc 90o apart at lcast one crystal axis must
be parallcl to the face of the plunger., If the crystal is
accurately mounted in the ac plane the lines from the two haem
groups should coincide ovec the whole plane since they make
equal angles with the plone,

The crystal has also been mounted in such a way that the
hacm planc is parallel to the face of the plunger. The correct
angles for a wedge were calculated from the haem planc orientation
in acid met Mb and a check on the accuracy of the mounting is
given by the constancy of the g valuc of the signal, The crystal
Las been mountcd in the same way with the haem plane perpendicular
to the face of the plunger, A check is provided in this casc by
the fact that thc signal should go through g = 2,

The normal way of tuning the clectron rcsonance cavity of
the Q band spcctrometer is to adjust the klystron, mechanically,
to give maximum power before bringing the cavity into resonance
with that frequency. This is nccessary because the output of

the klystron is not constant over its entire frequency range.
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Becausc of the watcr present in myoglcbin crystals, however, the
cavity cannot bc tuncd in the normal way at room temperature,
This would be very awkward but for the fact that the crystals do
not appreciably detunc the cavity once frozen., The cavity
tuning can therefore be !calibrated' in the absence of the sample,
in the following way.

The tuning plunger was screved up to the end of the thrcads
in the cavity wall and the klystron tuned to the rcsonant
frequency. All the waveguide cleménts were then tuned at this
frequency for maximum crystal current reading, This procedure
was rcpeated cvery two turns dowvn of the plunger and a curve of
crystal current against number of turns showed two peaks, A
more carcful calibration over thesc pcaks gave the exact positions
of their centrcs in terms of the number of turns from the cnd of
the thrcads, Optimum tuning is still possible after two whole
turns of the plunger up or dowm from the centre of a pcak,

Once the arystal is mounted on the face of the tuning
plunger, where it is held partly by surface tension and partly by
siliconegrecasc, the plunger is screwed to the end of its thread
and then back the corrcct namber of turns to bring it to the centre
of a peak in the tuning curve, Allowance of half a twrn is made
for contraction in the cavity dimensions at low temperatures,

The cavity is thoen sealed and immersed in liquid nitrogen just

tofore pumping dowm,
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With the H 11 mode cavity measurcments around the full 180°
in a crystal planc cannot bc made without rotating thc crystal
relative to the microwave magnetic ficld, This can bec done by
warming the cavity until the greasc becomes plastic, removing
the coned cup over the end of the cavity and rotating the plunger
a quarter of a turn up or down. The method of tuning of the
cavity cnsures that it will still bc within a peak power range
of the klystron, The cap can bc replaced and the cavity cooled
down without the crystal warming above 0%. This is nceessary
because the crystal tends to disintegrate upon repeated freezing
and unfreezing, Rcmounting a frozen crystal in another planc is
thercfore difficult, but can bc accomplished by working quickly
and occasionally cooling the plunger with liquid nitrogen.

When measurcements arc to be taken with the azide derivative,
one ar two acid met crystals arc scperated out along with a little
ammonium sulphatc solution and to this arc added about 10 mgm3. of
rodium azide, This dissolves rapidly and permeates through the
crystal, The azide ion rcacts with the iron atoms to form
‘met Mb azide, If the arystals arc rcemoved after about 10 mins.
the clectron rcsonance specerum has two sets of lines, one from
thce azide and the other from the still unconverted acid met.
Because of the large g valuc variation in the acid met it is

casier to check the arientation of the crystal with these lines

4nen those of thc azide,
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Thr-oughout all the measurcments the frequency of the
klystron was detcrmined by noting the ficld ar mognet current
at which the signal from d,p.p.h. occurs. A small quantity of
d.p.p.h., just discernablc with the naked eye, is put tetwcen the
iris coupling holes in the roof of thc cavity, and in this position
can be left undistwbed for scveral days. It is then useful for

camparing the day to day scnsitivity of the spectrometer,

g Valuc Mcasurcments

Azide Derivative

The g valus variation in the three cerystal planes of the
azide derivative has becn rcportcd (1) end discussed previously (2).
However, it was considercd nccessary to check these measurcments
and compeare the rcsults of their analysis with the structural
information now availoblc from X-ray mcasurcments.

What is wanted is the g value variation with respect to the
surroundings of thz irorn atom. The crystalline electric field
defines the direction of a principal g value 8 s and in general
there will be a maximum and 2 minimua g value, at right angles
to each other, in a plane perpendicular to the crystalline field
direction, These three principal g values when oriented in an
unlknown direccion in the crystal would be difficult to measure '
however their magnitude and directions can be determined from

measurements in the ab, bc“, and ac planes,
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The method uscd here is described by Schonland and requires
the maximum and minimm g values in the ab, bc and ac planes
together with the angle between the maximum g value and one of
thz axes in the plane,

The curves in Fig. (6.1) show the g value variation in the
various crystal planes as determined by Gibson (5 ) . The numbers
on the curves have been added to rclate the curves obtained from
the same haem groups in the unit cell., The normal to the plane
of haem group (1) lies inside the quarter hemisphere formed by
the positive dircctions of the three coordinate axes,

The actual values of the maximum and minimum g value are:-

Table (1
AT 8max, Emin. Ty
b 279 w29 a0d, W
Sotie ol o e o,
ac 2.67 .70 79.5, (5)cr+

Here (1) T, is defined as the aagle between the maximum g
value and the a axis in the ab plane, whilst (2) o‘+ and (3) °.+
arc the angles betweea the maxima and the c™ axis in the bo™ and
ac planss respectively, Since there is only one line in the ac

plane and no cross over points to define the a and ¢ axes the

o
position of the ¢ axis must be determined from its g value
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measured in the be planc using proton resonance.

The actual calculation of the principal g values and
principal axes is rather long and involved and will not be
described here, Briefly, however, thc problem can be defined
more clearly as follows.

If the magnetic field has direction cosines (1, m, n) with
respect to the (a, b, o) axes, the square of the corresponding

g=value is given by an expression of the form

52=A 12+A m2+A n2+2A

11 22 33 im + 28

in + 2A2mn

12 13 3

where Ai_.' = A,ji' This expression is in fact a central quadric
which when referred to its principal axcs reduces to a simple

form involving no cross turns.
g2 = gi cosza + g; coszﬁ + gi cosZY

where g makes angles (@, B, y) with the principal axes., VWhen
the coefficicnts Aij are Jnown, the principal g-values and
principal axes arc found by diagonalizing the matrix 4 in the
usual way, Schoarland's paper describes how the coefficient Aij
may be determined from the date in Teble (1).

The results of the calculation arc given in Table (2), the
angles arc reforred to the axes as shavn in Pig. (6.2) and thus

apply to haem group 1)
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Tahle (2
« B y
g = 1.7 8,33 75°%2! 164,°40"
g, = 2.19 122°20 33°35! 81 %4,
g5 = 2.82 3313 59°2! 77°%40"

The estimatcd ecrror in these g values is 0.75%.

The g values agree well with those found by Gibson suggesting
that the actual crror is very much less than that estimated,

6,2,1.1. Discussion

The principal values of the g tensor in the azide derivative
have been analyscd by Griffith (2). In this paper the g values
1, 2, 3 arc denoted by the subscripts X, Y, Z, respectively,
These subscripts refer to a set of coordinate axes X, Y, Z for
which the Z axis s defined as perpendicular to the haem plane
and the X and ¥ axes as parallel to the iron-nitrogen bonds in
the haem planc,

Anyv model must be able to give the obscrved g values as
closely as possible, For the theorctical determination of the
g valucs it is nccessary to calculate the magnitude of the
splitting of the levels of the lowest Kramers doublet in the
presence of an external magnetic ficld, Griffith docs this
by considering the effect of the spin-orbit coupling, magnetic
ficld cncrgy, and a rhombic distortion along the cartesian axes,

Pitting the theorctical g values to the observed g values deter-
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mines a parameter which by wurking back gives relations betwecen
the encrgies of the tZg levels., The results arc that eyz lies
2.26\ above d ., and L.45N above dxy’ where A\ is the spin orbit
coupling paramcter, The value of A from the free-ion data is

435 e bk an for example IFo (cw) ¢ it is 280 em™t,

In discussing the order of thc levels so derived, Griffith
suggests that the energies of the d orbitals are raised by
m=interaction, The least stable orbital c'lyz ghould therefore
be that which is most exposed to s-interaction,

The nitrogen atom of the histidine ring bonded to the iron
atom at the Stl‘ coordination point should therefore tend to =
bond with the dyz orbital so that the plane of the ring should
be parallel to the xz plane, It follows therefore that the
minimum g value in the rlanc should be parallel tc the projection
of the histidine ring in that plane.

Since the coordinates of the atoms in the histidine ring are
knovn it is possible to check the above suggestion, The iminazole
ring of histidine is shown bonded to the iron atom in Fig. (6.,3).
If the nitrogen atom makes o bonds with two carbon atoms and the
iron atom, using an sp2 hybridized orbital, the carbon atoms can
be assumed equidistant from the haem plane, A line Jjoining them
should therefore be parallel to the projection of the histidine
ring on the haem plane, The coordinates of the carbon atoms (1)

and (2) given in Chapter 5, Table 2, arec referred to monoclinic
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THE DIRECTION CIC IN THE HISTIDINE RING
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axes, These were changed to refer to the axes a, b, c® and

the direction of the line joining C1 and 02 was calculated, At
the same time the directions of the lines joining the four nitrogen
atoms in the plane were also calculated., These directions are
given in Table (3) below where they are compared with those of ths

principal g values. The numbering of the atoms is shown in Fig, (6.3).

Tsble 3

a B Y,
c; ©, 85°30" 723! 163°43
N, N, 72%3  87%2r 1622
N, N, 119%37 2116 95° 2
N, N 118° 1! 51 %2 51261
N, N, gef5t S RbSIBY T 136551
g a3t 2 16450
g, 122°20! 33735 8154,
& 33131 59%2 770"
41t line 117%16! 53°23" 1,8°19!

The results show that the minimum g value is indeed
parallel to the plane of the histidine ring. However, the basis
of this prediction was a calculation in which the minimum g
value was assuned to be parallel to an iron-nitrogen bond in the
plane, These are the directions N, N3, N, Nh- in Table (3) and
it can be seen that the minimum g value is not parallel to either

of these but makes an angle of approximately 29° with N2 X
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These directions arc shoim related to the haem plane and the
b and c* axes in Tig. (6.4).

It is difficult to see, in the light of the above results,
how the histidine ring can w-bond with the dyz orbital, How=
ever, since the direction C, C, is closer to N, N4 than Ny N5
there is likely to be unequal interaction between the histidine
ring and the d_, and dyz crbitals, causing onc to have a lower
energy than the other.

The situation is complicated still further by the fact that
the maximum g valuc is not parallcl to the haem normal as calculated
from both electron rcsonance and X-ray measurements on acid met Mb,
There is an angle of 90 between the two directions, There are two
possible explanations for the change in the direction of the axis
of quantization,

1, The haem planc has tilted and remains perpendicular to the
axis of quantization,

2, The azide molecule at the 6th coordination site has dis-
torted the crystalline field,

1. The manncr in which the haem group is held in a "pocket" of

the protein moleculc has becn discussed in Chapter 5, From an

examination of the molecular model in Cambridge it appcars to be

quite possible for the haem planc to adopt various attitudes in

the prutein provided that this is allowed by the bonding of the

iron atom to the histidine ring,
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This possibility has alrcady been considered by ‘/atson (%)
in an attempt to explain thec ability of molecules to approach

the sixth coordination site of the iron atom, This site is not
exposed at the surface of the protein as was once thought to be
the case but is completely surrounded by various end groups of
the amino acid sidc chains, Any approaching molecule would
therefore have to go within the Van der liaals distance of the
atoms in these groups in order to rcact with the iron, It is
suggested that the plane tilts to allow the approach of the azide
molecule and tilts back after the reaction, The shepe of the
azide moleculc is different from that of the water molecule it
replaces and the haem plane does not return to its original
position due to steric effects between thc azide and the protein
molecule, The difference in the two oricentations is the
observed 90.

Pigure (6,5) is an enlargement of the haem group from a
photograph of the molccular model, This pnotograph is taken
from the "entrance" to the "pocket" containing the haem group,
showing how thc planc blocks access to the water molecule,

There is no part of the protein molecule directly between the
cemera and the iron atom over the area enclosed by the broken
line, The numbering of the nitrogen atoms in the planc is the
same as that alrcady used,

Assuming that the planc has tilted the dircction of the
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diameter about which it does so can be calculated. This is the
simple geometrical problem of the equation to the line of inter-
scction of two plancs defined by the angle cosines of their
normals, The dircction of this line rcferred to as the "tilt
line" is given in Table (3) from which it can be seen to be ulmost
Nze

1R
Such o tilting of the plane would have an effect on the bond

parallel to the dircction N

between the iron atom end the nitrogen atom in the histidine ring.,
If this nitrogen atom is to remain in the same rosition relative
to the iron atom, thc histidinc ring as a wholec must move,
This might well in tuwrn distort part of the helix of the poly-
peptide chain, transmitting the movement throughout its length,
A movement of this type could possibly be the naturc of the haem-
haem interaction in the baemoglobin moleculc,
2. The possibility that the planc docs not tilt, poscs the
question as to what is defining the dircction of the maximum g
valuce The cffcct of the ligand at the sixth coordination point
is normally considercd to be electrostatic and molecular orbital
calculations madc on the clectronic structure of iron porphyrin
complexes (5) show that a good model can be based on this assump-
tion.

The azide molecule would not be cxpected to find the position
of minimum cnergy anywherc but along the normal to the hacm plane,

The maximum g valuc would then be expected to lie in this direction
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also. The fact that it does not, suggests that the azide

molccule is prevented from taking up this exact position by the

presence of thc protein molecule, The maximum g value might

therefore indicate the direction of the first nitrogen atom in

the azide molccule rclative to the iron atom, The direction

of the movement of thce axis of quantization suggests that the

azide molecule might be displaced from the Gth coordinateion

site of the dron atom along the Fe - N, bond direction which may

indicate thercforc the direction of approach of the azide molecule,
A third possibility is that the presence of the azide molecule

in changing the wave functions of the iron atom allows a small

distortion of thc haem planc.

Acid Met

The g valuc awround the haem planc in acid met Mb is taken to
be isotropic with a g value closc to 6, An opportunity of
checking the isotropy of the g valuc was provided by line width
ceasurements around the haem planc, The crystal was mounted on
a carcfully cut wedge, the angles of which vere considered
accurate to 1°.  The mouncing wes checked from the crystal video
rcsonence signal which remained stat-ionary on the oscilloscope
screen as the magnetic field was rotated, The signal from the
other hacm group in the unit ccll came into coincidence with this
linc only once in 180°, The linc widths around the planc were

measured by placing current morkers rather than proton resonance
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markers on the pen recorder trace,

The ccntres of the derivative curves at different oriente-
tions of the magnetic ficld werc found to vary with respect to
th? current merkers in a uniform way and this variation was
plotted. The curve is shown in Figure (6.6), where the angles
rcfer to the rotation of thc magnet from the position in which
both lincs coincidc, It can be scen that the angle between
maximum ard minimum g value is approximately 900. The g values
measured from this curve arc not absolutely determincd but t};e
variation is such that if thc meximum is considered to be 6 the
minimum is 5.9.

The dircction of these maximum and minimum g values in the
haem plane is rathcer difficult to definc since it is not known
from which of the two hacm gioups, in the wnit cell, the signal
comes, A dircction is, however, defined by the cross over point
of the two lincs, TWhen the plane of onc group is parallel to
the face of the plunger the signals from both haem groups coincide
when the megnetic ficld is parallel to both planes at once, This
occurs when the ficld is purallel to the line of intersection of
the plancs containing the haem groups, This linc makes thé angles
(@, 71%7"; B, 90°; ¥, 161°57') with the abc™ axes, which is thus
vory close (within 2,5°) to the dircction N, N, in both hacm plancs,

The directions in the planc of maximum and minimun g ve&lue
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can now be refcrrced to this direction and the minimum g value

is scen to lio at 15° to the direction N, N, This is an
intercsting coincidence since the minimum g value in the azide
docivative also lies at 15° to Ny N,. Howover, the minimm g
value in the azide derivative would occur on either side of N1 N2,
when mounted in the hacm plane, depending on which of the haem
groups in the wnit ccll was horizontal, The plan of haem group
(2) is the mirror image of hacm group (1) Fig. (6.4) roflected
in thc a.c planc. The two g minima can only be parallel if the
signal comes from hacm group (2) and this cannot be verified.

The obscrved g variation could be duc to the planc being
not accurately parallel to the face of the plunger, The angle of
misalignment required to produce the variation can be calculated
from the equation

gg = gi c0526 + gi s:i.n2 6
using the velucs g, = 2y g, = 6 and gg = 5.9, This shows that
the plane must bc misaligncd by 10.50 to produce the obscrved
variation. :

Assuming then that the planc was correctly mounted and that
there is a veriation in g, this should bc apparent from the value
of moximum g raluc in the ab and be plancs. These are g values
in the hacm plonc within 160 ond 6° respectively of the supposcd
moxima ond minime, The maximum g value in the ab planc should

therefore be greater than that in the be planc,
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The moximum g velues in thesc plancs were therefore
measurcd very carcfully by rccording thc rcsonance signals
with proton resonance markers at 200 ko/s or 48 gauss intervals,
Tre centre of the line could be determined to within a tenth of
a. marker sepora’tion. or to within 5 gauss, This is an error of
about 1 part in 700, The measurement of the field at the
d.p.p.hes resonance is very much more precise because of the
narrow line and an accuracy of 1 part in 1OLF may be expected,

The g values measured in this way are therefore accurate
to within one part in 700 and are:=- |

ab plane Brax = 5.98 * 0,01

be™ plane g . = 5.,86 £ 0,01,

These measurements thus confirm that there is a g value
variation in the haem plane of acid met Mb, with maximum and
minimum roughly equal to those above and oriented relative to
the hacm plane in the same way as those in the azide derivative,
They avce therefore parallel and perpendicular to the projection

of the plane of the histidine ring on the hLaem plane,

Line Width Measurements

All measurements of line width were made at either liquid
nitrogen or hydrogen temperatures and no change in width was
observed on going from one temperatwe to the other, Q band
frequencies were used throughout but the frequency dependence of

the line widths was checked by repeating certain measurements at
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X band rfrequencies,
6.3.1, Acid Met Mb

Line width measurements in acid met b were made around
the (ab) plane and the haem plane, Since the haem noimal is
known to make an angle of 170 with the ab plane, these two sets
of measurements determine the line width variation around the
haem plane and around a plane at 73° to it. In order to deter-
mine the ~variation around a plane perpendicular to the haem
plane, a single measurement was also made with the crystal
mounted so that a haem no:mal was parallel to the face of the
plunger., The line width was measured at g = 2 that is along
the haem normal,

The line width variation in the (ab) plane and in the haem
plane is shown in Figures (6,8) and (6.7). The general features
of the variation are that, the line width is a minimum in the
haem plane and increases out of the planc towards the haem ncrmal,
In the (ab) planc the nearest approach to the normal is 17° at
23° to the (a) axis and here the line widtl. is 800 gauss, How-
ever the line width measwred along the heem normal is 175 gauss,
In a plane perpendicular to the haecm plane, therefore, the line
yidth increases to a maximum close to the normel and decreases
very rapidly towards the normal,

In the haem plane itself there is a line width maximum at

45° on either side of the aross over point, marked 0° in the
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Figure. Thc question of direction in the haem plane has been
discussed alrcady in connection with the g value variation, At
the cross over point the magnetic field is very close to the
direction N1 NZ in the plane. The line width maxima rust there-
fore be along the directions N‘l I\I3 and N2 NI.{. which are Fe - N

bond directicns.

6.3.2, Acid Met Mb, azide derivative

In tke azide derivative the g value measurements show that
there is some doubt as to the orientation of the haem plane,

It was therefore not possible to mount the crystal with one hacm
plane parallel to the fecec of the plunger as in acid met, and the
measurements werc carried out in the (ab) and (be®) planes. It
is not possible to take measurcments in the ac plane because here
both lines coincidec and a slight error in mounting the crystal
will czuse an unresolved secparation of the lines and consequent
line width variation,

The linc width veriation in thesc plancs is shown in Figures
(6,9) and (6.,10), The widths of the lines from both haem groups
were measured over 180°,  In connection with the g values in
the haem plane, it has been mentioned that one haem group is the
mirror image of the othor reflected in the (ac) plane, The line
width curves in the (be™) plane show this fact clearly, since if
one curve is traced out, turned over, and placed on top of the

cther, they agree closely over their entire length, Fig. (6.11),
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In discussing the line width variation in the (bc®) plane, the
mean of thesc two curves will be uscd.

In order to relate the line width variation to the surround-
ings of the iron atom, the directions of the principal g values
and of the (Fe - N) bonds projected onto the (bc') plane, arc
marked on the curve.

Madimum end minimun linc widths in the (be™) plane are
650 and 250 gauss rcspectively., In the (ab) plane they are

300 and 200 gauss respectively.

Discussion

General discussion of the cffect of various line broadening

mechanisms in myoglobin

The unusually large linc widths found in myoglobin, make
it possible to discard many of the line broadening mechanisms
described in Chaptcr 3 on the basis of simple order of magnitude
calculations, The experimental sourccs of line broadening
require no further discussion other than to mention that the
line width was found to be indepeadent of wicrowave power level,

The contribution of spin-lattice reclaxation to these line
widtns must be very small since no change in line width was
detected on zooling fram 77°K to ?.OOK.

There will be a contribution to the line width due to
dipolar interaction betwcen the electronic spins of neighbouring

iron atoms, The magnitude of this intcraction can be calculated
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using Van Vlecks formula, Chapter 3, page 60, for cach of the
nearcst ncighbour iron atoms, An upper limit for the broaden-
ing, can be found by summing the individual contributions. For
the six iron atoms within 35A, the maximum possible contribution
to the line width is 14 gauss,

Fram the description of exchange interaction given in
Chapter 3, it will be scen that the phenomenon is unlikely to
occur between ncighbouring jron atoms since these are separated
by more than 304,

If the obscrved line width variation is due to unresolved
hyperfine structurc, the structure must be due to interaction
between the magnetic clectrons and the magnetic moments of the
swrounding nitrogen nuclei since the iron atom has no nuclear
magnetic moment, The line width should be frequency independent,

The line wilths in the (ab) planc acid met and in the (be™)
plane, azide derivative were thercfore measured at X bamd frequencies
and found to be decreased in proportion to che dcércasc in
frequencgy, It follows that the linc width variation cannot be
duc to an wnresolved hyperfine structurc, However, molecular
orbital calculations (3) do show that there is an appreciable
probability of finding magnetic electrons at the nitrogen atoms
part of the time, in both acid met and azide derivatives, An
isotropic hyperfine structure is therefore to be expected but

must be obscured by the line broadening process.
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Proposed Mechanism for the broadening of the electron resonance

lines

The mechanism proposed here for the explanation of the broad
lines found in single crystals of myoglobin, is a result of the
peculiar crystalline structure of these proteins., Essentially
it supposes that the principal g values of the haem groups con-
tributing to the resonance line are not strictly parallel to
each other but are scattered about a mean orientation. The
resonances from individual haem groups therefore occur over a
range of magnetic field values, resulting in a broadening of
the line,

The possibility that the haem group may change its
orientation relative to the surrounding protein molecule has
already been considered. If this does occur then it is only
necessary to assume that the haem groups do not all have the
same orientation with respect to the protein molecule. Hawever,
if there is no change in orientation of the haem group an going
from acid met to azide derivative, the scatter in the directions
of the principal g values must reflect the degree of disorder in
the crystal structure as a whole,

The general fecatures of a line width variation produced in
this way are easily predictable, If the g value of the line

is changing rapidly, as it does between principal g values, small
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variations in their orientation will cause large changes in g
" and a broad line, Conversely at a turning point of the g value,
the line will be narrow,

In acid met Mb therefore the line width should be a minimum
around the haem plane, Out of the plane the line width should
increase with the rate of change of g, rising to a maximum and
falling again before the normal to the plane is reached, The
variation in the azide derivative is rather harder to imagine
due to the three principal g values, The theory thus predicts
at least the basic features of the line width variation in acid

met myoglobin,

6.5, Calculation of Line i/idth Variation

6.Dele Acid Met Mb
In acid met Mb the g value at any angle 6 to the principal
g value 8, s assuming g 3L isotropic, is given by the equation
gg = g?‘ 00326 + gisi_nze . 6.1
The line width AH is proportional to the rate of change of g

with 6 so that

AH(:"(28 =
ae g

2 2 :
(81,— g") cos Osin 6

6.2

Consider now two haem groups whose normals make angles of
6+ AO and 6~ AB with the mngnetic field direction. The

difference between their g values in this direction is given by



SHERS

2 2 6+ AB
(g] - &)
e sin 26 a6
%8¢ 8 - 46
or
2 2
(g) - &)
Ag = —=———= sin 2p sin 246 + const. 3%
but since
hy = g,BH
B 8g
and therefore
2 2
hy -2 5in 26 sin 246 + const, 6.4.
AH = — 2
B &g

If AH is measured in kilogouss and if 246 is small the

expression can be written as
2 2
M = 26,76 ———3—8-'*- i) 20 . 240 t 6.5
— * sin . + const, .
25;8

when 246 is in radians,

When instead of two haem groups therc are many, their
various orientations will be distribuated about a mean valuc of
© . Since the resonance line widths are measured between the
maximum slope points of the absorption line, 246 is the width
of the angulor distribution curve also measured between the
maximm slope points, If the angulax distribution of ths

haem group orientations is assumed to be Gaussian, 2A6 the
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distance between the moximum slope points of the Gaussian curve
is twice the standard deviaticn.

Equation 6.5 can be used to predict the line width variation
i1, any of the crystal planes so long as the angle 0 is known for
every direction in that plane.

Using this equation the theoretical line width variation in
the (ab) planc has been plotted, The angle 6 was calculated

using the equation
cos 6 = 2*1 12

where 11 and l2 etc, are the direction cosines of the haem
normal and the magnetic fiecld., This was done at 10° intervels
acound the (ab) plone, over 180°. Once 6 is known gg can be
caiculated frea cquation 6,1,

The shape of the curve obtained is shown in Figure (6,12)
in which tie (a) and (b) axes are marked, By an appropriate
choice of 246 the curve has been made to agree quite well with
the experimentally determined variation, Adjustment of the
constant in equation 6,5 does not produce a better fit and the
lack of agrcement at the minimum can be taken to represent a
residual line broadening, the nature of which camnot readily be
explained,

The valuc of 246 required to match the curves is 0,055

radians or }%O. The standard deviation of the angular distribu-
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tion of the haem group oriemtation would therefore have to be
1.6% in order %o account for the line broadening in acid met
myoglobin,

If the linc width variation in the haem plane were due to
the same process, the line width peaks would occur mid-way
between maximum and minimum g in the plane, However, since the
differerce in g value is only 2% between maximum and minimum,
the angular scatter would have to be large to produce the observed
variation, The actual value of 2A6 required “o produce the
50 gauss variation observed, works ouc to be 270, so that the
standard deviation of the principal g values in the plane would
have to be 13.5°,  Such a large scatter in this direction would
seem rather improbable, especially in view of the fact that a
scatter of only 4° is requir=d to explain the azide results,

It thereforc scems that the above yprocess is insufficient
to account for the observed line width variation in th? haem

plane, although the line width peaks occur at the correct points.

Acid Met Mb Azide Derivative

The application of this method to the azide derivative is
rather more difficult, but the procedurc is cssentially thc same.
The line width variation has been calculated for the (bc™) plane
and compared with the experimentally determined curve.

If the principal g values are denoted by 8y gy and 8, the

g valuc along any particular direction can be calculated from
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the following equation

2 2 o
82 = gi 00326 + gi sin26 0052¢ g 8y sin"6 sin"g . 6.6

Here 6 is the angle between the magnctic field and the z
axis and ¢ is the angle between the projection of the magnetic
field direction on the xy plane and the x axis, The coordinate
axes and the (bc') plene are shown in Figure (6.13). The angle
a , in this diagram, represents the position of the magnetic
field in the (bcx) planc and is zero when the magnetic field is
parallel to the xy plane, that is when 6 = 90°. The values of
6 and ¢ were calculated for various values of a from O to 180°
around the (be™) plane.

The angle 6 was determined as in the acid met Mb and the
angle ¢' calculated by simple geonetry. The angle between
¢' = 0 (that is thc direction of a = 0) and the x axis was
calculated by finding the direction of the line of intersection
of the (be") and (xy) plenes. Once this was knom the angle

¢ was also knowm,

The line width in the azide derivative can be considered
to be the sum of two line widths, onc caused by variations in
6, and the other by variations in ¢, The latter corresponds
to small rotacions of the xy plane sbout the z axis. Equation 6
can be differentiated with respect to 6 and ¢ and a line -width

variation calculated for both., Thus,
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B2 2 g s L ¢
g% = (gl cosg + sin"¢ - g ) sing cos 6 o7
0 X K 2
and
g.QE o Sinze(%i - gi) sin ¢ cos ¢ Y 6.8
9¢

The analogous cxpressions to cquation 6,6 are therefore

8H, = 2-6—5-15 (g;f_ coszqs - g}% sin2¢ - gi) sin @ cos 6 (246) + const.
g6¢
6.9

2
26, i 2 p
A}{2 = 6 7635111‘ = (gy - gi) sir ¢ cos ¢ (246) + const. 6.10

9

Thesc cxpressions are showvn plctted for the (bcx) plane in

Fig. (6.14). Since ¢ can have the values O and 90° in this
piane, AH, will fall to zero twice between @ = O and 180°,  How-
ever, 9 never icaches zero and AH, falls to zero only ata= 0O and
180°, Inspection of these curves shows that if they arc added to-
gether with the appropriate values of A8 and A¢ , the resulting
curve will show the main features of the eiperimeatal curve.
Namely, twc largc peaks, one on cither side of the b axis and
two sharp dips in the curve neor the o axis, Figure (6.15)
shows the two cures summed with Ag = 246 .

This curvc looks similar to the experimental curve, but
differs from it in onc important way., If thc two dips in the
cxperimental curve near the ¢™ axis ds in fact correspond to

the points at which ¢ = O and 6 = 90° then they are not in the
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positions cxpected for the (bcz) plane, This can be cxplained

if it is assumed that the crystal was not mounted exactly in the
(bcx) plane whilst the measurments werc being taken., Calculation
shows that if the crystal mounting is such that the b axis is
horizontal, whilst the o axis is 10° from the horizontal, tlLe
point corresponding to 0= 900 in the new plane will be 10° on

the other side of cﬁ, as is observed in the cexperimental results,
The cross over points in this planc will still be 90° apart, The
position of ¢= 0 or the minimum g value will remain fairly
constant with respect to the " axis. The experimental curve
shows that onc dip is in fact in this position.

A better fit should thercfore be obtained, if the dips in
;ﬁ1 and AH2 arc positioned so as to coincide with those in the
experimental cuwrve, This means that the values of 6 in AHZ
and of ¢ in A, arc no longer correct but the errors do not alter
the overall shapc of the curves, Figurc (6.1 6) shows the curves
added in this fashion, with the ratio 46: Ay equar to 3 : 8,
compared wich thc experimental curve,

The major divergence between the experimental and calculated
curves is now in the region marked N1 N3 s vhere the actual line
widths arc very much less than thosc calculated, A possible
explanation might bc given in terms of the tilting of the plane
about the dircction N1 NS' If this ropresents a preferred

dircction of tilt for thc haem planc, the line width measured
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with the magnetic field parallel to N1 N3 should be reduced,
The values of A8 and A¢ nccessory for Figure (6.16) are

240 = 3° and 243 = B0

The standard deviation in the angular distribution of ¢ is
therefore 1, 5O in good agreement with that found in acid met.
That for ¢ is however surprisingly large at 4°. Since the
dircctions of the principal g valucs in the xy plane arc found
to be parallel and perpendicular to the planc cf the histidine
ring, this »esult suggests a movcment of l;.o in thc oricntation

of the histidine ring,

(1) J. ¥. Gibson, D, J. E. Ingram, Naturc (1957) 180 p. 29.
(2) J. S. Griffith, Naturc (1957) 180 p. 30.

(3) J. E. Beanett, Fh,D, Thesis, University of Southampton.
(Q H, C. vatson, private commmication,

«5) K Ohno, ¥, Tanabe & F, Sasaki, paper presented at

Stcockholm Conference on Quantum Chemistry,
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Summary and. Conclusions

A thorough analysis has been undertaken of the electron
resonance measurements on the myoglobin derivatives and
previous ‘results have been considered in conjunction with the
structural information now available, The g-value variaticn
has been re-measurcd in acid met Mb, and its azide derivative,
The res'ilts suggest that what was previously taken to be an
isotropic g-value of 6 in the haecm plane of acid met Mb, is
very slightly anisutropic, with g-values varying from 5.86 to
5.98. The maximum and minimum g values in the planc seem to
be parallel to those in the azide derivative.

The directions of the principal axcs in the azide derivative
have been related to the molecular structure as detemined by
X~ray measurements, The meximum g-value is found to make an
angle of 90 with the haem normal as ealculated from electron
resonance and X-ray measurements on acid met Mb,. Tre possible
implications of this fact have been considered in conjunction
with a theory to explain the ability of molecular groups to
react with the iron atom at its sixth coordination site, This
site is shown by X-ray measurements to be screened from such
reactions by the surrounding protein molecule.

The two other principal g-valucs in the azide derivative
have been found to liec parallel and perpendicular to the plane

of the histidinc ring at the fifth coordination point of the
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iron atom, The histidine ring thus appears to determine the
directions of two principal g-=values in both acid met and the
azide derivotive, The plane of this ring is not parallel to
one of the iron-nitrogen bond directions in the haem plane, so
that the splitting of the dyz ’ dxz orbitals connot be due to
straightforward #=interaction with the histidine ring,

The very great line width variations in both acid met Mb
and the azide derivative have been measured in various crystal
planes., These linc widths have been explained in terms of a
scatter in the orientation of the principal g-values of each
iron ato.a, due to sase form of disorder in the crystalline
structure. On this basis; curves of the line width variation
in certain crystal planes have been constructed and fitted to
the experimental curves, Values for the standard deviation
in the orientation of the g-values have becn determined in this
Way .

The line widths obscrved in the haem plane, where therec
should be no broadening duc to this process, have not been
explained, Considering the magnetic dilution of the crystals,
the line widths of from 40 to 120 gauss are very large and it
would be of intercst to discover the nature of the broadening
process here. If the effect of the process could then be

reducea it should be possible to observe any hyperfine structure
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which might be prescnt due to interaction with the nitrogen
ligands,

If the line widths out of thc haem plane are due to
gereral disorder in the erystal structure, it would be
intcresting to make the samc measurements on crystals con-
taining the heavy elements used in solving the phase problem
of the X-ray analysis, The presence of thesc heavy elements
might well stabilize the structure and produce narrower lines.

When the X-ray analysis is taken to & higher resolution
it should be uscful to repeat this work for haemoglobin and
comparc the results with those from myoglobin, The effect

of thc closer packed structurc might then be apparent,
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